
Abstract. Several p73 variants have been reported with dif-
ferent carboxy-terminal structures and transcriptional activities.
We showed that p73γ had stronger transactivation activity than
the other splicing variants such as α, ß and δ by analysing
p21 promoter activity in human prostate cancer PC3 cells.
The transactivation activity of p73γ was similar to that of p53
and was enhanced by co-transfection with p300/CBP-
associated factor (PCAF). In vitro pull-down assay, p73
variants were able to bind to PCAF with a similar extent.
However, in vivo co-immunoprecipitation assays showed that
p73γ interacted preferentially with PCAF. Neither in vitro-
translated nor in vivo-immunoprecipitated p73γ were able to
bind to oligonucleotides containing the p53 consensus binding
site. However, p73γ acetylated by PCAF restored DNA
binding activity. Differential functions of p73 variants are
supposed to be regulated by the structural differences of
carboxy-terminal region. Our results revealed that p21
promoter activity was affected by differential interactions of
p73 variants with PCAF and its acetylation.

Introduction

The tumour suppressor p53 functions as the master regulator
of the genome (1) and is inactivated in human cancers (2). p53
regulates the response of cells to various stresses, including
DNA damage, and its transcriptional activity controls gene
expression related to cell-cycle progression and apoptosis
(3,4). Such p53-mediated transcription can be enhanced

through molecular interactions with the non-histone chromo-
somal protein high-mobility group B1 (HMGB1) (5). p53 has
been reported to accumulate in cisplatin-resistant cells (6)
and we previously demonstrated that it augments the binding
of cisplatin-modified DNA induced by HMGB1 (7), therefore
playing an important role in DNA damage signalling and
recognition.

p73 has both functional and structural similarities to p53.
Its overexpression has been reported to transactivate DNA
repair genes and to induce cisplatin resistance (8). In addition,
it has been suggested that p73 overexpression enhances
cisplatin-induced apoptosis by reducing cyclin D1 and cyclin B1
expression in HeLa cells (9). Y-box binding protein 1 (YB-1)
is overexpressed in cisplatin-resistant cells (10) where it binds
to cisplatin-modified DNA and is thought to be involved in
DNA repair (11). YB-1 gene expression is induced by p73
(12), which also interacts with HMGB1 (13).

To date, six p73 isoforms have been identified, with varying
expression levels among different cell lines. The carboxy
(C)-terminal region of the p73 variants produced by alter-
native splicing might modulate their functions, including trans-
criptional activities and protein-protein interactions (14). The
transactivation abilities of these isoforms have been compared
previously, and p73ß was shown to have the strongest activity
in p53-null cell lines such as Saos-2 human osteosarcoma
cells and Jurkat cells (15,16). p53 acetylation induces confor-
mational changes that give the protein a higher affinity to target
DNA (17). Both p300/CBP-associated factor (PCAF) and p300
are coactivators of p53-mediated transcription (18). PCAF
has also been shown to coactivate p73-mediated transcription
(19). Here we describe the functional activities of p73 isoforms
in human cancer cells lacking p53 expression. Contrary to
previous reports, our results demonstrate that p73γ shows the
greatest transactivation activity and interacts with PCAF in
human prostate cancer (PC3) cells.

Materials and methods

Cells and culture conditions. Saos-2 and H1299 human lung
adenocarcinoma cells were grown in RPMI-1640 medium
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(Nissui Seiyaku, Tokyo, Japan). PC3 cells were grown in
Eagle's minimal essential medium supplemented with 10%
foetal bovine serum. All cell lines were maintained in a 5%
CO2 atmosphere at 37˚C.

Antibodies. The anti-haemagglutinin (anti-HA; clone F-7)
monoclonal antibody and anti-HA-peroxidase (clone 3F10)
were purchased from Santa Cruz Biotechnology (Santa Cruz,
CA) and Roche Molecular Biochemicals (Mannheim,
Germany), respectively. The anti-FLAG (clone M2) mono-
clonal antibody and anti-Flag M2-agarose affinity gel were
purchased from Sigma Chemical Co. (St. Louis, MO).

Plasmid construction. The p21-Luc plasmid that was utilised
for the luciferase assay has been described previously (20).
The amino (N)-terminal haemagglutinin-tagged plasmids
(pcDNA3-HA-p73α, pcDNA3-HA-p73ß, pcDNA3-HA-p73δ
and pcDNA3-HA-p73γ) expressed in mammalian cells were
kindly provided by Dr G. Melino (University of Rome, Italy)
(15). To obtain Flag-PCAF, a Flag-tagged PCAF complemen-
tary DNA (cDNA) fragment was cloned into the pcDNA3
vector (Invitrogen, San Diego, CA). PCAF dn1 and PCAF
dn2, which are mutants lacking histone acetyltransferase
activity (Δ579-608 and Δ609-624, respectively), were con-
structed using the method described previously (21). To obtain
the plasmids expressing GST-p73α, ß, γ and δ, cDNA
fragments of p73α, ß, γ and δ were ligated in the pGEX4T
vector (Amersham Biosciences, Piscataway, NJ), respectively.
The plasmid expressing HA-PCAF in E. coli was obtained to
ligate the HA-tagged PCAF fragment to the pThioHis vector
(Invitrogen) in which thioredoxin had been deleted.

Luciferase assays. The transient transfection and luciferase
assays were performed as described previously (22,23). Briefly,
PC3, Saos-2 and H1299 cells were seeded in 12-well plates
at a density of 5x104 cells/well. The following day, the cells
were transiently transfected with the p21-Luc plasmid and
the expression plasmids described above. The total amount of
DNA per well was adjusted to 1.5 μg by adding a mock DNA
plasmid. After 72 h, the luciferase activity was measured
according to the manufacturer's instructions (Promega, Madison,
WI). The results were normalised according to the protein
concentration and were representative of at least three
independent experiments.

Immunoprecipitation and Western blot analysis. In vivo
binding assays were performed as described previously (23).
Briefly, PC3 cells were co-transfected with HA-fusion and
Flag-fusion plasmids (1 μg of each) along with SuperFect
according to the manufacturer's instructions (Qiagen, Hilden,
Germany). After 48 h, the cells were lysed in buffer X [50 mM
Tris/HCl (pH 8.0), 1 mM ethylenediaminetetraacetic acid
(EDTA), 120 mM NaCl, 0.5% Nonidet P-40, 10% glycerol,
1 mM phenylmethylsulphonylfluoride (PMSF)]. The lysates
were centrifuged at 21000 x g for 10 min at 4˚C, and the super-
natants (300 μg) were incubated with anti-Flag (M2)-agarose
affinity gel for 60 min at 4˚C. The immunoprecipitated and pre-
immunoprecipitated samples (50 μg) were separated on a 10%
(w/v) SDS gel and transferred to a polyvinylidene fluoride
(PVDF) microporous membrane (Millipore, Bedford, MA).

Western blot analysis was performed with anti-Flag (M2)
and anti-HA antibodies.

In vitro-translation reactions and electrophoresis mobility-
shift assay (EMSA). The in vitro-translated proteins were
prepared as described previously (23). Oligonucleotides
containing the p53 binding site were used as probes: 5'-GGC
AGAACATGTCTAAGCATGCTGG-3' and 5'-GGCCAGCA
TGCTTAGACATGTTCTG-3'. Preparation of the end-labelled
oligonucleotides with [α-32P]-dCTP (Amersham Biosciences)
using the Klenow fragment (Fermentas, Vilnius, Lithuania)
and purification were performed as described previously (24).
EMSA of the in vitro-translated protein was performed as
reported previously (23). For the competition experiments
and supershift assay, preincubation was performed in the
presence of 20-, 60- or 180-fold concentrations of unlabelled
oligonucleotides for 5 min at room temperature (25˚C), or
with 0.5 μg anti-HA antibody for 60 min at 4˚C.

In vitro GST pull-down assay. Preparation of GST fusion
proteins and pull-down assay were described previously
(12,23). Briefly, GST-p73 variants and HA-PCAF expressed
in E. coli were induced by 1 mM isopropyl-1-thio-ß-D-galacto-
pyranoside for 1 h at 30˚C. The cells were sonicated for
10 sec in binding buffer [50 mM Tris (pH 8.0), 1 mM EDTA,
120 mM NaCl, 10% glycerol, 0.5% Nonidet P-40, 1 mM
dithiothreitol and 0.5 mM PMSF], and the soluble fraction was
obtained by centrifugation at 21000 g for 10 min at 4˚C. For
pull-down assay, GST fusion proteins were immobilized on
glutathione-sepharose 4B beads, and mixed with the soluble
fraction including HA-PCAF. The mixtures were incubated
for 2 h at 4˚C with gentle inversion, and washed three times
with binding buffer. Pull-down samples and 10% of the starting
material were subjected to Western blot analysis with anti-HA
antibody as described above.

In vitro acetylation and binding analysis. The in vitro-
acetylation reactions were performed as described previously,
with slight modifications (25,26). Briefly, samples immuno-
precipitated with anti-Flag (M2)-agarose affinity gel (see above)
were incubated with 2 μM acetyl-CoA in acetylation buffer
[50 mM Tris (pH 8.0), 10% glycerol, 0.1 mM EDTA, 1 mM
dithiothreitol, 1 mM PMSF, 10 mM sodium butyrate] for
15 min at 30˚C. The beads were washed twice with buffer
containing 10 mM Tris-HCl (pH 7.5), 1 mM EDTA, 50 mM
NaCl, 10% glycerol, 0.05% Nonidet P-40, 1 mM dithiothreitol
and 0.1 mg/ml bovine serum albumin, and were mixed with
32P-labelled oligonucleotides containing the p53 binding site.
After incubation for 15 min at room temperature, the beads
were washed three times, and then mixed with lysis buffer
and phenol (10 μl of each). After vortexing and brief centri-
fugation, 10 μl supernatant was applied on a 20% poly-
acrylamide gel with 1 x TBE buffer. The gel was dried and
evaluated using a bio-imaging analyser (FLA2000, Fuji Photo
Film, Tokyo, Japan).

Results

p73 splicing variants transactivate the p21 promoter. The trans-
activation abilities of the p73 variants were examined using the
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p21 promoter in three cancer cell lines: Saos-2, H1299 and
PC3 (Fig. 1). Saos-2 cells are often used to analyse p53 target
genes because they do not express functional p53. The H1299
and PC3 cell lines also showed no p53 expression. p53 trans-
activated the p21 promoter in the PC3 and Saos-2 cells, but not
in the H1299 cells. Among the p73 variants, p73γ transactivated
the p21 promoter activity in PC3 cells as efficiently as p53.

In vitro-translated p73γ showed no DNA binding activity.
We next examined whether the transactivation abilities of the
p73 variants were correlated with DNA binding activity. To
this end, the in vitro-translated p73 variants were subjected to
gel mobility-shift assays (Fig. 2). Unexpectedly, p73γ did not
bind to the p53 binding consensus sequences. The DNA
binding activity of p73δ was the strongest among the variants.
The shifted band was confirmed by supershift assay with anti-
HA antibody and competition experiment with cold competitor.

PCAF-acetylated p73γ binds to DNA containing the p53
binding site. The DNA binding activity of p53 is enhanced
by acetylation (17,26). Furthermore, PCAF is known to be a
coactivator of p73-mediated transactivation (19). To examine
whether the interaction between PCAF and p73 differed
among the variants, we carried out a glutathione S-transferase
(GST) pull-down assay. The results did not reveal differential
interactions between PCAF and the p73 variants in vitro
(Fig. 3A). To confirm these findings, co-immunoprecipitation
assays were performed. Unexpectedly, PCAF interacted prefe-
rentially with p73γ in vivo in PC3 cells (Fig. 3B). PCAF also
interacted weakly with p73α, but not with p73ß or p73δ. In
addition, PCAF functioned as a coactivator when both p53 and
p73γ were co-transfected (Fig. 4A). The p73-mediated trans-
activation was repressed by co-transfection with the Δ579-608
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Figure 1. Induction of p21 gene-reporter activity by p53 and p73 variants.
PC3, Saos-2 and H1299 cells were transiently co-transfected with the
p21-Luc plasmid and the HA, HA-p73α, HA-p73ß, HA-p73δ, HA-p73γ or
HA-p53 expression plasmids at a molecular ratio of 1:1. The maximum amount
of plasmid per well was 1.5 μg. After 72 h, the luciferase activity was
measured. All values represent the mean promoter activity ± the standard
deviation (SD) of triplicate samples. The luciferase activity of the cell lysates
transfected with the p21 promoter-luciferase construct and the HA expression
plasmid was set to 1.

Figure 2. (A) Binding activity of p53 and p73 variants to oligonucleotides containing the p53 binding site. HA, HA-p73α, HA-p73ß, HA-p73δ, HA-p73γ and
HA-p53 expression plasmids were translated in vitro using a coupled transcription and translation (TNT) system (Promega). A 2-μl sample of each protein
was incubated with 4 ng 32P-labelled oligonucleotides containing the p53 binding site for 15 min at room temperature. (B) Western blot analysis of the p73
variants used in (A). A 2-μl sample of each HA-fusion protein was subjected to sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE).
The transferred membrane was immunoblotted with anti-HA antibody. (C) The DNA binding activity of the p73 variants. The reaction mixtures were
analysed as described in (A).
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and Δ609-624 PCAF mutants (Fig. 4C). Based on these results,
we investigated whether acetylated p73γ could bind to DNA.
DNA binding was observed when an immune complex con-
taining PCAF and p73γ was incubated with acetyl-CoA
(Fig. 5A). This finding implied that the acetylation of p73γ
by PCAF was critical for its DNA binding activity.
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Figure 3. (A) In vitro interaction between PCAF and p73 variants. GST,
GST-p73α, GST-p73ß, GST-p73γ and GST-p73δ immobilized on glutathione-
sepharose 4B beads were incubated with HA-PCAF expressed in bacteria.
Pull-down samples and 10% of the starting material were subjected to Western
blot analysis with anti-HA antibody. (B) In vivo interaction between PCAF
and p73 variants. PC3 cells were co-transfected with 1 μg HA, HA-p73α,
HA-p73ß, HA-p73δ, HA-p73γ and HA-p53 expression plasmids with 1 μg
Flag or Flag-PCAF expression plasmid. After immunoprecipitation with
anti-Flag M2-agarose affinity gel, the samples were subjected to SDS-PAGE.
The transferred membrane was immunoblotted with anti-HA antibody (upper
panel). The same membrane was re-immunoblotted with anti-Flag antibody
after stripping anti-HA antibody (middle panel). The cell lysates pre-immuno-
precipitation were also subjected to SDS-PAGE. The transferred membrane
was immunoblotted with anti-HA (lower panel).

Figure 4. (A) Enhancement of p21 gene-reporter activity by PCAF. PC3 cells were transiently transfected with 0.6 μg p21-Luc plasmid, and 0.2 or 0.6 μg of
HA, HA-p73α, HA-p73ß, HA-p73δ, HA-p73γ or HA-p53 expression plasmids. After 72 h the luciferase activity was measured. All values represent the mean
promoter activity ± SD of triplicate samples. The luciferase activity of the cell lysates transfected with the p21 promoter-luciferase construct and HA
expression plasmid was set to 1. (B) Schematic presentation of wild-type and PCAF mutants lacking histone acetyltransferase activity (Δ579-608 and Δ609-624).
(C) The p21 gene-reporter activity induced by mutant PCAF lacking histone acetyltransferase activity. PC3 cells were transiently transfected with 0.5 μg p21-Luc
plasmid and 0.5 μg HA-p73γ or HA-p53, along with 0.5 μg PCAF dn1 or PCAF dn2 expression plasmid. After 72 h the luciferase activity was measured as
described above.

Figure 5. (A) p73γ acetylated by PCAF bound to oligonucleotides containing
the p53 binding site. PC3 cells were co-transfected with Flag-PCAF and
HA-p73γ or HA-p53 expression plasmids (Fig. 3). (B) Efficiency of expres-
sion and immunoprecipitation. The cell lysates used in (A) were analysed by
Western blotting as described in Fig. 3. The middle and upper panels show
the efficiency of the immunoprecipitated Flag-PCAF and co-immunopreci-
pitated HA-p73γ by Flag-PCAF, respectively. The lower panel shows the
expression of HA-p73γ with pre-immunoprecipitated cell lysate.
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Discussion

p73 variants possess distinct C-terminal structures as a result
of alternative splicing (14,15). Similar to p53, p73 is known
to activate the transcription of p21, which plays a role in cell
growth arrest. Indeed, the p73-mediated transactivation of the
p21 promoter is correlated with cell growth arrest. Thus, the
physiological significance of p73 variants is related to their
transactivation abilities. However, until now, this activity has
not been investigated in cancer cells.

In previous studies, p73ß appeared to show greater trans-
activation activity than the other variants (15,27). Both p73ß
and p73δ are deletion forms of p73α, suggesting that most of
the C-terminal region of p73α between amino acids 495 and
636 functions as an inhibitory domain for transactivation
(28,29). In addition, p73δ (deletion form of p73ß) suggests
that the region between amino acids 400 and 495 functions as
a stimulatory domain for TAD (19). It has been proposed that
structural differences in the C-terminal region might contribute
to either the oligomerisation of, or the interaction with, other
molecules that are involved in transcription.

In the present study, we investigated the functional dif-
ferences between p73 variants in human cancer cell lines that
lack p53 expression. Contrary to previous reports, we found
that p73γ induces greater transactivation of the p21 promoter
than the other variants in PC3 cells (Fig. 1). The 75 amino
acids of the C-terminal region of p73γ are unique, due to a
frame shift caused by alternative splicing, and contain many
basic residues. We thus speculated that the C-terminal region
of p73γ might support its DNA binding activity. To evaluate the
DNA binding activity of the p73 variants, in vitro-translated
forms were subjected to an EMSA. However, the results
showed that p73γ did not bind to the p53 consensus sequence
(Fig. 2). Among the variants, p73δ showed the strongest DNA
binding activity, although its activation of the p21 promoter
was the weakest observed. Thus, the transactivation abilities of
the p73 variants were not correlated with their DNA binding
activity.

To understand this discrepancy, we investigated the role
of PCAF, which is a coactivator of p73-mediated trans-
activation. PCAF reportedly binds to p73α and stimulates
transcription from the p21 promoter (19). We found that
PCAF interacted equally well with the GST-fused p73
variants in vitro (Fig. 3A). We subsequently performed a co-
immunoprecipitation assay to evaluate the interactions
between PCAF and the p73 variants in vivo. The results
showed that PCAF interacted preferentially with p73γ (Fig.
3B) and efficiently transactivated the p21 promoter (Fig. 4A).
The acetylation of p53 can dramatically increase its DNA
binding activity (17,26). In the current study, we observed
enhanced DNA binding when an immunocomplex containing
p73γ and PCAF was incubated with acetyl-CoA (Fig. 5). A
latent DNA binding form of p53 revealed the intermolecular
interactions between the DNA binding domain and the C-
terminal tail domain. Acetylation resulted in neutralisation of
the positive charges and disruption of the intermolecular
interactions, thereby facilitating DNA binding (26). The C-
terminal region of p53 is rich in basic amino acids, which is
similar to p73γ but not the other variants. Thus, although the
exact mechanism by which the acetylation of p73γ enhanced

DNA binding was not clear, it might alter the intermolecular
interactions between the unique C-terminal region and the
other regions of the p73γ variant. PCAF is expressed in all
tissues, but its precise levels might have a critical impact on
transactivation by p73. In this study, the levels of PCAF
expression were similar among the PC3, H1299 and Saos-2
cells (data not shown).

Our findings clearly revealed functional differences among
p53 and p73 variants in the cell lines tested. These discrepancies
might have occurred because the promoter with a p53 binding
site was regulated by other molecules involved in p53/p73-
mediated transcription, the expression of which varied among
the cell lines.

In summary, our study indicated that p73γ is structurally
and functionally similar to p53. Further investigations will be
required to detail the functional regulation of p73 variants
in vivo.
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