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More than half of human cancers contain mutations in the tumor
suppressor protein p53, most of which accumulate in the DNA
binding domain of the protein. Here we report the identification
of a mutant p53, designated p53–46F, in which Ser-46 is replaced
with phenylalanine. In vitro, adenovirus-mediated transduction
of the p53–46F gene induced apoptosis more efficiently than
wild-type p53 in a number of cancer cell lines, whereas Ser-15
phosphorylation of p53–46F was enhanced in all cancer cell lines
examined. Moreover, the expression level of the cell cycle inhibitor
p21/WAF1 was decreased in cell lines infected with adenovirus
p53–46F (Ad-p53–46F). p53–46F caused a more enhanced level of
transcriptional activation of several p53-target genes, including
Noxa, p53AIP1 and p53RFP, compared with wild-type p53. In vivo,
adenovirus-mediated gene transfer of p53–46F enhanced apoptosis,
thus suppressing tumor growth of a lung cancer cell line more
effectively than wild-type p53 or p53–121F, another p53 mutant.
Collectively, our data suggest that p53–46F is an active version of
p53 that demonstrates enhanced induction of p53-dependent
apoptosis. This is probably mediated by upregulated transactivation
of genes downstream of p53, increased Ser-15 phosphorylation
and a decrease in p21/WAF1 levels. We propose p53–46F as an
alternative candidate to wild-type p53 for use in developing new
therapeutic strategies for the treatment of cancer. (Cancer Sci
2006; 97: 633–641)

The tumor suppressor gene p53 encodes a transcription
factor that binds to specific sequences of its target genes

and activates their transcription.(1–4) Although a number of down-
stream target genes have been identified so far, those involved
in cell cycle, DNA repair, antiangiogenesis and apoptosis are
thought to mediate the core functions of p53-regulated tumor
suppression.(5–7) p21/WAF1 is an inhibitor of cyclin-dependent
kinases that induce cell cycle arrest at G0/G1 phase,(8) whereas
p53R2, a component of ribonucleotide reductase, plays a pivotal
role in providing dNTPs for DNA synthesis in the repair of
damaged DNA.(9) TSP1 and BAI1 mediate p53-dependent anti-
angiogenesis,(10,11) and Bax, Noxa, Puma and p53AIP1 are p53
target genes involved in apoptosis.(12–16) p53 also activates a
number of other target genes with diverse functions, which it
is believed to achieve by altering its transcriptional target or
through self-modification such as phosphorylation, acetylation,
sumoylation and glycosylation.(7) Recently we demonstrated

that p53 phosphorylated at Ser-46 appears to activate the p53-
dependent apoptotic pathway by altering its transcriptional target
from p21/WAF1 to p53AIP1.(16) Thus, specific activation of a
target gene or function appears to be important for successful
p53-based therapy against human cancers.(17,18)

Over 50% of human cancers contain p53 mutations,(19,20)

more than 80% of which are missense mutations that lead to
the stable expression of full-length p53 protein.(21) Interestingly,
most mutations are found in the region of the DNA binding
domain, implying the impairment of transcription factor
activity.(19–22) Indeed, p53-dependent expression of target genes
in response to cellular stresses is often downregulated in tumors
carrying p53 mutations(23–25) suggesting that the inactivation of
transcriptional activity is essential for tumorigenesis. However,
recent studies have reported wide variation in transactivation
by mutant p53 proteins of target genes. A significant number of
target genes demonstrate wild-type activity; some show increased
activity levels whereas decreased activity is seen in a limited
number.(26–28) In addition, some mutant p53 proteins demon-
strate enhanced induction of apoptosis, implying a gain of tumor
suppressive function;(29) p53–121F was the first such p53
mutant to be identified.(30) Although selective transcriptional
activation of the cell death inducer Bax by p53–121F has been
proposed as the mechanism behind the enhanced apoptotic
activity, the details remain to be elucidated.

Here we report a mutant active form of p53, p53–46F, in
which Ser-46 is replaced with phenylalanine. This mutant
induces apoptosis more effectively than wild-type p53 both
in vitro and in vivo. Enhanced transactivation of p53 target
genes, an increase in Ser-15 phosphorylation of p53–46F and
a decrease in levels of p21/WAF1 protein are likely to play
an important role in this phenomenon. The introduction of
p53–46F rather than wild-type p53 to tumor cells is therefore
a promising strategy for cancer therapy.

Materials and Methods

Cell lines
U87MG and U373MG (glioblastoma cell lines), A549 and
H1299 (lung cancer cell lines), HCT116 and LS174T (colon
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cancer cell lines) and Hep G2 (hepatoblastoma cell line) were
purchased from ATCC (Manassas, VA, USA). LC176 (lung
cancer cell line) was kindly provided by Dr Takahashi, Division
of Molecular Oncology, Aichi Cancer Center Research
Institute, Nagoya, Japan. All cell lines were cultured under
the conditions recommended by the suppliers.

Recombinant adenoviruses and infection
Ad-p53-WT, Ad-p53–46F and Ad-p53–121F viruses were
constructed with the Adenovirus Expression Vector Kit (Takara,
Otsu, Japan). Adenoviruses were propagated in HEK293 cells
and purified by CsCl density centrifugation. Viral titer was
measured using the 50% tissue culture infectious dose method
in HEK293 cells. Ad-EGFP viruses encoding enhanced green
fluorescence protein (EGFP) were a gift from Dr Tahara,
Institute of Medical Science, University of Tokyo, Tokyo,
Japan. Prior to infection, 1 × 106 cells were seeded in 10-cm
culture dishes. After 24 h, viral stocks were diluted to their
final concentrations with appropriate culture medium, applied
to the cell monolayer with brief agitation, and incubated at
37°C until required for assays.

Flow cytometry
At the time periods indicated, whole cells were harvested and
fixed with 70% ethanol in phosphate-buffered saline (PBS).
Fixed cells were rinsed twice with PBS, and cell nuclear RNA
was digested with DNase-inactivated RNase A (Sigma-Aldrich,
St Louis, MO, USA) at 37°C for 30 min in order to reduce the
background. Cell nuclear DNA was stained with 50 µg/mL
propidium iodide (Sigma-Aldrich) in PBS. The percentage of
apoptotic cells in the population was calculated from at least
2 × 104 cells using FACScalibur (Becton Dickinson, Franklin
Lakes, NJ, USA).

Reverse transcription–polymerase chain reaction analysis
For reverse transcription–polymerase chain reaction (RT-PCR)
analysis, total RNA was isolated from cells using TRIZOL
regent (Life Technologies, Rockville, MD, USA). Total RNA
was isolated from H1299 tumor tissue using a glass homogenizer
and TRIZOL reagent. cDNA was synthesized from 10 µg total
RNA with SuperScript II Reverse Transcriptase (Invitrogen,
Carlsbad, CA, USA). The exponential phase of RT-PCR
was determined on 15–30 cycles to enable semiquantitative
comparisons to be carried out between cDNA synthesized in
identical reactions. PCR was carried out on a Gene Amp PCR
system 9700 (Applied Biosystems, Foster City, CA, USA).

Northern blot analysis
mRNA was purified from total RNA using the OligotexTM-
dT30 Super mRNA Purification kit (Takara). Aliquots of mRNA
(1 µg) were electrophoresed on a 1% agarose gel containing 6%
formaldehyde and transferred onto a Biodyn A nylon membrane
(Pall Corporation, Pensacola, FL, USA). Probes for p53, p21,
Puma, Bax, and Noxa transcripts were labeled with [α-32P]
dCTP using a Megaprime Random Primer Labeling Kit
(Amersham Pharmacia Biotech, Piscataway, NJ, USA). Pre-
hybridization and hybridization were carried out using 2%
sodium dodecylsulfate (SDS), 50% formamide, 10 × Denhardt’s
solution, 5 × saline–sodium phosphate–EDTA buffer (SSPE)
and 1% salmon sperm DNA. The blots were hybridized with

the radiolabeled probes at 42°C for 16 h, washed with
2 × saline–sodium citrate buffer (SSC)/0.05% SDS at 55°C,
and northern blot images were detected using the Storm 860
image analysis system (Amersham Pharmacia Biotech).

Antibodies
Mouse monoclonal anti-p53 Ab-6 (DO-1) and anti-p21 Ab-1
(EA10) were purchased from Calbiochem (La Jolla, CA, USA).
Mouse monoclonal anti-β-actin (AC15) was purchased from
Sigma-Aldrich. Mouse monoclonal antiphosphorylated p53 at
Ser-15 (16G8) was purchased from Cell Signaling Technology
(Beverly, MA, USA). Rabbit polyclonal anti-Bax (N-20) was
purchased from Santa Cruz Biotechnology (Santa Cruz, CA,
USA).

Immunoblot analysis
Cells were infected with Ad-p53-WT or Ad-p53–46F at the
multiplicity of infection (MOI) indicated at various time
points. Total cell lysates were prepared with RIPA buffer 1%
NP-40, 50 mM Tris-HCl [pH 8.0], 150 mM NaCl, 0.5%
deoxychorate Na, 0.1% SDS and complete protease-inhibitor
cocktail (Roche, Indianapolis, IN, USA). Soluble proteins
(10 µg) were loaded on 10–15% SDS polyacrylamide gels
and transferred to Hybond-P membranes (Amersham Pharmacia
Biotech). The membranes were blocked with 3% bovine serum
albumin (BSA) in Tris-buffered saline containing 0.05% Tween
20 (TBS-T). After a 1-h incubation with primary antibody at
room temperature, the blots were incubated with horse radish
peroxidase-conjugated secondary antibodies for each primary
antibody. Immunoblot images were detected using the ECL
or ECL plus system (Amersham Pharmacia Biotech).

Gene reporter assays
DNA fragments including the p53 binding site of p21,
p53AIP1, p53DINP1, p53R2, p53RDL1, p53RFP, Bax, Puma
and semaphorin 3F were amplified by PCR and cloned into the
pGL3-promoter or pGL3-basic vector (Promega, Madison, WI,
USA). The Noxa reporter vector was a gift from Dr Taniguchi,
Graduate School of Medicine, University of Tokyo. H1299
cells were plated in six-well culture plates (1.5 × 105 cells/
well) 24 h before cotransfection of 1 µg of reporter plasmid
and either 1 µg of wild-type or mutant (46F and 175H) p53
expression vector in combination with 50 ng of pRL-CMV
vector. At 24 h after infection, cells were rinsed with PBS and
lysed in 500 µL of passive lysis buffer (Promega). Cell lysates
were used in the Dual Luciferase Reporter Assay System
(Promega). Quantification of luciferase activities and calculations
of relative ratios were carried out manually with a luminometer
(Berthold Technologies, Bad Wildbad, Germany).

Animal experiments
H1299 xenografts were established in 7-week-old female nude
mice, BALB/cAJcl-nu (CLEA Japan, Tokyo, Japan). H1299
cells were implanted subcutaneously in four positions (2 × 106

cells/position) on the flank of each mouse. Xenografts were
infected with Ad-p53-WT, Ad-p53–46F, Ad-p53–121F, Ad-
EGFP or PBS (untreated control) when the tumor volume
reached approximately 300 mm3. Tumor volume was calculated
using the formula a2 × b/2, where a is the minor axis and b is
the major axis in millimeters. Adenoviral injection was
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carried out once a day on days 0–4, and each tumor was
infected with a total dose of 1 × 109 plaque-forming units
(p.f.u.) of virus. Each adenovirus vector was injected in a total
volume of 100 µL PBS. To avoid subcutaneous bleeding, the
solutions were injected in a single shot, away from tumor
vessels. The antitumor effect of Ad-p53–46F was evaluated
by comparing relative tumor size with tumors injected with
Ad-EGFP, Ad-p53-WT or Ad-p53–121F. Data comparing the
five treatment groups were analyzed using non-parametric
methods. All mouse procedures were carried out according to
the recommendations of the Institutional Animal Care and Use
Committee of the National Cancer Center at Tsukiji, Japan.

TUNEL assays and immunofluorescence
The in situ terminal transferase-mediated dUTP nick end-
labeling (TUNEL) assay was carried out with the ApopTag
Fluorescein Direct In Situ Apoptosis Detection Kit (Intergen,
Purchase, NY, USA) according to the manufacturer’s instructions.
Frozen tumor sections were obtained from mice killed on
days 5 and 32, after receiving five viral injections on days 0–4.
Air-dried frozen sections were fixed in 4% paraformaldehyde
in PBS for 15 min and washed for 5 min with PBS three times.
Fixed sections were permeabilized with 0.5% Triton-X 100
for 2 min, and then washed for 5 min with PBS four times.
Premeasured sections were immersed for 90 min in 5% BSA

in PBS, then incubated overnight at 4°C in PBS containing 5%
BSA and mouse anti-p53 antibody (Ab-6) diluted 1 : 200.
For immunofluorescence staining, fluorescein-isothiocyanate-
conjugated horse anti-mouse IgG (Vector Laboratories,
Burlingame, CA, USA) was used as a secondary antibody.

Results

p53–46F is a more potent inducer of apoptosis than wild-
type p53
While carrying out functional analysis of Ser-46-phosphorylated
p53,(16) a p53 mutant (mt-p53) was discovered with a pheny-
lalanine substitution at Ser-46, which demonstrated enhanced
p53-dependent apoptotic activity.

To characterize this mutant, its apoptotic activity was
compared with that of wild-type p53 (wt-p53) in six cancer
cell lines: the lung cancer cell lines A549 (wt-p53), LC-176
(wt-p53) and H1299 (p53-null), the hepatoblastoma cell line
HepG2 (wt-p53), and the colorectal cancer cell lines LS-174T
(wt-p53) and HCT116 (wt-p53). These cell lines were infected
with either adenovirus wild-type p53 (Ad-p53-WT) or adeno-
virus p53–46F (Ad-p53–46F) at 30 MOI, and apoptotic cells
were measured by fluorescence activated cell sorter (FACS)
scan analysis. Ad-p53–46F induced apoptosis more effec-
tively than Ad-p53-WT in all cell lines (Fig. 1). An additional

Fig. 1. p53–46F activity predominates over wild-type p53 in p53-dependent apoptosis. The six cancer cell lines H1299 (p53-null), A549 (wt p53),
HepG2 (wt p53), LC176 (wt p53), LS174T (wt p53) and HCT116 (wt p53) were infected with Ad-p53-WT (30 multiplicity of infection [MOI])
or Ad-p53–46F (30 MOI), and apoptotic cells were evaluated by fluorescence activated cell sorter analysis at the times indicated.
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24 cancer cell lines were examined, including those derived
from five lung cancers, four brain tumors, two colorectal can-
cers, four breast cancers, one melanoma, one embryoma, one
gastric cancer and five esophageal cancers. In 17 of the 24
cell lines (70%, four wt-p53 and 13 mt-p53 cancer cell lines),
apoptosis was induced following infection with Ad-p53–46F
(data not shown). Moreover, in 15 of the 17 cell lines (90%,
four wt-p53 and 11 mt-p53 cancer cell lines), the number of
apoptotic cells induced by Ad-p53–46F exceeded those
induced by Ad-p53-WT infection (data not shown). Thus
p53–46F is more effective in promoting p53-dependent
apoptosis irrespective of the p53 status in cancer cells.

Enhanced Ser-15 phosphorylation contributes to the 
stability of p53–46F
Western blot analysis was carried out to determine the expression
levels of p53 and p53 target genes. In the six cancer cell lines
studied, p53 expression increased in a time-dependent manner
after infection with Ad-p53-WT or Ad-p53–46F (Fig. 2).
Although all cells were transduced with the same adenoviral
titer, p53 expression levels in some cancer cell lines (A549,

LC176 and LS174T) was higher following infection with Ad-
p53–46F than with Ad-p53-WT, indicating that the p53–46F
protein is more stable than the wild-type protein.

Therefore, we examined the level of p53 phosphorylation
at Ser-15, a factor that has previously been associated with the
extent of stability of p53.(31) As expected, the enhancement of
Ser-15 phosphorylation was greater following infection with
Ad-p53–46F than with Ad-p53-WT (Fig. 2). Consistent with
enhanced Ser-15-phosphorylation, expression of the apoptotic
protein Bax was higher after infection with Ad-p53–46F than
with Ad-p53-WT in H1299, A549 and HepG2 cells. Curiously,
expression levels of the p21/WAF1 protein in cells infected
with Ad-p53–46F were lower than in Ad-p53-WT-infected
cells, and decreased after 48 h in all cells except HCT116.

p53–46F upregulates transcription of p53 target genes 
more effectively than wild-type p53
To further explore the mechanism of p53–46F-regulated
apoptosis, an investigation was carried out into the potential
correlation between apoptosis and the expression levels of
p53 target genes in H1299, one of the Ad-p53–46F-sensitive

Fig. 2. Infection of Ad-p53–46F increases expression of p53 and some of its target genes as well as increasing p53 Ser-15 phosphorylation.
Western blot analysis of p53, p53 phosphorylated at Ser-15, p21/WAF1 and Bax was carried out in six cancer cell lines infected with Ad-p53-
WT or Ad-p53–46F. β-Actin was used as a loading control.
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cancer cell lines. To exclude the effects of increased p53–46F
stability due to enhanced Ser-15-phosphorylation, Ad-p53–46F
was transduced at a 30% lower MOI than Ad-p53-WT. As
shown in Fig. 3A, more efficient apoptosis was induced by
infection of Ad-p53–46F than by Ad-p53-WT both 12 h and
24 h post infection.

mRNA expression levels of five p53 target genes were
analyzed by northern blot analysis following transduction of
Ad-p53-WT or Ad-p53–46F. All p53 target genes demonstrated
a higher level of transcriptional activation by p53–46F than by
p53-wt at both 12 h and 24 h post infection (Fig. 3B), suggesting

a possible mechanism for p53–46F-regulated apoptosis. It is of
interest to note that p53RFP expression was more enhanced by
Ad-p53–46F than other p53 target genes. The transcription of
Noxa, PUMA, p21/WAF1 and Bax was enhanced to a similar
extent.

p21/WAF1 protein expression is regulated post-
transcriptionally or post-translationally by p53–46F
To validate the phenomena of Ser-15 phosphorylation and
decreased p21/WAF1 protein levels (Fig. 2), the amount of
Ser-15 phosphorylation and the expression levels of p53,

Fig. 3. p53–46F-regulated apoptosis increases Ser-15 phosphorylation of p53 and decreases p21/WAF1 expression. (A) Comparison of wild-type
p53 and p53–46F induction of apoptosis in H1299. H1299 cells were infected with either Ad-p53-WT or Ad-p53–46F at the multiplicity of
infection indicated, and apoptotic cells were evaluated by fluorescence activated cell sorter analysis 12 h and 24 h post infection. (B)
Northern blot analysis of p21/WAF1, p53RFP, Bax, Puma and Noxa expression in H1299 cells. The ethidium gel of RNA samples is shown as
a loading control. (C) Western blot analysis of p53, p53 phosphorylated at Ser-15, p21/WAF1 and Bax proteins in H1299. β-Actin was used
as a loading control.
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p21/WAF1 and Bax were further examined in these cells. As
indicated in Fig. 3C, expression levels of the p21/WAF1 protein
decreased 24 h post infection with Ad-p53–46F in a dose-
dependent manner, despite the maintenance of high levels
of p21/WAF1 mRNA (Fig. 3B). This implies that p53–46F
regulates the p21/WAF1 protein at the post-transcriptional
or post-translational level. In contrast, and consistent with the
level of mRNA (Fig. 3B), Bax protein expression was induced
more efficiently by Ad-p53–46F than by Ad-p53-WT (Fig. 3C).
Although, as expected, p53–46F protein levels were relatively
lower than those of wild-type p53, and Ser-15 phosphorylation
of p53–46F was equivalent to (at 12 h) or higher than (at 24 h)
that of wild-type p53. This suggests that an increase in Ser15
phosphorylation of p53–46F, but not the stability of p53–46F
protein, may have a specific role in an enhanced ability for
p53–46F to induce apoptosis. Therefore, we conclude that a
decrease in p21/WAF1 protein levels and enhanced Ser-15
phosphorylation of p53–46F might play an important role in
this phenomenon.

p53RFP is a potential mediator of p53–46F-induced 
apoptosis
Reporter gene assays were carried out to validate the observed
enhancement of p53 target gene transcription by p53–46F. Con-
sistent with the results of endogenous gene expression (Fig. 3B),
transcription of the luciferase gene fused to the p53-binding
sequence of p53RFP was strikingly enhanced by p53–46F. p53–
46F-induced luciferase activity was more than two-fold higher
than wild-type p53-induced activity, suggesting that p53RFP may

play a pivotal role in p53–46F-induced apoptosis (Fig. 4).
The p53-binding sequences of other p53 target genes fused to
luciferase, including p21/WAF1, p53AIP1, Bax, Puma, Noxa,
p53DINP1, p53R2, p53RDL1 and Sema 3F (semaphorin 3F),
also demonstrated enhanced activities when cotransfected with
the p53–46F expression plasmid. With the exception of p53AIP1,
p53DINP1 and p53RDL1, the elevated activities were less than
two-fold higher than those induced by wild-type p53 (Fig. 4).
Overall, p53–46F was shown to activate transcription of all p53-
target genes examined more efficiently than wild-type p53.

p53–46F suppresses tumor growth in vivo
The effect of p53–46F on tumor growth in vivo was evaluated by
implanting H1299 lung cancer cells subcutaneously into nude
mice, allowing the tumors to grow to 300 mm3 and injecting
each tumor with 109 p.f.u./50 µL of Ad-p53–46F, Ad-p53-WT,
Ad-p53–121F or Ad-EGFP once daily over the course of 5 days.
Tumors injected with PBS or EGFP (Ad-EGFP) were isolated
at day 12 post injection, at which time they had attained a
volume of 800–1800 mm3 (Fig. 5A), thus preventing further
observation. Until this time, the growth of tumors injected with
Ad-p53-WT, Ad-p53–46F or Ad-p53–121F was suppressed;
however, after day 12, tumors injected with Ad-p53-WT
increased in size, reaching a volume of 3000 mm3 by day 32.
Ad-p53–46F-injected tumors did not grow until day 19, after
which time they gradually increased in size until day 32, but
remained below 300 mm3. Surprisingly, several tumors injected
with Ad-p53–46F disappeared. Tumors injected with Ad-p53–
121F grew at a moderate rate, approximately halfway between

Fig. 4. p53–46F demonstrates enhanced transcriptional activation of p53 target genes. A reporter vector containing the p53-binding
sequence of p21/WAF1, p53RFP, p53AIP1, Bax, Puma, Noxa, p53DINP1, p53R2, p53RDL1 or Semaphorin 3F was cotransfected with a mock
plasmid, p53-WT plasmid, p53–46F plasmid or p53–175H plasmid into H1299 cells. Luciferase activity was evaluated 24 h post transfection.
The bars indicate the relative activity of luciferase. Error bars indicate the standard deviation of the mean.
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that of the tumors injected with Ad-EGFP and those injected
with Ad-p53–46F. These results were confirmed by measuring
the weight of each tumor isolated at day 32 (Fig. 5B). The
experiment was repeated twice and similar results were obtained
each time.

An investigation into p53 expression revealed that similar
levels of p53 protein were present in the tumors 5 days after
injection with Ad-p53-WT, Ad-p53–46F and Ad-p53–121F,
but only Ad-p53–46F-injected tumors contained high levels at
day 32 (Fig. 5C). Moreover, the number of apoptotic cells

Fig. 5. In vivo tumor growth suppression by p53–46F. (A) Tumor volumes were measured every day following the establishment of
xenografts in BALB/cAJcl-nu nude mice. H1299 cells were injected daily for 5 days (indicated by arrows) with phosphate-buffered saline (PBS;
�), Ad-EGFP (�), Ad-p53-WT (�), Ad-p53–121F (�) and Ad-p53–46F (�). P-values less than 0.05 (*) and less than 0.001 (**) were deemed
statistically significant. Error bars indicate the standard error of the mean. (B) Tumors isolated at day 32. (Left) Macroscopic appearance of
tumors infected with Ad-p53-WT, Ad-p53–46F and Ad-p53–121F. (Right) The average tumor weight of each group is shown on the bar
graph. A P-value less than 0.05 (*) was deemed statistically significant. Error bars indicate the standard deviation of the mean. (C) Expression
of p53, p53–46F and p53–121F. Tumors infected with Ad-p53-WT, Ad-p53–46F and Ad-p53–121F at day 5 (a–h) and day 32 (i–n) post infection
were subjected to immunohistochemical analysis. p53 was visualized using an anti-p53 antibody (Ab-6) (green) in the tumors injected with
PBS (e), Ad-p53-WT (f,l), Ad-p53–46F (g,m) and Ad-p53–121F (h,n). DNA was stained by propidium iodide (PI) (red) in the tumors injected with
PBS (a), Ad-p53-WT (b,i), Ad-p53–46F (c,j) and Ad-p53–121F (d,k). (D) Apoptotic cells in the tumors. Tumors infected with Ad-p53-WT, Ad-
p53–46F and Ad-p53–121F at day 5 (a–h) and day 32 (i–n) post infection were subjected to transferase-mediated dUTP nick end-labeling (TUNEL)
analysis. Apoptotic cells were stained using TUNEL (green) in the tumors injected with PBS (e), Ad-p53-WT (f,l), Ad-p53–46F (g,m) and Ad-
p53–121F (h,n). DNA was stained using PI.
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was higher in tumors injected with Ad-p53–46F and Ad-p53–
121F than Ad-p53-WT at day 5. Consistent with the profile
of p53 expression, a high number of apoptotic cells was
observed only in the tumor injected with Ad-p53–46F at day
32 (Fig. 5D).

Discussion

In the present study, we report on a p53 mutant, p53–46F,
with an enhanced ability to induce p53-dependent apoptosis.
An increased level of p53 Ser-15 phosphorylation was
observed in all cell lines infected with Ad-p53–46F. This has
previously been suggested to induce stabilization of the p53
protein(31) and to be mediated by the ATM protein, encoded by
the gene mutated in the human autosomal recessive disorder
ataxia telangiectasia.(32) In our experimental system, expression
levels of the p53–46F protein were increased compared to
wild-type p53, in concert with an increased level of p53
Ser-15 phosphorylation. In addition, northern blot analysis
(Fig. 3B) and a luciferase reporter gene assay (Fig. 4) revealed
enhanced transcriptional activation by p53–46F of all of the
p53 target genes examined. Although it might be speculated that
increased Ser-15 phosphorylation is responsible for enhanced
transactivation of genes downstream of p53, p53–46F is
capable of inducing apoptosis more efficiently than p53-WT,
even when expressed at lower levels than the wild-type protein,
and with a similar extent of Ser-15 phosphorylation. It is
possible that the substitution of phenylalanine with serine in
p53–46F causes a conformational change in the p53 molecule,
resulting both in the acceleration of the interaction between
p53–46F, a phosphorylating kinase and Ser-15, and the
enhanced affinity of p53–46F to p53-binding sequences of
target genes. Further structural analysis and investigation of
proteins interacting with p53–46F are required to clarify this
mechanism.

Although p53–46F activated transcription of all of the p53
target genes examined, it decreased expression levels of the
p21/WAF1 protein (Figs 2,3B). Moreover, this decrease appears
to be related to the enhancement of p53-induced apoptosis
(Figs 1,3A). Consistent with this notion, a number of studies have
reported that p21/WAF1 inhibits apoptosis and that, conversely,
suppression of p21/WAF1 accelerates apoptosis.(33–38) Thus, we
postulate that the decrease in p21/WAF1 protein expression
by p53–46F might play a role in p53–46F-induced apoptosis.
If this is the case, it is possible that p53–46F preferentially
activates transcription of a p53 target gene involved in regu-
lation of p21/WAF1 stability. In support of this hypothesis,
we recently observed that p53 induces the expression of
p53RFP mRNA, a ubiquitin ligase that regulates the stability
of p21/WAF1.(39) As described above, all p53 target genes
examined were induced more efficiently by p53–46F than by
p53-WT. However, endogenous p53RFP mRNA levels were
most strongly enhanced by p53–46F (Fig. 3C). Moreover, the
luciferase activity of the heterologous reporter gene fused to
the p53-binding sequence of p53RFP was elevated more than
two-fold higher by p53–46F than by p53-WT. p53RFP
therefore appears to be a good candidate mediator for this
phenomenon. However, further investigations are required to
determine whether there is an alternative regulator for p21/
WAF1 or another explanatory mechanism.

Several mutant forms of p53 have been shown to demonstrate
a more potent ability to induce apoptosis than wild-type p53
in vitro, including S121F (p53–121F in the present paper),
S121C, S121A, S121Y, R290G, K291E, K291Q, K291T, K292T
and K292I.(29) Interestingly, there are no significant correlations
between the sequence-specific transcriptional activities of these
mutants on six p53 target genes and their ability to induce
apoptosis.(29) Therefore, the study suggests that transactivation-
dependent apoptosis does not always play a major role in p53-
dependent apoptosis, indirectly supporting the claim that the
transactivation-independent mechanism plays an important
role. In contrast to these p53 mutants, p53–46F demonstrated
enhanced transactivational activity for all p53 target genes
examined in the present study. Although the transactivation-
independent mechanism is not completely excluded, this result
implies that transactivation-dependent apoptosis is likely to play
a critical role in p53–46F-induced apoptosis. Indeed, microarray
screening of p53–46F-inducible transcripts clearly indicates
that a number of genes are induced in a similar way, but at a
higher level than those induced by wild-type p53 (M. Futa-
mura and H. Arakawa, unpublished data). This is an important
finding for the application of p53–46F in cancer gene therapy.
There are understandable concerns regarding the introduction
of p53 mutants into the human body and the potential for
undesirable side effects. As the transcriptional activity of
p53–46F is very similar to wild-type, in contrast to other
active p53 mutants such as 121F, p53–46F might provide a
new strategy for cancer therapy.

Although adenovirus-mediated p53 gene transfer was
expected to be a promising method of delivery for cancer
therapy, a number of clinical investigations have indicated that
it is ineffective.(40–43) Recently, some studies have provided
evidence that modifications of p53, such as phosphorylation
and acetylation, are critical for induction of p53-regulated
apoptosis.(16,44–47) Based on these facts, it seems likely that
introduction of the p53 gene itself into cancer cells does not
necessarily lead to induction of apoptosis. For example, if the
p53 protein is insufficiently modified in cancer cells due to
alterations of phosphorylation kinases, a mere increase in
p53 protein level may fail to activate transcription of the
downstream genes and induce apoptosis. p53–46F offers the
advantage of enhancing transcription of p53 target genes
irrespective of its level of phosphorylation or protein
stability. Indeed, p53–46F increased the extent of Ser-15
phosphorylation without gamma-irradiation or treatment with
anticancer drugs in many wild-type p53 cell lines that are
resistant to Ad-p53-WT.(18)

In the present study, apoptosis was accelerated by a p53–
46F-mediated decrease in the level of apoptotic inhibitor p21/
WAF1, probably through induction of p53RFP. Adenoviral
gene transfer of p53–46F induced suppression of H1299 tumor
growth in nude mice (Fig. 5A,B), and was more effective in
its suppression of tumor growth than wild-type p53 and p53–
121F (Fig. 5A,B). Interestingly, p53–46F expression in the
tumors was observed until day 32 after injection with Ad-
p53–46F (Fig. 5C), which might explain its remarkable ability
to reduce tumor growth.

These results provide strong support for the use of p53–
46F as a new treatment against p53-resistant tumors. Further-
more, the finding that p21/WAF1 expression is decreased by
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p53–46F confirms previous observations of the anti-apoptotic
role of p21/WAF1 and tumor resistance to anticancer drugs.(33–38)

We conclude that the specific activation of apoptosis-related
p53 target genes and inhibition of p21/WAF1 could provide
a more effective strategy for cancer therapy.
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