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Bcl-2 is a key regulator for the retinoic acid-induced apoptotic cell death

in neuroblastoma
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Retinoic acid (RA) has been shown to induce neuronal
differentiation and/or apoptosis, and is widely used as a
chemotherapeutic agent for treating the patients with
neuroblastoma. However, the therapeutic effect of RA is
still limited. To unveil the molecular mechanism(s)
inducing differentiation and apoptosis in neuroblastoma
cells, we compared CHP134 and NB-39-nu cell lines, in
which all-trans-RA (ATRA) induces apoptosis, with LA-
N-5 and RTBM]1 cell lines, in whick it induces neuronal
differentiation. Here, we found that Bel-2 was strongly
downregulated in CHP134 and NB-39-nu cells, whereas it
was abundantiy expressed in LA-N-5 and RTBMI cells.
ATRA-mediated apoptosis in CHP134 and NB-3%-nu
cells was associated with a significant activation of
caspase-9 and caspase-3 as well as cytoplasmic release
of cytochrome ¢ from mitochondria in a p53-independent
manner. Enforced expression of Bcl-2 significantly
inhibited ATRA-mediated apoptosis in CHP134 cells. In
addition, treatment of RTBMI1 cells with a Bcl-2
inhibitor, HA14-1, enhanced apoptotic response induced
by ATRA. Of note, two out of 10 sporadic neuroblasto-
mas expressed hcl-2 at undetectable levels and underwent
cell death in response to ATRA in primary cultures. Thus,
our present results suggest that overexpression of Bel-2 is
one of the key mechanisms to give neuroblastoma cells the
resistance against ATRA-mediated apoptosis. This may
provide a new therapeutic strategy against the ATRA-
resistant and aggressive neurcblastomas by combining
treatment with ATRA and a Bel-2 inhibitor.
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Introduction

Neuroblastoma, which originates from the sympathoa-
drenal lineage of the neural crest, is one of the most
common solid tumors in childhood and has distinct
biological properties in different prognostic subsets
{Schor, 1999). For example, tumors in patients less than
| year of age often regress spontaneously and have a
favorable prognosis. In contrast, tumors that occur over
| year of age display an extensive and metastatic disease
at diagnosis, and are often aggressive with an unfavor-
able prognosis despite an intensive therapy (Brodeur
and Nakagawara, 1992). Each of those subsets shows
various distinct genetic features including the ploidy
status, MYCN amplification, allelic loss of the distal
part of chromosome lp and the gain of chromosome
17q {(Brodeur, 2003). Additionally, high expression
levels of neurotrophin receptors TrkA and TrkB are
favorable and unfavorable prognostic indicators of
neuroblastomas, respectively (Nakagawara et al., 1993,
1994). Several lines of evidence suggest that the
spontaneous regression of the favorable neuroblastomas
is attributed at least in part to the developmentally
programmed neurconal cell death andf/or neuronal
differentiation (Nakagawara, 1998). Indeed, the depri-
vation of nerve growth factor led to the massive cell
death through apoptosis of neuroblastoma cells expres-
sing TrkA (Nakagawara er af., 1993).

Retinoic acids (RAs), which appear to be involved in
vertebrate morphogenesis, are natural and synthetic
derivatives of vitamin A (Maden, 2001; McCaffery
et al., 2003), and exert their biological functions through
nuclear receptors including RA receptors (RARs) and
retinoid X receptors (RXRs) (Lippman and Lotan,
2000). In response to RA binding, RAR/RXR hetero-
dimers regulate the transcription of a number of target
genes by binding to the specific DNA response elements
(Balmer and Blomhoff, 2002). Retinoic acids have
antitumor effects on neuroblastoma-derived cell lines
accompanied by a marked decrease in the expression
levels of MYCN (Thiele et al., 1985). Studies utilizing
cell lines also have revealed that neuroblastoma cell lines
exposed to all-trans-RA (ATRA) undergo neurcnal
differentiation, cell cycle arrest and/or apoptosis (Me-
lino e al., 1997; van Noesel and Versteeg, 2004). Recent



works offer insights into the molecular mechanisms by
which ATRA exerts its biological effects on neuroblas-
tomas. All-frans-retinoic acid activates phosphatidyli-
nositol 3’-kinase-Akt pathway that plays an important
role in neuronal differentiation (Encinas et of, 1999;
Lopez-Carballo et al,, 2002), and it reduces the
expression levels of MYCN (Thiele er al, 1985) and
upregulates the cyclin-dependent kinase (CDK) inhibi-
tor p27%™ in association with the ATRA-induced cell
cycle arrest in neuroblastoma cells (Lee et al., 1996;
Nakamura er al., 2003). In addition, certain neuroblas-
toma cells underwent apoptosis in response to ATRA
(Piacentini et al., 1992; Takada ez al., 2001; Nagai et al.,
2004). Consistent with these observations, 13-cis-RA
treatment after intensive chemotherapy improved an
event-free survival rate of the patients with aggressive
neuroblastomas with 17% increase (Villablanca ez al.,
1995; Matthay ef al, 1999). Although the antitumor
effects of RA alone on aggressive neuroblastoma are
limited, RA treatment has an advantage that it carries
no severe side effects. Thus, it is important to enhance
the antitumor effects of RA on neuroblastoma cells, and
thereby inducing apoptosis.

In the present study, we have found that the ATRA
treatment induces neuronal differentiation in neuroblas-
toma-derived LA-N-5 and RTBMI1 cells, whereas
CHP134 and NB-39-nu cells undergo p53-independent
apoptotic cell death in response to ATRA. Extensive
expression studies revealed that the antiapoptotic Bcl-2
was constitutively expressed at high levels in LA-N-5
and RTBM1 cells, whereas CHP134 and NB-39-nu cells
expressed Bcl-2 at extremely low levels. Enforced
expression of Bcl-2 in CHP134 cells led to a significant
inhibition of the ATRA-mediated apoptosis. In accor-
dance with these results, the treatment with Bcl-2
inhibitor in RTBMI1 cells resulted in an increased
sensitivity to ATRA. Moreover, two out of 10 sporadic
neuroblastomas in primary cultures with undetectable
bel-2 underwent cell death in response to ATRA,
whereas seven tumors out of the remaining eight cases
expressed high levels of bel-2. These results suggest that
Bel-2 might be a key regulator for the ATRA-mediated
apoptotic cell death in neuroblastomas.

Results

ATRA-induced growth inhibition, differentiation and cell
death in luman neuroblastoma cell Iines

To examine the possible effects of ATRA on growth and
viability of neuroblastoma cells, human neuroblastoma-
derived LA-N-5, RTBM]1, CHP134 and NB-39-nu cells
were cultured with or without 5 uM of ATRA, and the
numbers of viable cells were counted at the indicated
time points after the exposure to ATRA. As shown in
Figure la, ATRA effectively inhibited proliferation of
these neuroblastoma cells. Among them, the growth of
CHP134 and NB-39-nu cells was much more suppressed
in the presence of ATRA. To monitor morphological
changes induced by ATRA, ATRA-treated cells were
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checked by phase-contrast microscopy. As shown in
Figure 1b, a neurite outgrowth was evident in ATRA-
treated LA-N-5, RTBM1 and CHP134 cells, whereas it
was marginal in NB-39-nu cells. Of note, ATRA-
induced cell death was detectable in CHP134 and NB-
39-nu cells, but not in LA-N-5 and RTBM1 cells. To
confirm whether ATRA could induce the apoptotic cell
death in CHP134 and NB-39-nu cells, we examined the
changes in the number of cells with sub-Gl DNA
content in response to ATRA. As shown in Figure 1c
and d, the flow cytometric analysis revealed that the
number of CHP134 cells with sub-G1 DNA content was
significantly increased in response to ATRA. Similarly,
ATRA promoted the apoptotic cell death in NB-3%9-nu
cells, albeit to a lesser degree than CHP134 cells. Under
our experimental conditions, ATRA failed to induce the
apoptotic cell death in L.A-N-5 and RTBM1 cells (data
not shown).

ATRA-induced apoptotic cell death in neuroblastoma cells
To elucidate the molecular mechanism(s) underlying the
ATRA-mediated apoptotic cell death in neuroblastoma
cells, we examined whether the procaspases could be
proteolytically cleaved to be activated in response to
ATRA. To this end, whole-cell lysates prepared from
the indicated neuroblastoma cells exposed to 5uM of
ATRA for 0, 2, 4 and 6 days were subjected to
immunoblotting with the indicated antibodies. As
shown in Figure 2a, the time-dependent proteolytic
cleavage of caspase-9 and caspase-3 was observed in
CHP134 and NB-39-nu cells, but not in LA-N-5
and RTBMI cells. Consistent with these resulis, one of
the physiological substrates of the activated caspase-3,
poly-ADP-ribose polymerase (PARP), was cleaved in
ATRA-treated CHP134 and NB-3%-nu cells. In a
good agreement with the previous observations showing
that caspase-8 is epigenetically silenced in a high
percentage of neuroblastoma cells (Teitz er al., 2000;
van Noesel et al, 2003), caspase-8 was undetectable
in LA-N-5, RTBM1 and CHP134 cells. Inn contrast,
NB-39-nu cells expressed a large amount of procaspase-
8. Procaspase-12, which is involved in the endo-
plasmic reticulum-stress-induced apoptosis (Nakagawa
et al, 2000; Morishima er al, 2002), was readily
detectable in all of the neuroblastoma cell lines that
we examined, and did not respond to ATRA. Under our
experimental conditions, ATRA had negligible effects
on proteolytic cleavage of caspase-8 and caspase-12
(data not shown).

As caspase-9 is activated in response to the cytoplas-
mic release of cytochrome ¢ from mitochondria, leading
to the activation of caspase-3 (Degterev et al., 2003), we
sought to examine whether cytochrome ¢ could be
released in response to ATRA. To this end, CHP134
cells were treated with 5 uM of ATRA or left untreated,
and cells were incubated with the antibody against
cytochrome ¢ or with the control immunoglobulin
(Ig)G. Cell nuclei were stained with 4,6-diamidino-2-
phenylindole (DAPI). Microscopic images demon-
strated that cytochrome ¢ staining displays a punctuate
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cytoplasmic pattern in the absence of ATRA (Figure 2b,  treatment for 4 days induced redistribution of cyto-
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Figure 2 Caspase-9 and caspase-3 are cleaved during the all-frans retinoic acid (ATRA)-mediated apoptosis in CHP134 and NB-39-
1u cells. (a)} Immunoblot analysis for various caspases and poly-ADP-ribose polymerase (PARP) in response 1o ATRA. The indicated
neuroblastoma cell lines were treated with 5uM of ATRA or left untreated. At the indicated time points after the treatment with
ATRA, whole-cell lysates were prepared, and analysed by immunoblotting with indicated antibodies. Actin expression was used as a
loading control (bottom). (1) ATRA-induced cytoplasmic release of cytochrome ¢ in CHP134 cells. CHP134 cells were seeded onto
coverslips, and cultured in the presence or absence of 5 uM of ATRA. Four days after the treatment with ATRA, cells were fixed and
stained with a monoclonal antibody against cytochrome ¢ (top, left and middle) or with a normal mouse IgG (top, right). The cell
nuclei were stained with 4,6-diamidino-2-phenylindole (DAPI) (bottom), The arrows indicate apoptotic cells with condensed and
fragmented nuclei. (c) Expression levels of p53 and its direct target gene products in response to ATRA, At the indicated time periods
after the treatment with ATRA, whole-cell lysates were prepared, and subjected to immunoblotting with antibodies against p53, Bax,
Puma, p21¥*¥' and actin, Immunoblotting for actin is shown as a control for protein loading (bottom).

Tigure 1  Effects of all-trans retinoic acid (ATRA) on cell proliferation of LA-N-5, RTBM1, CHP134 and NB-39-nu neuroblastoma-
derived cell lines, (a) Growth curves of the indicated neuroblastoma cell lines in the presence or absence of ATRA, Cells were grown in the
standard culture medium, and treated with 5uM of ATRA. At the indicated time points after the treatment with ATRA, cells were
trypsinized, harvested and number of viable cells was counted in triplicate. (b) ATR A-induced morphological changes of neuroblastoma
cell lines, Cells were exposed to ATRA at a final concentration of 5 M or left untreated, Six days after the treatment with ATRA, cells
were examined by phase-contrast microscopy. (¢ and d} ATRA-induced cefl death through apoptosis in CHP134 and NB-39-nu cells.
Cells were treated with the indicated concentrations of ATRA or left unireated, and incubated for up to 6 days. At the indicated time
points after the treatment with ATRA, cells were collected, fixed and stained with propidium iodide (PT). The DNA content of the cells
was then examined by flow cytometry (). The number of cells with sub-G1 DNA content was counted in triplicate (d).
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that cytochrome ¢ release from mitochondria might
play an important role in ATRA-induced apoptotic cell
death in neuroblastoma cells.

As the neuroblastoma cell lines that we examined
carry wild-type p53 (data not shown), we investigated
whether p53 could contribute to the ATRA-mediated
apoptotic cell death. For this purpose, whole-cell lysates
prepared from the indicated neuroblastoma cells ex-
posed to 5uM of ATRA for 0, 2, 4 and 6 days were
processed for immunoblotting with the indicated anti-
bodies. As shown in Figure 2c, the amounts of p53
remained unchanged or slightly decreased after ATRA
treatment. In accordance with these results, ATRA had
undetectable effects on the expression levels of p53-
responsible Bax, Puma and p21%AF!, which are impli-
cated in the p53-dependent apoptosis and/or cell cycle
arrest (Culmsee and Mattson, 2005). In addition, ATRA
failed to induce the phosphorylation of p53 at Ser-15
(data not shown). Thus, it is likely that ATRA-mediated
apoptotic cell death in neuroblastoma cells may be
regulated in a p53-independent manner,

Differential expression of antiapoptotic Bcl-2 in
neuroblastoma celis

To investigate the regulatory mechanisms of apoptotic
response to ATRA in neuroblastoma cells, we examined
the expression levels of Bcl-2 family proteins, which
directly control the mitochondrial pathway of apoptosis.
It is worth noting that antiapoptotic Bcl-2 was
constitutively expressed at high levels in LA-N-5 as well
as RTBM1 cells, whereas CHP134 and NB-39-nu cells
expressed Bel-2 at extremely low levels (Figure 3a).
Antiapoptotic Bel-xp was expressed at low levels in all
cell lines examined. In accordance with the previous
observations showing that proapoptotic Bim and Bmf
are highly expressed in neuronal cells (Puthalakath
et al., 2001; Okuno ez al., 2004; Shi et al., 2004), Bim and
Bmf were expressed at high levels in all of the cell lines
that we examined, but their expression levels remained
unchanged in the presence of ATRA,

To determine whether Bel-2 could contribute to the
acquisition of the ATRA-resistant phenotype of neuro-
blastoma cells, CHP134 cells were transfected with the
expression plasmid for Bcl-2 or with the empty plasmid,
and their sensitivity to ATRA was examined by flow
cytometry. As shown in Figure 3b, Bcl-2 was success-
fully overexpressed in CHP134 cells as examined by
immunoblotting. Interestingly, enforced expression of
Bcl-2 inhibited the ATR A-mediated proteolytic cleavage
of caspase-3. Consistent with these results, flow cyto-
metric analysis demonstrated that ectopic expression of
Bcl-2 significantly reduced the number of cells with sub-
G1 DNA content induced by ATRA treatment (Figure
3c and d), suggesting that Bcl-2 might play a critical role
in the regulation of apoptotic cell death in neuroblas-
toma cells.

To further confirm this possibility, we examined the
effects of the Bcl-2 inhibitor HA14-1 (Wang er al., 2000)
on the ATRA-mediated apoptotic response of neuro-
blastoma cells. RTBM1 cells were treated with 5 uM of
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ATRA or left untreated for 6 days, and then incubated
in the presence or absence of HA14-1 (15, 30 or 50 um)
for 3 . Phase-contrast microscopic analysis showed that
the incubation with ATRA followed by HA14-1
treatment significantly enhanced the apoptotic response
of RTBMI cells, whereas HA14-1 treatment alone
increased the number of apoptotic cells to a lesser
degree (Figure 4a). Similar results were also obtained by
flow cytometric analysis (Figure 4b and ¢). To examine
whether the ATRA-mediated apoptosis in RTBMI cells
induced by HA14-1 treatment could be associated with
the activation of the mitochondria-dependent apoptotic
pathway, we performed immunoblot analysis. As shown
in Figure 4d, HA14-1 treatment at 30 uM or less did not
promote the activation of caspase-9 and caspase-3,
whereas a small amount of the cleaved caspase-9 and
caspase-3 were detectable in RTBM1 cells exposed to
50 uM of HA14-1 alone. Intriguingly, pre-treatment of
RTBMI1 cells with ATRA enhanced the proteolytic
cleavage of caspase-9 and caspase-3 induced by HA14-1
at a final concentration of 50 uM.

To ask whether Bcl-2 could play an important role
in ATRA-mediated apoptotic response in primary
neuroblastomas, 10 sporadically found neuroblastomas
were subjected to both primary culture and reverse
transcriptase-polymerase chain reaction (RT-PCR)
analysis for bel2. In five cases, ATRA treatment
induced strong outgrowth of neurites as compared
with control culture (Figure 5a, left). In the other three
cases, ATRA had undetectable effects (data not shown).
It is worth noting that many cells underwent cell
death after ATRA treatment in the remaining two cases
(Figure 5a, right). We also examined the expression
levels of bcl-2 of these 10 primary neuroblastoma
samples and four neuroblastoma-derived cell lines by
RT-PCR. LA-N-5 and RTBMI cells abundantly
expressed bel-2, whereas CHP134 and NB-39-nu did
not (Figure 5b), which was consistent with immuno-
blotting as shown in Figure 3a. Of particular interest,
RT-PCR analysis revealed that two primary cases
that underwent cell death in response to ATRA (N-9
and N-10) expressed bcl-2 at undetectable levels
{Figure 5c). In a sharp contrast, the expression of bcl-2
was detected In the remaining cases, except N-3. Taken
together, our present results strongly suggest that Bcl-2
is a key regulator for ATRA-mediated apoptotic cell
death in neuroblastoma cells.

Discussion

Retincic acid is one of the potent antitumor agents that
has been used successfully to treat certain human
tumors including neuroblastomas (Freemantle et al.,
2003). Indeed, neuroblastoma patients treated with RA
have increased survival rate without severe side effects
(Villablanca et al., 1995; Matthay et al, 1999).
Accumulating evidences suggest that RA plays an
important role in the regulation of neuroblastoma
apoptosis as well as differentiation (Melino er «al.,
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Figure 3 Differential expression of antiapoptotic Bel-2 protein. (a) The indicated neuroblastoma cell lines were cultured in standard
culture medium containing all-frans retinoic acid (ATRA) at a final concentration of 5uM. At the indicated time points after the
treatment with ATRA, whole-cell lysates were prepared, and analysed by immunoblotting with the antibodies against the indicated
Bcl-2 family proteins. Actin expression was examined as a loading control (bottom). (b) Overexpression of Bol-2, CHP134 cells were
transiently transfected with the expression plasmid for Bel-2 or with the empty plasmid, Twelve hours after the transfection, cells were
treated with or without 5 uM ATRA, and incubated for additional 3 or 6 days. Whole-cell lysates were prepared, and the expression
levels of Bel-2 (top) and the amounts of the cleaved caspase-3 (middle) were examined by immunoblotting. Actin is shown as a control
for protein loading (bottom). (¢ and &) Flow cytometry. CHP134 cells were transiently transfected as described in (b). At the indicated
time periods after the treatment with ATRA, cells were collected, fixed and stained with PI, The DNA content of the cells was
examined by flow cytometry. Representative results on day 6 are shown in (c). The number of cells with sub-G1 DNA content was
counted in triplicate (d), *P <0.01.
1997; van Noesel and Versteeg, 2004). However, certain  inhibited the ATRA-mediated apoptosis, and HA14-1-
neuroblastomas display an RA-resistant phenotype  mediated inhibition of the endogenous Bel-2 in RTBMI
(Reynolds and Lemons, 2001). To further improve the  cells enhanced the ATRA-dependent apoptotic cell
therapeutic effects of RA on neuroblastomas, it is  death. Moreover, studies using primary neuroblastoma
necessary to clarify the detailed molecular mechanisms  tissues showed that ATRA had toxic effect on two out
underlying the RA-mediated neuroblastoma differentia-  of 10 primary cultures, and these ATRA-sensitive
tion and/or apoptosis. In the present study, we have  tumors did not express bel-2. Thus, it is likely that
found that ATRA causes growth suppression and  antiapoptotic Bcl-2 plays a crucial role in the regulation
subsequent neuronal differentiation in human neuro-  of the ATRA-mediated apoptotic response in neuro-
blastoma-derived LA-N-5, RTBM1, CHP134 and NB-  blastomas.
39-nu cells to various degrees. Among them, CHP134 Our present study revealed that neuroblastoma cells
and NB-39-nu cells, which express antiapoptotic Bcl-2  can be divided into two groups with respect to the
at extremely low levels, underwent pS53-independent  ATRA-induced apoptotic response. CHP134 and NB-
apoptotic cell death in response to ATRA. In contrast,  39-nu cells underwent apoptotic cell death in response to
LA-N-5 and RTBM1 cells abundantly expressed Becl-2, ATRA, whereas LA-N-5 and RTBM1 cells did not.
and we did not detect apoptotic cell death upon ATRA  Consistent with the mitochondria-dependent intrinsic
treatment. Enforced expression of Bel-2in CHP134 cells  apoptotic pathway of caspase activation (Degterev
Oncogene

214




Retinoic acid-induced apoptosis in neuroblastomna
H Niizuma et af

5052

a RTBM1
HA14-1 (15 uM)

ATRA {-)

ATRA (5 uM)

o
1]

RTBM1
HA14-1 () HA14-1 (50 pM)

ATRA ()

% sub-G1 (apoptotic cells)

ATRA (5 M)

Pl

o

HA14-1 (50 uM)

ao; *
DOATRA (-)

N
[4:3

BATRA (5 pM)

{15 ph)

N
[=]

-k
(2]

—d
[=]

L&)

o

(30 uM)
HA14-1

(50 M)

RTBM1

IB: anti-Caspase-9 |- -~

S £ mé«www-p AT gy e R mt 3 ”l -(«--Cieaved

Caspase-9

IB: anti-Caspase-3 [

| < Cleaved

: Caspase-3

IB: anti-Actin { v e

s i | <~ ACHIN

HA14-1 (uM)
ATRA(BuM) - - -

¢ 15 3¢ 50 0 15
-+ o+ o+ o+

a0 50

Figure 4 Bcl-2 inhibitor HA14-1 induces apoptosis of all-trans retinoic acid (ATRA)-treated RTBMI1 cells. (a) Morphological
changes after HA14-1 treatment of RTBMI cells. RTBM 1 cells were cultured with or without § M ATRA for 6 days in advance, and
then treated with HAI4-1, a specific inhibitor of Bcl-2, at the indicated concentrations in standard medium for 3 k. Cells were examined
by phase-contrast microscopy and photographed after the treatment. (b and ¢) FACS analysis. RTBM1 cells were treated with ATRA
and HA14-1 as described in (a). Cells were collected, fixed and stained with P1. The DINA content of the cells was examined by flow
cytometry and representative results are shown in (b). The number of cells with sub-G1 DNA content was counted in triplicate (c).
*P<0.05. (&) Immunoblotting. Whole-cell lysates of RTBM1 treated with ATRA and HA14d-1 were prepared to examine the amounts
of cleaved caspase-9 and caspase-3. Actin is shown as 2 loading control.

et al., 2003), ATRA treatment in CHP134 cells caused a
cytoplasmic release of the mitochondrial inter-mem-
brane protein cytochrome ¢, and a sequential proteolytic
cleavage of caspase-9, caspase-3 and its physiclogical
substrate PARP. Similar results were obtained in NB-
39-nu cells. Our previous observation also demonstrated
that activation and nuclear translocation of caspases
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were associated with prognosis of primary neuroblasto-
mas (Nakagawara et al., 1997). Therefore, the molecular
mechanismy(s) of RA-induced activation of caspases in
neuroblastoma cells needs to be clarified.

In response to a variety of apoptotic stimuli, p53 is
induced to be stabilized and subsequently transactivates
a number of proapoptotic genes that encode Bcl-2
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Figure 5 Primary culture and bcl-2 expression of sporadic
neurcblastomas. (a) Primary tumor cells prepared from 10
sporadically found neuroblastoma tissues were cultured with or
without 5uM of ATRA. After 4 days, cells were examined by
phase-contrast microscope, and morphological changes of two
representative cases are shown. (b and ¢) RT-PCR analysis. Total
RNA was purified from the indicated neuroblastoma cell lines (b)
and fresh-frozen tissues of primary neuroblastomas (¢), and
subjected to RT-PCR using specific primers for bel-2, N-1 to N-
10 indicates the case numbers, and the effects of ATRA on primary
cubtures are described at the bottom of this panel. Glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) expression is shown as an
internat control.

family proteins including Bax (Culmsee and Matison,
2005). It has been well documented that Bax acts on the
mitochondria to induce mitochondrial permeability
transition, and thereby regulating the cytoplasmic
release of cytochrome ¢ (Antonsson, 2001). Neuroblas-
toma cell lines that we examined in this study carry wild-
type p53. Under our experimental conditions, however,
we could not detect the ATRA-mediated upregulation
of the endogenous p53 as well as Bax. Similarly, the p53-
responsible p21¥A™ and proapoptotic Puma were not
accumulated in response to ATRA. As described
(Nikolaev er al., 2003), p53 might not be functional in
neurcblastoma cells due to its abnormal cytoplasmic
retention. Consistent with this notion, p53 was pre-
dominantly expressed in the cytoplasm of neuroblasto-
ma cells examined in this study (data not shown). We
have previously shown that cytoplasmic p53 is translo-
cated into the nucleus of CHP134 cells in response to
ATRA (Takada et al., 2001); however, our present
results suggest that translocated p53 was not functional.
Indeed, it is reported that p53 in neuroblastoma cells is
not functional even after its enforced translocation into
the nucleus (Ostermeyer et al., 1996). Thus, it is likely
that the ATRA-mediated apoptotic cell death in
neuroblastoma cells is regulated in a p53-independent
manner.

Among other regulators of mitochondrial pathway of
apoptosis, Bel-2 family proteins are critical determinants
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of mitochondrial membrane potential, which controls
the cytoplasmic release of cytochrome ¢ from
mitochondria and thereby regulating apoptotic cell
death (Cory et al., 2003). They are divided into two
subfamilies based on their biological roles. Antiapopto-
tic subfamily includes Bcl-2 and Bcl-x;, and proapopto-
tic subfamily includes Bax, Bim and Bmf. The balance
between these two groups determines the fate of cells.
Antiapoptotic Bcl-2 is one of the most important
members that inhibits the mitochondria-dependent
apoptotic pathway triggered by diverse cytotoxic
agents through blocking mitochondrial permeability
transition. Indeed, the upregulation of Bcl-2 was
associated with the drug-resistant phenotype of
certain human tumors (Dole ef al, 1994; Lombet
et al., 2001). Most intriguingly, our expression studies
revealed that antiapoptotic Bcl-2 was constitutively
overexpressed in LA-N-5 and RTBM1 cells, whereas
its expression levels were extremely low in CHP134
and NB-39-nu cells. In response to ATRA, Bcl-2 was
slightly induced to be accumulated in NB-39-nu cells;
however, it was maintained at extremely low levels in
CHP134 cells. Furthermore, two primary neuroblasto-
mas on which ATRA had toxic effect in primary culture
did not express bcl-2, similar to CHP134 and NB-39-nu
cells. Interestingly, ATRA induced differentiation
in five cases and had undetectable effects on three cases,
but cell death was induced in two cases. Considering
that RA treatment contributed to survival of 17% of
patients with aggressive neuroblastomas (Matthay er al.,
1999), our present results using primary neuroblastomas
seem to be reliable. Taken together, it is likely that
ATRA potentially have toxic effect on certain
neuroblastoma cells (both primary cells and cell lines)
that express little Bcl-2. Our current results also
revealed that enforced expression of Bel-2 in CHP134
celis inhibited the ATRA-mediated apoptosis in
association with the activation of caspase-3. Further-
more, ATRA treatment of RTBMI1 cells followed
by HAIl14-1 exposure underwent apoptotic cell
death through mitochondrial pathway. These observa-
tions also support the importance of Bcl-2 in the
regulation of apoptotic response of neuroblastoma cells
to RA.

Although it is still unclear whether the expression
levels of Bel-2 could be correlated with the prognosis of
neuroblastoma patients (Romani and Lu, 1994;
Gallo er al., 2003; Abel et al, 2005), it is possible
that Bel-2 plays a key role at least in part in the
regulation of ATRA-mediated apoptotic cell death in
neuroblastoma cells. In this connection, the antisense
RNA-mediated knockdown of the endogeneous Bcl-2
has been employed to treat certain tumors (Kim et al,,
2004). Recently, a novel Bcl-2 inhibitor that has an
antitumor effect on solid tumors has been developed
(Oltersdorf et al., 2005). Based on our present findings,
the combination of RA with Bcl-2-specific inhibitor
might provide a novel therapeutic strategy for the
treatment of neuroblastomas, instead of the classical
chemotherapy that frequently has multi-organ side
effects.
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Materials and methods

Cell lines and transfection

Human neuroblastoma-derived cell lines, including LA-N-3,
RTBMI1, CHP134 and NB-39-nu, were maintained in RPMI
1640 medium supplemented with 10% heat-inactivated fetal
bovine serum, penicillin (50 Ufml) and streptomycin (50 ug/mk)
at 37°C in 2 humidified atmosphere of 3% CQO; in the air. For
transfection, CHP134 cells were transfected with the expres-
sion plasmid encoding human Bel-2 or with the empty plasmid
by electroporation using a Nucleofector (Amaxa Biosystems,
Koeln, Germany) according to the manufacturer’s protocol.

Reagents

All-frans retinoic acid was purchased from Sigma (St Louis,
MO, USA) dissolved in dimethylsulfoxisde (DMSO) at a final
concentration of 5mM, and kept at —80°C. Bcl-2 inhibitor
HA14-1 was purchased from Sigma, dissolved in DMSO as a
10 mM stock solution and stored at —20°C. All reagents were
of the highest quality available.

Proliferation assay

LA-N-5 and RTBM1 cells were plated in triplicate at a density
of 1x 10° per well in 12-well culture plates. CHP134 and NB-
3%9-nu cells were seeded in triplicate at a density of 1 x 10% in
12-well plates. Twelve hours after seeding the cells, cells were
treated with ATRA at a final concentration of 5uM or left
untreated, and medium was replaced every 2 days. At the
indicated time points after the treatment with ATRA, celis
were trypsinized and number of viable cells was directly scored
by using the hemocytometer.

Flow cytometric analysis

Cells were exposed to the indicated concentration of ATRA.
At the indicated time points after the treatment with ATRA,
cells were collected by brief centrifugation, and fixed with 70%
ethanol at —20°C. The cells were washed with phosphate-
buffered saline (PBS), resuspended in phosphate-citrate buffer
(dmM citric acid, 200mM Na,HPQO,) and kept at room
temperature for 15min. The cells were then centrifuged and
resuspended in a solution containing 40 pg/ml of propidium
iodide and 0.05% RNase A, and incubated in the dark for
30 min. Before performing flow cytometric analysis, cells were
filtered through a 40-um nylon mesh. DINA content was
analysed by FACScan flow cytometer (Becton Dickinson,
Oxford, UK).

Immunoblot analysis

Cells were washed twice with ice-cold PBS, lysed in a sodium
dodecy] sulfate (SDS)-sample buffer containing 10% glycerol,
5% f-mercaptoethanol, 2.3% SDS and 62.5mM Tris-HCl, pH
6.8, and then boiled for 3 min. The protein concentrations were
determined using Bio-Rad protein assay dye reagent (Bio-Rad
Laboratories, Hercules, CA, USA). Bovine serum albumin
(BSA) was used as a standard. Aliquots {20 pg) of whole-cel]
lysates were separated by SDS—polyacrylamide gel electro-
phoresis and electrophoretically transferred onto polyvinyli-
dene difluoride membranes (Immobilon-P, Millipore, Bedford,
MA, USA). The membranes were blocked with 0.3% non-fat
milk in Tris-buffered saline containing 0.1% Tween-20 and
incubated with appropriate primary antibodies at room
temperature for 1h followed by incubation with the horse-
radish peroxidase-conjugated secondary antibodies (Cell Sig-
naling Technology Inc., Beverly, MA, USA). Immunoreactive
bands were visnalized by using ECL system (Amersham
Biosciences, Uppsala, Sweden). The primary antibodies used
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in this study were as follows: polyclonal anti-caspase-12
(Cell Signalling Technology Inc.), polyclonal anti-caspase-3
(Calbiochem, San Diego, CA, USA)}, polyclonal anti-PARP
(Cell Signaling Technology Inc.), polyclonal anti-PUMA
{ab9643; Abcam, Cambridge, UK), polyclonal anti-p2]%AF
(H-164; Santa Cruz Biotechnology), polyclonal anti-Bim
(Cell Signaling Technology Inc.), polyclonal anti-Bmf
(Cell Signaling Technology Inc.), polyclonal anti-actin
(20-33; Sigma), monoclonal anti-caspase-8 (5F7; Medical &
Biological Laboratories, Nagoya, Japan), monoclonal anti-
caspase-? (5B4; Medical & Biological Laboratories),
monoclonal anti-p53 (DO-1; Oncogene Research Products,
Cambridge, MA, USA), monoclonal anti-Bax (6A7,
cBioscience, San Diego, CA, USA), monoclonal anti-Bcl-2
(100; Santa Cruz Biotechnology); and monoclonal anti-Bel-x
(H-3; Santa Cruz Biotechnology)} antibodies.

Immumoftuorescent staining

CHP134 cells were grown on coverslips in standard culture
medivm in the presence or absence of 5uM of ATRA for 4
days. Cells were washed with ice-cold PBS, fixed with 3.7%
formaldehyde in PBS for 30min, permeabilized with 0.2%
Triton X-100 in PBS for 5min and then blocked with 3% BSA
in PBS for 1h at room temperature, After blocking, cells were
incubated with a monoclonal antibody against cytochrome ¢
(6H2.B4; BD PharMingen, San lose, CA, USA) or with a
normal mouse IgG for 1h at room temperature, followed by
the incubation with fluorescein isothiocyanate-conjugated
secondary antibody against mouse IgG (Santa Cruz Biotech-
nology). The cell nuclei were stained with DAPL The
coverslips were mounted onto glass slides, and the stained
cells were examined by using a confocal laser scanning
microscope {Olympus).

Primary culture

RPMI 1640 medivm supplemented with 10% heat-inactivated
fetal bovine serum, penicillin (50 Ujml), streptomycin
(50 pg/ml) and 100 ug/ml of OPI (Sigma) was used as a
standard medium for primary culture. Primary tumor cells
were prepared from fresh human neuroblastoma tissues
by a standard method. A total of 5 x 10° cells of each sample
were resuspended in 1ml of the standard medium, and
seeded on 24-well tissue culture plates precoated with collagen.
The cells were treated with or without ATRA at a final
concentration of 5pM for at least 2 weeks. The effects of
ATRA on the growth and neurite extension of primary
neuroblastoma cells were examined by phase-contrast micro-
scope.

RNA extraction and RT-PCR

Total RNA was prepared from fresh-frozen tissues of primary
neuroblastomas or cultured cells by using RNeasy Mini Kit
(Qiagen, Valencia, CA, USA). Total RINA (2 ) was reverse
transcribed by using random primers and SuperScript II
reverse transcriptase (Invitrogen, Carlsbad, CA, USA). The
resultant cDNA was subjected to PCR-based amplification.
The oligonucleotide primers used in this study were as follows:
bel-2, §-GAGGATTGTGGCCTTCTTTG-3 (forward) and
5-ACAGTTCCACAAAGGCATCC-3 (reverse), and glycer-
aldehyde-3-phosphate dehydrogenase (GAPDH), §-ACCTGA
CCTGCCGTCTAGAA-3 (forward) and 5-TCCACCACCC
TGTTGCTGTA-Y (reverse). PCR products were electrophor-
etically separated on 1% neutral agarose gels and visualized by
ethidium bromide staining.
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NF-xB regulates the stability and activity of p73 by inducing its proteolytic
degradation through a ubiquitin-dependent proteasome pathway

H Kikuchi'??, T Ozaki'®, K Furuya', T Hanamoto'?, M Nakanishi', H Yamamoto!, K Yoshida!,

S Todo? and A Nakagawara'
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University School of Medicine, Kita-ku, Sapporo, Japan

Nuclear factor kappa B (NF-xB), which exists as
heterodimeric complexes composed of pS0 and p65, has
been shown to play an important role in cell survival
processes. In the present study, we found for the first time
that NF-xB has an ability to induce the ubiquitin-
dependent proteasomal degradation of proapoptotic p73a.
The activation of NF-xB in tumor necrosis factor «
(INF-a)-stimulated H1299 cells resulted in a signifi-
cant reduction in the amounts of the endogenous p73c.
Consistent with these results, TNF-a-mediated down-
regulation of p73ct was observed in wild-type (WT) mouse
embryonic fibroblasts (MEFs) but not in p85-deficient
MEFs. Ectopic expression of NF-xB decreased a hali-life
of p73a by increasing its ubiquitination levels, and thereby
inhibiting the transcriptional activity as well as proapop-
totic function of p73a, whereas NF-xB had undetectable
effects on p53. Immunoprecipitation experiments demon-
strated that, under our experimental conditions, NF-xB
does not bind to p73« in mammalian cultured cells. In
contrast to WT p65, the COOH-terminal deletion mutant
of p65 (p65AC) failed to reduce the expression levels of
p73a, suggesting that NF-xB-mediated proteolytic de-
gradation of p73« requires the transcriptional activity of
NF-xB. Taken together, our present results imply that
NF-xB-mediated degradation of proapoptotic p73 is a
novel inhibitory mechanism of p73 that regulates cell
survival and death.

Oncogene (2006) 25, 7608-7617. doi:10.1038/sj.onc.1209748:
published online 4 September 2006
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Introduction

p73 and p63 share a significant amino-acid sequence
similarity to p53, and exist as multiple isoforms arising
from alternative splicing termed the TA variants
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(Kaghad ez al, 1997; Yang et al, 1998), or from
alternative promoter usage termed the AN variants
{(Yang and McKeon, 2000; Melino et al., 2002; Stiewe
and Putzer, 2002). Recently, it has been shown that p53
is also expressed as multiple variants (Bourdon ef al.,
2005). These TA variants function in a manner similar
to p53 by inducing G1 cell cycle arrest or apoptosis in
certain cancerous cells through transactivating an over-
lapping set of p53/p73-responsive downstream effectors
such as p21WAF* and BAX (Jost e al., 1997; Kaghad
et al., 1997; Gressner er al., 2005). Among these TA
variants of p73, p73a has an extended COOH-terminal
region including SAM (sterile & motif) domain and the
extreme COOH-terminus. In marked contrast to p53,
p73 is rarely mutated in human tumors despite an
extensive search (Tkawa e? al., 1999). The initial genetic
studies demonstrated that p73-deficient mice exhibit
neurological defects, but do not develop any sponta-
neous tumors (Yang et al., 2000), suggesting that p73
does not function as a classical tumor suppressor.
Intriguingly, Flores et al. (2002) found that the indirect
contribution of p73 or p63 is required for the p53-
dependent apoptosis. Thus, it is likely that p73
cooperates with p53 to induce apoptosis and/or exerts
its proapoptotic activity in a p53-independent manner.

ANp73, which lacks the NH,-terminal transactivation
domain, has an oncogenic potential, and acts in a
dominant-negative fashion toward wild-type (WT) p53
as well as p73 (Pozniak er al., 2000; Yang et al., 2000;
Stiewe et al., 2002). Pozniak ez al. (2000) demonstrated
that ANpP73 is predominantly expressed in sympathetic
neurons, and inhibits p53-dependent neuronal apopto-
sis. Of note, we and others found that p73 directly binds
to the canonical p53/p73-responsive element within the
ANp73 promoter region, and strongly upregulates the
expression of its own negative regulator ANp73,
indicating that there exists the negative feedback
regulation of p73 by its transcriptional target ANp73
(Grob ez al., 2001; Nakagawa ef al., 2002; Zaika et al.,
2002).

p73 is kept at extremely low level in mammalian cells,
keeping p73 in an inactive state. Previous studies
revealed that p73 is induced to be accumulated in
response to a wide variety of DNA-damaging agents
(Irwin ez al., 2003). For example, cisplatin or ionizing
radiation triggers phosphorylation of p73 at Tyr-99



mediated by nonreceptor tyrosine kinase c-Abl, increas-
ing its stability at protein level and proapoptotic activity
(Agami et af., 1999; Gong et al., 1999). Alternatively, it
has been shown that the prolyl isomerase Pinl as well as
the transcriptional céactivator Yes-associated protein
YAP enhances p73 acetylation mediated by p300 in
response to DNA damage, and thereby increasing p73
stability (Mantovani et al., 2004; Strano et al., 2005).
These observations suggest that the stress-induced
chemical modifications of p73 play a critical role in
regulating p73 stability and activity. Accumulating
evidence strongly suggests that p73 protein level is
regulated in a ubiquitin-mediated proteasomal degrada-
tion pathway (Balint ez al., 1999; Lee and La Thangue,
1999; Bernassola et al., 2004). Unlike p53, MDM?2 binds
to the NH,-terminal transactivation domain of p73 and
inhibits its transcriptional activity but does not target
p73 for ubiquitin-mediated degradation (Balint e al.,
1999; Zeng et al., 1999), implying that the protein
stability of p73 is regulated through a pathway distinct
from that of p53,

The activation of nuclear factor kB (INF-xB) has been
shown to play an important role in the control of cell
survival processes, which protects cells from a wide
variety of apoptotic stresses (Beg and Baltimore, 1996;
Van Antwerp et al., 1996; Wang et al., 1996, 1998). For
example, camptothecin-mediated activation of NF-xB
provides an antiapoptotic function (Huang et al., 2000),
and inhibition of NF-xB results in radiosensitization
(Yamagishi er al., 1997). Tumor necrosis factor alpha
(INF-¢) activates the NF-xB-mediated cellular pro-
tective mechanism against the proapoptotic effect of
TNF-o through the induction of the NF-xB-target genes
that are involved in the inhibition of apoptosis (Beg and
Baltimore, 1996; Van Antwerp et al., 1996; Wang e? al.,
1996). In addition to the antiapoptotic effect of NF-«B,
NF-xB also contributes to cellular transformation and
oncogenesis. Consistent with this notion, constitutive
high levels of NF-xB activity were detectable in various
human tumors (Bayon et al., 2003). Intriguingly, Wan
and DeGregori (2003) reported that NF-xB promotes
T-cell survival in respomse to antigenic stimulation
through the downregulation of p73; however, the precise
molecular mechanism behind the NF-xB-mediated
reduction of p73 is less well understood.

In the present study, we have found for the first
time that NIF-xB activation promotes the ubiquitin-
dependent proteasomal turnover of p73, and the
transcriptional activity of NF-«B is required for the
NF-xB-mediated degradation of p73. Qur present
findings provide an evidence that NF-xB-mediated
degradation of p73 'might be a novel inhibitory
mechanism of p73 function,

Results

Ectopic expression of NF-xB decreases p73a. level
We first asked whether INF-kB could affect the expres-
sion level of proapoptotic p73. To this end, p53-deficient
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Hi299 cells were co-transfected with the constant
amount of the expression plasmid for FLAG-p73a
together with or without the increasing amounts of the
HA-p65 plus HA-p50 expression plasmids. At 48h after
transfection, whole-cell lysates were prepared, and
immunoblot analysis revealed that the expression level
of FLAG-p73u is significantly reduced in cells co-
expressing HA-p65 and HA-p50 in a dose-dependent
manner (Figure 1a). Under our experimental conditions,
p73c mRNA level remained unchanged even in the
presence of the exogenous HA-p65 and HA-p50. Similar
results were also obtained in COS7 cells (Figure 1b).
Next, we examined the effect of ectopically expressed
NF-kB on the endogenous p73. COS7 cells were co-
transfected with or without the increasing amounts of
the expression plasmids encoding HA-p65 plus HA-p50.
At 48h after transfection, whole-cell lysates were
immunoprecipitated with the normal mouse serum
(NMS) or with the anti-p73 antibody, followed by
immunoblotting with the anti-p73 antibody. As shown
in Figure lc and d, the endogenous p73z was
significantly decreased at protein level in the presence
of the ectopically expressed HA-p65 and HA-p50.

NF-IB specifically downregulates p73o.

We tested whether NF-xB could reduce the expression
levels of the other p53 family members including p53
and p63. Figure 2a shows the domain structures of p53,
p73a, p738 and p63o. Whole-cell lysates prepared from
H1299 cells transiently co-transfected with the indicated
combinations of the expression plasmids were analysed
for the expression levels of FLAG-p53, FLAG-p73f and
p63a. In a sharp contrast to p73a, the enforced
expression of NF-kB had marginal effects on the levels
of FLAG-p533, FLAG-p73f and p63a (Figure 2b-d).
Under our experimental conditions, NF-xB had un-
detectable effect on ANp73 (data not shown). These
results strongly suggest that NF-xB-mediated down-
regulation is highly specific to p73a.

TNF-o-mediated activation of NF-xB resulis in a
downregulation of the endogenous p73u

We sought to examine whether the activation of the
endogenous NF-xB could affect the expression level of
the endogenous p73. H1299 cells stably transfected with
the NF-xB hiciferase reporter plasmid (Muta and
Takeshige, 2001) were treated with TNF-¢ as indicated,
and their luciferase activity was determined. As shown
in Figure 3a—¢, TNF-a treatment enhanced the NF-xB-
dependent transcriptional activation, and p65 as well as
p50 translocated into cell nucleus in response to TNF-a
as examined by immunoblotting and indirect immuno-
fluorescence staining. As expected, immunoprecipitation
experiments demonstrated that the expression level of
the endogenous p73c¢ protein is significantly reduced
in response to TNF-«, whereas p73a2 mRINA level re-
mained unchanged in cells exposed to TNF-« {Figure 3d).
TNF-¢ treatment had no significant effects on the
viability of cells (data not shown). These results suggest
that the TNF-z-mediated activation of NF-xB leads to a
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Figure 1 NF-xB decreases the amount of p73«. (a and b} Downregulation of p73a by NF-xB. H1299 (a) or COS7 (b) cells were
co-transfected with the constant amount of the expression plasmid for FLAG-p73e (0.5 ug) together with or without the increasing
amounts of the HA-p65 and HA-p50 expression plasmids (0.5, 1.0 and 1.5 ug). At 48 h after transfection, whole-cell lysates or total
RNA were subjected to immunoblotting or RT-PCR anelysis, respectively. Expression of FLAG-pT3e, HA-p65 and HA-p50 was
verified by the indicated antibodies. Actin was used to confirm that an equivalent amount of protein was loaded into each lane. For
RT-PCR, ethidium bromide staining of GAPDI confirmed equivalent loading. (¢ and d) Downregulation of the endogenous p73e by
the enforced expression of NF-«B. COS7 cells were co-transfected with or without the increasing amounts of HA-p65 and ps0

expression plasmids. At 48h after transfection, whole-cell lysates or total RNA were processed for the immunoprecipitation with the
NMS or with the anti-p73 antibody, or subjected to RT-PCR, respectively.
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Figure 2 NF-xB-dependent downregulation is specific to p73e. (a) Domain structure of p53 family members. The transactivation
domain (TAD), DNA-binding domain (DBD), oligomerization domain (OD), and SAM domain are indicated. (b—d) NF-xB does not
affect the expression levels of p53, p73f and p63a. H1299 cells were co-transfected with the constant amount of the expression plasmid
for FLAG-p53 (b}, FLAG-p73f (c) or p63a (d) along with or without the increasing amounts of the expression plasmids for HA-p65
and HA-p50. At 48h after transfection, whole-cell lysates were analysed by immunoblotting with the indicated antibodies. The lower

panels show actin to demonstrate egual loading of the gels.

reduction in the amounts of proapoptotic p73c at
protein level. In contrast to TNF-g, cisplatin treatment
had negligible effects on the transcriptional activity of
NF-xB, and immunoprecipitation experiments revealed
that the endogenous p73« is induced to be accumulated
in cells exposed to cisplatin (Supplementary Figure $1).

To confirm our hypothesis that the downregulation of
p73x is dependent on NF-xB, we further investigated
whether the expression level of the endogenous p73«
could be altered in the absence of heterodimeric complex
of NF-xB. To this end, we used mouse embryonic
fibroblasts (MEFs) derived from p65 knockout mice
(Figure 4a) (Beg er al, 1995). Whole-cell lysates were
prepared from pé5 knockout and WT MEFs exposed to
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TNF-a (20ng/ml) or left untreated. Immunoprecipita-
tion experiments demonstrated that TNF-z-mediated
reduction of the endogenous p73« is observed in WT
MET's but not in p65 knockout MEFs (Figure 4b and c),
indicating that the presence of functional NF-xB
complex is required for the downregulation of p73a.

NF-xB stimulates the ubiquitin-dependent proteasomal
degradation of p73u.

To determine whether NF-kB could modulate p73a
turnover, we sought to examine the half-life of p73¢ in
the presence or absence of the exogenously expressed
NF-xB using cycloheximide blockade. COS7 cells were
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Figure 3 TNF-z treatment causes a downregulations of the endogenous p73a. (a) TNF-a treaiment enhances the transcriptional
activity of NF-xB. H1292 cells stably transfected with the luciferase reporter plasmid carrying 1xxB site and Renilla luciferase
construct were exposed to the indicated concentrations of TNF-g for 24 h (upper panel) or treated with 20ng/ml of TNF-u for the
indicated time periods (lower panel), At the indicated time periods after the treatment with TNF-¢, luciferase assays were performed.
{b and ¢) Nuclear translocation of p65 and p50 in response to TNF-a. H1299 cells exposed to TNF-u (20 ng/ml) for the indicated time
periods were separated into nuclear and cytoplasmic fractions. The aliquots of these fractions were analysed by immunoblotting with
the anti-p65 (1si panel) or with the anti-p50 {2nd panel) antibody. These fractions were also analysed for nucleus-specific Lamin B (3rd
panel) and cytoplasm-specific a-tubulin (4th panel} to show the validity of our fractionation technique (b). H1299 cells were treated
with TNF-¢ (20 ng/ml) for 1h or left untreated. Cells were fixed and then incubated with the anti-p65 (left panels) or with the anti-p50
(right panels) antibody. Cell nuclei were stained by DAPI. Cellular localization was detected by fluorescence microscopy. The merged
images indicate the nuclear translocation of p65 and p50 in response to TNF-¢ {c). (d) TNF-« treatment decreases the expression level
of the endogenous p73ex, H1299 cells were treated with TNF-u (20 ng/ml) for the indicated time periods or left untreated. Whole-cell
lysates or total RNA were subjected to immunoprecipitation with the indicated antibodies or RT-PCR, respectively.
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Figure 4 NF-xB-dependent reduction of p73 in response to TNF-x. (a) Expression of the endogenous p65 in MEFs. Whole-cell
lysates from WT and p65 knockout MEFs were analysed for p65 by immunoblotting. (b and ¢} TNF-e-dependent downregulation of
the endogenous p73a is observed in WT but not in p65 knockout MEFs. p65 knockout (b) and WT (¢) MEFs werc treated with TNF-2
(20 ng/ml) for indicated time periods or left untreated. Whole-cell lysates were subjected to immunoprecipitation with NMS or with the
anti-p73 antibody, followed by immunoblotting with the anti-p73 antibody.
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co-transfected with the constant amount of the expres-
sion plasmid for FLAG-p73wx along with or without the
constant amount of the expression plasmids encoding
HA-p65 and HA-p50. At 24h after transfection, cells
were exposed to cycloheximide (100 ug/ml). At the
indicated time points, whole-cell lysates were subjected

to immunoblotting with the anti-p73 antibody. Con-
sistent with the previous observations (Lee and La
Thangue, 1999), transiently expressed FLAG-p73o had
a half-life of about 3h (Figure 5a). When FLAG-p73u
was co-expressed with HA-p65 and HA-p50, the
degradation rate of FLAG-p73¢ was faster than that
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Figure 5 NF-xB-induced reduction of p73 is regulated by a ubiquitin-proteasome pathway. (a) NF-xB decreases a half-life of p73a«.
COS87 cells were co-transfected with the constant amount of the FLAG-pT3a expression plasmid together with or without the
expression plasmids for HA-p65 and HA-p50. At 24h afier transfection, cells were exposed to cycloheximide (100 ug/ml). At the
indicated time points zfter the addition of cycloheximide, whole-cell lysates were analysed for FLAG-p73« by immunoblotiing. Actin
was used for equal protein loading. Densilometry was used to quantify the amounts of FLAG-p73«, which normalized to actin.
(b} NF-xB-mediated degradation of p73« is blocked by proteasomal inhibitor. COS7 cells were transfected ejther with FLAG-p73z
alone or with FLAG-p730, HA-p65 and HA-p50. At 40h after transfection, cells were treated with or without MG-132 (10 M) for 6b.
Whole-cll lysates were subjected to immunoblotting with the anti-p73, anti-HA or with anti-actin antibody. (¢) NF-xB increases the
ubiquitination levels of p73. COS7 celis were co-transfected with the constant amount of the expression plasmids for HA-p73« and
His-Ub together with or without the increasing amounts of the HA-p65 and HA-p50 expression plasmids. At 40h post-transfection,
cells were treated with MG-132 (10 uM) for 6 h. Whole-cell lysates were then prepared, and ubiquitinated materials were recovered by
Ni?+-NTA-agarose beads, followed by immunablotting with the anti-p73 antibody.

in cells expressing FLAG-p73x alone (a half-life of
about 1h). In addition, NF-£B had undetectable effects
on the half-life of ANp73 (data not shown).

According to the previous reports (Balint e al., 1999;
Lee and La Thangue, 1999; Bernassola et al., 2004), p73
protein level is regulated through the ubiguitin-mediated
proteasomal degradation pathway. We then determined
the effects of proteasomal inhibitor MG-132 on the
expression level of p73a. As expected, proteasome
inhibition resulted in a stabilization of FLAG-p73«
(Figure 5b). Of note, the addition of MG-132 blocked
the NF-xB-mediated degradation of FLAG-p73w, in-
dicating that NF-xB-mediated degradation of p73« is
regulated at least in part through the proteasomal
pathway. To ask whether NF-xB could affect the
ubiquitination levels of p73x, COS7 cells were co-
transfected with the constant amount of the HA-p73ox
expression plasmid and the expression plasmid for His-
tagged ubiquitin together with or without the increasing
amounts of the expression plasmids for HA-p65 and
HA-p50. After the treatment with MG-132 for 6h,
whole-cell lysates were prepared, and the ubiquitinated
materials were recovered with Ni**-agarose beads
followed by immunoblotting with the anti-p73 antibody.
As shown in Figure 5c, ubiquitin-conjugated p73a
was significantly increased upon the co-expression of
HA-p73e with HA-p65 and HA-p50. Thus, it is likely
that NF-xB mediates the ubiquitin-dependent proteaso-
mal turnover of p73a.

NF-xB inhibits the transcriptional activity of p73c but
not of p53

To evaluate whether NF-xB could influence the transcrip-
tional activity of p73a, H1299 cells were co-transfected
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with the constant amount of the expression plasmid
for FLAG-p73x, and the luciferase reporter construct
controlled by the p53/p73-responsive element from the
BAX or MDM2 promoter together with or without the
increasing amounts of the expression plasmids for
HA-p65 and HA-p50. At 48h after transfection, the
luciferase activities were measured. As shown in
Figure 6a, co-expression of FLAG-p73a with HA-p65
and HA-p50 significantly reduced the p73c-mediated
transcriptional activation of BAX and MDM2
promoters in a dose-dependent manner, and HA-p65
and HA-p50 had negligible effects on the reporter gene
activities. Consistent with these results, RT-PCR
analysis revealed that enforced expression of HA-p65
and HA-p50 inhibits the p73o-mediated transactivation
of the endogenous BAX. In contrast, p53-mediated
transcriptional activation was not affected in cells co-
transfected with the HA-p65 and HA-p50 expression
plasmids (Figure 6b).

NF-xB inhibits the proapoptotic activity of p73a

To further confirm the inhibitory effects of NF-xB on
the p73 function, we examined the possible effects of
NF-«xB on the proapoptotic activity of p73a. H1299 cells
were co-transfected with the indicated combinations of
the expression plasmids. At 48 h after the transfection,
cells were fixed, stained with propidium iodide, and the
numbers of cells with sub-Gl1 DNA content were
measured. In accordance with the previous report (Jost
et al., 1997), expression of FLAG-p73a resulted in an
increase in number of cells with sub-G1 DNA content
(Figure 6c). Co-expression of FLAG-p73a with HA-p63
and HA-p50 decreased number of cells with sub-G1
DNA content in a dose-dependent manner. Additionally,



Functional interaction between NF-xB and p73
H Kikuchi et al

7613

c 300 7.0
a 2 250 BAX 5 6.0 [EAX
] ® 50
2200 5
G 150 g4
LT s e
k-] 50 n 20
5 % 2
FLAG-p73a = + + + & =~ FLAG-pS3 = + + + "
HA-pESRS0 = = e ] HA-pBS/pS0 - -
10.0
5 . soa 5§ a0
T 80 £ 1 by
-% 6.0 2 260
£ w0 §
¥ 20 T 104
3 £
FLAG-p?3a « 4 + + - FLAG-pS3 - + + ¢ =
HA-pES/H50 - HA-pE5/p50 -
R <5 Ax IS « 5 ¢
: I < 01
FLAG-pT3a = + + + * FLAG-pT3a . + + + .
HA-pES/S0 - = ] HA-pES/SD = = ]
c = d
W 25 o 300
= @ _g 700
@Y 20 & 5 600
") o
L] T 15 59 500
ag L E 400
W 2
g 10 g £ 200
2 ZE 200
100
o
FLAG-p73a s+ o+ 4 - FLAG-pT3a - 4 + + -
HA-pES/pPSD « « __—" ] HA-pESHSE - - e 1

Figure 6 NF-xB inhibits the transcriptional as well as proapoptotic activity of p73. {a and b) NF-xB-mediated inhibition of the p73a-
dependent transactivalion but not of p53. H1299 cells were co-transfected with 25 ng of the expression plasmid for FLAG-p73u (a) or
FLAG-p53 (b) {ogether with 100 ng of the luciferase reporter construct, which carries the p53/p73-responsive element derived from
BAX or MDM2 promoter and 10ng of the Renilla luciferase plasmid (pRL-TK) in the presence or absence of the increasing amounts of
HA-p65 and HA-p50 expression plasmids (50, 100, or 200 ng). All transfections were performed in triplicate. At 48 h after transfection,
cells were analysed for their luciferase activities. Firefly luminescence signal was normalized based on the Renilla luminescence signal.
Results were shown as fold induction of the firefly luciferase activity compared with control cells transfected with the empty plasmid
alone, For RT-PCR analysis, H1299 cells were co-transfected with the FLAG-p73a or FLAG-p53 expression plasmid together with or
without the increasing amounts of the HA-p65 and HA-p50 expression plasmids. At 48 b post-transfection, total RNA was subjected
to RT-PCR analysis for the expression of BAYX. Amplification of GAPDH serves as an internal control. (¢) FACS analysis. 11299 cells
were co-transfected with the constant amount of the expression plasmid encoding FLAG-p73¢ together with or without the increasing
amounts of the HA-p65 and HA-p50 expression plasmids. At 48h after transfection, cells were fixed and stained with propidium
iodide. (d) Colony formation assay, H1299 cells were co-iransfected with the indicated combinations of the expression plasmids.
At 24 after transfection, cells were selected with G418 (400 ug/ml) for 2 weeks. The number of G418-resistant colonies was scored.

colony formation assays demonstrated that co-expres-
sion of FLAG-p73a with the increasing amounts of the
HA-p65 and HA-p50 increases number of G418-
resistant colonies as compared with that in cells
expressing FLAG-p73¢ alone (Figure 6d). Taken
together, these results strongly suggest that NF-xB has
an ability to inhibit the transcriptional activity as well as
proapoptotic function of p73e.

NFE-xB does not bind to p73a in cells

To investigate how NF-xB decreases the stability and
activity of p73e, we examined whether NF-xB could
bind to p73a. H1299 cells were co-transfected with the
indicated combinations of the expression plasmids. At
48 h after transfection, whole-cell lysates were immuno-
precipitated with the anti-FLAG or anti-HA anti-
body followed by immunoblotting with the anti-HA or
anti-p73 antibody, respectively. As shown in Figure 7a,
the anti-FLAG immunoprecipitates did not contain

HA-p65 and HA-p50. Similarly, FLAG-p73a was not
co-immunoprecipitated with HA-p65 and IA-p30
(Figure 7b). Under our experimental conditions,
FLAG-p73x¢ was co-immunoprecipitated with MDM2
(data not shown), which was consistent with the
previous reports (Balint et al., 1999; Zeng et al., 1999).
Thus, it is likely that NF-«B-mediated inhibitory effects
on p73z might be indirect without a direct interaction
between them.

Transactivation function of NF-xB is required for the
downregulation of p73a

To determine the molecular mechanism by which NF-xB
contributes to the degradation of p73w, we focused on
the COOH-terminal transactivation domain of p65
(Figure 7¢). We generated a deletion mutant of p63
(HA-p65AC), which retains a nuclear localization signal
but lacks a COOH-terminal transactivation domain.
To assess the transactivation function of p63AC, we
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Figure 7 Transcriptional activity of NF-xB is required for the down regulation of p73. (a and b) Immunoprecipitation experiments,
H1299 ceils were co-transfected with the indicated combinations of the expression plasmids. At 48h after transfection, whole-cell
lysates were immunoprecipitated with the anti-FLAG (a} or with anti-HA (b) antibody, followed by immunoblotting with the indicated
antibodies. Aliquots of whole-cell lysates were subjected to immunoblotting with the anti-FLAG or with the anti-HA antibody to
monitor the expression levels of FLAG-p73«, HA-p65 and HA-p50 (right panels). {c) Schematic drawing of the full-length p65 and the
COOH-terminal deletion mutant, p65AC. RHD, Rel homology domain; NLS, nuclear localization signal; TAD, transactivation
domain. (d) p65AC lacks the transcriptional activity. 11299 cells were co-transfected with the NF-xB-responsive luciferase reporter
plasmid and pRL-TK Renilla luciferase ¢cDNA together with the empty plasmid, HA-p65 plus HA-p50, HA-p65AC plus HA-p50 or
HA-p65AC. At 48 after transfection, the luciferase activities were measured, (e} Downregulation of p73e is induced by the full-length
p65 but not by p63AC. H1299 cells were co-transfected with the expression plasmid for FLAG-p73x together with HA-p65 plus
HA-p50 or HA-pS5AC plus HA-p50. At 48 h post-transfection, whole-cell lysates were processed for immuncblotting with the
indicated antibodies, Actin was used to confirmz that an equivalent amount of protein was loaded into each lane.
performed the luciferase reportér assay. As shown in  process. In contrast, NF-xB had negligible effects on
Figure 7d, HA-p65AC alone failed to drive transcription  p53 and p63. Thus, it is likely that the NF-xB-mediated
from the NF-xB luciferase reporter, whereas two- to  degradation of p73 contributes to the protection of cells
three-fold increase in the luciferase activity was detect-  from p73-dependent apoptosis. To our knowledge, this
able in cells expressing exogenous HA-p65AC and HA-  is the first report describing the detailed properties of
p30, which might be due to the complex formation the NF-«B-dependent inhibitory mechanism of p73
between the endogenous p65 and HA-p50. We then  function.
examined the possible effects of HA-p65AC on the Genotoxic stresses increase the stability of p73 and
expression level of FLAG-p730. H1299 cells were co-  enhance its proapoptotic activity in a pathway depen-
transfected with the indicated combinations of the dent on c-Abl (Agami et al, 1999; Gong et al., 1999;
expression plasmids, and whole-cell lysates were ana-  Yuan et al, 1999). Intriguingly, Kawai et al. (2002)
lysed for the expression level of FLAG-p732 by  reported that c-Abl phosphorylates IxBa at Tyr-305 to
immunoblotting. As shown in Figure 7e, WT p65  increase its stability, and thereby inhibiting the nuclear
significantly reduced the amount of FLAG-p73w, translocation and activation of NF-xB, suggesting that
whereas HA-p65AC had an ability to stabilize FLAG-  the inactivation of NF-xB contributes to the c-Abl-
p73a. Collectively, these results strongly suggest that the  mediated apoptosis. Additionally, it has been demon-
transactivation property of NF-xB is required for the  strated that, during the cisplatin-mediated apoptosis in
degradation of p73a. hepatocellular carcinoma cells, the downregulation of
NF-xB transcriptional activity is correlated with the
. accumulation of p73 (Kim er al., 2004). In contrast to
the DNA-damaging agents that activate c-Abl, TNF-z
Discussion treatment had undetectable effect on c-Abl (Kharbanda
et al., 1995). According to our present results, the
In the present study, we have found for the first time  activation of the endogenous NF-xB induced by TNF-u
that NF-xB promotes the ubiquitin-dependent protea-  resulted in a significant decrease in the stability of p73e.
somal turnover of p73 in the absence of a direct physical ~ Taken together, it is likely that ¢-Abl plays an important
interaction between them, and also demonstrated that  rolein the regulation of NF-xB-mediated destabilization
the transcriptional activity of NF-xB is required for this  of p73.

Oncogene

225



Since we could not detect the physical interaction
between NF-xB and p73w, NF-«B might regulate p73a«
stability through an indirect mechanism. Deletion
analysis revealed that p65AC fails to reduce the amount
of p73e, raising a possibility that the transactivation
function of NF-xB might be required for the degrada-
tion of p73c, and that there could exist an unidentified
E3 ubiquitin ligase(s) among the direct targets of
NF-xB. Recently, Rossi er al. (2005) described that an
HECT-type E3 ubiquitin ligase Itch binds to p73, and
promotes its degradation through the ubiquitin—protea-
some pathway. In contrast, Itch had no detectable effect
on p53. Additionally, it has been shown that Jun kinase
regulates the TNF-z-mediated apoptosis through the
activation of Itch (Chang er al., 2006). Although the
examination of the human I1¢h promoter region showed
the presence of several putative DNA-binding sites of
NF-kB, the enforced expression of NF-kB or TNF-¢-
mediated activation of the endogenous NF-xB failed to
induce the endogenous Iteh as examined by RT-PCR
(data not shown). Considering that p53 is targeted
for ubiquitination not only by MDM2 but also by
Pirh2 (Leng er al., 2003), it is likely that an as yet
unidentified E3 ubiquitin ligase(s) distinct from Itch
might be involved in the NF-xB-mediated degradation
of p73a.

Among p53 family members, the NF-xB-mediated
reduction was highly specific to p73«. The protein
stability of p53, p73f and p63« was unallected by the
enforced expression of NF-xB. Lee and La Thangue
(1999) described that p73# is much more stable than
p73c, suggesting that the unique COOH-terminal
extension of p73e is critical for its stability. Recently,
we found that RanBPM binds to the extreme COOH-
terminal region of p73«¢ to inhibit its ubiquitination and
thereby increasing its stability (Kramer er al.,, 2005).
However, RanBPM had undetectable effects on the
stability of p53. Thus, it is possible that RanBPM might
mask the p73x COOH-terminal lysine residues, which
could be sites for ubiquitin ligation. Alternatively, the
unique p73x COOH-terminal region could mediate the
interaction with unknown cellular protein(s) required
for the degradation of p73 induced by NF-xB. Of note,
Wan and DeGregori (2003) found that NF-xB promotes
T-cell survival by inhibiting the activation of p73 in
response to antigenic stimulation. They described that
NF-kB directly antagonizes the E2F-1-dependent upre-
gulation of p73 transcription. The interpretation that
NF-«B inhibits the transcription of p73 is contradicted
by our present findings. In addition to the DNA-
damage-induced stabilization of p73, p73 is regulated at
mRNA level in response to certain apoptotic and
differentiation stimuli. For example, p73 is transcrip-
tionally induced by E2F-1 during the apoptotic response
to T-cell receptor activation (Lissy er al, 2000).
Fontemaggi er af. (2001) found that p73 mRNA is
upregulated by E2F-1 during muscle, neuronal and
monocytic differentiation. Therefore, it appears that
employment of the NF-kB-dependent transcriptional or
post-transiational mechanism to downregulate p73 is
dependent upon the types of stimulation andjor cell
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types. The propensity of cells to survive or die is
determined by the balance between proapoptotic and
prosurvival signals. In this connection, NF-xB-mediated
degradation of p73 is a novel mechanism that regulates
cell survival and death in response to a variety of cellular
stresses.

Materials and methods

Cell culture and transfection

MEFs, and COS7 cells were grown in Dulbecco’s modified
Eagle’s medium supplemented with 10% heat-inactivated fetal
bovine serum (Invitrogen, Grand Island, NY, USA), 1001U/
m! penicillin and 100 pg/ml streptomycin. p53-deficient human
fung carcinoma H1299 cells were cultured in RPMI 1640
mediom  supplemented with 10% heat-inactivated fetal
bovine serum and antibiotic mixture, Cultures were main-
tained at 37°C in a water-saturated atmosphere of 5% COs in
air. For transfection, H1299 and COS7 cells were transfected
with the indicated combinations of the expression plasmids
using Lipofect AMINE 2000 (Invitrogen) and FuGENES
(Roche Molecular Biochemicals, Indianapolis, IN, USA),
respectively.

Construction of the deletion mutant of p65

p65AC was generated by PCR-based strategy using the
forward primer 5-TAGAATTCGGGACGATCTGTTTCCC
CTCATC-3 and the reverse primer 5-TTCTCGAGTTAAA
GGACTGGGGCAGAGGACGG-Y. Underlined nucleotides
were EcoRI and Xhol restriction sites. Amplified fragments
were digested with EeoRI and Xhol, and subcloned into the
identical restriction sites of pCMV-HA expression plasmid
{Clontech Laboratories, Palo Alto, CA, USA) to give pCMV-
HA-p63AC.

Inmunoblotting

Cells were washed twice with phosphate-buffered saline (PBS),
lysed in buffer containing 25mM Tris-Cl, pH 8.0, 137mM
NaCl, 2.7mM KCl, 1% Triton X-100 and protease inhibitor
cocktail (Sigma Chemical Co., St Louis, MO, USA), and
sonicated for 10s followed by centrifugation at 15000 r.p.m.
for 10min at 4°C to remove inscluble materials. Aliquots of
whole-cell lysates {25-50 ug) were boiled in the SDS-sample
buffer for 3min, loaded onto 8% SDS-PAGE, and electro-
transferred onto Immeobilon-P membranes (Millipore, Bed-
ford, MA, USA). The membranes were blocked with TBS-T
(50mmM Tris-Cl, pH 8.0, 100mM NaCl and 0.1% Tween-20)
containing 3% nonfat dry milk, and then incubated at room
temperature for 1h with the monocclonal anti-FLAG (M2,
Sigma Chemical Co.}, monoclonal anti-HA (12CAS5, Roche
Molecular Biochemicals), monoclonal anti-p73 (Ab-4, Neo-
Markers, Inc., Fremont, CA, USA), monoclonal anti-p53
(PAbI801, Santa Cruz Biotechnologies, Santa Cruz, CA,
USA), monoclonal anti-p63 (Ab-1, NeoMarkers), polyclonal
anti-p65 (C-20, Santa Cruz Biotechnologies), polyclonal anti-
p50 {H-119, Santa Cruz Biotechnologies), or with polyclonal
anti-actin (20-33, Sigma Chemical Co.) antibody, followed by
an incubation with corresponding horseradish peroxidase-
conjugated goat anti-mouse or anti-rabbit secondary antibody
{Cell Signaling, Beverly, MA, USA) for 1h at rcom
temperature, Protein bands were finally detected by enhanced
chemiluminescence detection system (Amersham Biosciences,
Inc., Piscataway, NJ, USA).
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Co-immumoprecipitation analysis

Equal amounts of whole-cell lysates were precleared with 30 ul
of protein G-Sepharose (Amersham Bioscience). After cen-
trifugation, the supernatant was incubated with the indicated
antibodies at 4°C for 2h. The immunocomplexes were then
incubated with protein G-Sepharose beads at 4°C for [h,
which were then pelleted by centrifugation at 15000 r.p.m. for
Smin. The immunocomplexes were washed with the lysis
buffer three times at 4°C, denatured with an equal volume of
2 % SDS-sample buffer, and analysed by immunoblotting with
the desired primary antibodies.

RT-PCR

Total RNA was prepared by using RNeasy Mini Kit (Qiagen
Inc., Valencia, CA, USA) according to the manufacturer’s
protocol. One microgram of total RNA was used to synthesize
the first strand cDNA using random primers and a SuperScript
11 reverse transcriptase (Invitrogen). Reverse transcription was
performed at 42°C for 1h, and the reverse transcripts were
amplified by standard PCR with rTaqg DNA polyme-
rase (Takara, Ohtsu, Japan). The primers used for PCR were
as follows: BAX, S5-TTTGCTTCAGGGTTTCATCC-3
(sense) and 5'-CAGTTGAAGTTGCCGTCAGA-Y (antisense);
GAPDH, 5-ACCTGACCTGCCGTCTAGAA-3  (sense)
and 5-TCCACCACCCTGTTGCTGTA-3 (antisense), p73a,
S-TGGAACCAGACAGCACCTACTTCG-3  (sense) and
Y¥-TGCTGGAAAGTGACCTCAAAGTGG-3 (antisense).

Subcelllar fractionation

Cells were washed twice with PBS, lysed in lysis buffer
containing 10mM Tris-HCl, pH 7.5, 1mM EDTA, 0.5%
Nonidet P-40, and protease inhibitor cocktail for 10min at
4°C, and centrifuged at 3000 r.p.m. for 5min at 4°C to separate
the soluble (cytoplasmic) from the insoluble (nuclear) fraction.
The insoluble fraction was washed completely with the lysis
buffer and resuspended in buffer containing 25mM Tris-Cl,
pH 8.0, 137mm NaCl, 2.7mM KCl, 1% Triton X-100 and
protease inhibitor cocktail. The nuclear and cytoplasmic frac-
tions were then analysed by immunoblotting with monoclonal
anti-Lamin B (Ab-1, Oncogene Reseach Products), or with mono-
clonal anti-¢-tubulin antibody (Ab-2, NeoMarkers, Inc.).

Indirect immunofiuorescence assay

H 1299 cells were seeded onto the glass coverslips, and treated
with TNF-¢ (20 ngfml) or left untreated for 1h celis were then
fixed with 3.7% formaldehyde for 30 min at room temperature,
and permeabilized with 0.2% Triton X-100 for 5min at room
temperature. After cells were blocked with 3% bovine serum
albumin (BSA) for 1h at room temperature, they were
incubated with the polyclonal anti-p65 or with the polyclonal
anti-p50 antibody for 1h at room temperature. The primary
antibodies were detected with FITC-conjugated secondary
antibody (Invitrogen) for 1 h at room temperature. Cell nuclei
were stained with 4'6-diamino-2-phenylindole (DAPI) (Sigma
Chemical Co.), and cells were observed under a Fluoview laser
scanning confocal microscope (Olympus, Tokyo, Japan).

Luciferase reporter assay

H1299 cells were co-transfected with 100ng of the p53/p73-
responsive tuciferase reporter plasmid (BAX or MDA 2), 10ng
of pRL-TK Renilla luciferase cDNA, and 25ng of the
expression plasmid for FLAG-p73x or FLAG-p53 together
with or without the increasing amounts of HA-p65 and
HA-p50 expression plasmids. At 48h after transfection, cells
were washed with PBS, and resuspended in'passive lysis buffer
(Promega Corp., Madison, W1, USA). Both firefly and Renilla
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luciferase activities were assayed with the dual-luciferase
reporter assay system (Promega Corp.). The firefly lumines-
cence signal was normalized based on the Renilla luminescence
signal.

Protein decay rate analysis

COS7 celis were co-transfected with the indicated combina-
tions of the expression plasmids. At 24 h after transfection,
cells were treated with cycloheximide (Sigma Chemical Co.) at
a final concentration of 100 ug/mi. At the indicated time points
after the treatment with cycloheximide, cells were harvested,
and whole-cell lysates were processed for immunoblot analysis
with the anti-p73 or with the anti-actin antibody. Densito-
metry was used to quantify the amounts of FLAG-p73« which
normalized to actin.

Ubiquitination assay

COS7 cells were co-transfected with the constant amount of
FLAG-p73x and His-tagged ubiquitin, together with or
without the increasing amounts of HA-p65 and HA-p50. At
48 h after transfection, cells were exposed to MG-132 (20 uM)
for 6h. Cells were then lysed in lysis buffer containing 6 M
guanidine—HCI, 0.1 M Na,HPO4/NaH,PO,, pH 8.0 and 10 mM
imidazole. Ubiquitinated materials were recovered by Ni**-
NTA-agarose beads (Qiagen), and subsequently analysed by
immunoblotting with the anti-p73 antibody.

FACS analysis

H1299 cells were co-transfected with indicated combinations
of the expression plasmids. At 48h after transfection, cells
were washed twice with PBS, resuspended in 600yl of a
propidium iodide mixture containing 0.05% RNase, 0.25%
Triton X-100 and 50 ug/ml of propidium iodide, and then
incubated in the dark at 4°C for 30 min. Prior to performing
FACS analysis, cells were filtered through a 40-um nylon
mesh. Cells were then analysed using the FACScan system
(Becton Dickinson, Mountain View, CA, USA) in conjunction
with CellQuest software (Becton Dickinson).

Colony formation assay

H1299 cells were co-transfected with indicated combinations
of the expression plasmids. Totai amount of plasmid DNA
was kept constant (1 pg) with the empty plasmid. At 24 h after
transfection, cells were selected with G418 (400 pug/ml) for 2
weeks. G418-resistant colonies were fixed in methanol, and
stained with Giemsa’s solution.

Abbreviations

CHX, cycloheximide; MEF, mouse embryonic fibroblasts;
NF-xB, nuclear factor kappa B; TNF-«, tumor necrosis
factor ¢; Ub, ubiquitin.

Acknowledgements

We thank members of our laboratory for helpful discussions.
We also thank Y Nakamura for excellent technical assistance.
We give special thanks to Dr M Karin for providing us with
p65~— MEF. This work was supported in part by a Grant-
in-Aid from the Ministry of Health, Labour and Weifare for
Third Term Comprehensive Control Research for Cancer, a
Grant-in-Aid for Scientific Research on Priority Areas from
the Ministry of Education, Culture, Sports, Science and
Technology, Japan, and a Grant-in-Aid for Scientific Research
from Japan Society for the Promotion of Science.





