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p73 is a p53-related tumor suppressor but is also induced by oncogene products such as E2F-1, raising a
question as to whether p73 is a tumor suppressor gene or oncogene. Unlike p53, p73 has several variants,
including �Np73, which lacks the NH2-terminal transactivation domain. Although, in developing neurons,
�Np73 is expressed abundantly and seems to inhibit the proapoptotic function of p53, the role of p73 and
�Np73 and their regulatory mechanism in cell growth and differentiation are poorly understood. Here we
report that p73, but not p53, directly activates the transcription of endogenous �Np73 by binding to the
p73-specific target element located at positions �76 to �57 within the �Np73 promoter region. The activation
of �Np73 promoter by p63 was marginal. �Np73 was associated with p73�, p73�, and p53, as demonstrated
by immunoprecipitation assays, and inhibited their transactivation activities when we used reporters of Mdm2,
Bax, or �Np73 itself in SAOS-2 cells. Furthermore, induction or overexpression of �Np73 promoted cell
survival by competing with p53 and p73 itself. Thus, our results suggest that the negative feedback regulation
of p73 by its target �Np73 is a novel autoregulatory system for modulating cell survival and death.

The p73 gene encodes a protein with a significant sequence
homology and a functional similarity with the tumor suppres-
sor p53 (24). However, unlike p53, p73 is expressed as multiple
alternatively spliced forms (5, 6, 24, 51). The overexpression of
p73 in cultured cells promotes a growth arrest and/or apoptosis
similarly to p53. These biological activities are linked to its
sequence-specific transactivation function, and both p53 and
p73 are believed to recognize and bind to the p53-responsive
sequence in the promoter region of each target gene (23, 24).
However, the precise mechanism is poorly understood.

The p73 gene has been mapped to chromosome 1p36.2-3, a
region which shows frequent loss of heterozygosity in a variety
of human cancers, and the protein product induces cell cycle
arrest and/or apoptosis, showing that p73 acts as a tumor sup-
pressor (24, 45, 54). However, unlike p53, p73 is infrequently
mutated in many human cancers (21). Furthermore, p73-defi-
cient mice do not show a tumorigenic phenotype (57). These
findings suggest that p73 does not function as a classic Knud-
son-type tumor suppressor. On the other hand, some human
neoplasms, including breast and ovarian cancers, express high
levels of p73 compared to the corresponding normal tissues (3,
58). In addition, adenovirus-induced cellular transformation
causes an increased level of p73 expression (43). Recently, it
has also been reported that the deregulated overexpression of
cellular and viral oncogene products such as E2F-1, c-myc, and
E1A induces expression of the endogenous p73 (22, 31, 48, 59).
Thus, these observations have suggested that the growth-reg-

ulatory function of p73 is disturbed by complex mechanisms
and have raised the question whether p73 is a tumor suppres-
sor or an oncoprotein.

Accumulating evidence has suggested that p53 family mem-
bers do not always function similarly. The viral oncoproteins,
such as the simian immunodeficiency virus large T antigen,
adenovirus E1B, and human papillomavirus E6, which effi-
ciently inhibit p53 function, are unable to inactivate p73 (19,
32, 43). On the other hand, the adenovirus early protein
E4orf6 represses the activity of p73 but has no effect on p53
(47). MDM2, an important regulator determining the half-life
of p53, stimulates the ubiquitin-proteasome-dependent degra-
dation of p53 to block the p53-mediated transcription (17, 20,
26), whereas MDM2 inhibits p73 by disrupting the physical and
functional interaction with p300/CBP without promoting p73
degradation (9, 60). These findings imply that the function of
p73 is regulated through a mechanism distinct from that used
for p53.

Recently, Yang et al. have reported that p73 is enriched in
the nervous system and that the p73-deficient mice, which do
not exhibit an increased susceptibility to spontaneous tumori-
genesis, have neurological and immunological defects (57).
Other studies have shown that p73 contributes to the induction
of neuronal differentiation in vitro and that the T-cell receptor-
mediated apoptosis is dependent on both E2F-1 and p73 (7,
31). More recently, Pozniak et al. have found that �Np73 is
expressed predominantly in mouse developing brain and sym-
pathetic neurons and inhibits the neuronal apoptosis by block-
ing the proapoptotic function of p53 (41). These observations
strongly suggest that p73 as well as �Np73 is one of the key
regulators to determine cellular differentiation and apoptosis.

Here, we show that the cisplatin-induced neuronal apoptosis

* Corresponding author. Mailing address: Division of Biochemistry,
Chiba Cancer Center Research Institute, 666-2 Nitona, Chuoh-ku,
Chiba 260-8717, Japan. Phone: 81-43-264-5431. Fax: 81-43-265-4459.
E-mail: akiranak@chiba-ccri.chuo.chiba.jp.

2575



is associated with the upregulation of both p73 and �Np73.
The overexpression of p73, but not p53 or p63, induces expres-
sion of �Np73 mRNA and we have identified the functional
p73-specific responsive element within the �Np73 promoter
region. �Np73 has hetero-oligomerized with p73 or p53 to
repress the transactivation activity. �Np73 has also inhibited its
own promoter activity by directly binding to p73. Thus, we have
found a novel autoregulatory mechanism to modulate cell sur-
vival and death, in which p73 function is negatively regulated
by its target �Np73.

MATERIALS AND METHODS

Cell culture and transfections. Human neuroblastoma cell lines SH-SY5Y,
SK-N-AS, and SK-N-BE and human lung carcinoma H1299 cells were grown in
RPMI 1640 medium supplemented with 50 �g of kanamycin/ml and 10% (vol/
vol) heat-inactivated fetal bovine serum. Human osteosarcoma SAOS-2 cells,
embryonic kidney 293 cells, and COS7 cells were cultured in Dulbecco modified
Eagle medium containing 10% (vol/vol) heat-inactivated fetal bovine serum and
antibiotics. Cultures were maintained in a humidified atmosphere containing 5%
CO2 at 37°C. SAOS-2 cells were transfected with Lipofectamine (Gibco-BRL)
according to the manufacturer’s protocol. 293, COS7, and H1299 cells were
transfected with FuGENE 6 (Roche Molecular Biochemicals).

RNA isolation and reverse transcription-PCR (RT-PCR) analysis. Total RNA
was prepared by using Trizol reagent (Gibco-BRL) or the RNeasy Mini Kit
(Qiagen) according to the manufacturer’s protocol. cDNA was created by using
it as a template in the 20-�l cDNA synthesis reaction mixture containing random
primers and Moloney murine leukemia virus reverse transcriptase (SuperScript
II; Gibco-BRL) at 42°C for 1 h, followed by 15 min of denaturation at 70°C and
then quick cooling. The cDNA was amplified in the 20-�l PCR mixture contain-
ing 100 �M concentrations of each deoxynucleoside triphosphate, 1� PCR
buffer, 1 �M concentrations of each primer, and 0.2 U of rTaq or LA-Taq
DNA polymerase (Takara). PCR primers were as follows: HA-p73, 5�-TGGCT
TACCCATACGATGTTC-3� (sense) and 5�-GTGCTGGACTGCTGGAAAG
T-3� (antisense); p73, 5�-TCTGGAACCAGACAGCACCT-3� (sense) and 5�-
GTGCTGGACTGCTGGAAAGT-3� (antisense); �Np73, 5�-CGCCTACCATG
CTGTACGTC-3� (sense) and 5�-GTGCTGGACTGCTGGAAAGT-3� (anti-
sense); and GAPDH, 5�-ACCTGACCTGCCGTCTAGAA-3� (sense) and 5�-TC
CACCACCCTGTTGCTGTA-3� (antisense).

Plasmids and adenovirus-mediated gene transfer. The mammalian expression
plasmid encoding hemagglutinin (HA)-tagged p73� or p73� was a gift from M.
Kaghad, and the expression plasmid for HA-p63� was obtained from S. Ikawa. A
494-bp cDNA encoding the NH2-terminal region of �Np73 was amplified by
RT-PCR with total RNA derived from SH-SY5Y cells which were infected with
Ad-p73� and the primers 5�-GGATTCAGCCAGTTGACAGAACTA-3� (sense)
and 5�-GTGCTGGACTGCTGGAAAGT-3� (antisense). The sense oligonucle-
otide primer was designed based on the similar sequence found in both human
�Np73 genomic sequence and mouse �Np73 cDNA (accession number Y19235).
The amplified product was subcloned into the pGEM-T Easy vector (Promega)
to give pGEM-�Np73, and the identity of the construct was verified by DNA
sequencing. pGEM-�Np73 was then partially digested with NarI, blunt ended,
and completely digested with NarI, and the restriction fragment for the extreme
NH2-terminal region was subcloned into the enzymatically modified KpnI and
NarI sites of pcDNA3-HA-p73� or pcDNA3-HA-p73� to give pcDNA3-�Np73�
or pcDNA3-�Np73�, respectively. For construction of the adenovirus expression
vectors, the HindIII-XbaI restriction fragment derived from pcDNA3-p53,
pcDNA3-HA-p73�, pcDNA3-HA-p73�, or pcDNA3-�Np73� was filled in with
Klenow fragment and inserted into the enzymatically modified NotI site of the
shuttle vector pHMCMV6 (34, 35). Each shuttle vector was digested with I-CeuI
and PI-SceI and ligated into the identical restriction sites of the adenovirus
expression vector pAdHM4. Each of these recombinant adenovirus constructs
was digested with PacI and transfected into 293 cells to generate recombinant
adenovirus.

Production of a polyclonal anti-�Np73 antibody. The polyclonal anti-�Np73
antibody was raised against a peptide “Cys” plus containing the amino acid
sequences between positions 2 and 14 of �Np73. The peptide and the polyclonal
antibody were generated by Biologica Co.

Immunoblot analysis. Cells were placed on ice, washed twice with phosphate-
buffered saline, and lysed in EBC buffer (50 mM Tris [pH 8.0], 120 mM NaCl,
0.5% [vol/vol] Nonidet P-40) (23) supplemented with 1 mM phenylmethylsulfo-
nyl fluoride. Lysates were clarified by centrifugation at 15,000 � g for 15 min at

4°C. Protein concentrations were determined by using a Bio-Rad protein assay.
For immunoblot analysis, proteins were resolved by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) and electrotransferred onto a
nitrocellulose membrane. The membrane filter was blocked with 5% powdered
milk in TBST (Tris-buffered saline containing 0.1% [vol/vol] Tween 20) for 1 h
at room temperature and then incubated with a primary antibody including a
monoclonal anti-HA (12CA5; Roche Molecular Biochemicals), monoclonal anti-
p73� (Ab-1; Oncogene Research Products), monoclonal anti-FLAG (M2; Sig-
ma), polyclonal anti-�Np73, or monoclonal anti-p53 (DO-1; Oncogene Research
Products) antibody for 1 h at room temperature. The membrane filter was then
incubated with a goat anti-mouse or anti-rabbit secondary antibody conjugated
to horseradish peroxidase (Pierce) for 1 h at room temperature, and bound
secondary antibody was detected by enhanced chemiluminescence (Amersham
Pharmacia Biotech) according to the manufacturer’s protocol. For normalization
of protein loading, blots were stripped and reprobed with a polyclonal anti-actin
antibody (20-33; Sigma).

Immunoprecipitation. 293, COS7, or H1299 cells were transfected with the
indicated expression plasmid. At 48 h posttransfection, cells were lyzed in EBC
buffer, sonicated briefly, and centrifuged at 15,000 � g for 15 min at 4°C to
remove cell debris. After preclearing, immunoprecipitation was carried out by
incubating the whole-cell lysate with anti-HA polyclonal antibody (Medical and
Biological Laboratories), with anti-�Np73 antibody, or with a mixture of anti-p53
monoclonal antibodies (DO-1 and PAb1801; Oncogene Research Products).
Immunocomplexes were precipitated with protein A or with protein G-Sepha-
rose beads (Sigma). The immunoprecipitates were then washed three times with
EBC buffer, resuspended in 30 �l of 2� SDS sample buffer (28), and boiled for
5 min. The immunoprecipitated proteins were separated on an SDS–10% poly-
acrylamide gel under reducing conditions and analyzed by immunoblotting with
anti-FLAG M2 antibody, anti-�Np73 antibody, or anti-p53 antibody (DO-1).

Cloning the �Np73 promoter region. The �Np73 promoter region including
�Np73 exon 3� was amplified by PCR with the PAC clone (dJ363H11) and the
primers 5�-CCAGGGAGGATCTGTAGCTG-3� (sense) and 5�-TGAACCCTA
CACTGCAGCAA-3� (antisense). The amplified PCR product (2.9 kb) was
cloned directly into the pGEM-T Easy vector (Promega) to give pGEM-�Np73P.
The sequence of this construct was confirmed by DNA sequencing. To generate
a series of 5�-deletion constructs, the 2.9-kb fragment was subcloned into the
enzymatically modified XhoI site of pGL2-Basic luciferase reporter (Promega) to
give pGL2-�Np73PF. pGL2-�Np73PF was then digested with SmaI, NcoI, or
StuI, blunt ended, and self-ligated to generate pGL2-�Np73P(	1082), pGL2-
�Np73P(	911), or pGL2-�Np73P(	63), respectively. In addition, pGL2-
�Np73PF was digested partially with ApaI, and each of the restriction fragments
was recovered, blunt ended, and self-ligated to give pGL2-�Np73P(	1245),
pGL2-�Np73P(	786), pGL2-�Np73P(	619), and pGL2-�Np73P(	203), re-
spectively. To generate �Np73P(	184), �Np73P(	100), �Np73P(	80),
�Np73P(	76), �Np73P(	71), �Np73P(	66), or �Np73P(�1), the correspond-
ing regions were amplified by PCR with pGEM-�Np73P as a template. The
resulting PCR products were then subcloned into the SmaI site of pGL2-Basic
luciferase reporter, and the nucleotide sequences of these constructs were con-
firmed by sequencing.

EMSAs. p73�, p73�, or p53 was generated in vitro by using the TNT Quick
Coupled Transcription/Translation System (Promega) according to the manu-
facturer’s instructions. Electrophoretic mobility shift assays (EMSAs) were per-
formed as described previously (39, 61). Briefly, double-stranded oligonucleotide
was 32P labeled by using T4 polynucleotide kinase. DNA-protein binding was
carried out at room temperature in a reaction mixture containing the reticulocyte
lysate (4 �l), 12.5 mM Tris (pH 7.5), 50 mM KCl, 3.125 mM MgCl2, 0.25 mM
EDTA, 0.5 mM dithiothreitol, 5% glycerol, and 100 �g of poly(dI-dC) (Amer-
sham Pharmacia Biotech)/ml. The reaction mixtures were resolved on a 5%
native polyacrylamide gel (acrylamide/bisacrylamide ratio of 29:1) in 1� Tris-
borate-EDTA buffer at room temperature. After the electrophoresis, the gel was
dried and exposed to an X-ray film at 	70°C with an intensifying screen.

Luciferase reporter assay. For luciferase assays, SAOS-2 cells were seeded in
triplicates into 12-well plates (5 � 104 cells/well) 24 h prior to transfection. Cells
were cotransfected with 200 ng of the indicated reporter plasmid, 20 ng of
pRL-TK encoding Renilla luciferase cDNA, and 200 ng of the indicated expres-
sion plasmid (p53, p73�, or p73�) in the presence or absence of �Np73� or
�Np73�. The total amount of DNA transfected was kept constant (0.6 �g) with
parental pcDNA3 (Invitrogen). At 48 h after transfection, luciferase activity was
measured by a dual luciferase reporter assay system (Promega), and the trans-
fection efficiency was standardized against Renilla luciferase activity.

Flow cytometry. SH-SY5Y cells were seeded in 6-cm-diameter cell culture
dishes and treated with increasing amounts of cisplatin. At 24 h after the treat-
ment, cells were collected and fixed with ice-cold 70% ethanol for 4 h. The cells
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were then collected by centrifugation and resuspended in phosphate-buffered
saline containing 25 �g of propidium iodide/ml and 0.1% RNase A (1). Thirty
minutes later, the DNA content was measured by using a FACScan (Becton
Dickinson). The data were plotted by using CellQuest software (Becton Dick-
inson).

Cell survival assays. SH-SY5Y and SK-N-BE cells were seeded into 96-well
plates (5 � 103 and 2 � 104 cells/well, respectively) 24 h prior to viral infection.
Cells were infected with Ad-lacZ, Ad-�Np73� or Ad-p73� at the indicated
multiplicity of infection (MOI) for the indicated time periods. Survival was
determined by using cell counting kit 8 (Wako) with WST-8 [2-(2-methoxy-4-
nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2 H-tetrazolium, monoso-
dium salt] as a substrate.

RESULTS

Cisplatin induces expression of both p73 and �Np73 in
neuroblastoma cells. Since one of the main target organs of
p73 knockout mice is the central and peripheral nervous sys-
tem (57), we have chosen human neuroblastoma cells to inves-
tigate the functional difference and/or significance of p73 and
p53 in induction of neuronal cell death. When SH-SY5Y neu-
roblastoma cells were treated with cisplatin, they underwent
apoptosis in a dose-dependent manner as measured by cell
survival assays and changes in the number of cells with sub-G1

DNA content (Fig. 1A). We then examined the changes in
protein levels of p53 and p73 with anti-p53 antibody (DO-1)
and anti-p73� antibody (Ab-1) which did not recognize p73�,
respectively. The equal protein loading was confirmed by re-
probing the p73� blot with an antibody against actin. As shown
in Fig. 1B, SH-SY5Y cells accumulated p53 and p73� at pro-
tein levels after the treatment with cisplatin, whereas expres-
sion of p73 mRNA was not induced (Fig. 1C), as reported
previously (15, 16). On the Western blot, however, we repeat-
edly noticed the presence of the faster-migrating band than
p73� that appeared to correspond to the predicted molecular
mass of �Np73� (62 kDa [41]) (Fig. 1B). To confirm this
possibility, we performed semiquantitative RT-PCR with the
�Np73-specific primers, which revealed that �Np73 mRNA
expression was induced by the cisplatin treatment in a dose-
dependent manner (Fig. 1C). This raised the possibility that
the treatment of the cells with cisplatin induced the expression
of �Np73� at both mRNA and protein levels in parallel with
accumulation of p73� protein. Therefore, we hypothesized
that the cisplatin-induced p53 or p73 or other proteins trig-
gered the expression of �Np73 mRNA.

�Np73 is a target of p73. To determine whether p53 or p73�
stimulated the expression of �Np73�, SH-SY5Y cells were
infected with recombinant adenovirus expressing p53 (Ad-p53)
or HA-tagged p73� (Ad-p73�). As shown in Fig. 2A, overpro-
duction of HA-p73� markedly enhanced the expression of
�Np73�, whereas p53 had no effect on it. Upregulation of
�Np73 mRNA expression was also confirmed by Northern blot
analysis with a �Np73-specific probe (Fig. 2B). Furthermore,
similar results were also obtained in two other human neuro-
blastoma cell lines, SK-N-AS and SK-N-BE, by semiquantita-
tive RT-PCR analysis (Fig. 2C).

To confirm these results, we raised a �Np73-specific anti-
body against the sequence in the amino-terminal region of
�Np73 and then examined its specificity. The in vitro transla-
tion products of FLAG-tagged p73�, p73�, �Np73�, and
�Np73� were separated by SDS-PAGE, transferred to a ni-
trocellulose membrane, and immunoblotted with the monoclo-

FIG. 1. Induction of p73� and �Np73 in cisplatin-treated neuro-
blastoma cells. (A) Cell survival assays of SH-SY5Y cells treated with
increasing amounts of cisplatin for 24 h. Data are presented as the
mean values 
 the standard deviation (SD) of six independent exper-
iments. At the same time, numbers of cells with sub-G1 DNA content
were counted. (B) Induction of p73� and p53 by cisplatin treatment in
SH-SY5Y cells. SH-SY5Y cells were cultured in the absence or pres-
ence of cisplatin (10 or 25 �M) for 36 h. Total cellular proteins (40 �g)
were extracted from each culture, and the expression level of p73� or
p53 was determined by immunoblot analysis with the p73�-specific
(Ab-1) or anti-p53 (DO-1) antibody, respectively. An asterisk marks
the faster-migrating band recognized by anti-p73� antibody. The p73�
blot was reprobed for actin to ensure equal loading. Size markers are
indicated on the left. (C) Cisplatin treatment induces the expression of
�Np73. SH-SY5Y cells were treated with increasing amounts of cis-
platin as indicated. Using the RNA prepared 24 h after the treatment,
semiquantitative RT-PCR analysis for expression of p73 and �Np73
was performed under linear amplification conditions. Expression of
GAPDH is shown as a control.
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nal anti-FLAG antibody. A notable difference in the amount of
each in vitro translation product was not observed (Fig. 3A, top
panel). Then, these in vitro translation products were analyzed
by immunoblotting with the �Np73-specific antibody. This an-
tibody did not bind to p73� and p73� but recognized �Np73�
and �Np73� (Fig. 3A, bottom panel). The results demon-
strated that our antibody was highly specific for �Np73 and
potentially useful for detecting endogenous �Np73. We then
examined the endogenous �Np73� in SH-SY5Y cells upon the
infection of the recombinant adenovirus possessing HA-p73�.
At the indicated time periods after the infection, whole-cell
lysates were prepared, separated by SDS-PAGE, and immu-
noblotted with the anti-p73� or with the anti-�Np73 antibody
(Fig. 3B). As expected, the band migrating faster than p73�,
which was detected by the anti-p73� antibody, comigrated with
�Np73�, and overexpression of p73� resulted in the significant
accumulation of �Np73�.

Taken together, these findings suggested that p73, but not
p53, selectively regulated the expression of �Np73.

Identification of the p73-target element within the �Np73
promoter region. We then examined whether or not p73 di-
rectly activates the �Np73 promoter. As described previously,
�Np73 mRNA was derived from an alternative promoter lo-
cated in intron 3 of the p73 gene (41, 57). To obtain the
promoter region of �Np73, we screened the human PAC li-
brary and finally cloned a 2.9-kb genomic fragment including
exon 3� of �Np73, which was ligated with the luciferase re-
porter to make a pGL2-�Np73PF construct. In SAOS-2 cells
carrying a homozygous deletion of p53, coexpression of p73�
and pGL2-�Np73PF containing a 2.6-kb sequence upstream

from the exon 3� exhibited an �90-fold increase in luciferase
expression above that of the promoterless vector (Fig. 4A).
Sequence analysis revealed that a putative p73-responsive el-
ement similar to the p53 consensus sequence was present in
the region immediately upstream of the exon 3� (Fig. 4B).
Progressive deletion analysis showed that the deletion up to
position 	71 which disrupted the putative p73-responsive
element (at position 	76 to 	57) dramatically reduced the
luciferase activity (Fig. 4A), indicating that the putative p73-
responsive element we found was necessary for the p73-medi-
ated stimulation of the �Np73 promoter. Intriguingly, both
p73� and p73� transactivated the �Np73P(	100) promoter-
luciferase reporter, whereas p53 was far less effective on the
activation of this promoter (Fig. 4C). In addition, the effect of
p63�, the other p53 family member (38, 56), on the �Np73
promoter was also minimal and comparable to that of p53.
Under these experimental conditions, a notable difference in
the amounts of ectopically expressed proteins was not detected
(data not shown). To further determine whether p73 recog-
nizes and activates the p73-binding sequence of the �Np73
promoter, we inserted a double-stranded synthetic segment
comprising nucleotides 	76 to 	57 into the luciferase reporter
vector pGL2-promoter to give pGL2-�Np73P(	76/	57). As
seen in Fig. 4D, p73� as well as p73� transactivated the
�Np73P(	76/	57) promoter-luciferase reporter. In contrast,
p53 and p63� activated transcription of the same promoter to
a far smaller degree. Thus, the putative p73-binding element is
responsible for the p73-specific activation of the �Np73 pro-
moter. This notion was further supported by the results ob-
tained in the EMSAs. As shown in Fig. 5A, both p73� and

FIG. 2. Induction of �Np73 by p73�. (A) Western blot analysis. SH-SY5Y cells were infected with the recombinant adenovirus for LacZ
(Ad-LacZ), p53 (Ad-p53), or HA-p73� (Ad-p73�) at an MOI of 10. At 36 h after the infection, whole-cell lysates (40 �g) were prepared and then
subjected to Western blotting with anti-p73� (top) or anti-p53 (middle) antibody. The p73� blot was reprobed for actin to ensure equal protein
loading (bottom). (B) Northern blot analysis of �Np73 expression. SH-SY5Y cells were infected with an MOI of 10 of adenovirus expressing LacZ,
p53, or HA-p73�. Total RNA (20 �g) was prepared 24 h postinfection and subjected to Northern blotting with the �Np73-specific cDNA probe.
Ethidium bromide staining of 28S and 18S rRNAs is shown to allow comparison of RNA loaded. (C) RT-PCR analysis of HA-p73 or �Np73
expression in adenovirus-infected SH-SY5Y, SK-N-AS, or SK-N-BE cells (MOI � 10). GAPDH expression is shown as a control.
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p73� specifically bound to the radiolabeled oligonucleotide
spanning sequences between 	96 and 	36, whereas the p53-
DNA complex could not be detected under these experimental
conditions. Similarly, p53 did not bind to this radiolabeled
probe DNA even in the presence of the anti-p53 antibody
PAb421 (data not shown). To delineate the p73-binding re-
gion, we performed the competition assays (Fig. 5B). The
p73�-DNA complex was efficiently competed for by C2 com-
petitor DNA containing the entire putative p73-binding site. In
contrast, both C1 and C3 competitor DNAs (which carried the
5� and 3� parts of the putative p73-binding site, respectively)
resulted in loss of competition. p73� also showed similar re-
sults (data not shown). These data suggested that p73 directly
activated transcription of �Np73 by binding to the p73-specific
binding site in the �Np73 promoter.

Physical and functional interaction between p73 and
�Np73. To understand the physiological role of �Np73 induc-
tion by p73, we next sought to determine whether there is
interaction between �Np73 and p73 or p53. So far, it has
already been shown that the mutant form of p53, but not the
wild-type, makes a hetero-oligomer with p73 (4, 8, 33, 50) and
that �Np73 directly binds to the wild-type p53 and inhibits its
apoptosis-promoting activity (41). Our immunoprecipitation
and Western blot analyses revealed that both of the �Np73
isoforms interacted with p73� or p73� (Fig. 6A), whereas p53
was bound, though not strongly, to �Np73� or �Np73� under
our experimental conditions (data not shown). We then exam-
ined the physical interaction between p53 and �Np73 in COS7
cells with a high transfection efficiency. As shown in Fig. 6B,
both of the �Np73 isoforms coprecipitated with the endoge-
nous p53. Similar results were also obtained in p53-deficient
H1299 cells ectopically expressing either p53 and �Np73� or

p53 and �Np73� (Fig. 6C). These suggested that �Np73 di-
rectly induced by p73 interacted with p73 itself as well as the
wild-type p53.

We then examined the functional significance of the inter-
action between p73 and �Np73 by using the reporter assay
systems. Under our experimental conditions, the amount of
ectopically expressed p53, p73�, or p73� was unaffected in the
presence of �Np73 (data not shown). Cotransfection of HA-
p73� with �Np73� or �Np73� resulted in a reduction of the
p73�-induced transcriptional activation of the MDM2 or Bax
promoter in SAOS-2 cells (Fig. 6D and E). Similarly, both of
these �Np73 isoforms suppressed p73�- or p53-dependent
transcriptional activation (Fig. 6D and E). These findings were
similar to the result reported by Fillippovich et al. that p53
transactivation of the effector gene p21Waf1 was inhibited in
cells transfected with p73�exon2 (14). Intriguingly, overex-
pression of p73� along with �Np73� or �Np73� led to the
marked decrease in the �Np73 promoter activity (Fig. 6F), a
finding consistent with our observations that the increasing
p73� protein levels resulted in a dose-dependent decrease in
the expression level of �Np73 (data not shown). Thus, it has
become possible that p73 and its target �Np73 form a negative
autoregulatory loop in regulating transcriptional activity.

Overexpression of �Np73 inhibits apoptosis induced by
p73. The effect of a dose-dependent expression of �Np73� on
the p73�-induced neuronal cell death was tested. SK-N-BE
cells were infected with Ad-p73� (MOI � 10) along with var-
ious MOIs of Ad-�Np73�, and the numbers of cells undergo-
ing cell death were monitored by cell survival assay. As shown
in Fig. 7A, increasing �Np73� levels led to a substantial re-
duction in the extent of p73�-induced cell death. Furthermore,
cisplatin-induced apoptosis of SH-SY5Y cells was inhibited by

FIG. 3. Specificity of the anti-�Np73 antibody and identification of �Np73� in SH-SY5Y cells infected with recombinant adenovirus for
HA-p73�. (A) FLAG-tagged p73�, p73�, �Np73�, and �Np73� were generated in vitro by using the rabbit reticulocyte lysate, subjected to
SDS-PAGE (10% polyacrylamide), and transferred to a nitrocellulose membrane, and the membrane was probed with the monoclonal anti-FLAG
antibody at a dilution of 1:3,000 (top). Arrowheads indicate the position of each product. Similarly, the in vitro-translated products were
immunoblotted with the polyclonal anti-�Np73 antibody at a dilution of 1:10,000 (bottom). Arrowheads indicate the positions of �Np73� and
�Np73�. The asterisk indicates a nonspecific protein. The positions of molecular mass markers are marked at the left of each panel in kilodaltons.
(B) At the indicated times after infection with recombinant adenovirus for HA-p73�, SH-SY5Y cell lysates were prepared, subjected to SDS–8%
PAGE, and immunoblotted with the monoclonal anti-p73� antibody (Ab-1; Oncogene Research Products) (top) or with the polyclonal anti-�Np73
antibody (middle). The p73� blot was stripped and reprobed with the anti-actin antibody to ensure equal protein loading (bottom). The positions
of the molecular size standards are indicated on the left in kilodaltons.
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the infection of Ad-�Np73� (Fig. 7B). These data suggested
that the proapoptotic ability of p73� interfered with the
�Np73� isoform at the cellular level. These results also ap-
peared to be related with the recent report that Ad-p53 infec-
tion-induced apoptosis is suppressed by coinfection with Ad-
�Np73 in mouse sympathetic neurons (41).

DISCUSSION

In the present study, we have identified p73-specific target
element spanning from position 	76 to position 	57 within
the �Np73 promoter region. p73 but not p53 directly recog-
nizes this cis-regulatory element and induces the expression of

FIG. 4. Identification of the p73-specific binding sequence in the �Np73 promoter region. (A) Luciferase reporter assay. The left panel shows
a schematic drawing of various fragments of the 5�-flanking sequence of p73 exon 3� subcloned upstream of the luciferase reporter plasmid
pGL2-Basic. The positions relative to the first nucleotide of the p73 exon 3� (�1) are indicated. Each of the reporter constructs (180 ng) was
cotransfected in triplicate in SAOS-2 cells, together with pRL-TK for Renilla luciferase cDNA (20 ng) and 300 ng of the expression plasmid
encoding HA-p73� or else an empty vector. At 48 h after transfection, cells were harvested and assayed for luciferase activity. The data shown
represent the averages of at least three independent experiments with the SDs (right panel). (B) Nucleotide sequence of the �Np73 promoter
region. A canonical p73-binding site and the putative TATA element are indicated by underlining and boxed, respectively. The sequence
comparison between the consensus p53-target sequence and the putative p73-binding sequence in the �Np73 promoter is show below. R, purine;
Y, pyrimidine; W, adenine or thymidine. Two mismatches are indicated by lowercase letters. (C and D) The putative p73-responsive element was
required for the activation of �Np73 promoter. The potential 20-bp p73-binding site (5�-GGGCAAGCTGAGGCCTGCCC-3�) was subcloned
upstream of the luciferase reporter plasmid pGL2-promoter to generate pGL2-�Np73P(	76/	57). SAOS-2 cells were cotransfected with 380 ng
of pGL2-�Np73P(	100) (C) or pGL2-�Np73P(	76/	57) (D), along with pRL-TK (20 ng) and 100 ng of the expression plasmid for p53, HA-p63�,
HA-p73�, or HA-p73�. Luciferase activity was measured as described above. The data shown are the mean values 
 SD.
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�Np73. The induction of p73� protein with the proapoptotic
function by treating the neuronal cells with cisplatin has in turn
induced expression of �Np73� with antiapoptotic function.
We have also determined the physical and functional interac-
tion between �Np73 and p73 or p53, which may inhibit the
proapoptotic pathway. Thus, we have shown new evidence that
there is a negative feedback regulation, in which the activation
of p73 directly induces its own negative autoregulator, �Np73,
in cells.

It has been known that both p53 and p73, as well as p63,
activate the transcription of a common set of p53-target genes
such as Bax, p21Waf1, and Mdm2. However, there is a promoter
preference between them (29, 62). For example, p73 activates
the transcription of 14-3-3 much more efficiently than p53,
even though it was identified as one of the p53-target genes
(18). On the other hand, the transcription of the p53-regulated
gene, BTG2, was only weakly induced by p73 (44, 62). The
promoters of Bax, p21Waf1, and Mdm2 were commonly used as
targets of the reporter analyses, but their activities were dif-
ferent among the p53 family members (6, 8, 13, 56). This raised
a possibility that there exists a preferable target or target se-
quence or even one that is specific to each family member. Our
initial finding that the induction of p73 protein, but not of p53,
increased the expression of �Np73 at both mRNA and protein
levels led us to identify the p73-specific target element within
the promoter region of �Np73.

According to the human genomic sequence information, the
nucleotide sequences in the promoter region of p73 and �Np73

are absolutely different (accession number AL136528). Based
on the finding that �Np73 mRNA is transcribed under the
control of an alternative promoter located within the intron 3
of the p73 gene (41, 57), we identified the predicted p73-
responsive element (at positions 	76 to 	57), which is similar
to the consensus p53-binding site (11, 25), immediately up-
stream of the exon 3�. Like the p53-binding site, this predicted
p73-responsive element contained two copies of a 10-bp motif,
and each copy was not separated by random sequence. Indeed,
p73-mediated activation of the �Np73 transcription has been
confirmed to be dependent on this element by using the tran-
sient luciferase reporter analyses and the EMSAs. It should be
noted that overexpression of p73� activated the promoter ac-
tivity of pGL2-�Np73P(	100) �8-fold more than that of
pGL2-�Np73P(	76/	57). Similarly, the introduction of p73�
expression vector resulted in a �4-fold-enhanced luciferase
activity from pGL2-�Np73P(	100) compared to that from
pGL2-�Np73P(	76/	57), suggesting that the degree of trans-
activation of the �Np73 promoter by p73 might be dependent
on the sequences upstream and/or downstream of the putative
p73-binding site. Consistent with the observation that the over-
expression of p53 failed to induce the expression of endoge-
nous �Np73, p53 could not bind to and activate this potential
p73-target site. Of interest, activation of the �Np73 promoter
by p63�, the other p53 family member, was also very weak,
although p63� has been shown to exhibit strong transactivation
of promoters containing p53-responsive elements (56). Thus,
our results have suggested that the transcriptional activation of

FIG. 5. EMSAs. (A) A 61-bp oligonucleotide fragment containing the potential p73-binding site (5�-GTGCGGTCCAACACATCACCGGG
CAAGCTGAGGCCTGCCCCGGACTTGGATGAATACTCAT-3�) was labeled with [�-32P]ATP and incubated with in vitro-translated p53 (lane
2), HA-p73� (lanes 3 to 7), HA-p73� (lanes 8 to 12), or unprogrammed reticulocyte lysate (lane 1). Binding reaction mixtures in lanes 4 and 9
contained a 10-fold molar excess of the specific competitor, and binding reaction mixtures in lanes 5 and 10 included a 10-fold molar excess of the
nonspecific competitor. For supershifting the protein-DNA complex, anti-HA antibody was added to the reaction mixtures (lanes 6 and 11).
Preimmune serum was used as a negative control (lanes 7 and 12). The protein-DNA complexes and the supershift complexes are indicated by filled
and open arrowheads, respectively. (B) Gel retardation assays were done as described for panel A. Reaction mixtures contained unprogrammed
reticulocyte lysate (lane 1) or in vitro translated HA-p73� (lanes 2 to 10). Unlabeled competitor oligonucleotides used are indicated (the potential
p73-binding site is boxed) and present in 1- and 10-fold molar excess (indicated by ramps). The position of the protein-DNA complex is indicated
by the arrowhead.
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FIG. 6. Functional interactions between p73 and �Np73. (A) Immunoprecipitation and Western blot analysis. 293 cells were transiently
transfected with the indicated expression plasmids. Whole-cell lysates (400 �g of protein) were subjected to immunoprecipitation (IP) with anti-HA
antibody, and the precipitated proteins were analyzed by immunoblotting (IB) with anti-FLAG M2 antibody. �Np73� and �Np73� are indicated
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�Np73 by p73 was specific. Comparing with the consensus
p53-binding site, the putative p73-responsive element that we
have found, carries only two mismatches in noncritical posi-
tions. It is unclear at this time whether the structural alteration
caused by these mismatches or another factor(s) could be in-
volved in the p73-specific activation of the �Np73 promoter.

In accordance with the previous results (14, 57), our data
showed that �Np73 hetero-oligomerized with p73 or p53. The
�Np73-dependent inhibition of the transactivation and apo-
ptosis-inducing activities of p73 or p53 might be partly due to
the formation of inactive hetero-oligomers as described previ-
ously (41). Intriguingly, Yang et al. found that �Np73 bound
specifically to the p53-binding site (57). In addition, it has been
shown that �Np63, the other member of the p53 family lacking
the amino-terminal transactivation domain, bound specifically
to the p53-binding site (56). Therefore, it is possible that there
exists an alternative inhibitory mechanism for �Np73 in com-
peting with p53 for the p53-binding site.

The most important point of our observation was that
�Np73, which was induced by p73, in turn inhibited p73 by a
direct interaction. Ours may be the first report showing that, in
the autoregulatory system of the p53 family members, pro-
apoptotic p73 function is negatively regulated by its own target
�Np73, whose function is antiapoptotic. A similar negative
feedback regulation is known in the case of p53 and Mdm2.
Mdm2, which is encoded by a p53-responsive oncogene, inter-
acts with p53 and abolish the transactivation activity of p53
through stimulating its ubiquitination by its E3 ligase activity
and promoting its nuclear export and degradation in cytoplas-
mic proteasomes (17, 20, 26, 30, 42). Thus, the amount of p53
is regulated by an autoregulatory feedback loop. Alternatively,
E2F-1 transcription factor, a major effector of the retinoblas-
toma (pRB) tumor suppressor pathway, elevates the expres-
sion level of the tumor suppressor protein p14ARF (mouse
p19ARF), which promotes sequestration and degradation of
Mdm2 (2, 40, 46, 49, 53). p14ARF interacts directly with Mdm2
in a region distinct from the p53-binding domain without dis-
rupting the interaction between them, inhibits Mdm2-medi-
ated degradation of p53, and thereby induces the accumulation
of p53. O’Connor et al. found that there exists a physical and
functional interaction between E2F-1 and p53 and that the
E2F-1-dependent transcriptional activity is blocked by the
complex formation with p53 (37). Of interest, the physical
interaction between E2F-1 and p53 contributes to block the
p53-mediated transactivation (36, 37, 52). Recently, it has been
shown that p14ARF directly binds to E2F-1 and inhibits its
transactivation function (12). However, in the p53-Mdm2,
E2F-1-p53, or E2F-1-p14ARF pathway, the target is the differ-

ent gene and the system is not an autoregulation. By luciferase
reporter and cell survival analyses, we have shown that over-
expression of �Np73 resulted in the significant reduction of its
own promoter activity through abolishing the transactivation

FIG. 7. �Np73 inhibits p73- or cisplatin-induced apoptosis. (A)
�Np73� suppresses apoptosis induced by p73�. SK-N-BE cells (2 �
104/well) were coinfected with Ad-p73� (MOI � 10), along with in-
creasing amounts of Ad-�Np73�, as indicated. At 48 h after infection,
the cell viability was determined by cell survival assays. The graph
(mean 
 SD of six experiments) indicates relative viability based on
the percent viable cells compared to the control infection (Ad-lacZ).
(B) Cisplatin-induced apoptosis is inhibited in the presence of �Np73�
overexpressed. SH-SY5Y cells (5 � 103/well) were infected with Ad-
LacZ (E) or Ad-�Np73� (F) (MOI � 10). Six hours after the infec-
tion, cells were treated with the indicated concentrations of cisplatin
for 24 h, and then the cell viability was determined by cell survival
assays. The graph presents mean values (
SD) from six experiments.
Cells infected with Ad-LacZ or Ad-�Np73� were photographed 24 h
after the treatment of cisplatin (25 �M).

by closed and open arrowheads, respectively. The asterisk indicates the position of heavy-chain immunoglobulin G. (B) p53 interacts with �Np73�
or �Np73� in the COS7 cells. The cells were transfected with 8 �g each of the indicated expression plasmids. At 48 h after transfection, whole-cell
lysates (1.5 mg of protein) were prepared, followed by immunoprecipitation with anti-p53 (DO-1/PAb1801) antibodies and immunoblotting with
the anti-�Np73 antibody (top). �Np73� and �Np73� are indicated by closed and open arrowheads, respectively. The expression of �Np73 and
endogenous p53 was examined by immunoblotting with the anti-�Np73 and anti-p53 antibodies, respectively (middle and bottom, respectively).
(C) p53 interacts with �Np73� or �Np73� in H1299 cells. The cells were transiently transfected with 4 �g each of the indicated expression
plasmids. At 48 h after transfection, whole-cell lysates (1.5 mg of protein) were prepared, followed by immunoprecipitation with the anti-�Np73
antibody and immunoblotting with the anti-p53 antibody (top). The expression of �Np73 and p53 was examined by immunoblotting with the
anti-�Np73 and anti-p53 antibody, respectively (middle and bottom, respectively). �Np73� and �Np73� are indicated by closed and open
arrowheads, respectively. For luciferase assays, SAOS-2 cells were cotransfected with the indicated expression plasmids, together with a reporter
plasmid containing the MDM2 (D), Bax (E), or �Np73 (F) promoter driving luciferase expression. At 48 h posttransfection, cells were lysed and
subjected to the luciferase assays. The data shown are mean values 
 SD.
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function of p73 and that cisplatin- or p73-induced apoptosis
was inhibited in the presence of �Np73. Thus, our present
results might give a clue to solve the recently raised question of
whether p73 is an oncogene or a tumor suppressor gene.

It may be possible that the balance between intracellular
levels of p73 and �Np73 determines the cell’s fate to survive or
to die. Figure 8 shows the schematic interaction between p73,
�Np73, wild-type p53, and mutant p53. p73, which is infre-
quently mutated in human cancers and has a proapoptotic
function, inhibits the apoptosis-inducing activity of both wild-
type p53 and p73 itself through the induction of �Np73, while
p53 eliminates the function of both wild-type p53 and p73,
through its loss-of-function mutations that frequently occur in
many cancers. Thus, death and survival of many cell types in
various organs could be regulated by a subtle balance between
p53 family members and their isoforms, including the antago-
nizing variants such as �Np73 and �Np63, as suggested previ-
ously (41).

It has been shown that some human neoplasms, including
breast and ovarian cancers, express relatively high levels of p73
compared to the corresponding normal tissues (3, 58). In these
malignant tissues, the growth-limiting and/or apoptosis-induc-
ing activity of p73 may be blocked by mutant forms of p53
and/or its dominant-negative form �Np73. In this connection,
the specific disruption of �Np73 by ribozyme (27) or RNAi (10,
55) may provide a novel strategy for anticancer treatment.
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