Figure 4 p33 is required tor the H,O,-
induced apoptosis in Huh6 cells. TUNEL
staining. The indicated cell clones were
treated with H,O, at a final concentration
of 1 mmM or left untreated. Five hours
after the treatment with H,O,, apoptotic
cells were identified by TUNEL assay as
described under Experimental procedures.
The cell nuclei were stained with DAPI
(left panels). The number of TUNEL-
positive cells was counted, and expressed as
a percentage of the total number of cells
examined (right panels). H,O,-induced
apoptosis was significandy different in cells
expressing stRINA against p53 as compared
with control cells. P < 0.05.

P-10

cytoplasmic/nuclear fractions were prepared and subjected
to RT-PCR and Western blotting with the anti-Parc
antibody, respectively. As shown in Fig, 6B, siRINA against
Parc successfully reduced the expression levels of the
endogenous Parc. Unexpectedly, siRNA-mediated knock-
down of the endogenous Parc had a negligible effect on
the subcellular localization of p53 in Huh6 cells as
examined by Western blotting (Fig. 6C).

Nicotinamide treatment inhibits the H,O,-mediated
nuclear translocation of p53 and apoptosis

Recently, it has been shown that the chemical modifica-
tions including acetylation regulate the subcellular
localization of p53 (Kawaguchi ef al. 2006). We then

© 2007 The Authors

TUNEL

H,0O,-mediated nuclear access of p53

DAPE

k]

T 100

o

H

2

£ os0|

o] .

z

E

-]

& 0

Time ¢h) [ 5
H,0, (1 mM)

2

g 10

-

=

|

]

z

2

5

& 0

Time (h) ] §
H.0, (1 mm)

k]

E 100 1

£

i,

[}

z

£

]

&0

Time {h) [ §
H,0, (1 mwm)

$ 100

-

=

»

§ 50

]

z

£

®

# 0

Time {h} 0 5
H,0, (1 mM)

examined a possible effect of histone deacetylase inhibitor
nicotinamide (Nico) on the H,O,~-mediated nuclear
translocation of p53 and p53-dependent apoptotic cell
death.To this end, Huh6 cells were treated with the indi-
cated combinations of drug. At the indicated time periods
after the treatment, cells were biochemically fractionated
into cytoplasmic and nuclear fractions, and subjected to
Western blotting with the anti-p53 antibody. As shown
in Fig. 7A, nicotinamide significantly inhibited the H,O,-
mediated nuclear translocation of p533. Next, we sought
to address whether nicotinamide could affect the H,O,-
induced apoptosis. For this purpose, Huh6 cells were
exposed to the indicated combinations of drug, and the
number of TUNEL-positive cells was measured. As shown
in Fig. 7B, nicotinamide treatment markedly inhibited
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Figure 5 Nuclear translocation of p53 in response to H,Os. (A). CDDP-induced nuclear accumulation of p53. Huh6 cells were treated
with- 20 (1M of CDDP. At the indicated time points after the treatment; cells were collected and fractionated into cytoplasmic and nuclear
fractions, followed by Western blotting with the indicated antibodies. (B) CDDP-induced apoptotic cell death of Huh6 cells. At the
indicated time periods after the exposure to- CDDP (20 M), Huh6 cells were subjected to MTT assay. (C) H,Op-mediated nuclear
translocation of p53 in Huh6 cells. At the indicated time periods after the treaument with H,O, (1 mm), Huh6 cells were fractionated
into cytoplasmic and nuclear fractions, and subjected to Western blotting with the indicated antibodies. (D) Indirect immunofluorescence.
Huh6 cells were treated with H,O, (1 mm) or left untreated, and stained with anti-p53 antibody (red). Cells were costained with DAPI

(blue) to reveal cell nucleus.

the H,O,~induced apoptotic cell death'as compared with
H,O; alone. Similar results were also obtained in MTT
assays (Fig. 7C). Together, our results strongly suggest
that the acetylation status might be critical for the
H,O,-induced nuclear translocation of p53 and apoptosis
in HBL cells.

Discussion

p53 acts as a tumor suppressor by inducing cell cycle
arrest and/or apoptotic cell death in tumor cells: Tt has
been well documented that p53 mutation is found in
over 50% of all human tumors, resulting in the loss of its
pro-apoptotic function (Hollstein ef al. 1991; Vogelstein
et al. 2000). The pro-apoptotic function of p53 can be
also abrogated by non-mutational mechanisms (Prives &
Hall 1999). For example, p53 is infrequently mutated in
human NBL; however, p53 is largely localized in cyto-
plasm, indicating that p53 has no role in the genesis and
development of NBL (Vogan ef al. 1993). Like NBL,
extensive studies on the p53 status demonstrated the
absence of mutations in HBL (Chen et al. 1995; Ohnishi
et al. 1996). Although B-catenin is frequently mutated in
HBL (Koch et al. 1999; Takayasu et al. 2001), recent studies
suggest that B-catenin mutation alone is not sufficient for
hepatocarcinogenesis (Harada et al. 2002; Harada et al.
2004). In the present study, we have found that p53 is
exclusively expressed in cytoplasm of human primary
HBL as well as HBL-derived Huh6 cells. In response to
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oxidative stress, p53 was translocated into cell nucleus,
and exerted its pro-apoptotic function. Intriguingly,
histone deacetylase inhibitor treatment strongly inhibited
the oxidative stress-induced nuclear access of p53.Thus,
it is likely that the cytoplasmic retention of p53, which
might be mediated by acetylation, contributes at least in
part to the genesis and development of HBL.

As mentioned above, the previous studies demonstrated
that wild-type p53 is significantly accumulated in cytoplasm
of human NBL (Moll ef al. 1995; Ostermeyer et al. 1996).
According to their results, the treatment of NBL-derived
cells with p53 COOH-terminal peptide resulted in the
relocalization of p53 to the cell nucleus, suggesting that
the COOH-terminal region of p53 contributes to its
cytoplastnic retention. As described (Stonunel ef al. 1999),
p53 shuttles between cell nucleus and cytoplasm in its
potential COOH-terminal nuclear export signal (NES)
and its receptor Crm-1-dependent manner. Based on our
present results, however, the nuclear export inhibitor
LMB treatment had undetectable effect on the subcellular
localization of p53 in Huh6 cells, suggesting that the
NES-mediated efficient nuclear export is not involved in
a significant cytoplasmic accumulation of p53 in Huh6
cells. Nikolaev et al. (2003) found that Parc prevents the
nuclear translocation of p53 through the interaction with
its lysine-rich COOH-terminal region which contains the
nuclear localization signals (NLSs), and also suggested that
their interaction might be regulated by post-translational
modifications of p53 such as phosphorylation and/or
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Figure 6 Parc has an undetectable effect on the subcellular
localization of p33. (A) Parc is associated with p53 in Huh6 cells.
Whole cell lysates prepared from Huho cells were immunoprecipitated
with normal mouse serum (NMS) or with the anti-p53 antibody.
The immunoprecipitates were analyzed by Western blotting with
the anti-Parc antibody. Input corresponds to 5% of the whole cell
lysates used in this assay. (B) siRINA-mediated knockdown of the
endogenous Parc. Huh6 cells were transiently transfected with
siRINA against Parc or with the control siRNA. Twenty-four
hours after transfection, total RNA and cytoplasmic (C) nuclear
(N) fractions were prepared and processed for RT-PCR and
Western blotting with the anti-Parc antibody, respectively.
(C) siRNA-mediated knockdown does not lead to the nuclear
access of p53. Huho cells were transiently transfected with siRNA
against Parc or with the control siRNA. Twenty-four hours after
transfection, cells were fractionated into cytoplasmic (C) and
nuclear fractions (N), and subjected to Western blotting with the
indicated antibodies.
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acetylation. Unexpectedly, our present results revealed
that Parc binds to p53 in Huh6 cells; however, the cyto-
plasmic retention of p53 in Huh6 cells is regulated in a
Parc-independent manner. It is worth noting that the
nicotinamide treatment of Huh6 cells leads to the
inhibition of the oxidative stress-induced nuclear access
of p53 as well as the pro-apoptotic activity of p53,
indicating that the acetylation status of p53 plays an
important role in the regulation of the cytoplasmic
retention of p53.

It is well documented that. p300/CBP-mediated
acetylation of p53 at the COOH-terminal lysine residues
including Lys-320, Lys-370, Lys-371, Lys-372, Lys-381
and Lys-382 enhances the transcriptional activity as well
as stability of p53 (Brooks & Gu 2003). p300/CBP possess
histone acetyl-transferase (HAT) activity (Ogryzko cf al.
1996). Since the COOH-terminal lysine residues of p53
are tightly associated with the p300/CBP-mediated
acetylation as well as the MDM2-mediated ubiquitination,
itis possible that p53 acetylation catalyzed by p300/CBP
reduces its ubiquitination levels by competition between
acetylation and ubiquitination. Alternatively, Kawaguchi
et al. (2006) described that the hyperacetylated forms of
p53 are accumulated in cytoplasm. Histone deacetylases
are divided into three classes including class I, IT and IIT
(de Ruijter et al. 2003). Among them, class IIT histone
deacetylases are distinct from the remaining classes, and
defined based on their similarity to.the yeast silent
information regulator 2 (Sir2). One of the human Sir2
homologues, SIRT2, was largely localized in cytoplasm
of mammalian cultured cells, and its catalytic activity was
significantly inhibited by nicotinamide (North ef al.
2003). In addition, SIRT1, another member of the class
[T histone deacetylases, was sensitive to nicotinamide, and
had an ability to deacetylate p53 at Lys-382 (Michishita
et al. 2005). Although it remains unclear whether SIRT2
could deacetylate p53, it is likely that SIRT family
member(s) might be involved in the regulation of the
oxidative stress-induced nuclear translocation of p53 in
Huh6 cells. However, the precise molecular mechanisms
behind the cytoplasmic localization of p53 in HBL are
still unknown.

According to our present findings, p53 was constitu-
tively phosphorylated at Ser-15 and stabilized in cytoplasm
of Huh6 cells. Accumulating evidence suggests that MDM?2
binds to the NH,-treminal region of p53, acts as an E3
ubiquitin protein ligase for p53 and thereby promotes
its proteasome-dependent proteolytic degradation (Chen
et al. 1993; Haupt et al. 1997; Honda ef al. 1997; Kubbutat
et al. 1997). Previous studies demonstrated that the DNA
damage-induced phosphorylation of p53 at Ser-15
mediated by ATM, ATR and/or DNA-PK disrupts the
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Figure 7 Deacetylase inhibitor nicotina-

mide inhibits the H,O,-mediated nuclear
translocation of p53 and apoptotic cell
death in Huh6 cells. (A) Huh6 cells were
treated with H,O, alone (1 mm) or with
H,0; (1 mm) plus nicotinamide (Nico,
5 mm). At the indicated time periods after
the treatment with the drugs, cells were
harvested and fractionated into cytoplasmic
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interaction between p53 and MDM2, resulting in the
activation and stabilization of p53 (Shich ef al. 1997).
Although the precise molecular mechanisms behind
the constitutive phosphorylation of cytoplasmic p53 at
Ser-15 remain unclear, it is likely that the significant
accumulation of p33 in Huh6 cells without DNA
damage might be due to the inhibition of the MDM2-
mediated ubiquitination and proteasomal degradation
of p53.

It has been shown that B-catenin, which is a key com-
ponent of the Wnt signaling pathway, is frequently mutated
or deleted in HBLs (Koch ef al. 1999; Takayasu ef al.
2001). These alterations occur in the NH,-terminal region
of B-catenin, which is responsible for the GSK3B-mediated
phosphorylation (Abetle et al. 1997). Similar to the primary
HBLs, HBL-derived Huho cells carry a mutant form of
B-catenin at Thr-41 (Koch et al. 1999). GSK3B-mediated
phosphorylation of B-catenin is required for its ubiquitin-
dependent proteolytic degradation by 26S proteasome
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and nuclear fractions followed by Western
blotting with the anti-p53 antibody.
(B) TUNEL staining. Huh6 cells were
exposed to the indicated combinations of
the drug for 5h. Apoptotic cells were
identified by TUNEL assays. Cell nuclei
were visualized by DAPI (left panels). The
number of TUNEL-positive cells was
scored, and expressed as a percentage of the
total number of cells examined (right
panels). H,O,-mediated apoptosis was
significandy inhibited by nicotinamide.
P<0.02. (C) MTT cell survival assay.
Huh6 cells were treated with the indicated
combinations of the drug for 5h or left
untreated, and their viability was examined
by MTT assays.

(Aberle et al. 1997). In accordance with this notion,
a large amount of P-catenin was detectable in Huh6
cells in the absence of oxidative stress {data not shown).
Intriguingly, it has been shown that DNA damage induces
the nuclear accumulation of p53 as well as GSK3J3,
and p53 forms a stable complex with GSK3[3 (Wacch-
arasit ef al. 2002; Watcharasit ef al. 2003). According
to their results, p53 enhances the activity of GSK3p
through the direct interaction with GSK3pB in a
phosphorylation-independent manner, and GSK3p activates
the p53-dependent apoptotic pathway in response to DNA
damage. Of note, we found that GSK3f was induced
to be accumulated in cell nucleus in response to oxidative
stress (data not shown). However, we have not yet explored
the possible contribution of the functional interaction
between p53 and GSK3B to the oxidative stress-induced
apoptotic response in Huh6 cells.

Taken together, our present findings suggest that, in
addition to 3-catenin mutation, the abnormal cytoplasmic
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localization of p53 might be involved in the genesis and
development of HBL, and the acetylation status of p53
plays an important role in the cytoplasmic retention of
p53. Furthermore, the oxidative stress-induced apoptotic
cell death in Huh6 cells was strongly associated with the
active nuclear translocation of p53, which was distinct
from the CDDP-~mediated nuclear accumulation of p53.
Thus, our present results provide a novel targeted approach
to enhance the HBL cell cytotoxity.

Experimental procedures
Cell culture

Human hepatoblastoma Huh6 cells and human hepatocellular
carcinoma HepG2 cells were cultured in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 10% heat-inactivated
fetal bovine serum (FBS; Invitrogen, Carlsbad, CA) and peni-
cillin (100 TU/mL)/streptomycin (100 pg/mL). Cultures were
maintained at 37 °C in a water-saturated atmosphere of 5%
CO; in air.

RNA preparation and RTI-PCR

Total RNA was extracted from cells exposed to cisplatin or hydrogen
peroxide using the RNeasy Mini kit (Qiagen, Valencia, CA)
according to the manufacturers protocol. cDNA was reverse
transcribed from 1 fg of total RNA with random primers and
SuperScript II (Invitrogen) as recommended by the supplier.
Following the reverse transcription, the resultant cDINA was subjected
to the PCR -based amplification. For PCR analysis, oligonucleotide
sequences used were as follows: NOXA, 5'-GCAAGAATGGAA-
GACCCTTG-3 and 5-GTGCTGAGTTGGCACTGAAA-3
Pare, 5-CGTCTCCTGAGCTTTGGTTC-3" and 5-CCT-
CATCT TCCTGCTCCAAG-3"; GAPDH, 5-ACCTGACCTG-
CCGTCTAGAA-3" and 5-TCCACCACCCTGT TGCTGTA-3.
PCR products were resolved by 2% agarose gel electrophoresis,
and visualized by ethidium bromide staining.

Western blot analysis

Cells were rinsed twice in ice~cold PBS and lyzed in SDS sample
buffer containing 62.5 mm Tris—HCI, pH 6.8, 2% SDS, 2% B-
mercaptoethanol and 0.01% bromophenol blue, followed by a
brief sonication. After centrifugation at 10 000 g for 10 min at
4 °C, the supernatant was transferred to a new tube. The protein
concentration was measured by the Bradford protein assay (Bio-
Rad laboratories, Hercules, CA), using bovine serum albumin as a
standard. For Western analysis, equal amounts of protein were
separated by 10% SDS-PAGE, and electro-transferred on to
Immobilon-P membranes (Millipore, Bedford, MA). The membranes
were blocked overnight at 4 °C with TBS-T (50 mm Tris—HCl,
pH 8.0, 100 mm NaCl and 0.1% Tween 20) containing 5%
non-fat dry mitk, and then incubated for 1 h at room temperature
with the monoclonal anti-p53 (DO-1; Oncogene Research Products,
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Cambridge, MA), polyclonal anti-phosphorylated p53 at Ser-15
(Cell Signaling Technology, Beverly, MA), polyclonal anti-Parc
(Calbiochem, La Jolla), or with polyclonal anti-actin antibody
(20-33; Sigma Chemical Co., St. Louis, MO). After washing
with TBS-T, the membranes were incubated with a horseradish
peroxidase-conjugated appropriate secondary antibody
(Jackson ImmunoR esearch Laboratories, West Grove, PA) for 1 h
at room temperature. The chemiluminescence reaction was
performed using the ECL reagent (Amcrsham Biosciences,
Piscataway, NJ).

Subcellular fractionation

Cells were washed twice in ice-cold PBS and lyzed in lysis buffer
(10 mm Tris=HCI, pH 7.5, 1 mm EDTA, 0.5% NP-40) containing
a protease inhibitor mix (Sigma Chemical Co.) for 10 minac 4 °C.
Cell lysates were centrifuged at 10 000 g for 10 min at 4 °C to
separate cytoplasmic fraction (supernatant). Insoluble materials
were washed three times with the lysis buffer and nuclei were
lyzed in 1X SDS sample buffer. The nuclear lysates were sonicated,
centrifuged, and the supernatant was collected. The protein
concentrations were determined by the Bradford protein assay
(Bio-Rad Laboratories). The nuclear and cytoplasmic fractions
were subjected to immunoblot analysis using the monoclonal
anti-Latmin B (Ab-1; Oncogene Research Products) or monoclonal
anti-0-tubulin antibody (Ab-2; NeoMarkers, Inc., Fremont, CA).

Indirect immunofluorescence

Huh6 cells on cover slips were fixed in ice-cold methanol for
5 min at room temperature and permeabilized with 0.2% Triton
X-100 for 3 min at room temperature. After blocking with 3%
bovine serum albumin in PBS, cover slips were incubated with
anti-p53 antibody (DO-1) in PBS for 1 h at room temperature
followed by incubation with rhodamine-conjugated secondary
antibody (Invitrogen) in PBS for 1 h at room temperature. Cell
nuclei were stained with DAPL

Co-immunoprecipitation experiments

For co-immunoprecipitation experiments, cells were lyzed in lysis
buffer (25 mm Tris—=HCI, pH 8.0, 137 mm NaCl, 2.7 mm KCl,
1% Triton X-100) supplemented with protease inhibitor mixture
for 30 min at 4 °C, and clarified by centrifugation at 10 000 g for
15 min at 4 °C. Equal amounts of whole cell lysates were precleared
by incubation with 30 HL of 50% slurry of protein G-Sepharose
beads (Amersham Biosciences). After brief centrifugation, the
supernatants were collected and incubated with the normal mouse
serum (NMS), or with monoclonal anti-p53 antibody (DO-1;
Oncogene Research Products) at 4 °C for 2 h. The inunune
complexes were precipitated with the protein G-Sepharose beads
for 1 hat 4 °C,and the nonspecific bound proteins were removed
by washing the beads with the lysis buffer three times at 4 °C.
Immunoprecipitated proteins were subjected to 10% SDS-PAGE,
and Western blot analysis was carried out using the polyclonal
anti-Parc antibody.
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siRINA-mediated knockdown of p53

Huh6 cells were transfected with 2 jig of the empty plasmid
(pSUPER; OligoEngine, Seatde, WA) or with pSUPER expres-
sion plasmid encoding siRNA against p53 (pSUPER-siRNA-
p53) by using FuGENE 6 transfection reagent as recommended by
the manufacturer (Roche Molecular Biochemicals, Mannheim,
Germany). Forty-eight hours after transfection, the transfected
cells were put under a selection pressure of 400 g/mL of G418
(Sigma Chemical Co.). Thereafter, the selection medium was
replaced every 3 days. Two weeks after the selection in G418,
drug-resistant clones were isolated and allow to proliferate in
medium containing G418 (400 pg/mL).

Cell survival assay

Cell viability was determined by MTT assay and expressed as percent
viable cells. In brief, Huh6 or HepG2 cells were seeded in 96-well
microtiter plates (5 X 10" cells/well) with 100 pL of complete
medium. The next day, the medium was changed and cells were
exposed to the indicated concentrations of hydrogen peroxide.
At the indicated time periods after the treatment with hydrogen
peroxide, 10 pL of MTT labeling reagent were added to each
well, and the cultures were incubated for 1 h at 37 °C. The
absorbance readings for each well were carried out at a wavelength
of 570 nm using the microplate reader {model 450; Bio-Rad
Laboratories).

Apoptotic analysis

Apoptotic cells were detected by In Site Cell Death Detection Kit,
TMR red (Roche Molecular Biochemicals). In brief, Huh6 cells
were grown overnight on glass cover slips at 37 °C. Five hours
after the treatment with hydrogen peroxide, cells were washed in
PBS, fixed in 4% paraformaldehyde for 1 h at room temperature
and then permeabilized with 0.1% Triton X~100 for 2 min on ice.
The cells were subsequently incubated with TUNEL reaction
mixture for 1 h at 37 °C in a humidified atmosphere in the
dark. The cover slips were mounted onto microscope slides using
the VECTASHIELD containing DAPI (Vector Laboratories,
Burlingame, CA), and examined under a Fluoview laser scanning
confocal microscope (Olympus, Tokyo, Japan).

Tumor tissues and immunohistochemistry

Hepatoblastoma tissues, which were collected at Gunma Children’s
Medical Center, were obtained at surgery, immediately frozen
and stored at —80 °C until use. Sections from formalin-fixed, pataffin-
embedded tumor samples were cut at 4-pm thickness and
subjected to immunostaining. In brief, antigen retrieval was
achieved by the treatment of deparaffinized sections with microwaves
in 0.1 m citrate buffer (pH 6.0) for 20 min, followed by cooling at
rooin temperature prior to incubation with the primary antibody.
Tissue sections were incubated with monoclonal and-p53 antbody
(PAb240; Calbiochem) overnight at 4 °C and washed in PBS.The
bound antibody was detected using the strepto-avidin-biotin

Genes to Cells (2007) 12, 461471

complex method (Nichirei Corp., Tokyo, Japan) and visualized by
diaminobenzidine tetrahydrochloride.
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Abstract

p53 is a key modulator of a variety of cellular stresses. In human neuroblastomas, p53 is rarely mutated and aberrantly expressed in
cytoplasm. In this study, we have identified a novel p53 mutant lacking its COOH-terminal region in neuroblastoma SK-N-AS cells.
p53 accumulated in response to cisplatin (CDDP) and thereby promoting apoptosis in neuroblastoma SH-SYSY cells bearing wild-type
P53, whereas SK-N-AS cells did not undergo apoptosis. We found another pS3 (p53AC) lacking a part of oligomerization domain and
nuclear localization signals in SK-N-AS cells. pS3AC was expressed largely in cytoplasm and lost the transactivation function. Further-
more, a 3/-part of the p53 locus was homozygously deleted in SK-N-AS cells. Thus, our present findings suggest that p53 plays an
important role in the DNA-damage response in certain neuroblastoma cells and it seems to be important to search for p53 mutations
outside DNA-binding domain.
© 2007 Elsevier Inc. All rights reserved.
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p33 plays a pivotal role in the regulation of cell cycle  its proteolytic degradation through ubiquitin—proteasome
arrest and apoptosis. p53 is one of the most frequently  pathway [5,6]. Subcellular distribution of p53 also plays a
mutated genes in human tumors [1,2] and p53-deficient  key role in the regulation of p53 {4]. pS3 contains three
mice developed spontaneous tumors [3]. Upon a variety  nuclear localization signals (NLS I, II, and II) in its
of cellular stresses, p53 accumulates in nucleus through COOH-terminal region [7,8]. In contrast to other human
post-translational modifications including phosphorylation  tumors, p53 is rarely mutated in neuroblastomas [9].
and acetylation and thereby exerting its function [4] Neuroblastoma cells showed a cytoplasmic localization of
Pro-apoptotic function of pS3 is closely linked to its  wild-type pS3 and exhibited an impaired pS53-mediated cell
DNA-binding activity. p53 acts as a transcription factor  cycle arrest in response to DNA damage, suggesting that
to transactivate a variety of its target genes. Indeed, 95%  there exists a mutation-independent mechanism of p53 inac-
of p53 mutations in human tumors occur within its  tivation [10-12]. Intriguingly, Nikolaev et al. demonstrated

DNA-binding region and these mutations inactivate pro-  that Parkin-like ubiquitin ligase termed Parc serves as an
apoptotic function of p53 [4]. anchor protein that tethers p53 in cytoplasm and thereby

Alternatively, p53 is inhibited by various mechanisms.  regulating subcellular localization and function of p53 {13].
MDM2 acts as an E3 ubiquitin ligase for p53 and promotes In this study, we have identified a novel p53 mutant

(pS3AC) homozygously deleted in neuroblastoma SK-N-

* Corresponding author. Fax: +81 43 265 4459, AS cells and our current studies suggest that p53 status

E-mail address: akiranak@chiba-cc.jp (A. Nakagawara). plays' an important role in the cell fate determination of
! These authors contributed equally to this work. certain neuroblastoma cells in response to DNA damage.

0006-291X/$ - see front matter © 2007 Elsevier Inc. All rights reserved.
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Materials and methods

Cell culture and transfection. Neuroblastoma cells were grown in RPMI
1640 medium supplemented with 10% heat-inactivated fetal bovine serum
(FBS, Invitrogen) and antibiotic mixture in a humidified atmosphere of
5% CQO, in air at 37 °C. For transfection, cells were transfected with the
indicated expression plasmids using Lipofect AMINE 2000 according to
the manufacturer’s instructions (Invitrogen).

Construction of p5S3 mutant. cDNA encoding pS3 mutant was amplified
by PCR using ¢cDNA from SK-N-AS cells. Forward and reverse primers
were 5-AATATTTCACCCTTCAGGTACTAAG-Y (forward) and 5'-
CTCGAGTCACTGCCCCCTGATGGC-3 (reverse). Sspl and Yhol sites
shown in boldface type were introduced into forward and reverse primers,
respectively. PCR products were gel-purified and subcloned into pGEM-T
plasmid {Promega). Constructs were confirmed by sequencing and then
digested with Sspl and Xhol. The digested fragment was again gel-purified
and then ligated with the Sspl and BamHI fragment of FLAG-p53 to give
pecDNA3-FLAG-p53CA.

RNA preparation and RT-PCR analysis. Total RNA was prepared
using RNeasy Mini kit (Qiagen) following the manufacturer’s protocol.
¢DNA was synthesized using SuperScript 1 with random primers
(Invitrogen) and amplified by PCR using primers as described: p53: for-
ward, 5'-CTGCCCTCAACAAGATGTTTTG-3, and reverse, 5-CTA
TCTGAGCAGCGCTCATGG-3"; p21™*F: forward, 5'-ATGAAATT
CACCCCCTTTCC-¥, and reverse, 5'-CCCTAGGCTGTGCTCACTTC-
3%, Bax: forward, 5'-TTTGCTTCAGGGTTTCATCC-3', and reverse, 5'-
CAGTTGAAGTTGCCGTCAGA-Y; p53AIPI: forward, 5'-CCAAGTT
CTCTGCTTTC-3 and reverse, 5'-"AGCTGAGCTCAAATGCTGAC-¥;
PUMA: forward, S5-TATGGATCCCGCACCATGGACTACAAGGA
CGACGATGACAAGGCCCGCGCACGCCAG-3 and reverse, 5'-TAT
GGATCCCTACATGGTGCAGAGAAAGTCCCCC-3"; and GAPDH:
forward, 5-ACCTGACCTGCCGTCTAGAA-3', and reverse, S'“TCCA
CCACCCTGTTGCTGTA-Y.

Southern blotting. Genomic DNA was digested with Psfl, separated by
1% agarose gel electrophoresis, and transferred onto nylon membranes.
Hybridization was performed at 65 °C in a solution containing { M NaCl,
1% N-lauroy! sarcosine, 7.5% dextran sulfate, 100 pg of heat-denatured
salmon sperm DNA/mI, and radio-labeled DNA. After hybridization,
membranes were washed twice with 2x SSC/0.1% N-lauroyl sarcosine at
50 °C and exposed to an X-ray film at 70 °C.

Immunoblotting. Cells were lysed in lysis buffer containing 25 mM
Tris-HCI, pH 8.0, 137 mM NaCl, 2,7mM KCl, 1% Triton X-100, and
protease inhibitor mixture (Sigma). Lysates were separated by SDS-
PAGE and transferred onto Immobilon-P membranes (Millipore).
Membranes were probed with anti-p53 (DO-1, Calbiochem), anti-p53
(PAb122, BD Pharmingen), anti-phosphorylated p53 at Ser-15 (Cell Sig-
naling) or with anti-actin (20-33, Sigma) followed by incubation with
HRP-conjugated goat anti-mouse or anti-rabbit IgG secondary antibody
(Cell Signaling). Immunoreactive bands were detected using chemilumi-
nescence (ECL, Amersham Biosciences).

Subcellular fractionation. Cells were lysed in lysis buffer containing
10 mM Tris-HCL pH 7.5, | mM EDTA, 0.5% NP-40, and protease
inhibitor mixture (Sigma). Lysates were centrifuged to separate soluble
(cytosolic) from insoluble (nuclear) fractions. The nuclear and cytosolic
fractions were subjected to immunoblotting using anti-p33, anti-Lamin B
(Ab-1, Oncogene Research products) or with anti-tubulin-x (Ab-2,
NcoMarkers).

Array-based comparative genomic hybridization (CGH) analysis.
Whole genome arrays of 2464 bacterial artificial chromosome (BAC)
clones were hybridized simultaneously with 500 ng of target DNA (SK-N-
AS, RTBM1, and SH-SY5Y) and reference DNA (normal female genomic
DNA). Target DNAs were labeled with Cy3-dCTP and reference DNAs
with Cy5-dCTP by random priming. Hybridization, scanning, and data
processing were conducted as described previously [14,15].

Cell survival assays. Cells were plated at a density of 5000 cells/well in
96-well tissue culture plates. After attachment overnight, medium was
replaced and treated with CDDP for 24 h. Cell viability was measured by
MTT assay.
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Flow cytometry. Floating and adherent cells were pooled and fixed in
ice-cold 70% ethanol for 4 h at —20°C. Cells were then stained with
10 mg/ml of PI (Sigma) in the presence of 250 mg/ml of RNase A at 37 °C
for 30 min in the dark. Number of cells with sub-G! DNA content was
measured by flow cytometry (FACScan, Becton-Dickinson).

TUNEL assay. Apoptotic cells were identified using an in situ cell
detection, peroxidase kit (Roche Applied Science). Briefly, cells were fixed
in 4% paraformaldehyde and permeabilized with 0.1% Triton X-100. The
labeling reaction was performed using TMR red-labeled dUTP together
with other nucleotides by terminal deoxynucleotidy! transferase for 1 h in
the dark at 37 °C. Then, cells were mounted and the incorporated TMR
red-labeled dUTP was analyzed using a Fluoview laser scanning confocal
microscope (Olympus).

Luciferase reporter assay. H1299 cells were co-transfected with
pcDNA3, FLAG-p53 or FLAG-p53AC expression plasmid, p53-respon-
sive luciferase reporter (p21"4! MDM2 or Bux), and pRL-TK Renilla
luciferase cDNA. Forty-eight hours after transfection, firefly and Renilla
luciferase - activities were measured with dual-tuciferase reporter assay
system according to the manufacturer’s instructions (Promega).

Colony formation assay. Forty-eight hours after transfection, SK-N-AS
cells were transferred to fresh medium containing G418 (400 pg/ml). After
16 days of selection, drug-resistant colonies were fixed in methanol and
stained with Giemsa’s solution.

Results
DNA-damage response in human neuroblastoma cells

To determine the effects of genotoxic agents on neurobl-
astomas, human neuroblastoma SH-SY5Y and SK-N-AS
cells were exposed to cisplatin (CDDP) and their viabilities
were examined by MTT assays. As shown in Fig, 1A, their
viabilities were significantly decreased in response to
CDDP. To address whether CDDP could induce apoptosis,
we performed TUNEL assay. As shown in Fig. B, we
observed a higher number of TUNEL-positive SH-SYSY
cells exposed to CDDP, whereas CDDP had undetectable
effects on SK-N-AS cells. We further determined apoptotic
cells as sub-G1 population by flow cytometry. As seen in
Fig. 1C, a significant increase in number of SH-SYSY cells
with sub-GI DNA content was observed after CDDP treat-
ment, whereas CDDP treatment of SK-N-AS cells resulted
in an increase in S-phase cells but not in G2/M-phase cells.
Consistent with these results, thiymidine kinase (S-phase
marker)[16]was increased in CDDP-treated SK-N-AS celis,
whereas Plkl (M-phase marker) [17] remained unchanged
regardless of CDDP treatment (data not shown).

We then examined whether p53-dependent apoptotic
pathway could be activated in response to CDDP. As
shown in Fig. 1D, p53 was phosphorylated at Ser-15 in
SH-SYS5Y cells exposed to CDDP. p53 remained
unchanged regardless of CDDP treatment, whereas p53
target genes including p21" 4 Bax, and PUMA were
transactivated in response to CDDP. In contrast, CDDP-
mediated phosphorylation of p53 at Ser-15 was undetect-
able in SK-N-AS cells. p21"** was induced in response
to CDDP, however, CDDP-mediated up-regulation of
pro-apoptotic Bax and PUMA was undetectable, suggest-
ing that p53 pro-apoptotic function might be lost in
SK-N-AS cells.
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Fig. 1. Differential effects of CDDP on neuroblastoma cells: (A) Cell survival assays. Twenty-four hours after CDDP treatment, cell viability was analyzed
by MTT assays. (B) TUNEL staining. Twenty-four hours after CDDP treatment (20 M), apoptotic cells were detected by TUNEL staining. Cell nuclei
were stained with DAPL. (C) FACS analysis. SH-SY5Y and SK-N-AS cells were treated as in (B). Twenty-four hours after CDDP treatment, cell cycle
distributions were analyzed by FACS. Shown are the representatives of three independent experiments. (D) CDDP-induced accumulation of p53 in
neuroblastoma cells. Twenty-four hours after CDDP treatment, lysates and total RNA were subjected to immunoblotting (upper panels) and RT-PCR
(lower panels), respectively. For protein loading control, actin levels were checked by immunoblotting. For RT-PCR, GAPDH was used as a loading
control. (E) Subcellular [ocalization of p53. The indicated neuroblastoma cells were fractionated into cytoplasmic (C) and nuclear (N) fractions and
subcellular distribution of p53 was analyzed by immunoblotting. Tubulin-o and Lamin B were used as cytoplasmic and nuclear markers, respectively.

To investigate molecular mechanism(s) behind pS3
dysfunction in SK-N-AS cells, we examined subcellular
localization of p53 in various neuroblastoma cells. As
shown in Fig. 1E, p53 was detected in cytoplasm and
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nucleus of RTBMI, LA-N-5, and IMR-32 cells bearing
wild-type p53 (data not shown). Of note, p53 was
abundantly expressed in cytoplasm of SK-N-AS cells
and its molecular mass was smaller than those of other
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cells, indicating that it might be due to certain structural
aberrations,

Structural aberration of p53 in SK-N-AS cells

To address whether pS3 could have any aberrations in
SK-N-AS cells, we amplified the indicated genomic regions
of p53 using genomic DNA from SK-N-AS cells. RTBM1
cells were used as a positive control. As shown in Fig. 2A,
PCR-based amplification using primer sets including P1,
P2, P6, and P7 successfully generated estimated sizes of
PCR products, whereas remaining primer sets (P3-P5)
did not, suggesting that the genomic region. containing
exons 10 and 11 of p53 might be lost in SK-N-AS cells.

To confirm genomic aberrations within p53 locus in SK-
N-AS cells, we performed Southern analysis. Radio-labeled
p53 ¢cDNA probe failed to detect PstI fragment (2.0 kb in
length) which contains exons 10 and 11 in SK-N-AS cells
(Fig. 2B). Our array-based comparative genomic hybrid-
ization (CGH) analysis demonstrated that there exists a
large range of allelic deletion of chromosome 17p where
p53 is located in SK-N-AS cells (Fig. 2C). Furthermore,

anti-p53 antibody which recognizes p53 extreme COOH-
terminal portion could not detect p53 in SK-N-AS cells
(Fig. 2D). Collectively, our results suggest that p53
COOH-terminal region is homozygously deleted in SK-
N-AS cells. We then cloned p53 ¢cDNA. As shown in
Fig. 2E, a newly identified p53 (p53AC) was composed of
369 amino acids including unique COOH-terminal struc-
ture (estimated molecular mass of 49 kDa), lacked a part
of oligomerization domain, and completely lost NLS 1I
and IIL The 3'-side of intron 9 and the downstream region
containing exons 10 and 11 were deleted in SK-N-AS cells.
Its unique COOH-terminal amino acids were derived from
intron 9, suggesting that accurate splicing event might be
abrogated and thereby generating pS3AC.

Dysfunction of p534C

To ask whether p53AC could have functional differences
as compared with wild-type p53, FLAG-p53 or FLAG-
pPS3AC was expressed in SK-N-AS cells and their subcellu-
lar localization was examined. As shown in Fig. 3A,
FLAG-p53 was detectable in cytoplasm and nucleus,
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Fig. 2. p53 COOH-terminal region is deleted in SK-N-AS cells. (A) Genomic structure of human p53 locus and positions of PCR primers (P1-P7) are
shown. ATPIB2 encodes ATPase, Na*/K* transporting B2 (upper panel). Genomic DNA from RTBM1 and SK-N-AS cells was subjected to PCR using
the indicated primers (lower panels). (B) Southern blot analysis. Genomic DNA was digested with Psrl, separated by 1% agarose gel, transferred onto
nylon membrane, and probed with the radio-labeled p53 ¢cDNA. Schematic diagram of human p53 and positions of P/ sites are also shown. (C) Array-
based comparative genomic hybridization (CGH) analysis. Hybridization was performed as described under Materials and methods. Arrays were scanned
and images processed using custom software. We normalized relative ratios of tumor and normal signals by setting the value of the median relative ratio
equal to 1. The data were then transformed into log 2 space and plotted as a histogram to determine cutofls for scoring loss or gain. Three Gaussian
distribution curves were fitted to the histogram, and values >3 SD from the central Gaussian were scored as losses or gains for that tumor. (D)
Immunoblotting. Lysates from RTBM 1 and SK-N-AS were processed for immunoblotting with the specific antibody against p53 extreme COOH-terminal
portion. (E) Amino acid sequence alignment of wild-type p53 and pS3AC. The different amino acid residues between them are boxed.
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PCR, respectively (left panel). (Right panel) Luciferase reporter assays. p53-deficient H1299 cells were co-transfected with pcDNA3, FLAG-p53 or
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transfection, luciferase activities were measured. (C) Colony formation assay. Forty-eight hours after transfection, SK-N-AS cells were transferred to fresh
medium containing G418 (400 ug/ml). Sixteen days after selection with G418, drug-resistant colonies were stained with Giemsa’s solution (left panel) and

the number of colonies was scored (right panel).

whereas FLAG-p53AC was largely expressed in cytoplasm.
Next, we examined transcriptional potential of p53AC in
SK-N-AS cells. As seen in left panel of Fig. 3B, FLAG-
p53 but not FLAG-pS3AC was phosphorylated at Ser-15.
Consistent with these results, FLAG-p53 transactivated
p21"V " and pS3AIPI. In contrast, FLAG-p53AC failed
to transactivate p21 "4 and p53AIP1. Similar results were
also obtained by luciferase reporter assays (Fig. 3B, right
panel). To examine effects of COOH-terminal deletion on
pro-apoptotic activity of p53, we performed colony forma-
tion assays. SK-N-AS cells were transfected with empty
plasmid, FLAG-p53 or FLAG-pS3AC expression plasmid
and maintained in medium containing G418 for 16 days.
As shown in Fig. 3C, number of drug-resistant colonies
was significantly reduced in cells expressing FLAG-p53.
Intriguingly, enforced expression of FLAG-pS3AC resulted
in a decrease in number of drug-resistant colonies but to a
lesser degree as compared with that in cells expressing
FLAG-p53. These observations suggest that COOH-termi-
nal deletion reduces transcriptional and pro-apoptotic
activities of p53.

Discussion

In this study, we have identified pS3AC in SK-N-AS
cells. Consistent with the recent report [13], p53 was
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predominantly expressed in cytoplasm of SK-N-AS cells,
According to their results, Parc inhibited p53 nuclear trans-
location through the direct interaction with its COOH-ter-
minal region. Since p33 contains three NLSs in its COOH-
terminal region, Parc might inhibit its nuclear access by
masking its NLSs [13]. In accordance with these findings,
pS3 COOH-terminal peptide inhibited its cytoplasmic
retention [12]. Based on our immunoprecipitation experi-
ments, wild-type p53 but not p53AC was co-immunopre-
cipitated with the endogenous Parc in SK-N-AS cells
(data not shown), suggesting that cytoplasmic retention
of p33AC is regulated in a Parc-independent manner.
pS3AC lacks NLS II and III but retains NLS 1. Although
Kim et al. described that importin-o interacts with NLS I
of p53 and mediates its nuclear import [18], NLS II
and/or III might play a major role in nuclear import of
p53 in SK-N-AS cells.

p53 phosphorylation is significantly associated with its
pro-apoptotic function [4]. Exogenously expressed wild-
type p53 but not pS3AC was phosphorylated at Ser-15 in
SK-N-AS cells without DNA damage and transactivated
p21"AF and pS3A4IPI. Rodicker and Putzer described that
exogenously expressed p53 is phosphorylated at Ser-15
without DNA damage [19]. Although it is unknown why
exogenously expressed p53 but not pS3AC is phosphory-
lated at Serl5 without DNA damage, it might be at least



Y. Nakamura et al. | Biochemical and Biophysical Research Communications 354 (2007) 8§92-898

in part due to its cytoplasmic retention. Colony formation
assays demonstrated that wild-type p53 markedly reduces
number of drug-resistant colonies in SK-N-AS cells, sug-
gesting that there might not exist functional disruptions
of downstream mediators of p53 in SK-N-AS cells. In
response to CDDP, SH-SY5Y cells underwent apoptosis
in association with a significant induction of p53. On the
other hand, SK-N-AS cells did not undergo apoptosis in
response to CDDP, suggesting that p53 status might deter-
mine neuroblastoma cell fate to survive or to die. Intrigu-
ingly, CDDP treatment of SK-N-AS cells induced an
accumulation of S-phase cells accompanied with up-regula-
tion of p2I™¥!  Since pS3AC failed to transactivate
p21% A" and CDDP had undetectable effects on p73 and
p63 (other members of p53 family) (data not shown),
CDDP-mediated up-regulation of p21"4¥" in SK-N-AS
cells is regulated in a p53 family-independent manner.
Knudsen et al. reported that CDDP-mediated DNA
damage induces an intra-S-phase cell cycle arrest, which
is correlated with a protection against apoptosis [20]. Thus,
the genome maintenance system might delay the onset of
mitosis, and thereby providing time to complete DNA
repair and/or DNA replication before cell division in
SK-N-AS cells. Further efforts should be necessary to
address this issue.

Majority of p53 mutations is detected within its DNA-
binding region [21]. SK-N-AS cells have been believed to
express wild-type p53 [22]. Much of information regarding
p53 mutations was derived from sequence analysis of exons
5-8 which encode its DNA-binding domain [4]. Indeed,
there exist missense mutations in p53 oligomerization
domain [23]. According to their results, Leu to Pro substi-
tution at 344 inhibited the oligomerization of p53 and abol-
ished its DNA-binding activity. Since pS3AC lacks a part
of oligomerization domain including Leu-344, p53AC
might exist as a monomeric latent form. Recently, Bourdon
et al. described that human p53 is expressed as multiple iso-
forms including p53p and pS3y [24]. Based on amino acid
sequence comparison, pS3AC was distinct from p53p and
p53y (data not shown). During the preparation of our
manuscript, Goldschneider et al. reported that SK-N-AS
cells express p53p [25] This discrepancy might be attribut-
ed to co-expression of p53P and pS3AC in SK-N-AS cells
and/or due to the acquired heterogeneity of SK-N-AS cells
during culture. Additionally, murine p53 expresses an alter-
native splicing isoform termed ASpS3 with different
COOH-terminus from that of wild-type p53 [26]. ASp53
displays an enhanced transcriptional activity as compared
with wild-type p53, indicating that pS3AC is distinct from
human counterpart of ASp53.
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In response to DNA damage, p53 and its homolog p73 have a
function antagonistic to NF-kB in deciding cell fate. Here, we
show for the first time that p73, but not p53, is stabilized by
physical interaction with nuclear I«B kinase (IKK)-a to enhance
cisplatin (CDDP)-induced apoptosis. CDDP caused a significant
increase in the amounts of nuclear IKK-« and p73« in human
osteosarcoma-derived U20S cells. Ectopic expression of IKK-a
prolonged the half-life of p73 by inhibiting its ubiquitination
and thereby enhancing its transactivation and pro-apoptotic
activities. Consistent with these results, small interfering RNA-
mediated knockdown of endogenous IKK-« inhibited the
CDDP-mediated accumulation of p73a. The kinase-deficient
mutant form of IKK-a interacted with p73a, but failed to stabi-
lize it. Furthermore, CDDP-mediated accumulation of endoge-
nous p73« was not detected in mouse embryonic fibroblasts
(MEFs) prepared from IKK-«-deficient mice, and CDDP sensi-
tivity was significantly decreased in IKK-a-deficient MEFs com-
pared with wild-type MEFs. Thus, our results strongly suggest
that the nuclear IKK-a-mediated accumulation of p73« is one
of the novel molecular mechanisms to induce apoptotic cell
death in response to CDDP, which may be particularly impor-
tant in killing tumor cells with p53 mutation.

The NF-«B signaling pathway is activated by a variety of
structurally and functionally unrelated stimuli, including
inflammatory cytokines, ionizing radiation, viral and bacterial
infection, and oxidative stress (reviewed in Refs. 1 and 2). Under
normal conditions, NF-«B exists as heterodimeric complexes
composed of p50 and p65 (RelA) subunits and is kept transcrip-
tionally inactive through interaction with its inhibitory proteins
such as I«B-a and IxB-B. 1B proteins maslk the nuclear local-
ization signal of NF-«B, thereby preventing its nuclear translo-
cation. Upon certain stimulations, I«B proteins are rapidly
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phosphorylated at specific serine residues in the N-terminal
their signal-responsive domain by upstream regulator IxB
kinase (IKK)? complex and subsequently polyubiquitinated and
degraded in a proteasome-dependent manner (reviewed in Ref.
3). The high molecular mass IKK complex comprises two
related catalytic subunits, IKK-« (also called IKK-1) and IKK-g
(also called IKK-2), and one regulatory subunit with a scaffold
function, IKK-v (also called NEMO) (reviewed in Ref. 3). The
proteolytic degradation of IxB proteins exposes the nuclear
localization signal of NF-«B and results in translocation of
NEF-«B from the cytoplasm to the nucleus, allowing it to partic-
ipate in transcriptional regulation of numerous target genes
involved in immune responses, inflammatory reactions, cell
adhesion, cell proliferation, apoptotic cell death, and other cel-
lular processes. Therefore, the IKK complex represents one of
the critical upstream regulators of the NF-«B signaling
pathway.

In many experimental systems, the activation of NF-«B has
been shown to play an important role in the control of survival
processes, protecting cells from a variety of apoptotic signals
(4~ 8). For example, tumor necrosis factor-a (TNF-«) simulta-
neously activates the NF-xB-mediated cellular protective
mechanism against the pro-apoptotic effect of TNF-a through
the induction of the NF-«B-responsive genes that function to
block apoptosis. Additionally, inhibition of NF-«B has been
shown to enhance sensitivity to chemotherapeutic agents (9,
10). Consistent with the well documented anti-apoptotic effect
of NF-«B, high levels of NF-«B activity are detectable in various
human tumors {(11). On the other hand, NF-«kB activation
results in the promotion of apoptosis, depending on different
stimuli and cell types. Huang and Fan (12) reported that the
activation of NF-«B contributes to paclitaxel-induced apopto-
sis in human solid tumor cells. In addition, Bian et al. (13) found
that NF-«B activation mediates doxorubicin-induced apopto-
sis in N-type neuroblastoma cells. In both cases, treatment of
cells with the cytotoxic agents significantly down-regulated
cytoplasmic I«B-« and then promoted the nuclear transloca-

2 The abbreviations used are: IKK, I8 kinase; TNF-«, tumor necrosis factor-a;
CDDP, cisplatin; siRNA, small interfering RNA; MEFs, mouse embryonic
fibroblasts; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide; RT, reverse transcription; GST, glutathione S-transferase; HA, hemag-
glutinin; PIPES, 14-piperazinediethanesulfonic acid; MOPS, 4-morpho-
linepropanesulfonic acid; CBP, cAMP-responsive element-binding
protein-binding protein.
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tion of NF-«B; however, the molecular mechanism of the pro-
apoptotic effect of NF-«B is still largely unknown.

p73 belongs to a small family of p53-related nuclear tran-
scription factors. In accordance with their structural similarity,
p73 functions in a manner analogous to p53 by inducing G, cell
cycle arrest or apoptosis in certain cancerous cells through
transactivating an overlapping set of p53/p73 target genes
(reviewed in Ref. 14). Like p53, endogenous p73 becomes sta-
bilized as well as activated in cells exposed to certain genotoxic
stimuli, including y-irradiation and cisplatin (CDDP), and con-
tributes to an apoptotic response to DNA damage (15-17). p73
is expressed as multiple isoforms that differ at their N and C
termini, arising from alternative splicing and promoter usage
{reviewed in Ref. 14). Among them, an N-terminally truncated
form of p73 (ANp73) that lacks the transactivation domain of
p73 has an oncogenic potential and exhibits dominant-negative
behavior toward wild-type p73 as well as p53 (18 -20). Of par-
ticular note, we (22) and others (21, 23) demonstrated that p73
directly transactivates the expression of its own negative regu-
lator, ANp73, suggesting that a negative feedback regulation of
p73 by ANp73 exists to modulate cell survival and death.

In response to primary antigenic stimulation, NF-«B limits
the up-regulation of pro-apoptotic p73 in T cells, resulting in
the promotion of T cell survival; however, the precise molecular
basis by which NF-«B activation inhibits the expression of p73
remains to be determined (24). It is worth noting that IKK-f3,
but not IKK-a, activates NF-«B, thereby inhibiting the accumu-
lation of p53 at the protein level in response to the anticancer
agent doxorubicin (25). IkB-« might play a role in sequestering
p53in the cytoplasm through the physical interaction with p53,
thereby preventing the nuclear translocation of p53 (26). These
observations suggest that NF-«B activation might abrogate
p53- and/or p73-mediated apoptosis. In marked contrast, Ryan
et al. (27) reported that NF-kB is required for p53-dependent
apoptosis. Additionally, it has been demonstrated that p53is a
direct transcriptional target of NF-«B and that the p53-activat-
ing signal is partially blocked by inhibition of NF-«B activation
(28 --30). In support of this notion, Fujioka et al. (31) reported
that NF-kB acts as a pro-apoptotic factor by activating the p53
signaling pathway. However, the functional significance of the
possible interplay between the NF-«B signaling pathway and
p53- and/or p73-mediated apoptosis has not been established.

In addition to the role of the cytoplasmic IKK complex in
regulating the signal-dependent induction of NF-kB target
genes, Birbach et al. (32) found that one of its components
(IKK-c) shuttles between the cytoplasm and nucleus of
unstimulated cells, suggesting that IKK-a might have a novel
nuclear role in controlling cell survival and death. Consistent
with this notion, it has been shown that IKK-« accumulates in
the cell nucleus in response to cytokine exposure and stimu-
lates the expression of NF-kB-responsive genes through pro-
moter-associated histone H3 phosphorylation (33, 34). In this
study, we found that IKK-« accumulates in the cell nucleus
during the CDDP-mediated apoptotic process. Moreover,
IKK-« increased the stability of p73, but not p53, through direct
interaction with p73 and enhanced p73-dependent transcrip-
tional activity as well as pro-apoptotic function. Reduction of
endogenous IKK-a by small interfering RNA (siRNA) against
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[KK-a resulted in the significant attenuation of the CDDP-in-
duced accumulation of p73«. Similar results were also obtained
in mouse embryonic fibroblasts (MEFs) derived from IKK-a-
deficient mice (IKK-o~/~ MEFs). Thus, our findings suggest
that IKK-« has a novel nuclear role in regulating DNA damage-
induced apoptosis, which is distinct from its cytoplasmic role in
activating NF-«B.

EXPERIMENTAL PROCEDURES

Cell Lines and Transfection—African green monkey kidney
COS-7 cells and human osteosarcoma U20S cells were main-
tained in Dulbecco’s modified Eagle's medium, 10% fetal bovine
serum, penicillin, and streptomycin (Invitrogen). Human lung
carcinoma H1299, human neuroblastoma SK-N-AS, and
mouse fibrosarcoma L929 cells were grown in RPMI 1640
medium, 10% fetal bovine serum, penicillin, and streptomycin.
COS-7 cells were transfected with FuGENE 6 (Roche Applied
Science) in accordance with the manufacturer’s specifications.
H1299 and U20S cells were transfected with Lipofectamine
(Invitrogen) according to the manufacturer’s instructions.
pcDNAS3 (Invitrogen) was used as a blank plasmid to balance
the amount of DNA introduced in transient transfection.

Cell Survival Assay—U20S cells were seeded at 5 X 10/ well
in a 96-well tissue cuiture dish with 100 pl of complete medium
and allowed to attach overnight. CDDP was added to the cul-
tures at a final concentration of 20 um, and cell viability was
determined by a modified 3-(4,5-dimethylthiazol-2-yl1)-2,5-di-
phenyltetrazolium bromide (MTT) assay at the indicated time
points after the addition of CDDP as described (22).

RNA Extraction and Reverse Transcription (RT)-PCR—Total
RNA was prepared from U20S cells exposed to CDDP (20 um)
using an RNeasy mini kit (Qiagen Inc.) according to the manu-
facturer’s protocol. For the RT-PCR, first-strand ¢DNA was
generated using SuperScript II reverse transcriptase (Invitro-
gen) and random primers. PCR amplification was performed
with r7aqg DNA polymerase (Takara, Ohtsu, Japan).® The
expression of glyceraldehyde-3-phosphate dehydrogenase was
measured as an internal control.

Plasmids—The protein-coding region of IKIK-or was ampli-
fied by PCR and inserted between the EcoRI and Xhol sites of
pcDNA3-FLAG. The K44A mutation was introduced into wild-
type IKK-a using PfuUltra™ high fidelity DNA polymerase
(Stratagene) according to the manufacturer's instructions. The
nucleotide sequence of the PCR product was determined to
verify the presence of the desired mutation and the absence of
random mutations.

Immunoblotting Immunoprecipitation, and Glutathione
S-Transferase (GST) Pulldown Assay—For immunoblotting,
cell lysates (50 ug of protein) were analyzed using anti-FLAG
monoclonal antibody M2 (Sigma); anti-hemagglutinin (HA)
monoclonal antibody (12CA5, Roche Applied Biosciences);
anti-p73 monoclonal antibody {(Ab-4, NeoMarkers, Fremont,
CA); anti-p53 monoclonal antibody (DO-1, Oncogene
Research Products, Cambridge, MA); anti-Bax monoclonal
antibody (6A7, eBioscience, San Diego, CA); anti-IKK-« poly-
clonal (M-280), anti-IKK-B polyclonal (H-470), anti-IKK-y

3 The list of primer sets used is available upon request.
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polyclonal (FL-417), anti-p65 polyclonal (C-20), anti-IkB-a
polyclonal (C-21), or polyclonal anti-p21™AF! (H-164) anti-
body (Santa Cruz Biotechnology, Inc., Santa Cruz, CA); or anti-
actin polyclonal antibody (20-33, Sigma). After incubation
with primary antibodies, membranes were incubated with
horseradish peroxidase-conjugated secondary antibodies (Cell
Signaling Technology, Beverly, MA), and immunoreactive
proteins were finally visualized by the ECL system (Amer-
sham Biosciences AB, Uppsala, Sweden). For immunopre-
cipitation, cell lysates were precleared with 30 ul of protein
G-Sepharose suspension (Amersham Biosciences AB) and
then incubated with anti-HA polyclonal antibody (Medical
and Biological Laboratories, Nagoya, Japan) or anti-FLAG
monoclonal antibody for 2 h at 4 °C. Immunoblotting was
performed with anti-FLAG or anti-p73 monoclonal antibody
as described above. For GST pulldown assay, [*°S]methi-
onine-labeled FLAG-IKK-« was generated in the coupled
transcription/translation system (Promega, Madison, WI)
and mixed with GST or GST-p73 fusion proteins coupled to
glutathione-Sepharose (Amersham Biosciences AB) for 2 h
at 4 °C. #*S-Labeled bound proteins were analyzed by 10%
SDS-PAGE and visualized by autoradiography.

Subcellular Fractionation and Immunofluorescence Analysis—
To prepare nuclear and cytoplasmic extracts, cells were lysed in
10 mM Tris-HCI (pH 7.5), 1 mm EDTA, 0.5% Nonidet P-40, 1
mum phenylmethylsulfonyl fluoride, and a protease inhibitor
mixture (Sigma) and centrifuged at 5000 rpm for 10 min to
collect soluble fractions, which are referred to as cytosolic
extracts. Insoluble materials were washed with the lysis buffer
and further dissolved in SDS sample buffer to collect the
nuclear extracts. The nuclear and cytoplasmic fractions were
subjected to immunoblot analysis using anti-lamin B mono-
clonal antibody (Ab-1; Oncogene Research Products) or anti-
a-tubulin monoclonal antibody (DM1A, Cell Signaling Tech-
nology). For indirect immunofluorescence, U20S cells were
grown on coverslips and transfected with the indicated expres-
sion plasmids. Forty-eight hours after transfection, cells were
fixed in 100% methanol for 20 min at —20 °C, blocked in 3%
bovine serum albumin, stained with the corresponding anti-
bodies, and examined with a laser scanning confocal micro-
scope {Olympus, Tokyo, Japan). Nuclear matrix fractionation
was performed as described previously (35, 36). In brief, cells
were washed with ice-cold phosphate-buffered saline and lysed
in 10 ma PIPES (pH 6.8), 100 mm NaCl, 300 mnai sucrose, 3 mm
MgCl,, 1 mm EGTA, 1 mm dithiothreitol, and 0.5% Triton
X-100 containing a protease inhibitor mixture, and insoluble
materials were separated from soluble proteins (fraction I) by
centrifugation. The pellet fraction was treated with DNase I (at
a final concentration of 1 mg/ml) for 15 min at 37 °C, and then
ammonium sulfate was added to the reaction mixture (at a final
concentration of 0.25 m). The pellet fraction was separated
from the supernatant (fraction II) by centrifugation and further
extracted with 2 M NaCl {fraction III). The remaining pellet was
solubilized in 8 M urea, 0.1 M NaH,PO,, and 10 mm Tris-HCI
(pH 8.0) to give fraction IV.

Protein Stability and Ubiquitination Assays—CQOS-7 cells

“were transfected with HA-p73a with or without IKK-a. Cells

were harvested at different time points after pretreatment with
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cycloheximide (100 ug/ml), and cell lysates were processed for
immunoblot analysis with anti-p73 or anti-actin antibody.
Densitometry was used to quantify the amounts of HA-p73a
that normalized to actin. Ubiquitination assay was performed
as described previously (37). COS-7 cells were cotransfected
with HA-p73« and His-tagged ubiquitin with or without
IKK-a. Forty hours after transfection, cells were exposed to the
proteasomal inhibitor MG132 (20 um) for 6 h. Cells were resus-
pended in 6 M guanidine HCI, 0.1 M Na,HPO /NaH,PO, (pH
8.0), and 10 mm imidazole, and ubiquitinated materials were
recovered by nickel-nitrilotriacetic acid-agarose beads (Qiagen
Inc.) and analyzed by immunoblotting with anti-HA antibody.

Luciferase Reporter and Apoptosis Assays—p53-deficient
H1299 cells on 12-well plates were cotransfected with a p53/
p73-responsive element-driven luciferase reporter, an internal
control vector for Rewnilla luciferase, and a combination of the
indicated expression vectors. Both firefly and Renilla luciferase
activities were assayed with the Dual-Luciferase reporter assay
system (Promega). The firefly luminescence signal was normal-
ized based on the Renilla luminescence signal. For apoptosis
assay, H1299 cells on 6-well plates were cotransfected with
B-galactosidase (50 ng) and HA-p73« (50 ng) with or without
increasing amounts of IKK-« or IKK-8 (100, 200, and 400 ng).
Forty-eight hours after transfection, cells were stained with a
0.4% solution of trypan blue for 10 min at room temperature.
Thereafter, cells were fixed in phosphate-buffered saline con-
taining 2.5% glutaraldehyde, 1 mm MgCl,, and 2 mm EGTA for
10 min and then stained with Red-Gal for 2 h as described (11).
Red-Gal was used as a marker to visualize the transfected cells
and to assess the apoptotic frequency among the transfectants.
Apoptotic cells were scored by rounding up of cells with dark
pink-purple coloration due to double staining with Red-Gal
and trypan blue.

In Vitro Kinase Assay—GST or GST-p73 deletion mutants
were incubated with the active form of IKK-« (Upstate Bio-
technology, Lake Placid, NY) in a solution containing 40 mm
MOPS-NaOH (pH 7.0), 1 mm EDTA, 25 mM sodium acetate,
and 0.25 mm ATP in the presence of [y-**PJATP at 30 °C for
10 min. After incubation, the reaction mixtures were sepa-
rated by SDS-PAGE. The gel was then dried and subjected to
autoradiography.

RNA Interference—To knock down endogenous IKK-q, the
expression plasmid for siRNA directed against human IKK-«
(GeneSuppressor, Imgenex Corp., San Diego, CA) was intro-
duced into U20S cells using Lipofectamine following the man-
ufacturer’s instructions. Forty-eight hours after transfection,
whole cell lysates were prepared and analyzed for the expres-
sion levels of IKK-o by immunoblotting,

Chromatin Immunoprecipitation Assays—Chromatin im-
munoprecipitation assays were performed following a proto-
col provided by Upstate Biotechnology (Lake Placid, NY). In
brief, cells were cross-linked with 1% formaldehyde in medium
for 10 min at 37 °C. Chromatin solutions were prepared and
immunoprecipitated with anti-HA antibody. DNAs of the
immunoprecipitates and control input DNAs were purified
using a QlAquick PCR purification kit (Qiagen Inc.) and then
analyzed by regular PCR using human Bax promoter-specific

JOURNAL OF BIOLOGICAL CHEMISTRY 18367

6002 ‘21 YoJe Lo HILNID NVD NIM VEIHO 18 Bio'agl mmm wouy papeojumoq



ASBMB

=

The Journal of Biological Chemistry

Functional Interaction between IKK and p73

A 120
_—
:-: O 100
B E e
® O 4
s O
= "5 40
I »
<
Time(h) © 12 24 36 48
CDDP (201 M)
B cowaum  C co0P Coum
i 0 12 24
T:':: " S T 36 Time(h) © 12 24 16
o
KK-p |0 wanf wesgl sy
KKy [T o - |
A U —
pa1wart e
BAX - s <
PrlkB< | — -

FIGURE 1. Induction of IKK-a in response to CDDP. A, effect of CDDP on
osteosarcoma-derived U20S cell survival. At the indicated time points after
treatment with CDDP (at a final concentration of 20 um), cell viability was
determined by MTT assays. B, immunoblot analysis. At the indicated time
periods after treatment with CDDP, whole cell lysates were prepared and
subjected to immunoblotting with the indicated antibodies. For p73«, whole
cell lysates were subjected to immunoprecipitation with anti-p73 antibody,
followed by immunoblotting with anti-p73 antibody. Actin expression served
as a control for equal loading of proteins in each lane. C, RT-PCR analysis. Total
RNA was extracted from U20S cells at the indicated times after CDDP treat-
ment and used for RT-PCR with the indicated primers. Glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) was used as a control.

primers. The primer sequences used were 5'-AGGCTGAGACG-
GGGTTATCT-3’ and 5'-AAAGCTCAGAGGCCCAAAAT-3'.

RESULTS

Induction of IKK-« during CDDP-mediated Apoptosis in
U208 Cells—To define the potential function(s) of IKKs in
DNA damage-induced signaling, we first examined their
expression levels in human osteosarcoma-derived U20S cells
exposed to the DNA-damaging chemotherapeutic drug CDDP.
Under our experimental conditions, U20S cells underwent
apoptosis in a time-dependent manner as examined by cell sur-
vival assays (Fig. 1A). Similar results were also obtained by flu-
orescence-activated cell sorter analysis (data not shown).
Immunoblot analysis demonstrated that p53 and its homolog
p73w, which are major mediators in the DNA damage response
(reviewed in Refs. 14 and 38), were significantly induced at pro-
tein levels in response to CDDP (Fig. 1B), whereas the expres-
sion of pS3 and p73« mRNAs remained unchanged (Fig. 1C).
Their accumulation was associated with several of their down-
stream effectors, including p21™¥F! and Bax. Notably, CDDP
treatment led to a remarkable accumulation of IKK-«, and its
induction was observed between 12 and 36 h after exposure to
CDDP (Fig. 1B). Twelve hours after treatment with CDDP, the
amount of IKK-y (NEMO) was transiently increased at the pro-
tein level. By contrast, the amount of IKK-$ was not signifi-
cantly altered upon CDDP treatment.

RT-PCR analysis revealed that the expression levels of IKK-«
and IKK-B mRNAs remained unchanged regardless of CDDP

18368 JOURNAL OF BIOLCGICAL CHEMISTRY

treatment, whereas a marked increase in the expression level of
IKK-y mRNA was detected in a time-dependent manner in
response to CDDP (Fig. 1C). Intriguingly, immunoblot analysis
also demonstrated that CDDP treatment caused a significant
increase in the phosphorylated form of IxB-«, which is a well
characterized substrate for the IKIK complex (reviewed in Ref.
3). Taken together, these results suggest that DNA damage-
induced accumulation of both p53 and p73« is associated with
the up-regulation of IKK-& and IKK-vy and that a functional
interaction might exist between them in DNA damage-medi-
ated apoptotic pathways.

Nuclear Accumulation of IKK-« in Response to CDDP—It
was shown recently that IKKK-« shuttles between the nucleus
and cytoplasm in a CRM1-dependent fashion (32). Nuclear
[KK-« has the ability to transactivate NF-kB-responsive genes
that control survival pathways after cytokine exposure (33, 34).
In addition, Verma et al. (39) found that, like IKK-¢q, IKK-y is
present in both the nucleus and cytoplasm. These observations
prompted us to examine whether the subcellular localization of
endogenous IKKs can change in response to CDDP. For this
purpose, nuclear and cytoplasmic extracts were prepared from
U20S cells exposed to CDDP or left untreated and then sub-
jected to immunoblotting with the indicated antibodies. In
agreement with previous results (33), IKK-« was localized in
both the nucleus and cytoplasm, whereas IKK-$ was expressed
almost exclusively in the cytoplasm (Fig. 24). The amounts of
cytoplasmic IKK-o, IKK-B, and IKK-y remained unchanged
regardless of the treatment with CDDP. Of note, CDDP treat-
ment led to a remarkable accumulation of 1KK-« in the cell
nucleus in a time-dependent manner, whereas IKK-$ accumu-
lated in the cell nucleus to a lesser degree. The temporal pat-
terns of CDDP-mediated accumulation of nuclear IKK-« cor-
related with those of p73a. On the other hand, the transient
nuclear accumulation of IKIK-y was detected 12 h after expo-
sure to CDDP. Compared with the levels of nuclear IKK-a
accumulated in response to CDDP, the amount of nuclear
IKK-y was small. Consistent with the enhanced phosphoryla-
tion of IkB-« in response to CDDP, cytoplasmic I«B-a was
decreased in a time-dependent manner. However, CDDP treat-
ment had little or no effect on the nuclear accumulation of the
NE-xB p65 subunit (RelA), indicating that nuclear transloca-
tion of p65 might be inhibited in the presence of CDDP. Con-
sidering that, among IKKs, CDDP treatment promoted a signif-
icant nuclear accumulation of IKK-¢, it is likely that IKK-a
might have a certain nuclear function during CDDP-mediated
apoptosis.

To investigate whether exogenously expressed IKK-a can
reflect the behavior of endogenous IKK-a, we examined the
intracellular distribution of exogenous IKK-« by immunoblot-
ting and immunofluorescence staining. Nuclear and cytoplas-
mic fractions were prepared from U20S cells transfected with
the expression plasmid for FLAG-IKK-a or HA-p73« and sub-
jected to immunoblotting with anti-FLAG or anti-p73« anti-
body, respectively. As shown in Fig. 2B, HA-p73a was localized
exclusively in the cell nucleus, whereas FLAG-1KK-« was pres-
ent in both the nucleus and cytoplasm. Surprisingly, immuno-
fluorescence staining with anti-FLAG and anti-lamin B anti-
bodies clearly showed that exogenous IKK-a was localized in
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FIGURE 2. Nuclear accumulation of IKK-a. A, nuclear accumulation of IKK-« in response to CDDP, At the
indicated time periods after the addition of CDDP, U20S cells were fractionated into nuclear and cytoplasmic
fractions and then analyzed by immunoblotting with the indicated antibodies. Anti-lamin B and anti-a-tubulin
immunoblotting were included to assess the purity of each fraction. 8, subcellular localization of exogenous
IKK-ar. U20S cells were transiently transfected with the expression plasmid for FLAG-IKK-a or HA-p73c. Cells
were subjected to biochemical fractionation, followed by immunoblotting (/B) with anti-FLAG or anti-p73
antibody. C, co-localization of IKK-a and p73 in nuclear laminae. U20S cells were transiently transfected with
the FLAG-IKK-a expression plasmid alone (upper panels) or with the HA-p73a expression plasmid (fower pan-
els). Cells were processed for indirect immunofluorescence and double-stained with anti-FLAG and anti-lamin
B antibodies (upper panels) or with anti-HA and anti-FLAG antibodies (fower panels). The merged images show
that IKK-a co-localized with p73a in nuclear laminae (yellow). D, p73« and IKK-« are detected in the nuclear
matrix fraction. U20S cells cotransfected with the expression plasmids for HA-p73a and FLAG-IKK-a were
subjected to high salt nuclear matrix fractionation as described under “Experimental Procedures.” Each frac-
tion was analyzed by immunoblotting with anti-p73 (upper panel), anti-IKK-a {middle panel), or anti-lamin B

after transfection, and the fractions
obtained were subjected to immu-
noblotting. As shown in Fig. 2D,
HA-p73a and FLAG-IKK-a were
detected in nuclear matrix fraction
(fraction IV). Our results suggest
that nuclear IKK-o might interact
with pro-apoptotic p73«a and mod-
ulate its function.

As described above, the amounts
of the nuclear transactivating p65
subunit remained unchanged in
U20S cells treated with CDDP.
These findings prompted us to
examine whether NF-«B activation
can be detected in response to
CDDP. To this end, U20S cells
transfected with the NF-«kB reporter
plasmid  (40) were treated with
CDDP, and their luciferase activity
was determined. Consistent with
the previous observations (13),
CDDP treatment did not enhance
NF-kB-dependent transcriptional
activation (Fig. 34, left panel).
Under our experimental conditions,
NF-kB-dependent transcriptional
activation was detected within 2 h of
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FIGURE 3. NF-«B Is not activated in response to CDDP, A, U20S (left panel)
or L929 (right panel) cells were cotransfected with the NF-«B reporter con-
struct (pELAM1-Luc) and the Renilla luciferase plasmid (pRL-tk). Twenty-four
hours after transfection, U205 and 1929 cells were treated with CODP and
TNF-q, respectively. At the indicated time points after treatment, luciferase
activity was determined. B, nuclear accurulation of p65 inL929 cells exposed
to TNF-a. At the indicated time periods after treatment with TNF-a, L1929 cells
were fractionated into nuclear and cytoplasmic fractions and then analyzed
directly by immunoblotting with anti-p65 antibody.

the cytoplasm and nuclear lamina, as indicated by the extensive
co-localization with lamin B; a nuclear lamina marker (Fig: 2C).
Intriguingly, HA-p73a was co-localized with FLAG-IKK-« in
the nuclear lamina of the transfected cells. To confirm these
observations, nuclear matrix fractionation was performed 48 h
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exposure to TNF-« in the mouse

fibrosarcoma cell line L929 (Fig. 34,
right panel), which is widely used to investigate TNF-a-
dependent: NF-kB: activation: (41); In addition, treatment of
L929 cells with TNF-« caused a nuclear accumulation of p65
(Fig. 3B). Thus, it is likely that, the lack of a significant effect of
CDDP on NF-«B-dependent transcriptional activation could
be attributed to lack of the regulated nuclear accumulation of
po5.

IKK-a Interacts with p73—To determine whether IKK-« can
interact with p73 in cells, whole cell lysates prepared from
transfected COS-7 cells were immunoprecipitated with anti-
FLAG or anti-HA antibody and analyzed by immunoblotting
using anti=p73 or anti-FLAG antibody, respectively. As shown
in Fig. 44, exogenously expressed FLAG-IKK-« and HA-p73a
formed stable complexes in COS-7 cells. Similarly, HA-p738
was co-immunoprecipitated with. FLAG-IKK-« (data not
shown). Their interaction was further examined using endoge-
nous materials. As shown in Fig. 4B, endogenous p73« formed
a protein complex with endogenous IKK-a in U20S cells
exposed to CDDP. Similar results were also obtained in HeLa
cells (data not shown). In contrast, immunoprecipitation of
endogenous p53 followed by immunoblotting with anti-FLAG
antibody did not detect co-immunoprecipitated FLAG-IKK-a
(Fig. 4C); indicating that IKK-« interacts with p73, but not with
p53, in cells. To identify the p73 determinants involved in the
interaction with IKK-«; we generated several deletion mutants
of p73« fused to GST and tested their ability to bind to FLAG-
IKK-« in GST pulldown assays. These mutants were designed
based on p73e, including the transactivation, DNA-binding,
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FIGURE 4. Interaction between IKK-« and p73 a. A, FLAG-IKK-a was transiently coexpressed with HA-p73ain
COS-7 cells as indicated. Whole cell lysates were subjected to immunoprecipitation (/P} with anti-FLAG or
anti-HA antibody, followed by immunoblotting (/8) with anti-p73 or anti-FLAG antibody, respectively. B, whole
cell lysates were prepared from U20S cells exposed to CODP and subjected to immunoprecipitation with
normal mouse serum (NMS), anti-IKK-« antibody, or anti-p73 antibody, followed by immunoblotting with the
indicated antibodies. C, FLAG-IKK-a: was transiently transfected into COS-7 cells. Whole cell lysates were sub-
jected to immunoprecipitation with normal mouse serum or anti-p53 antibody, followed by immunoblotting
with anti-FLAG antibody. Input represents the 10% materials used for immunoprecipitation in Band C.
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FIGURE 5. DNA-binding domain of p73« is required for interaction with IKK-a. A, shown is a schematic
representation of the GST-p73 fusion proteins. TA, transactivation domain; D8, DNA-binding domain; OD,
oligomerization domain; SAM, sterile a-motif domain. 8, the DNA-binding domain of p73« is required for the
interaction with IKK-a. *S-Labeled FLAG-IKK-« Was incubated with GST or the indicated GST-p73 fusion pro-
teins, and bound radiolabeled proteins were recovered on glutathione-Sepharose beads and visualized by
autoradiography. The 1/10 volumes of input sample {1/10 Input) of *>S-labeled FLAG-IKK-a Used for pulldown
assay were applied to the same gel (upper panel). Coomassie Blue-stained GST-p73 fusion proteins together
with GST are also shown {lower panel).
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oligomerization, and sterile a-motif
domains (Fig. 54). As shown in Fig.
5B, radiolabeled FLAG-IKK-a
bound to GST-p73-(114-328), but
not to the other GST fusion pro-
teins. Taken together, our results
suggest that IKK-« directly inter-
acts with p73 through its DNA-
binding domain.

IKK-a Increases p73 Stability—
As described previously (16, 42),
some p73-interacting protein kinases,
including c-Abl and protein kinase
C§, can stabilize p73. To investigate
whether IKK-a canvaffect the stabil-
ity of p73, COS-7 cells were tran-
siently cotransfected with equal
amounts of the HA-p73«a expres-
sion plasmid with or without
increasing amounts of the expres-
sion plasmid encoding IKK-«, and
the protein level of HA-p73a was
examined. As shown in Fig. 64, the
amount of HA-p73a was signifi-
cantly increased in the presence of
exogenous IKK-a, whereas IKK-a
had no detectable impact on the sta-
bility of FLAG-p53. In addition,
HA-p738 was also stabilized by
IKK-a, but to a lesser degree com-
pared with HA-p73a. p73a mRNA
levels remained unchanged in the
presence of IKK-a (Fig. 64, lower
panels), suggesting that IKI(-« reg-
ulates p73 at the protein level. Next,
we examined the possible effect of
IKK-8 on the stability of p73 and
p53 by transient cotransfection. As
shown in Fig. 6B, FLAG-IKK-B had
negligible effects on the stability of
both p73aand p53.

To.investigate a possible role of
endogenous IKK-« in the regulation
of p73 stability, we employed RNA
interference to block IKK-« expres-
sion. The enforced expression of
siRNA against IKK-a in U20S cells
resulted in a significant reduction of
endogenous IKK-a (Fig. 6C). We
then tested the effect of knockdown
of endogenous IKK-a ‘on the
CDDP-mediated - accumulation of
p73a. U20S cells were transiently
transfected with the expression
plasmid. for. siRNA against IKK-«
and exposed to CDDP for 36 h. As
shown in Fig, 6C, down-regulation
of endogenous IKK-a expression

VOLUME 282+-NUMBER 25+ JUNE 22, 2007

600221 Y4B U0 HIINTD NVO NIM VEIHO ¥e Bio-agl-mmm Wwous papeojumoq



