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between the sensitive and resistant cells. Bel-xL was not
detected even by the fractionation experiments (not
shown). The localization of trifunctional protein in
mitochondria (Kamijo et al., 1993) and f-tubulin in the
cytosol confirmed the reliability of the fractionation
procedures. Importantly, similar results on the Noxa
kinetics in mitochondria were observed after the treat-
ment by etoposide, the other p53-dependent damage-
inducing anticancer drug in NB cells (Figure 4B).
Consistent with the results of WST-8 assay (Figure 1b),
Noxa upregulation in mitochondria was observed in
etoposide-sensitive SK-N-SH, NB-9 and NB-19 cells but
not in IMR32 cells. These results suggest that the ratio of
pro- to anti-apoptotic molecules such as Noxa/Bcl-2 has
a strong impact on the p53-dependent damage-induced
apoptosis in NB cells,

Next, we assessed Noxa mRNA amounts in NB tumor
samples by semi-guantitative RT-PCR (Figure 4C) and
quantitative real-time reverse transcriptional (RT)-PCR
(Figure 4D). Consistent with the upregulation of Noxa
mRNA in the resistant cell lines (Figures 3b and ¢), some
unfavorable NB samples expressed large amounts of
Noxa mRNA (Figure 4C). Especially, high levels of
Noxa mRNA expression were significantly associated
with INSS3 and INSS4 samples that were younger than
12 months old (P=0.04) according to the Welch test
(Figure 4D). In the NB samples that were older than 12
months old, no obvious difference was detected, mainly
due to the high expression of Noxa in INSS | samples.
Although we checked the correlation of MYCN and
Noxa mRNA expression, there was no significant
correlation (data not shown).

Knockdown of Noxa effectively reduces Doxo-induced cell
death in NB cells

To definitively establish a role of Noxa in Doxo-induced
cell death in NB cells, both of the sensitive SK-N-SH
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Figure 5 Noxa knockdown cancels Doxo-induced apoptotic cell
death in sensitive ncuroblastoma (NB) cells. (a) SK-N-SH cells
were collected 48 h after small interfering RNA (siRNA) treatment
(lane 1: mock; lane 2: control siRNA; lane 3: Noxa siRNAI; lane 4:
Noxa siRNA2) and subjected to cDNA synthesis/semi-quantitative
RT-PCR procedure, (b) SK-N-SH cells (lane 3: mock; lane 4:
control siRNA; lane 5: Noxa siRNAI; lane 6: Noxa siRNA2) were
collected 48 h after siRNA treatment and 30 ug of proteins was
subjected to sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE)/western blot analysis. Lanes | and 2 were
nontreated IMR32 and NB-19 cells, respectively, as controls. ()
Forty-cight hours after the siRNA treatment, cells were treated
with 0.5 gg/ml Doxo. Twenty-four hours after Doxo administra-
tion, SK-N-SH (lanes | and 2) and IMR32 (lanes 3 and 4) cells
were collected and subjected to cDNA synthesis/semi-quantitative
RT-PCR for the analysis of the molecules indicated at the lefi side
of panel. Lanes 1 and 3 are control siRNA treated, and lanes 2 and
4 are Noxa siRNA] treated. (d and e) Forty-eight hours after the
SIRNA treatment, cells were treated with 0.5 ug/ml Doxo. Twenty-
four hours after Doxo administration, the culture dish-attached
SK-N-SH and IMR32 cells were stained with 4',6-diamidino-2-
phenylindole (DAPI) and nuclear morphology was analysed. The
floating cells were collected and subjected to Trypan blue uptake
analysis. Trypan blue-positive cells were counted as ‘dead cells.”
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cells and the resistant IMR32 cells were treated with
Noxa small interfering RNA (siRNA) and then the NB
cells had Doxo administered. Preincubation of the NB
cells with the Noxa siRNA but not control siRNA
effectively reduced the Noxa mRNA and also protein
amounts in SK-N-SH cells (Figures 5a and b). Since the
effectiveness of Noxa siRNAI is better than that of
Noxa siRNA2, we used Noxa siRNAl for later
experiments. The Noxa siRNAI did not affect the pro-
apoptotic Bel-2 family molecules (Bax and Bak), an
important inhibitor of apoptosis p219#/™ and inter-
feron-a (Figure 5c), suggesting that the knockdown
seems to have a specific effect on Noxa. The ability of
the Noxa siRNA to reduce the Noxa mRNA amounts
was accompanied by a significant reduction in the
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apoptotic morphological change of nuclei (nuclear
condensation and fragmentation, Figure 5¢) and cell
death (Figure 5d) in the Doxo-sensitive SK-N-SH cells
but not in the resistant IMR32 cells.

Doxo-induced stress induces mitochondrial dysfunction
and activates the intrinsic caspase pathway
Next, we evaluated mitochondria homeostasis and
activation of caspase pathways in NB cells. First, we
investigated the role of mitochondrial membrane
potential in Doxo-induced apoptosis. Mitochondrial
membrane potential was assessed 10h after Doxo
stimulation by staining with the mitochondrion-selective
dye, MitoTracker. Doxo-sensitive cells exhibited sub-
stantial mitochondrial depolarization, as evidenced
by the loss of MitoTracker staining (Figure 6a). In
contrast, depolarization was not induced by Doxo in the
resistant cells. Next, immunofluorescence experiments
showed that cytochrome-c was clearly released from
mitochondria in the sensitive cells but not in the
resistant cells (Figure 6b, Doxo-treated cells, ‘Cyto. C’
panels). Nuclear condensation was especially observed
in the cells from which large amounts of cytochrome-¢
were released (Doxo-treated cells, ‘Nuc’ panels). These
results suggest that mitochondnal dysfunction plays a
pivotal role in Doxo-induced apoptosis in NB cells.
The central component of apoptosis is a proteolytic
system involving a family of proteases called caspases
(Green, 2000). As shown in Figure 6¢, pro-caspase-9
cleavage was observed in the Doxo-sensitive cells, but
not in the resistant cells 12h after exposure to Doxo.
The substrates of the activated caspase-9, pro-caspase-3
and -7 were also cleaved in the Doxo-sensitive cells.
These findings suggest that apoptotic signals induced by
Doxo activate the intrinsic caspase pathway via a
mitochondrial pathway in NB cells, resulting in cell
death of the Doxo-sensitive NB cells. Meanwhile, the
resistant cells showed no activation of these initiator
(caspase-9) and effector (caspase-3 and/or -7) caspases.

Discussion

Human Noxa is located on chromosome 18q21 and its
promoter region contains a pS53-responsive element
(Oda er al, 2003). The expression of p33 increases
human Noxa mRNA, and ectopic expression of Noxa
effectively induces apoptosis in a BH3-motif-dependent
manner (Oda er al., 2003). In the present study, we
observed that Doxo-sensitive NB cells exhibited the
Noxa mRNA /protein induction and protein localization
into mitochondria after the treatment with Doxo,
leading to an increase in the ratio of pro-/anti-apoptotic
Bel-2 family proteins. Mitochondrial dysfunction and
intrinsic caspase-mediated apoptosis were also induced
in the sensitive cells. Notably, apoptosis was almost
completely canceled by the knockdown of Noxa by
siRNA, confirming the importance of Noxa in the
Doxo-induced apoptosis of NB cells. Taken together,
these findings indicate that the Noxa upregulation in
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mitochondria may play an important role in Doxo-
induced apoptosis in NB cells. A previous study
described that Noxa and Bok were induced by etopo-
side, and Noxa siRNA treatment reduced etoposide-
induced cell death in SH-SY5Y NB cells (Yakovley
et al., 2004). Furthermore, Obexer et al. (2007) reported
that Noxa and Bim are effectors of FKHRL-I-induced
apoptosis in NB cells. Since we also observed the
upregulation of Noxa in mitochondria by Doxo or
etoposide treatment, Noxa seems to be one of the
important effectors of the pro-apoptotic signaling path-
way in NB cell apoptosis.

Whereas Yakovlev et al. (2004) did not use stress-
resistant NB cells, the kinetics of Noxa induction in the
stress-resistant NB cells was evaluated in our study. In
the Doxo-resistant NB cells, exposure to Doxo failed to
increase the expression of Noxa and the other down-
stream molecules in mitochondria, although p53 was
abundant in the nucleus before Doxo exposure and
some of the pS3 serine residues that regulate p53
stability and activity (Shieh er al., 1997; Oda er al.,
2000) were efficiently phosphorylated in the resistant
cells, as well as in the sensitive cells. These results
suggest that the lack of some p53 function in the
resistant NB cells results in the failure of apoptosis, even
under the pressure of DNA damage, such as Doxo
treatment. It is of interest that the amounts of Noxa
mRNA and protein in the mitochondria were much
larger in the unstimulated resistant cells than in the
sensitive cells but not stimulated by Doxo treatment.
Alternatively, the inability to upregulate Noxa tran-
scription in response to Doxo may be related to
resistance to the anthracycline in some NB cells. Large
amounts of Nexa mRNA in a part of unfavorable NB
primary tumor samples (Figure 4C) supported the
observation of inactivity of accumulated Noxa in the
resistant cells. The accumulation of Noxa in unstimu-
lated NB cells seems to be p53 independent, as it was
suggested by our experiments. Although several findings
suggest that Noxa is induced via a p53-independent
pathway in neuronal cells (Kiryu-Seo et al., 2005; Wong
et al., 2005), the exact molecular pathway responsible
for the p53-independent Noxa induction in NB remains
to be elucidated. One possibility is the presence of other
p53 family proteins, for example, p63 and p73 proteins
in NB cells. Actually, p73-alpha is expressed in several
NB cell lines, including IMR32 and NB19 cells, and p63,
but not deltaNp63, is highly expressed at the transcrip-
tional level in IMR32 cells (data not shown). The study
of the physiological role of p63 and p73 proteins on
Noxa expression and Doxo-induced NB cell death seems
to be meaningful for research of NB cell death.

A previous report indicated that although Noxa
expression mediated by adenovirus could not induce
apoptosis in either wild-type or p53-knockout MEFs, its
expression effectively enhanced the apoptotic response
to etoposide or UV (Shibue ef al., 2003), suggesting that
Noxa induces apoptosis in concert with not only p53-
dependent cellular signals, but also p33-independent
cellular signals. Additionally, we found a significant
increase of Noxa mRNA amounts in the tumor samples
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Figure 6 Mitochondnal dysfunction s induced by Doxo in the sensitive neuroblastoma (NB) cells. (a) Mitochondrial membrane
polential was detected using MitoTracker dye 6 h aller Doxo stimulation (Doxo). The steady-state potential is shown as a control [(—]].
(b) Cells were stimulated with Doxo for 6h, and then cylochrome-c (Cylo. c) signals were detected by immunofiuorescence
experiments. The nucleus (Nuc) was stained with 4’ 6-diamidino-2-phenylindole (DAPI). (¢) Cells were collected at the indicated time
points after Doxo stimulation and subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)/western blot
analysis. Processing of pro-caspase-9 was detected by the presence of 38/40-kDa cleaved forms, The anti-caspase-3 rabbit polyclonal
antibody (BD Pharmingen) recognized the 32-kDa pro- ase-3 and the 17-kDa cleaved form. The anti-caspase-T mouse monoclonal
antibody (clone B94-1) recogmized the 35-kDa pro-caspase-7 and the 17-kDa cleaved form.
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in the advanced stage (INSS3 and -4, younger than 12
months old) by quantitative real-time RT-PCR analysis
(Figure 4D), indicating that the inactiveness of Noxa
may relate to the progression in NB tumors. These
observations suggest that reactivation of the accu-
mulated Noxa in the Doxo-resistant NB cells with
p53-independent stress may provide a new therapeutic
approach to chemotherapy-resistant NB. Moreover,
biochemical analysis of the accumulated Noxa in the
mitochondria of resistant cells, for example, the analysis
of Noxa-binding Bel-2-family proteins in mitochondria,
may be useful to address the mechanism of the failure of
Doxo-induced apoptosis in those cells.

To address the other potential mechanisms of the
resistances of DNA-damage-induced reagents in the
chosen cell lines, we studied the genomic amplification
of MYCN (Materials and methods), caspase-8 and
P-glycoprotein mRNA expression by semi-quantitative
RT-PCR (data not shown). Caspase-8 was expressed in
NB-9, NB-69, SK-N-SH and NB-l cells. However,
caspase-8 seems not to have a significant role in the
Doxo-induced NB apoptosis, since we could not detect
its activation by western blotting (data not shown).
P-glycoprotein was clearly expressed in NB-9, NB-69,
SK-N-SH and NB-I cells, but not in SH-SY5Y, NB-1,
and IMR32 cells (data not shown), suggesting that p-
glycoprotein seems not to relate to the Doxo sensitivity
of NB cells. Regarding M YCN amplification status, all
the three resistant cell lines had MYCN amplification
and three of four sensitive cell lines had single copy
MYCN, suggesting that inactivity of p53 in the resistant
cell lines may relate to the MYCN amplification.
Consistent with our observation, Bell er al. (2006)
reported that MYCN amplification correlates with
attenuated p219°'"™*" induction in p53 wild-type NB
cells. The analysis of the molecular mechanism between
MYCN amplification and p53 inactivation in NB cells
may be important for NB studies.

Taken together, our findings indicate that the p53
pathway regulates NB cell apoptosis via pro-apoptotic
Noxa kinetics and localization in the mitochondria.
Further study of Noxa in NB may provide an important
approach to develop new therapies for NB and to
improve the prognosis of high-risk NB patients.

Materials and methods

i3 . 1

g and ¥

Anti-p53 mouse monoclonal antibody (clone DO-1), anti-Bel-2
mouse monoclonal antibody (clone C-2), anti-p2]Se!™
mouse monoclonal antibody (clone F-5) and anti-Bad mouse
monoclonal antibody (clone C-7) were from Santa Cruz
Biotechnology Inc. (Santa Cruz, CA, USA). Anti-cyto-
chrome-c mouse monoclonal antibody (clone 7H8.2C12),
anti-Bel-xL mouse monoclonal antibody (clone 2H12), anti-
caspase-3 rabbit polyclonal antibody, anti-caspase-7 mouse
monoclonal antibody (clone B94-1) and anti-Bid rabbit
polyclonal antibody were from BD PharMingen (San Diego,
CA, USA). Ant-phospho-p53 rabbit serum (pS3serl3p,
p53ser20p and p53serd6p) and anti-phospho-p53serlS mouse
monoclonal antibody (clone 16G8) were from Cell Signaling
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Technology (Beverly, MA, USA). Anti-Bax and Anti-Bak
rabbit polyclonal antibodies were from Upstate Biotechnology
(Lake Placid, NY, USA). Anti-p53 mouse monoclonal anti-
body (clone pAb421), anti-p53 sheep polyclonal Antisera
(Ab-7) Kit and anti-Noxa mouse monoclonal antibody (clone
114C307, for immunofluorescence analysis) were from Onco-
gene Research Products (Cambridge, MA, USA). Anti-Noxa
rabbit polyclonal antibody (for western blotting) was from
Abcam (Cambridge, UK). Anti-Bim rabbit polyclonal anti-
body was from Millennium Biotechnology (Ramona, CA,
USA). Anti-Bak rabbit polyclonal antibody was from
ABGENT (San Diego, CA, USA). Anti-caspase-9 mouse
monoclonal antibody (clone 5B4) was from MBL (Nagoya,
Japan). Anti-lamin monoclonal antibody (clone JOL2) was
from Chemicon (Temecula, CA, USA). Anti-fl-tubulin mouse
monoclonal antibody (clone KMX-1) was from Roche
Diagnostics (Manheim, Germany). Anti-trifunctional protein
serum was prepared by rabbit immunization and affinity
selection with purified trifunctional protein (Kamijo et al.,
1993). Anti-HDM?2 monoclonal antibody (clone 2A10) was a
generous gift from Dr Arnold J Levine, Pediatrics and
Biochemistry Cancer Institute of New Jersey. Other biochem-
ical reagents were purchased from Sigma-Aldrich Japan, or
Wako (Osaka, Japan),

Cells and cell culture

We collected p53 wild-type NB cell lines to study the role of
the p53 pathway in drug resistance mechanism of NB cells.
SK-N-SH, NB-9, NB-19 and NB69 were obtained from Riken
Cell Bank (Tsukuba, Japan). IMR32 and NB-1 were from Cell
Resource Center for Biomedical Research Institute of Deve-
lopment, Aging and Cancer, Tohoku University. The wild-type
pii-expressing SH-SYSY line was purchased from ATCC
(Manassas, VA, USA). The wild-type p53 status was demon-
strated in previous reports (IMR32: Hopkins-Donaldson er al.,
2002; SK-N-SH: Wolff er al., 2001) and p53 sequencing, which
was performed according to the previous report (Tweddle
et al., 2001), confirmed the wild-type p53 status in these cell
lines. In terms of the copy number of MYCN by Southern blot
analysis, SH-SYSY, SK-N-SH and NB-69 arc single-copy NB
cells; NB-9, IMR32, NB-1 and NB-19 cells have 50, =150,
> 150 and 25 copies, respectively (data not shown). The cells
were routinely maintained with DMEM supplemented with
10% fetal bovine serum (FBS) and 1 x penicillin/streptomycin
(Invitrogen, Carlsbad, CA, USA),

Tumor samples

Fresh, frozen tumor tissues were sent to the Division of
Biochemistry, Chiba Cancer Center Research Institute, from
various hospitals in Japan with informed consent from the
paticnts’ parents. All samples were obtained by surgery or
biopsy and stored at —80°C. More than 70% of tumor cell
contents of the samples were confirmed by pathological
analysis of the adjacent tissues. Studies were approved by the
Institutional Review Board of the Chiba Cancer Center.

Cell proliferation assay

NB cells were seeded in 96-well plates at a density of 10* cells/
well in a final volume of 100ul. Twenty-four hours after
seeding, the medium was removed and replaced with fresh
medium or with medium containing 0.5 ug/ml of Doxo or
20 uM etoposide in a final volume of 100ul. The culture was
maintained in the 5% CO; for 24 h and then 10 ul of WST-8
labeling solution (Cell Counting Kit-8, DOJINDO, Kumamoto,
Japan) was added, and the cells were returned to the incubator
for 4 h. The absorbance of the formazan product formed was
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Table 1

Sequence of primers for PCR experiments

Gene Forward primer sequence

Reverse primer sequence Accession number

53
PI I{.hlj’\'(-ll
HDM2
Noxa
Bax
Bak |
IFN-zl
Caspase-8
P-glycoprolein
G3iPDH

pacaccaclggaggelgact
lagltagcatlalllatageagee
agagelggaagicgaglgt
itigcticagggtitcatc
gectitgeagtiggactete
caatatctacgatggectoge
gegacaggaatggaacacac
gaatclggaggaagacatgace
accacagiecatgecalcac

ctatglcgaaaagigiticigtcalc NM_000546
gEcgiiiggagipptagaaa L25610
lctalgigaattgag Z12020
geacclicacatlcetele D0070
cagligaagiigeegicaga BC014175
ggetigggageaagtgicta NM_001188
agagalggclggageeticly NM_024013
greatagatgatgocctigt AF009620
focaatitigteaccantice NM_000927
tocaccaccctgtigelgta NM_002046

detected at 450nm in a 96-well spectrophotometric plate
reader, as per the manufacturer’s protocol.

Morphological analysis of apoprosis and analysis of sub-GulG,
Sraction

Cells were observed using a phase-contrast microscope (o assess
apoptotic morphological changes and treated with 4',6-diami-
dino-2-phenylindole (DAPI), a DNA-staining dye, to detect the
morphological characteristics of apoplotic nuclei, namely,
condensation and (ragmentation, after fixation with 3.7% (v/
v) formaldehyde/1 x phosphate-buffered saline (PBS). Analysis
ol sub-Gg/G; fraction was performed by using the method
described in the previous report (Nakazawa er al., 2003).

Immunofiuorescence

Fixation was performed with 3.7% (v/v) formaldehyde/
1 x PBS for 30min and the permeabilization was done with
0.1% (v/v) TritonX-100/1 x PBS for 5min at room tempera-
ture. Cells were then stained for 1 h with the first antibody
followed by a 30-min exposure to an appropriate second
antibody conjugated with fluorescent dye (Alexad88 or
Alexa394). DNA was visualized with DAPI or propidium
iodide. Analysis by confocal laser microscopy was performed
with an LSM510 system (Carl Zeiss, Oberkochen, Germany).

Cell fractionation and direct western blotting

For the isolation of the heavy membrane faction (Mito) in
Figures 4A and B, 2 x 10° cells were subjected to the fractiona-
tion procedure described previously (Nakazawa er al., 2003).
The resulting supernatant after isolation of Mito was referred to
as the cytosol plus light membrane (Cyto) [ractions.

For isolation of the nucleus (Nuc) in Figure 2d, 1 x 10* cells
were suspended in 0.4ml of buffer (10mM HEPES pH 7.9,
10mm KCI, 1.5 mM MgCly, 0.5mM DTT, 0.4 um PMSF), and
incubated on ice for 20 min. After vortexing for | min at the
maximum setting, cells were centrifuged at 15000 r.p.m. for
105, and then the supernatant was kept as cytosol (Cyto). The
pellet was resuspended in 0.1 ml of buffer (20 mM HEPES pH
7.9, 420mM NaCl, 1.5mM MgCly, 0.2mM EDTA, 25% (v/v)
glycerol, 0.5mM DTT, 0.4 uM PMSF), and incubated on ice
for 20 min. Then the cells were centrifuged at 15000 r.p.m. for
2min, and then the supernatant was kept as nucleus (Nuc).
Direct western blotting was performed according to the
previous report (Nakazawa et al., 2003).

Preparation of mRNA and analysis of RNA expression

Total RNA was extracted from NB cells using Isogen (Wako,
Tokyo, Japan), and ¢cDNA was synthesized from | ug of total
RNA templates according to the manufacturer’s protocol
(RiverTra-Ace-a- RT-PCR kit, TOYOBO, Osaka, Japan).
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PCR amplification of either p53 or Noxa was performed using
previously reported primers (for p53: Paull and Whikehart,
2005; for Noxa: Ohtani er al., 2004). The other primer
sequences are listed in Table 1. RT-PCR products (~0.5kb)
were detected by direct ethidium bromide staining after
electrophoretic separation on agarose gels. RT-PCR analysis
of G3PDH mRNA expression was performed as a posilive
control for these experiments according to the manufacturer’s
protocol (RiverTra-Ace -a- RT-PCR kit). Semi-quantitative
RT-PCR analysis of tumor samples was performed according
to the previous report (Machida er al, 2006). The PCR
amplification was performed using the above-mentioned
primers for Noxa.

Quantitative real-time PCR analysis

For quantification of Noxa in primary NB samples, cDNA was
synthesized with random primers Superscript 11 reverse
transcriptase (GibcoBRL) from |5 ug of primary tumor total
RNA. Noxa and GAPDH primers and probes were purchased
from Applied Biosystems (Noxa Assay ID: Hs00560402_ml;
GAPDH: Pre-Developed TagMan Assay Reagents Human
G3PDH). Quantitative real-time PCR analysis was performed
by ABI7700 Prism sequence detector (Applied Biosystems,
Foster City, CA, USA), according to the manufacturer's
instructions using | x TagMan Universal PCR Master Mix.
After denaturing at 95°C for 10min, PCR amplification was
performed by 50 cycles of denaturation at 95°C for 15s and
annealing/extension at 60°C for | min. A quantification of Noxa
mRNA in each sample was performed by comparing with the
standard curve, which was generated by reacting the plasmid
containing human Noxa (Hijikata ef @/, 1990), Furthermore,
G3PDH mRNA quantification was also performed for a
standardization of the initial RNA content of each sample.

Small interference RNA transfection

Noxa small interference RNAs were synthesized according to
the previous experiments (Noxa siRNAI, Qin et al., 2004:
S-TCAGTCTACTGATTTACTGG-3; Noxa siRNA2, Lee
et al., 2005;: S-AACTTCCGGCAGAAACTTCTG-3). Con-
trol siRNA (Silencer Negative Control #| siRNA) was
purchased from Ambion Inc. (Austin, TX, USA). NB cells
were plated at a density of 3 x 10° cells in a 3-cm-diameter dish.
Small interference RNA duplexes (10nM) were transfected
with Lipofectamine™ RNAIMAX in Opti-MEM medium
according to the manufacturer’s protocol. After 24h, trans-
fected cells were treated with Doxo for another 24 h.

Statistical analysis

The Welch test was used as a statistical method of parametric
test to explore possible associations between Noxa expression
and other factors, using StatView ver. 4.11 (Abacus Concepts



Inc., Cheltenham, UK). Statistical significance was declared if
the P-value was <0.05.
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A novel HECT-type E3 ubiquitin protein ligase NEDL1 enhances the
p33-mediated apoptotic cell death in its catalytic activity-independent manner

Y Li"**, T Ozaki'’, H Kikuchi', H Yamamoto', M Ohira' and A Nakagawara'

'Division of Biochemistry, Chiba Cancer Center Research Institute, Nitona, Chuow-Ku, Chiba, Japan and * Production Technology
Development Center, the Furukawa Electric Co., Ltd,, 6 Yawata-Kaigandori, Ichihara, Japan

NEDLI (NEDD4-like ubiquitin protein ligase-1) is a
newly identified HECT-type E3 ubiquitin  protein
ligase highly expressed in favorable neuroblastomas as
compared with unfavorable ones. In this study, we found
that NEDLI cooperates with p53 to induce apoptosis.
During cisplatin (CDDP)-mediated apoptosis in neuro-
blastoma SH-SYSY cells, p53 was induced to accumulate
in association with an increase in expression levels
of NEDLI. Enforced expression of NEDLI resulted in
a decrease in number of G418-resistant colonies in SH-
SYSY and U20S cells bearing wild-type p53, whereas
NEDLI had undetectable effect on p53-deficient H1299
and SAOS-2 cells. Similarly, enforced expression of
NEDLI increased number of U20S cells with sub-G1
DNA  content. Co-immunoprecipitation and in vitro
binding assays revealed that NEDLI binds to the
COOH-terminal region of pS3. Luciferase reporter assay
showed that NEDLI has an ability to enhance the
transcriptional activity of p53. Small interfering RNA-
mediated knockdown of the endogenous NEDLI con-
ferred the resistance of U20S cells to adriamycin. It is
noteworthy that NEDLI enhanced pro-apoptotic activity
of p33 in its catalytic activity-independent manner. Taken
together, our present findings supgest that functional
interaction of NEDLI1 with p33 might contribute to
the induction of apoptosis in cancerous cells bearing wild-
type p53.

Oncogene (2008) 27, 3700-3709; doi:10.1038/sj.onc.1211032;
published online 28 January 2008
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Introduction

NEDL] (NEDD4-like ubiquitin protein ligase-1), which
has been identified as a novel gene expressed signifi-
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cantly at high levels in favorable neuroblastomas
relative to unfavorable ones, encodes HECT-type E3
ubiquitin ligase and is detected specifically in human
neuronal tissues (Miyazaki et al., 2004), suggesting that
NEDL! might be involved in the regulation of the
spontaneous regression of favorable neuroblastomas
caused by apoptosis and/or neuronal differentiation.
According to our previous findings, NEDL1 ubiquiti-
nated mutant forms of SOD1 (superoxide dismutase-1)
as well as Dvl-1 (Dishevelled-1), thereby promoting their
proteasome-dependent degradation (Miyazaki et al.,
2004). SOD1 mutations have been detected in a certain
subset of patients with familial amyotrophic lateral
sclerosis, which is one of the fatal neurological diseases
in human, and mutant SODI] aggregates to form
insoluble macromolecular protein complexes in motor
neurons and astrocytes (Cluskey and Ramsden, 2001),
suggesting that the accumulation of misfolded proteins
generates cellular stresses to induce neuronal cell death.
However, the precise molecular mechanisms behind the
possible contribution of NEDLI to apoptosis in motor
neurons remain elusive.

As described previously (Gonzalez de Aguilar et al.,
2000), pro-apoptotic Bax, which is one of the direct
targets of tumor suppressor p53 (Roos and Kaina,
2006), accumulated in central nervous system regions in
patients with amyotrophic lateral sclerosis. In support of
this notion, p53 was induced in central nervous system
regions in patients and also in model mice with
amyotrophic lateral sclerosis (Martin, 2000), indicating
that pS3-mediated pro-apoptotic pathway plays an
important role in the regulation of neuronal apoptosis.
p53 is a nuclear transcription factor that induces cell
cycle arrest and/or apoptosis. Under normal conditions,
p53 is kept at extremely low level. The expression of p53
is regulated largely at protein level. For example, E3
ubiquitin ligase MDM?2 inhibits transactivation activity
of p53 and also promotes its ubiquitination-mediated
proteasomal degradation (Vousden and Lu, 2002). In
response to genotoxic stresses, p53 is induced to be
converted from the latent form to the active one through
the post-translational modifications such as phosphor-
ylation and acetylation, and thereby transactivating its
direct target genes implicated in cell cycle arrest and/or
apoptosis including p2]"4* MDM2, Bax, Puma, Noxa
and p5S3AIP] (Vousden and Lu, 2002). Accumulating
evidence strongly suggests that its transactivation
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activity is tightly linked to its pro-apoptotic function  neuroblastoma (Supplementary Figure S1). To examine
(Pietenpol er al., 1994). Consistent with this notion,  the expression levels of NEDLI in response to DNA
majority of loss-of-function mutations of p53 in a  damage, human neuroblastoma SH-SYSY cells bearing
variety of primary human tumors is detected within its ~ wild-type p53 were exposed to 20pM of cisplatin
DNA-binding domain (Hollstein et al, 1991; Levine  (CDDP). At the indicated time periods. cells were
et al., 1994) and p53-deficient mice developed sponta-  subjected to terminal deoxynucleotidyl transferase-
neous tumors (Donehower et al., 1992). mediated dUTP-biotin nick end labeling (TUNEL)
In the present study, we found that NEDL1 binds to  staining. As shown in Figure la, SH-SYSY cells
the COOH-terminal region of p53 and enhances its  underwent apoptosis in a time-dependent manner. We
transcriptional activity as well as pro-apoptotic function  then analysed the expression patterns of NEDLI and
in its catalytic activity-independent manner. Qur present P53 in response to CDDP. As shown in Figures 1b and
findings suggest that NEDLI plays a pivotal role in the ¢, p53 was induced to accumulate at protein level but
induction of apoptosis in cancerous cells bearing wild- not at mRNA level and CDDP treatment promoted
type p53 through the interaction with p53 and also  phosphorylation of p53 at Ser-15 in association with a
might provide a novel insight into understanding  significant upregulation of various p53 target genes such
neuronal dysfunction. as p2]"**' Bax and Noxa. It is noteworthy that NEDLI]
increased at both mRNA and protein levels in SH-SYSY
cells exposed to CDDP in a time-dependent manner.
NEDL] was also upregulated in p53-deficient human
Results lung carcinoma H1299 cells in response to CDDP
) . (Figure 1d), indicating that NEDL/ might not be a
NEDLI has a pro-apoptotic function direct target of p53. Since a correlation between
As described previously (Miyazaki et al., 2004), we  cxpression levels of NEDLI and p53 was observed in
cloned a novel gene termed NEDLI from the oligo-  SH-SYSY cells treated with CDDP, it is likely that there
capping ¢cDNA libraries prepared from a mixture of  could exist a functional interaction between them during
fresh primary neuroblastoma tissues that underwent  DNA damage-mediated apoptotic response.
spontancous regression (Nakagawara _and Ohira, To confirm this notion, we performed colony forma-
2004). NEDL1 was highly '=?C]_:'l"%‘5'ed in favorable tion assay. p53-proficient SH-SYS5Y, human osteosarco-
neuroblastomas as compared with unfavorable ones ma U208, p5i-deficient human lung carcinoma H1299
and significantly associated with better prognosis in  and human osteosarcoma SAOS-2 cells were transfected
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Figure 1 NEDL] is induced to accumulate in response to CDDP. (a) CDDP-mediated apoptosis. SH-SYSY cells were treated with
CDDP (20M). Cells were then stained with an in situ cell death detection kit followed by mounting with 4 ,6-diamidino-2-
phenylindole-containing mounting medium. The number of TUNEL-positive cells was scored. Results were expressed as means £ s.d,
of three independent experiments. (b and ¢) Expressions of NEDL] and p53 in response to CDDP. Total RNA and cell lysates were
prepared from SH-SYSY cells exposed to CDDP for the indicated time periods and subjected to RT PCR (b) and immunoblotting
(€), respectively. (d) NEDL! is induced in p53-deficient H1299 cells exposed to CDDP. H1299 cells were treated with 25 uM of CDDP.
Al the indicated time points, total RNA was prepared and analysed for the expression levels of NEDL] by RT PCR. GAPDH was
used as an internal control. CDDP, cisplatin; GAPDH, glyceraldehyde-3-phosphate dehydrog ; NEDL1, NEDD4-like ubiguitin
protein ligase-1; RT PCR, reverse transcription PCR; TUNEL, terminal deoxynucleotidyl transferase-mediated dUTP-biotin nick
end labeling.
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with empty plasmid or with expression plasmid for
NEDLI. Following 2 weeks of selection with G418,
drug-resistant colonies were stained and photographed.
As shown in Figures 2a and b, enforced expression of
NEDLI caused a significant decrease in the number of
drug-resistant colonies in p53-proficient SH-SYSY and
U20S cells relative to control cells, whereas NEDL]
had undetectable effects on pS3-deficient H1299 and
SAOS-2 cells, indicating that NEDLI induces cell cycle
arrest and/or apoptosis in cells carrying wild-type p53.

To address whether NEDLI could cooperate with pS3
to induce cell cycle arrest and/or apoptosis, we checked
NEDLI-mediated proteolytic cleavage of caspase-3.
For this purpose, expression plasmid for NEDLI
was introduced into the indicated cells. As shown in
Figure 3a, NEDLI-mediated proteolytic cleavage of
caspase-3 was detectable in SH-SYSY and U208 cells,
but not in H1299 and SAOS-2 cells. Furthermore,
enforced expression of NEDLI resulted in an increase in
the number of U20S cells with sub-G1 DNA content
(Figure 3b), whereas NEDLI had negligible effects on
SAOS-2 cells (Figure 3c). Since U208 cells expressed
wild-type p53, these findings suggest that NEDL]
induces apoptosis in a pS3-dependent manner.

Interaction between NEDL] and p53

To determine whether NEDL1 could interact with p53,
COS7 cells were transfected with NEDL1 expression
plasmid. As shown in Figure 4a, the anti-NEDL]
immunoprecipitates contained endogenous pS3. To
further confirm this issue, cell lysates prepared
from U20S cells exposed to CDDP were immunopre-
cipitated with normal rabbit serum or with anti-NEDL]
antibody and analysed by immunoblotting with anti-p33
antibody. As shown in Figure 4b, the anti-NEDL!

a NEDL1 . + b

of G418
colonies (% control)

8

-

immunoprecipitates contained endogenous p53, suggest-
ing that NEDLI associates with endogenous p53 in
cells, In contrast to wild-type p53, mutant form of
p53 was not co-immunoprecipitated with NEDL]
(Figure 4c). To identify the region(s) of p53 responsible
for the interaction with NEDLI, we performed in vitro
pull-down assay using the indicated radio-labeled
p53 deletion mutants. As clearly shown in Figure 4d,
full-length pS3, pS3(1-353) and pS53(102-393) were
co-immunoprecipitated with NEDLI, whereas remaining
p53 deletion mutants including p53(1-292) and p53(1-102)
were not. Under our experimental conditions, other p53
family members such as p73 and p63 failed to be co-
immunoprecipitated with NEDL! (data not shown).
These results suggest that NEDL] specifically interacts
with COOH-terminal region of p53 (amino-acid residues
293-353) and might modulate p53 function,

NEDL] enhances the transcriptional activity of p53

Next, we sought to examine a possible effect of NEDLI
on the transcriptional activity of p53. H1299 cells were
co-transfected with a constant amount of p53 expression
plasmid, together with p53-responsive p2/™4 or Bax
luciferase reporter construct in the presence or absence
of increasing amounts of NEDLI expression plasmid.
As shown in Figures 5a and b, enforced expression of
NEDL] enhanced p53-mediated transactivation toward
p2i*** and Bax promoters in a dose-dependent
manner. Similarly, luciferase activities driven by
p21"* promoter were increased by NEDLI] in U20S
cells (Figure 5c). In support of these results, reverse
transcription-polymerase chain reaction (RT-PCR)
analysis showed that enforced expression of NEDLI
led to a significant increase in expression levels of
endogenous p21"**" and Noxa induced by exogenously

5 8 8

8

o« NEDLYT - «+ -+ -+ -+

SH-SYSY U208 SAO0S-2 H1299

cells and U20S cells harboring wild-type p33 as well as p53-deficient H1299 cells and SAOS-2 cells were transfected with 2.0 ug of
empty plasmid (pcDNA3) or with 2.0 pg of expression plasmid for NEDL1. Foﬂy-gighl hours nl.l't:rlmnsﬁ.-‘dinn, cells were transferred

to fresh medium containing G418 (400 ugml~*). Two weeks after selection, drug:

col d with Giemsa’s solution

were

and photographed. (b) Average number of drug-resistant colonies in each transfection relative to pcDNA3 empty plasmid control (set
at 100%). Results were expressed as means £ 5.d. of three independent experiments. NEDLI, NEDD4-like ubiquitin protein ligase-1.
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Figure 3 NEDL] has a pro-apoptotic :u:n\nly in cells 'beu.nnn wild-type p53. (n) Cleavage of caspase-3. Expression plasmid encoding
NEDLI or empty plasmid was fected into the indi i cells. Forty-eight hours after transfection, cell lysates were prepared and
processed for immunoblotting with the indicated antibodies, (b and ¢) FACS analysis. U208 (b) and SAOS-2 (c) cells were transfected
with mupiy pl.n.nmd or with expression plasmid for NEDLI, Forty-eight hours after transfection, expression levels of NEDL| were
ex d by i blotting (left panels) and number of cells with sub-G1 DNA content was analysed by FACS (right panels),
NEDLI, NEDDd-like uh;qmlm protein ligase-1.
expressed p53 (Figure 5d). Furthermore, chromatin  expression of p53 decreased the number of drug-resistant
immunoprecipitation (ChIP) assay demonstrated that  colonies as compared with that in control cells (Figure 6b).
NEDLI] has an ability to increase the amounts of  As expected, coexpression of p33 plus wild-type NEDLI
exogenous and endogenous p53 recruited onto p2/"#*  or HECT(—) mutant led to a dramatic decrease in the
promoter region, whereas NEDLI] alone is not recruited ~ number of drug-resistant colonies in a dose-dependent
onto p2/"“*" promoter region (Figure Se), indicating  manner relative to that in cells expressing p53 alone.
that NEDLI might cooperate with p53 to directly  In vitro pull-down assay demonstrated that HECT(-)
induce the transcription of p53 target genes. mutant, but not CW linker, retains an ability to interact
with p33 (Figure 6¢). In addition, CW linker had negligible
) 3 - effects on the transcriptional activity of p53 (Supplemen-
NED “j’*”""‘"." d ‘i’;‘? PrOpapotis acusiey of. 133 tary Figure $3). Thus, it is likely that NEDL] enhances the
'S'::i:zi’t‘; EB‘Lfi‘f ;l':s ';I:‘{::*L:_‘; sii:g‘g'f :E::q ‘l':i'i‘j’n gass activity transcriptional as well as pro-apoptotic function of p53 in
: . = i talytic activity-independent i
(Miyazaki er al., 2004), these results prompted us to ith;oaalytha ccvi-indeped deck hariiee
examine whether NEDLI could ubiquitinate p53. In
spite of our extensive efforts, we could not detect  siRNA-mediated knockdown of endogenous NEDLI
NEDLI-mediated ubiquitination of p53 (Supplementary  confers resistance of U20S cells to adriamycin
Figure 82). Under our experimental conditions, NEDL] To address the physiological role of endogenous
cfficiently ubiquitinated Dvl-1 as descnbed previously = NEDLI] in response to DNA damage, we designed
(Miyazaki et al., 2004), whereas HECT(—) mutant failed  small interfering RNAs (siRNAs) against NEDLI]
to ubiquitinate Dvl-1. To extend these observations, we  termed nos. 1, 2, 3 and 4. U208 cells were transfected
examined a possible effect of NEDL] catalytic activity on  with the indicated siRNAs. As shown in Figure 7a, nos.
pro-apoptotic function of p53. HI299 cells were co- 2, 3 and 4 siRNAs successfully knocked down the
transfected with a constant amount of expression plasmid  endogenous NEDL]. We then used nos. 2 and 4 siRNAs
for p53 together with or without increasing amounts of  for further experiments.
wild-type NEDL] or mutant form of NEDLI lacking To examine the possible effect of siRNA targeting
HECT domain termed HECT(-) (Figure 6a). Following 2 NEDLI on the sensitivity to adriamycin (ADR), U208
weeks of selection with G418 (400 pg ml™"), drug-resistant ~ cells were transfected with control siRNA, no. 2 or 4
colonies were stained with Giemsa’s solution. Enforced  siRNA. Twenty-four hours after transfection, cells were
Oncogene
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y blotting with anti-pS3 antibody (top panel). The anti-NEDL! immunoprecipitates contained endogenous
NEDLI (middle panel). To show that equal amounts of cell lysates are used for i i

ipitation, ex of actin was

examined (bottom panel). (¢) Mutant form of p53 does not bind to NEDL1. Human breast cancer MDA-MB-231 cells, in which Argat
280 is substituted with Lys, were fected with expression plasmid for NEDLI. Forty-cight hours after transfection, cell lysates were
immunoprecipitated with polyclonal anti-NEDL1 antibody or with NRS and the immunoprecipitates were analysed by
i blotting with the indicated antibodies. Ten percentage of inputs are also shown (input). (d) The indicated p53 derivatives
were labeled with [“Sjmethionine in vitro and incubated with cell lysates prepared from COS7 cells fected with exj ion plasmid
for NEDLL. The reaction mixtures were immunoprecipitated with anti-NEDL] antibody and the immunoprecipitates were analysed
by sodium dodecyl sulfate polyacrylamide gel electrophoresis. The gels were then dried and subjected to autoradiography. CDDP.,

cisplatin, NEDLI, NEDDM-like ubiquitin protein ligase-1; NRS, normal rabbit serum.

exposed to the indicated concentrations of ADR for 24 h
followed by Auorescence-activated cell sorter (FACS)
analysis. As shown in Figure 7b, U20S cells transfected
with control siRNA underwent apoptosis in a dose-
dependent manner. In contrast, the number of cells with
sub-G1 DNA content in response to ADR was
significantly decreased in U208 cells transfected with
siRNAs against NEDLI relative to cells expressing
control siRNA. Similarly, siRNA-mediated knockdown
of endogenous NEDLI1 led to a remarkable decrease in
the number of apoptotic cells caused by ADR in a time-
dependent manner (Figure 7c).

Next, we determined whether siRNA-mediated
knockdown of endogenous NEDLI could inhibit the
transcriptional activation of p53 target genes in response
1o ADR. U20S cells were transfected with the indicated
siIRNAs. Twenty-four hours after transfection, cells
were treated with ADR for 24h. As shown in
Figure 8a, ADR treatment induced the accumulation
of p53 and phosphorylated form of p53 at Ser-15.
However, siRNA-mediated knockdown of endogenous
NEDLI] had negligible effects on amounts of p53 and
phosphorylated form of p53 at Ser-15 in response to
ADR, suggesting that their interaction does not affect
the stability of p53 in response to DNA damage. It is
noteworthy that expression levels of Noxa increased in

Oncogene

cells exposed to ADR, whereas ADR-mediated upregu-
lation of Noxa was markedly inhibited in NEDLI-
knocked down U20S cells. RT-PCR analysis also
demonstrated that siRNA-mediated knockdown of
endogenous NEDL] reduces the transcription of p53
target genes such as Noxa and Puma induced by ADR
(Figure 8b). ADR treatment had undetectable effects on
p53 (data not shown). Intriguingly, NEDLI increased
the acetylation levels of p73 (Figure 8c). Taken together,
our present results suggest that NEDL] has an ability to
enhance the transcriptional and pro-apoptotic activities
of p53 through the interaction without affecting its
stability.

Discussion

In the present study, we have found that a novel HECT-
type E3 ubiquitin ligase NEDL1 has the ability to
cooperate with p53 to induce apoptosis.

During CDDP-mediated apoptosis in SH-SYSY cells
carrying wild-type p53, expression levels of NEDLI1
correlated with those of p53. Expression levels of
NEDL] were higher in favorable neuroblastoma than
those in unfavorable neuroblastoma. Favorable neuro-
blastoma undergoes spontancous regression through
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for NEDL] (475 and 875 ng). Total amount of plasmid DNA per transfection was kept (1 pg) with pcDNA3. Forty-eight hours
after transfection, cell lysates were prepared and their luciferase activity was measured. Data were normalized to the Renilla luciferase
activity. () Luciferase reporter assays. U20S cells were co-transfected with 100ng of luciferase reporter construct containing ps3-
responsive element derived from p2/™*" promoter and 10ng of pRL-TK together with or without increasing amounts of expression
plasmid for NEDLI (400, 800 and 1000 ng). Forty-cight hours after transfection, cell lysates were prepared and their luciferase activity
was measured as described above. (d) RT PCR analysis. H1299 cells were co-transfected with a constant amount of p53 expression
plasmid (0.1 pug) along with or without NEDLI expression plasmid (1.9 pg). Forty-eight hours after transfection, total RNA was isolated
and subjected to RT PCR analysis. GAPDH was used as an internal control. (¢) ChIP assay. The increased binding of p53 to the
promoter region of p21%4* caused by NEDLI was demonstrated by ChIP assay with chromatin isolated from H1299 cells transfected
with the indicated combinations of expression plasmids. As a control, PCR was performed on chromatin fragments isolated both before
{input) and after (IP) immunoprecipitation with monoclonal anti-p53 antibody or with normal mouse serum (NMS) (upper panels).
Middle panels show the increased binding of endogenous pS3 to p21"4* promoter in the presence of NEDLI. Crosslinked chromatin
isolated from U208 cells transfected with or without NEDL| expression plasmid exposed 1o adrinmycin was subjected to ChIP assay,
Lower panels show ChIP assay using crosslinked chr in prepared from H1299 cells transfected with the indicated combinations of
expression plasmids. Crosslinked chromatin was immunoprecipitated with polyclonal anti-NEDL! or with NRS and subjected to PCR.
CDDP, cisplatin; ChIP, chromatin immunoprecipitation; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; NEDL1, NEDD4-like
ubiquitin protein ligase-1; NRS, normal rabbit serum; RT PCR, reverse transcriptase PCR.
apoptosis and/or neuronal differentiation (Kitanaka  er al, 2006). In accordance with this notion, enforced
et al.,, 2002). In contrast to other human tumors, p53  expression of NEDLI resulted in an increase in
is rarcly mutated in neuroblastoma (Moll ef al., 1995).  acetylation levels of p53. Thus, it is possible that the
Thus, it is likely that functional interaction between  interaction between NEDLI and p53 might help to
NEDLI1 and p53 might contribute to induction of expose DNA-binding domain of pS3 through the
spontaneous regression caused by apoptosis of favor-  induction of acetylation of p53, and thereby enhance
able neuroblastoma bearing wild-type p53. In support of  its transcriptional activity. However, the precise mole-
this notion, enforced expression of NEDLI reduced the  cular mechanisms behind NEDLI1-mediated induction
number of drug-resistant colonies in cells with wild-type  of acetylation of p53 remained unclear. Further studies
p53 but not in p53-deficient cells. Furthermore, siRNA-  should be necessary to address this issue.
mediated knockdown of endogenous NEDLI inhibited Although we found that NEDLI] has an intrinsic E3
DNA damage-induced apoptosis in cells bearing wild-  ubiquitin ligase activity (Miyazaki et al., 2004), our
type p53. Our present results demonstrated that NEDL]1  extensive efforts failed to detect NEDLI-mediated
binds to COOH-terminal region of p53 and enhances its  ubiquitination of p53 and enforced expression of
transcriptional activation. In addition, NEDLI in-  NEDLI] had undetectable effects on the stability of
creased the amounts of p53 recruited onto p2I™**  endogenous p53 (data not shown). Under our experi-
promoter region. As described previously (Hupp and  mental conditions, MDM2 promoted ubiquitination-
Lane, 1994), COOH-terminal region of p53 masked its  mediated degradation of p53 (data not shown). NEDLI
DNA-binding domain to inhibit its transcriptional  and mutant form of NEDLI lacking its catalytic HECT
potential. Chemical modifications at COOH-terminal ~ domain had an ability to decrease the number of drug-
portion of p53, such as acetylation and glycosylation,  resistant colonies in H1299 cells co-transfected with p53
lead to an increase in the transcriptional activity of p53  expression plasmid. Like wild-type NEDLI, this
(Shaw et al., 1996; Thomas and Chiang, 2005; Di Lello NEDL] mutant retained an ability to interact with
Oncogene
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P33 but not ubiquitinate p53. Thus, it is conceivable that
the interaction of NEDLI1 with p53 suppresses the
inhibitory efTect of COOH-terminal region of pS3 on its
function in its catalytic activity-independent manner.
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Figure 6 NEDL| increases pro-apoplotic activity of p53 in its catalytic activity-independent manner. (a) Schematic dingram of wild-
1ype NEDLi and its deletion mutants. (b) Colony fm'rmllorl assay. H1299 cells were co-transfected with constant amount of p53
exp lasmid (25ng) together with or without i of lasmid for NEDLI (475 and 975 ng) (upper
panc!) or NEDLI lacking HECT domain (475 and 975 n;] (Iu\!-w puncl) Fony-nght houﬂ al‘l.ur uunsl’m.lmn1 cells were grown in the
fresh medium containing G418 (400 g ml-"). Following 2 weeks sck . drug-r wcﬂ: ined with Giemsa's solution
(€) In vitro pull-down assay. Cell lysates prepared from COST cells were incubated with lh: ted radio-labeled NEDL1 mutants
and then immunoprecipitated with anti-p53 antibody. The mununopm:lplinles were lub)wmd 10 auwmdmgraphy (nghl pmrl] Lel‘l
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Figure 7 siRNA-mediated knockd of endog NEDL! confers resistance of U208 cells 1o ADR. (a) siRNA-mediated
knockdown of endogenous NEDLI, U208 cells were transfected with control siRNA (=), siRNA against NEDL! termed no. 1,2, 3 or
4 siRNA. Forty-cight hours after transfection, total RNA was prepared and subjected to reverse transcriptase PCR. GAPDH was used
as an internal control, (b) U20S cells were transfected with control siRNA, no. 2 or 4 siRNA. Twenty-four hours after transfection,
cells were exposed to the indicated concentrations of ADR for 24h and then cell cycle distributions of cells were analysed by FACS.
() U208 cells were transfected with control stRNA, no. 2 or 4 siRNA. Twenty-four hours after transfection, cells were treated with
ﬁDR I‘l UM). M tht indicated time periods, cell cycle distributions of cells were analysed by FACS, ADR, adriamycin; GAPDH,

gly yde P dehydrogenase; NEDLI, NEDD4-like ubiguitin protein ligase-1; siRNA, small interfering RNA.
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In contrast to p53, NEDLI1 did not interact with other
p53 family members such as p73 and p63 (data not
shown). Intriguingly, we reported that NEDL2, a close
relative to NEDLI, binds to PY motif of p73 and



a ADR(1EM) -  + o+ o+ 4
Anti-p53 ——-_H-——I
s

Anti-p53 (Ser-15) | — — —

Anti-Noxa - R ey - T
Anti-Actin | ——l I- e st |

NEDL1-siRNA - - C No.2 No.4
b ADR(1pum) - + + + +

¢ NEDL1 - +

o s [ | scotyioss
IB: Anti-acetyl-Lys ety
1B: Anti-ps3 :_ 1 =

Figure 8 siRNA-mediated depletion of endogenous NEDL1 does
not affect the stability of p53 but inhibits ADR-mediated
upregulation of p53 target genes. (a) U208 cells were treated with
or without ADR (1 pM). Twenty-four hours after the treaiment,
cell lysates were prepared and subjected to immunoblotting with
the indicated antibodies (left panels). U208 cells were transfected
with control siRNA (C), no. 2 or 4 siRNA. Twenty-four hours
after transfection, cells were treated with ADR. At the indicated
time periods, cell lysates were prepared and processed for
immunoblotting with the indicated antibodies (right panels). (b)
RT PCR analysis. U208 cells were treated as in (a), and total
RNA was prepared and subjected to RT PCR. (¢) NEDLI-
mediated increase in acetylation levels of p53. U208 cells were
transfected with empty plasmid or with expression plasmid for
NEDL]. Forty-eight hours after transfection, cell lysates were
immunoprecipitated  with monoclonal anti-p33 antibody. The
immunoprecipitates were analysed by immunoblotting with poly-
clonal anu-acetyl-Lys antibody (Mew England Biolabs, Ipswich,
MA, USA). Expression levels of total p53, NEDL] and actin were
also examined. ADR, adriamycin; GAPDH, glyceraldehyde-3-
phosphate dehydrogenase; NEDLI, NEDD4-like ubiquitin protein
ligase-1; RT PCR, reverse transcriptase PCR; siRNA, small
interfering RNA.

IB: Anti-NEDL1

IB: Anti-Actin

promotes ubiquitination of p73 (Miyazaki et al., 2003).
According to our previous results, NEDL2-mediated
ubiquitination of p73 increased the stability and activity
of p73, raising a possibility that ubiquitination does not
always act as a degradation signal. Consistent with our
results, ubiquitination was required for the transcrip-
tional activity of c-myc (Adhikary er al., 2005). It is
noteworthy that NEDL2 did not interact with p53 that
lacks PY motif and had negligible effects on p53
(Miyazaki et al., 2003), indicating that NEDL1 family
members have a differential effect on p53 family
members. In this regard, it is of interest to examine
whether there could exist a functional interaction
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between NEDLI family members and p63 that contains
PY motif.

Several lines of evidence suggest that pro-apoptotic
p53 signaling pathway is involved in motor neuron
death associated with amyotrophic lateral sclerosis
through an upregulation of pro-apoptotic Bax (Ekegren
et al., 1999; Gonzalez de Aguilar ef al., 2000; Martin and
Liu, 2002). Recently, it has been shown that Noxa is one
of the critical mediators of p33-dependent motor neuron
death (Kiryo-Seo et al, 2005). These observations
suggest that pro-apoptotic p53 signaling pathway plays
a causable role in the regulation of neuronal cell death.
Thus, it is likely that NEDL] is involved in the
regulation of this cellular process through the interac-
tion with p53.

As described previously (Miyazaki er al., 2004), we
found that Dvl-1, a highly conserved cytoplasmic
phosphoprotein implicated in Wnt signaling pathway,
is one of the physiological targets of NEDLI. On the
basis of our previous results, NEDL] ubiquitinated
Dvl-1 and induced its degradation in a proteasome-
dependent manner. It has been well documented that
Dvl-1 increases the stability of P-catenin through the
inhibition of the catalytic activity of glycogen synthase
kinase-3fi (GSK-3p) (Kishida er al,, 2001; Lee et al.,
2001; Hino et al., 2003). In addition, GSK-3p facilitated
staurosporine-mediated apoptosis in SH-SYSY cells
(Bijur et al., 2000) and also contributed to neuronal
apoptosis induced by trophic withdrawal (Hetman ef al.,
2000). Consistent with these results, specific inhibition
ol GSK-3f activity by a small chemical compound
protected primary neuron from apoptosis (Cross et al.,
2001). These results suggest that GSK-3f activity is
closely involved in the induction of neuronal cell death.
It i1s worth noting that GSK-3p interacts with p53 in
response to DNA damage and enhances pro-apoptotic
function of pS53 (Watcharasit er al. 2002). Taken
together, there exists a functional interaction among
NEDLI, Dvl-1, p53 and GSK-3, which might play a
pivotal role at least in part in the regulation of apoptosis
in response to DNA damage. Further studies should be
necessary Lo address this issue.

Materials and methods

Cell culture and transfection

COS7, U20S and SAOS-2 cells were maintained in Dulbecco's
modified Eagle's medium supplemented with 10% of heat-
inactivated fetal bovine serum (Invitrogen, Carlsbad, CA,
USA), penicillin (100 TUml~") and streptomycin (100 pgmli-').
pS53-deficient 111299 and SH-SY5Y cells were grown in RPMI-
1640 medium supplemented with 10% heat-inactivated fetal
bovine serum and antibiotic mixture. Cells were cultured
at 37°C in a water-saturated atmosphere of 95% air and
5% (€O, Transient transfection was performed using
Lipofect AMINE 2000 transfection reagent (Invitrogen) according
to the manufacturer’s instructions.

Immunoblotting and immunoprecipitation
For immunoblotting, cells were lysed in a lysis buffer
containing 25mM Tris-Cl pH 7.5, 137mM NaCl, 2.7mMm
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KCl, 1% Triton X-100 and protease inhibitor cocktail. Equal
amounts of cell lysates were separated by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and
transferred onto Immobilon-P membranes (Millipore, Bed-
ford, MA, USA). The transferred membranes were incubated
with monoclonal anti-p21%*" (Ab-1, Oncogene Research
Products, Cambridge, MA, USA), monoclonal anti-p53
(DO-1, Oncogene Research Products), monoclonal anti-Noxa
(ab13654, Abcom, Cambridge, UK), polyclonal anti-Bax (Cell
Signaling, Beverly, MA, USA), polyclonal anti-caspase-3
(Calbiochem, San Diego, CA, USA), pelyclonal anti-phos-
phorylated p53 at Ser-15 (Cell Signaling), polyclonal anti-
NEDLI or with polyclonal anti-actin (20~33, Sigma, St Lous,
MO, USA) antibody followed by incubation with the
appropriate HRP-conjugated secondary antibodies (Tackson
ImmunoResearch Laboratories, West Grove, PA, USA).
Bound antibodies were detected by ECL system (Amersham
Biosciences, Piscataway, NJ, USA). For immunoprecipitation,
1 mg of protein was incubated with protein GG-Sepharose beads
(Amersham Biosciences). The precleaned lysates were incu-
bated with polyclonal anti-NEDL1 antibody for 2h a1 4°C
and immunocomplexes were precipitated with protein G-
Sepharose beads for additional 1h at 4°C. The immunocom-
plexes were washed three times with the lysis buffer, eluted
from beads by adding 2x SDS sample buffer, resolved by
SDS-PAGE and subjected to immunoblotting with polyclonal
anti-NEDL1 or with monoclonal anti-p53 (DO-1, Oncogene
Research Products) antibody.

In vitro binding assay
Wild-type p53 and its deletion mutants were c;pres;cd in virro

RT-PCR

SH-SY3Y cells were treated with CDDP (20 uM). At the
indicated time periods after the treatment, total RNA was
prepared using an RNeasy mini kit (Qiagen, Valencia, CA,
USA). Five micrograms of total RNA were employed to
synthesize the first-strand cDNA by using random primers and
SuperScript 1l reverse transcriptase (Invitrogen) according to
the manufacturer's instructions. The resultant cDNA was
subjected to the PCR-based amplification. The list of primer
sets used will be provided upon . The expression of
glyceraldehyde-3-phosphate dehydrogenase was measured as
an internal control. The PCR products were subjected to
agarose gel electrophoresis and visualized by ethidium
bromide staining.

Luciferase reporter assay

H1299 cells were allowed to adhere overnight in 12-well cell
culture plates at a final density of 50000 cells per well. Cells
were then co-transfected with 25ng of the p53 expression
plasmid, 100ng of the p53-responsible luciferase reporter
construct (p2/"*** or Bax) and 10ng of pRL-TK Renilla
luciferase cDNA together with or without increasing amounts
of the NEDL] expression plasmid (475 and 875ng). Total
amount ol plasmid DNA per transfection was kept constant
(1 pg) with an empty plasmid pcDNA3 (Invitrogen). Forty-
eight hours after transfection, cells were lysed and both the
firefly and Renilla luciferase activities were measured with
dual-luciferase reporter assay system (Promega), according to
the manufacturer’s instructions. The firefly luminescence signal
was normalized based on the Renilla luminescence signal.

using a T7 Quick Coupled Transcnphonﬁ‘ rar

(Promega, Madison, W1, USA) in the presence of I"—‘Simel.hm-
nine according to the manufacturer's recommendations. Cell
lysates prepared from COS7 cells transfected with the
expression plasmid encoding NEDL1 were mixed and incu-
bated overnight at 4°C. Reaction mixtures were then
immunoprecipitated with the anti-NEDL1 antibody. Immu-
noprecipitates were washed extensively with the lysis buffer
and resolved by SDS-PAGE. The gels were dried and
subjected to autoradiography.

TUNEL assay

SH-SY5Y cells were grown on coverslips and treated
with CDDP (20 uM). At the indicated time periods after
the treatment with CDDP, cells were fixed in 4% paraformal-
dehyde and apoptotic cells were detected by using an
in situ cell death detection Kit (Roche Molecular Biochemicals,
Mannheim, Germany) according to the manufacturer's
protocol. The coverslips were mounted with 4',6-diamidino-
2-phenylindole-containing  mounting medium  (Vector
Laboratories, Burlingame, CA, USA) and observed under a
Fluoview laser scanning confocal microscope (Olympus,
Tokyo, Japan).

FACS analysis

U208 and SAOS-2 cells were transfected with the expression
plasmid for NEDLI1. Forty-eight hours after transfection,
floating and attached cells were collected, washed in phos-
phate-buffered saline and fixed in 70% ethanol at -20°C.
Following incubation in phosphate-buffered saline containing
40 pgml-' of propidium iodide and 200 pg ml-' of RNase A for
lh at room temperature in the dark, stained nuclei were
analysed on a FACScan machine (Becton Dickingson,
Mountain View, CA, USA).

Oncogene

Chromatin i ipitation assay

Chromatin tmmunoprempuuuon assay was performed accord-
ing to the protocol provided by Upstate Biotechnology (Lake
Placid, NY, USA). In brief, H1299 cells were transfected with
the expression plasmid for p53 together with or without the
expression plasmid for NEDLI1. Forty-eight hours after
transfection, cells were treated with 1% formaldehyde at
37°C for 15min. Aflter being washed with ice-cold phosphate-
buffered saline, cells were suspended with 200 ul of SDS lysis
buffer (1% SDS, 10mM EDTA and 50 mM Tris-HCI, pH 8.1)
on ice for 10min. Lysates were sonicated and insoluble
materials were removed by centrifugation. Supernatants were
then precleared with 20 pl of protein A agarose beads that had
been preabsorbed with salmon sperm DNA at 37°C for
30min. The precleared chromatin solutions were immunopre-
cipitated with normal mouse serum or with anti-p353 antibody
at 4°C overnight, followed by incubation with 60 ul of protein
A agarose beads for 1h at 4°C. Samples were eluted with
200 pl of the elution buffer (1% SDS and 0.1 M NaHCO,) and
then crosslinks were reversed by heating them at 65°C for 6h.
Chromatin-associated proteins were digested with proteinase
K at 45°C for 1 h, and immunoprecipitated DNA was purified
by using QIAquick PCR purification kit (Qiagen) according to
the manufacturer’s instructions. Purified DNA was analysed
by PCR-based amplification. The primer set used to detect
p21™4" promoter was as follows: 5-CACCTTTCACCAT
TCCCCTA-3' (forward) and 5-GCAGCCCAAGGACAAA
ATAG-3' (reverse).

Small interfering RNA

U20S cells were transiently transfected with siRNA targeting
NEDL1 (no. 1, 5-CUAAAUGACUGGCGGAAUAUU-3;
no. 2, 5-GAUGAGGUCUUGUCCGAAAUU-3; no. 3,
S~“GAUGCCAGCUCGUACUUUGUU-¥; no. 4, §¥-CAGCU
GCAAUUCCGAUUUGUU-3) or control non-targeting
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siRNA (Dharmacon, Chicago, TIL, 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-SYSY, U208 and SAOS-2 cells were seeded at a
final density of 1x 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 kepl constant
(2 pg) with pcDNA3. Forty-eight hours after transfection, cells
were transferred to the fresh medium containing G418
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A newly identified dependence receptor UNC5H4 is induced during DNA
damage-mediated apoptosis and transcriptional target of tumor suppressor p53
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ARTICLE INFO ABSTRACT

Article history: UNCSH4 is a netrin-1 receptor UNCSH family member. In this study, we found that UNC5H4 is a direct
Received 26 March 2008 transcriptional target of p53. During adriamycin (ADR)-mediated apoptosis, UNC5H4 was significantly
Available online 8 April 2008 induced in p53-proficient UZ0S cells but not in p53-deficient H1299 cells. Enforced expression of p53

induced UNCSH4. Consistent with these results, siRNA-mediated knockdown of p53 in U205 cells atten-
uated ADR-dependent induction of UNCSH4. Indeed, we found four putative pS3-respansive elements
Keywords: within intron 1 of UNC5H4 gene, Luciferase reporter assay and ChIP analysis demonstrated that, among

:g:;(ﬁ‘;'“ them, two tandem elements respond to exogenous p53 which is efficiently recruited onto them. Further-
DNA damage more, enforced expression of UNC5H4 remarkably reduced number of drug-resistant colonies in p53-pro-
ps3 ficient cells but not in p53-deficient cells, suggesting that UNC5H4-induced apoptosis is dependent on
Transcription p53 status. siRNA diated knockd of UNC5H4 rendered U205 cells resistant to ADR. Collectively.
LUNCSHA our present results suggest that UNC5H4 amplifies p53-dependent apoptotic response.

© 2008 Elsevier Inc. All rights reserved.

Type | transmembrane receptors such as DCC (deleted in colo- and caspase-mediated cleavage of UNC5H was required for cell
rectal cancer) and UNCSH have been considered to belong to the death induction [2]. Although UNCSH family has pro-apoptotic
so-called dependence receptor family [1,2]. These receptors share activity [12], the precise molecular mechanisms behind UNCSH-
functional similarity to promote apoptosis without their respective mediated apoptosis remained unclear,
ligands including netrin family, but inhibit apoptosis when bound Of note, UNC5H2 is a direct transcriptional target of p53 and
to these ligands [3]. As described [1], DCC was one of caspase sub- UNC5H2-mediated apoptosis is regulated in a p53-dependent
strates and served as a caspase amplifier under conditions in which manner [13]. Based on their results, netrin-1 inhibited p53-depen-
the ligand is unavailable. Extensive studies suggested that DCC acts dent apoptosis without affecting expression levels of p53.
as a tumor suppressor [4], however, DCC is rarely mutated in hu- Alternatively, Llambi et al. found that UNC5H2 interacts with
man cancers [5]. Mammalian UNC5H family is composed of death-associated protein kinase (DAP-kinase) and their interaction
UNC5H1-4 [6-8). Among them, UNC5H4 has been recently found enhances catalytic activity of DAP-kinase [14]. Intriguingly,
in human genome database |9). Thiebault et al. described that DAP-kinase required functional p53 for induction of apoptosis
expression levels of UNC5H1-3 are strongly down-regulated in [15]. In contrast to UNC5H1-3, little is known about functional
various primary tumors which is associated with loss of heterozy- significance of UNC5H4. In the present study, we found that
gosity (LOH) within UNC5H loci and enforced expression of  UNC5H4 is a direct transcriptional target of p53 and UNC5H4-med-
UNC5H1, UNC5H2 or UNC5H3 inhibits malignant transformation, iated apoptosis is dependent on p53 status,
which is related to their pro-apoptotic activity [10]. According to
their results, UNC5H-mediated apoptosis was dependent on their Materials and methods
cytoplasmic death domain and potent caspase inhibitor abrogated

. : = z Cell fines and culture. Human osteosarcoma U20S and SADS-2 cells were main-
their pro-apoptotic activity. Consistent with these observations, rained 1 Bulbecrss modiiisd 's medium (DMEM) supplemented with 10X

UNC5H1-3 contained classic caspase cleavage site (DXXD) [11] heat-inactivated fetal bovine serum (FBS, invitrogen), penicillin (50 Ufmi) and
streptomycin (50 pg/m!} Human lung carcinoma H1299 cells were cultured in

* Cor Jing suthor. Add Division of Biochemistry, Chiba Cancer Center RPMI 1640 medium supplemented with 10% heat-inactivated FBS and antibiotic
Research Institute, 666-2 Nitona, Chuoh-ku, Chiba 260-8717, Japan. Fax: +8143265 ~ mbxure. Cells were grown ar 37 °C in 1 humidified atmosphere of 5% CO; in the
4458, air. Where cells were d to adriamycin (ADR) at a final concentra-

E-mail address: akiranak@chiba-ccjp (A Nakagawaral tion of 1 uM.

0006-201X/$ - see front matter © 2008 Elsevier Inc. All rights reserved
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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 107 cells/96-well cell
culture plates and allowed to attach overnight. Cells were then treated with 1 M
of ADR. At the indicated time points after ADR treatment, 10 ul of a modified 3-
(4.5-dimethylthiazol-2-yl} 2.5-diphenyl-terazolium 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 rec i and reverse tran-
scribed in the presence of random primers and SuperScript |l 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-ATTTGATGCTGTCCCCGCACGATATTCAAC-3' (sense) and
5'-ACCCTTTTTGGACTTCAGGTGGCTGGAGTG-3' (antisense); p21"A" 5'-ATGAAATT
CACCCCCTTTCC-3' (sense) and 5'-CCCTAGGCTGTGCTCACTTC-3' (antisense); Bax,
5-TTTGCTTCAGGGTTTCATCC-3'  (sense) and 5 -CAGTTGAAGTTGCCGTCAGA-Y
(antisense): UNC5H4, 5'-TGAACTGCAGATGCCATAGG-3 (sense) and 5'-CCTTTCAGG
GACACTGTGGT-3' (antisense); CAPDH, 5'-ACCTCGACCTGCCGTCTAGAA-3' (sense)
and 5-TCCACCACCCTGTTGCTGTA-3' (antisense). PCR products were sepamed by
15! gel electroph is and visuali by ethidi

blotring. Cells were hed in ice-cold hate-buffered saJIne{P‘BS}
and lysed in SDS-sample buffer containing 10% glycerol, 5% g-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 wt
SDS-polyacrylamide gel electroph is, electro-tr 1 onto bil
membrane filters (Millipore) and blocked with 0,3% non-fat milk in Tris-bufTered
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-p21%¥*" (H-164,
Santa Cruz Biotechnology), polyclonal anti-PARP (Cell Signaling Technology) or
with anti-actin (20-33: Sigma) am'_lbody at room T.Errlper.lmre for 1 h followed
by incub with hor ish p conjugated secondary antibodies (Cell
Signaling Technology) at room I'm' 1h ctive bands were
visualized by using ECL system (Amersham Biosciences) according ro the manu-
facturer’s instructions.

Establishment of p53-knocked down cell clones. U205 cells 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, Gd18-resistant clones were picked
up and cultured in the presence of G418, Expression levels of p53 in each cell clone
were analyzed by bl

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-¥
(sense) and 5'-GTGCTCACAGGGCAATGACTCACCTC-3 (antisense); RE2, 5'-GGTACCT
CATCCTCTGAACGTTAAC-3'  (sense) and S5'-GGTACCTAAAGGGACTAGATCATG-3
(antisense): RE3, 5 -GAGCTCTCAGATTGCATGTCTGTAC-3 { sense ) and 5'-GAGCTCAGC
CTCACATAACACAGAGT-3' (anrisense); RE4. 5'-GAGCTCTAGGGCAGTTAATCTTGC-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 Blosystems).

Luciferase reporter assay. p53-deficient H1299 cells were seeded at a density of
5 x 10" cellsf12-well cell culture plates and allowed to attach overnight. Cells were
rransiently co-transfected with 100 ng of pGL3-p lasmid (P ga), p53-
RE1, 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.

Chromarin immunoprecipitation (ChIP) assay. ChiIP 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 monoclonal
anti-p53 antibody. The immunoprecipitates were eluted with 100 ul of elution buf-
fer (1% SDS and 1 mM NaHCO;). 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,
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5'-GAGCTCATGTTGGCCAGGCTAGTC-3' (sense) and 5'-GTGCTCACAGCCCAATGACT
CACCTC-3 (antisense), RE2, 5'-CGTACCTCATCCTCTGAACGTTAAC-3 (sense) and
5'-GGTACCTAAGGGACTAGATCATC-3" (antisense); RE3, 5'-TCAGATTCCATGTCTG
TAC-¥ (sense) and 5'-AGCCTCACATAACACAGAGT-3' (antisense).

Colony formarion assay. U20S and H1299 cells were transfected with the
empty plasmid (pcDNA3) or with the expression plasmid encoding UNCS5H4,
Forty-cight 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, SADS-2 cells were transfected with
10 nM 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 uM), loating
and attached cells were collected, washed in jce-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 200 mM NazHPO,) 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 UNCSH4 in p53-proficient cells but not in p53.
deficient cells exposed to DNA damage. (A) Cell survival assays. pS53-deficient
H1299 cells and p53-proficient U205 cells were treated with 1 uM of ADR. At the
indicared time points, cell viability was examined by MTT assay. (B) RT-PCR. At the
indicared time points after ADR treatment (1 yM), total RNA was prepared from
H1299 (left panels) and U205 (right panels) cells and analyzed for expression levels
af UNCSH4, p53 and p2 1", Amplification of GAPDH was used as an internal co-
ntrol. (C) Immunoblotting. U20S cells were exposed to ADR (1 M), At the indicated
time points, cell lysates were prepared and subjected to immunoblotting with the
indicated antibodies. Immunablotting for actin is shown as a loading control.



Results
DNA damage-induced up-regulation of UNCSH4

To examine expression patterns of UNC5H4 and p53-related
genes in response to DNA damage, p53-deficient lung carcinoma
H1299 and p53-proficient osteosarcoma U205 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
LINC5H4 were strongly induced in U205 cells (Fig. 2B). Similar re-
sults were also obtained in neuroblastoma SH-SYSY cells bearing
wild-type p53 (data not shown). In contrast, UNC5H4 was unde-
tectable in H1299 cells exposed o ADR, however, ADR-mediated
up-regulation of p21""F" 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 p21WA™ in U20S cells (Fig. 1C).

UNC5H4 1s a transcniptional 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"A"" and Bax [18] in a time-dependent manner (Fig.
2A). Transfection with the empty plasmid alone had undetectable ef-
fect on LUNC5H4 (data not shown). To further confirm this notion, we
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Fig. 2. p53-mediated transcriptional activation of UNCSH4. (A) Time course exper-
iments. H1299 cells were transfected with the expression plasmid encoding p53. At
the indicared time points, total RNA was prepared and analyzed for expression
levels of p53, p21"™*", Bax and UNC5H4 by RT-PCR. (B) siRNA-mediated knockdown
of p53 attenuates ADR-dependent up-regulation of UNCSH4. U205 cells were (ra-
nsfected with the empty plasmid or with the expression plasmid for SIRNA against
p53. Forty-cight hours after transfection, cells were transferred into fresh medium
containing G418 (500 ug/ml) 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 1 ADR,
total RNA and cell lysates were prepared and subjected to RT-PCR (upper panels)
and immunoblotring (lower panels), respectively.
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« UNC5H4
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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 p21**"! were undetectable
in N-1 and N-2 cell clones. ADR-mediated up-regulation of p53 and
p21"A"! were observed in C-1 cell clone. ADR treatment significantly
induced expression of UNCSH4 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
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Fig. 3. UNC5H4 is a direct target of p53. (A) Luciferase reporter assay. H1299 cells
were co-transfected with 100 ng of the indicated luciferase 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
length 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.



