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Fig. 2. Western blots were probed with anti-p53 and anti-actin antibodies. A, relative levels of pS3 protein expression. Upper, cellular extracts were subjected to SDS-PAGE (Lanes
1-6, HeLa cells; Lanes 7-12, SiHa cells). Each cell line was infected for 24 h with AdSCMV-p53 at 200 MOI (Lanes I and 7), 100 MOI (Lanes 2 and 8), S0 MOI (Lanes 3 and 9),
25 MOI (Lanes 4 and 10), 12.5 MOI (Lanes 5 and 11), and mock infection (Lanes 6 and 12). Lower, relative quantities of pS3 were determined by densitometry. B, time course of
p53 expression in SiHa cell. Upper, multiple dishes of SiHa cells were infected with AdSCMV-p53 at 20 MOL. Cell lysates were prepared at indicated time points after infection. Lower,

relative quantities of p53 were determined by densitometry.

cervical cancer cell lines (shown in Table 1) varied, but all cell lines
showed high transduction efficiencies.

Expression of Exogenous p53 in Cervical Cancer Cells. To
determine the expression of the p53 protein in the AdSCMV-p53-
infected cervical cancer cell lines, immunohistochemical and Western
blot analyses were done using the mouse anti-human p53 monoclonal
antibody DO7. Immunohistochemical analysis of SiHa cells infected
with AdSCMV-p53 revealed characteristic staining of pS3 protein in
the nucleus 6 h after infection, whereas AdSCMV-poly A-infected
cells failed to show p53 staining (Fig. 1B). Immunohistochemical
analysis of SiHa cell tumors injected with AASCMV-p53 revealed
characteristic staining of pS3 protein in the nucleus 6 h after injection,
and the expression of pS3 protein in the AdSCMV-p53-injected tu-
mors lasted 15 days (Fig. 1C). Western blot analysis was performed to
compare the amount of p53 protein produced following 24 h of
infection with AASCMV-p53. A p53 band, recognized by DO7, was
observed in cellular extracts isolated from infected HeLa and SiHa
cells. Expression of the p53 protein was highly detectable in SiHa
cells compared with HeLa cells. Samples isolated from noninfected
HeLa and SiHa cells exhibited very low levels of pS3 protein (Fig.
2A). The time course of p53 expression in SiHa cells is shown in Fig.
2B. Multiple dishes of SiHa cells were infected with AASCMV-p53 at
20 MOL. Following 12 h of incubation, the medium that contained
virus was replaced with fresh medium, and each dish was cultured for
an additional 2 to 14 days. Cell lysates were then prepared at indicated
time points after infection. The p53 protein expression peaked 3 days
after infection and began to decline thereafter. However, the intensity
of the p53 band isolated from infected SiHa cell lysates at day 15
remained significantly higher than that from noninfected SiHa cells.

Effect of Exogenous p53 on Cervical Cancer Cell Growth. To
characterize the apoptotic effects of AASCMV-p53, the morphological

changes in SiHa cells and HeLa cells were examined after infection
with AdSCMV-p53 at 100 MOI. Within 24 to 48 h after infection, an
apparent morphological change occurred, with portions of the cell
population rounding up and their outer membranes, forming blebs.
These changes are part of a series of histologically predictable events
that suggest programmed cell death (16). On the other hand, cells
infected with the control adenovirus, AASCMV-poly A, grew normally
with no histomorphological abnormalities. To determine whether the
morphological changes seen in the AdASCMV-p53-infected cells were
apoptotic processes, SiHa and HeLa cells were stained by the TUNEL
method. SiHa and HeLa cells showed apoptotic nuclear DNA frag-
mentation 36 h after infection with AASCMV-p53 at 100 MOI (Fig. 1,
D and E). The growth of the AdASCMV-p53-infected SiHa cells was
greatly suppressed when estimated by cell count and [*H]thymidine
incorporation assay 6 days after infection (Fig. 3). The cells were
treated with either AASCMV-p53, AdSCMV-poly A, or medium only.
The ICs,, for all cell lines is shown in Table 1. The IC, as determined
by [*H]thymidine incorporation assay, varied from 10 to 138 MOIL
The IC,, as determined by cell count assay varied from 9 to 149 MOI
among cell lines. The value of each cell growth assay was reproduc-
ible in five independent experiments.

Inhibition of Tumorigenicity. To examine whether the AdSCMV-
p53 virus could inhibit tumorigenicity of human cervical cancer cells,
nude mice were injected s.c. with C33A, HT3, HeLa, MS751, and
SiHa cells to initiate tumor formation. Each mouse received one
injection of 1 X 107 cells that had been infected with AdSCMV-p53
or AdSCMV-poly A at 20 to 50 MOI for 3 h. SiHa cells treated with
medium alone were used as mock-infected controls. Tumors were
formed only from the mock- or control virus-infected cells; mice that
received AASCMV-p53-treated cells did not develop tumors (Fig. 4;
Table 2). Tumor ulceration in some animals limited the relevance of
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Fig. 3. A, inhibition of the growth of SiHa cells as determined by a cell count assay.
The cells were inoculated at densities of 5 X 10* cells/well in each 12-well plate 24 h
before infection. At each indicated point, cells in three wells on each well plate were
trypsinized and counted. The mean cell counts for triplicate wells at day 6 after infection
were plotted. Bars, SD. B, inhibition of the growth of SiHa cells by [*H]thymidine
incorporation assay. The cells were inoculated at densities of 2 X 10° cells/well in each
96-well plate 24 h before infection. At each indicated point, cells of three wells were
infected for S days, pulse-treated with [*H]thymidine for an additional 24 h, trypsinized,
harvested, and counted by liquid scintillation counter. The mean cpm for triplicate wells
were plotted. Bars, SD.

tumor size measurements after day 46. This study was initiated with
seven mice per group; no mice failed to complete the study. Further-
more, AdSCMV-p53 also completely inhibited tumorigenicity of
C33A, HT3, HeLa, and MS751 cells (Table 2).

Inhibition of Tumor Growth in Vive. To address the feasibility of
P53 gene therapy for established tumors, the efficacy of AASCMV-
p53 in inhibiting tumor growth was evaluated in a tumor-bearing nude
mouse model using human cervical cancer C33A, HT3, MS751, and
SiHa cells. Tumors were allowed to grow for 20 to 25 days to a
diameter of 5 to 6 mm. In the first experiment, mice then received one

intratumoral injection of PBS only, AdSCMV-poly A, or AASCMV-
p53 on day 0. In the mice treated with PBS only or with AdASCMV-
poly A, SiHa cell tumors continued to grow rapidly throughout the
treatment, whereas growth was greatly reduced for 21 days in the
tumors treated with the AASCMV-p53, then tumors began to regrow
(Fig. 5A). The single injection of AASCMV-p53 reduced tumor size
by 62% 30 days after infection compared with the single injection of
PBS only, whereas the single injection of AASCMV-poly A did not
reduce tumor size significantly (Table 3).

In the second experiment, mice received three intratumoral injec-
tions of PBS only, AdASCMV-poly A, or AASCMV-p53 on days 0, 2,
and 4. In the mice treated with PBS only or AdSCMV-poly A, SiHa
cell tumors continued to grow rapidly throughout the treatment,
whereas those treated with AASCMV-p53 grew at a greatly reduced
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Fig. 4. Effect of pretreatment with AdSCMV-p53 on tumorigenicity of SiHa cells in
nude mice. SiHa cells were treated with AASCMV-p53 or AASCMV-poly A at 50 MOI or
medium only for 3 h. The treated cells were injected s.c. at 1 X 107 cells/mouse. Tumor
size was determined every other day after injection. Points, means. Bars, SD.

Table 2 Effect of AdSCMV-p53 on tumorigenicity in nude mice

Mean
No. of tumors/ volume

Cell line Treatment no. of mice mm> * SD (%)
C33A°

PBS mn 1678 + 839 (100)

AdSCMV-poly A sn 1055 274  (62.9)

AdSCMV-p53 on 0*0 0))
HT3?

PBS mn 296 + 145 (100)

Ad5CMV-poly A 61 196 + 67 (66.2)

AdSCMV-p53 o 0%0 0)
HeLa®

PBS m 343136 (100)

AdSCMV-poly A mn 238 + 43 (69.4)

AdSCMV-p53 o7 0*0 0))
MS751%

PBS mn 1378 £839  (100)

Ad5CMV-poly A mn 1270 £ 266  (92.2)

AdSCMV-p53 ) 0*0 ()
SiHa”

PBS m 692 * 48 (100)

Ad5CMV-poly A 61 514+ 77 (74.3)

AdSCMV-p53 on 0+0 ()

“ Cells were infected with AdSCMV-p53 at 20 MOI for 3 h. The treated cells were
injected s.c. at 1 X 10 cells/mouse. Tumor sizes were determined 44 days after injection.
b Cells were infected with Ad5CMV-p53 at 50 MOI for 3 h. The treated cells were
injected s.c. at 1 X 107 cells/mouse. Tumor sizes were determined 44 days after injection.
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Table 3 Effect of AdSCMV-p53 on established in vivo tumor growth in nude mice

Day
2500

—{— s T
2000+ wrvenerens AGSCMV-poly A

ceecQe e ADSCMV-pS3 L
1500 —
1000 -

500 - g

83338553833

10 12 14 16 18 20 22 24 26 28 30

Day

Mean
No. of tumors/ volume
Cell line Treatment no. of mice mm>+SD (%)
Experiment I
SiHa PBS mn 1613 * 340 (100)
AdSCMV-poly A mn 1224 * 352 (75.9)
Ad5CMV-p53 mn 605 * 215 (37.5)
Experiment I1°
SiHa PBS mn 1647 * 432 (100)
AdSCMV-poly A n 1324 = 350 (80.4)
AdS5CMV-p53 mn 1293 (7.8)
Experiment III°
C33A PBS mn 2110 * 548 (100)
AdSCMV-poly A n 1764 = 722 (83.6)
Ad5CMV-p53 sn 82 +45 39
HT3 PBS mn 666 * 328 (100)
AdSCMV-poly A mn 406 * 348 (61.0)
AdS5CMV-p53 217 2512 (3.8)
MS751 PBS mn 1593 * 491 (100)
AdSCMV-poly A m 1398 * 233 (87.8)
AdS5CMV-p53 67 192 * 96 (12.1)
SiHa PBS 10/10 1959 * 561 (100)
AdSCMV-poly A 10/10 1589 + 393  (81.1)
AdSCMV-p53 8/10 95 * 45 4.8)

9 Ad5CMV-p53 (5 X 10° PFUs/100 pl) was injected into the tumor on day 0. Tumor
sizes were measured 30 days after injection.

b AdSCMV-p53 (5 X 10° PFUs/100 pl) was injected into the tumor on days 0, 2, and
4. Tumor sizes were measured 30 days after the first injection.

€ AdSCMV-p53 (5 X 10° PFUs/100 pl) was injected into the tumor days 0, 1, 2, 3, 4,
and 5. Tumor sizes were measured 30 days after the first injection.

rate (Fig. 5B). Thirty days after the initial injection, AASCMV-p53
had reduced tumor size by 92% compared with PBS only, whereas
AdSCMV-poly A did not significantly reduce tumor size. This result
was reproducible in three repeated experiments (Table 3).

In the third experiment, mice received six intratumoral injections of
PBS only, AASCMV-poly A, or AASCMV-p53 on days 0, 1, 2, 3, 4,
and 5. In the mice treated with PBS only or AASCMV-poly A, SiHa
cell tumors continued to grow rapidly throughout the treatment,
whereas tumor growth in mice treated with AASCMV-p53 was greatly
reduced (Fig. 5C). Six injections of AASCMV-p53 reduced the size of
SiHa cell tumors by 95% compared with six injections of PBS only,
whereas six injections of AdSCMV-poly A did not reduce signifi-
cantly the size of SiHa cell tumors. Two of 10 tumors injected with
AdSCMV-p53 showed pathologically complete tumor regression of
SiHa cell tumors. Six injections of AASCMV-p53 also showed similar
growth suppressive effects: 96% in C33A cell tumors, 96% in HT3
cell tumors, and 88% in MS751 cell tumors (Table 3). Six injections
of Ad5CMV-p53 induced pathologically complete tumor regression
in 2 of 7 C33A cell tumors, 5 of 7 HT3 cell tumors, and 1 of 7 MS751
cell tumors. There was no significant difference in the body weights
of any of the mice treated in these experiments. Together, these results
indicate that AASCMV-p53 can inhibit tumor growth of human cer-
vical cancer cells in vivo. No animals died during these experiments.

Fig. 5. Effects of treatment with AASCMV-p53 on tumor growth of SiHa cells in nude
mice. A, effect of single injection of AdSCMV-p53 on tumor growth of SiHa cells in nude
mice. Mice were injected s.c. with § X 10° SiHa cells/mouse. Twenty-five days later, 100
ul of AdSCMV-p53 (5 X 10° PFUs), AdSCMV-poly A (5 X 10° PFUs), or PBS alone was
injected into tumors of 5 to 6 mm in diameter. A single intratumoral injection was
performed on day 0. Seven mice were used for each treatment group. Points, means. Bars,
SD. B, effect of three injections of AASCMV-p53 on tumor growth of SiHa cells in nude
mice. Mice were injected s.c. with § X 10° SiHa cells/mouse. Twenty-five days later, 100
pl of AdSCMV-p53 (5 X 10° PFUs), AdSCMV-poly A (5 X 10° PFUs), or PBS alone was
injected into tumors of 5 to 6 mm in diameter. Intratumoral injections were performed on
days 0, 2, and 4. Seven mice were used for each treatment group. Points, means. Bars, SD.
C, effect of six injections of AASCMV-p53 on tumor growth of SiHa cells in nude mice.
Mice were inj with § X 10° SiHa cells. Twenty-five days later, 100 pul of AASCMV-
P53 (5 X 10° PFUs), AdSCMV-poly A (5 X 10° PFUs), or PBS alone was injected into
tumors with a diameter of 5 to 6 mm. Intratumoral injections were made on days 0, 1, 2,
3, 4, and 5. Ten mice made up each treatment group. Points, means. Bars, SD.
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DISCUSSION

Use of a recombinant B-gal adenovirus, AASCMV-LacZ, allowed
us to establish the gene transfer efficiency in cervical cancer cells. At
more than 100 MO, all cervical cancer cells were positive for 5-bro-
mo-4-chloro-3-indolyl-B-D-galactopyranoside staining. There ap-
peared to be a linear correlation between the number of cells express-
ing the gene and the amount of viral particles used in the experiment.
The transduction efficiency we observed was almost the same as the
human NSCLC cell lines (15). The p53 gene is wild type in six
HPV-positive cell lines used in this study. The p53 protein of these
cell lines was barely detected in untransfected cells. The low level of
p53 protein in the HPV-positive cell lines has been ascribed to the
E6-activated ubiquitin-dependent protease digestion (2). Western blot
and immunohistochemical analyses demonstrated that production of
the p53 protein was significantly increased in AASCMV-p53-infected
cells when compared with control cells, suggesting that the exogenous
p53 mRNA may be efficiently translated. Time course protein expres-
sion studies have shown a peak in protein expression 3 days after
infection and a progressive decline to levels still detectable by West-
emn blotting on day 15. These results were similar to those of the
previous study of NSCLC cell lines (15). Human cervical cancer cells
have a functional genotype equivalent to that of cells in which the p53
gene product is inactivated by the complexing of the E6 protein with
the p53 protein. The adenoviral vector is capable of mediating high
levels of p53 expression, which are apparently sufficient to overcome
the capabilities of the endogenous E6 to bind the p53 protein.

The in vitro growth of the cervical cancer cells we transduced with
the wild-type p53 gene was significantly inhibited when compared
with mock-infected and AdSCMV-poly A-infected cells, suggesting
that these results were not mediated by the virus itself. The mecha-
nism by which wild-type p53 protein inhibits growth in vitro may be
related to the arrest of the cell cycle at G, (20), apoptosis (21), or
induction of another tumor suppressor gene, such as WAFI/CIP] (22).
The induction of apoptosis is one of several documented functions of
wild-type p53. Apoptosis is a selective process of physiological cell
deletion. It also seems that chromatin cleavage is the most character-
istic biochemical feature of the process. Its gross features include
nuclear chromatin condensation, compactness of cytoplasmatic or-
ganelles, and the appearance of pedunculated protuberances on the
cell surface (19). To determine the role of apoptosis in the growth
inhibition we observed, we used the TUNEL method, which is based
on the specific binding of TdT to 3'-OH ends of DNA and the
consequent synthesis of a polydeoxynucleotide polymer (19). Our
TUNEL results showed apoptotic nuclear DNA fragmentation in the
Ad5CMV-p53-infected cells, which strongly suggests that the mech-
anism of growth suppression and cell death induced by AASCMV-p53
in cervical cancer cells is apoptosis.

Overexpression of p53 protein in cervical cancer cells completely
suppressed the tumorigenicity of the p53-mutated C33A and HT3 cell
lines, the HPV 18-positive MS751 and HeLa cell lines, and the HPV
16-positive SiHa cell line in nude mice. Adenovirus-p53 also inhibits
the tumorigenicity of a p53-deleted osteosarcoma cell line and a
p53-deleted NSCLC cell line (15, 23), but there are no reports of the
effect of exogenous wild-type p53 on the tumorigenicity of mutated
and wild-type p53 cell lines. In this report, we demonstrated that p53
tumor suppressor gene therapy can suppress the tumorigenicity of a
p53-mutated cell line and that overexpression of pS3 protein is enough
to overcome pS3 protein inactivation by the HPV E6 oncoprotein to
suppress tumorigenicity of HPV 16- and HPV 18-positive cervical
cancer cells. Moreover, overexpression of pS3 protein in cervical
cancer cells efficiently reduced tumor growth in nude mouse
models. When compared with PBS alone and AdSCMV-poly A,

Ad5CMV-p53 strongly suppressed tumor growth. A single injec-
tion of AASCMV-p53 significantly suppressed SiHa cell tumor
growth during 21 days and then started to regrow. pS3 protein
expression in the AASCMV-p53-injected tissue was still detectable
by immunohistochemical analysis on day 15. The duration of this
tumor growth suppression by a single injection of AASCMV-p53 is
consistent with that of p53 protein expression in vitro and in vivo.
Furthermore, three injections of AASCMV-p53 in the first week
suppressed 92% of SiHa cell tumor growth for 30 days. Six
injections of AASCMV-p53 in the first week suppressed 88 to 96%
of C33A, HT3, MS751, and SiHa cell tumors growth for 30 days
and induced complete tumor regression in 14 to 71% of C33A,
HT3, MS751, and SiHa cell tumors.

Microscopic tumor models, in which adenovirus-p53 is injected
into the tumor 2 to 4 days after cancer cell inoculation, have been
developed in wild-type p53 and p53-mutated head and neck cancer
and in p53 mutated NSCLC (15, 16). However, these tumor models
are too small to evaluate and predict the effectiveness of adenovirus-
p53 in humans. A larger established tumor model of S to 6 mm in
diameter has been developed in the p53-deleted SCLC; eight injec-
tions of adenovirus-p53 for 4 weeks significantly suppressed tumor
growth (23). Adenovirus induces strong immunogenicity, as several
studies have shown. In one, titers of anti-adenovirus antibody rose in
the rhesus monkey plasma within 2 weeks after the first infection (24).
In another, CD8 immunoreactive cells were absent in adenovirus-
infected liver at 3 days but were abundant in adenovirus-infected liver
at 7 days (25). In addition, adenovirus-mediated LacZ transgene
expression is strongly suppressed 14 days after injection of adenovi-
rus-LacZ (25). From these facts, it is suggested that adenovirus-
mediated transgene expression may be suppressed by 1 to 2 weeks
after injection. Nevertheless, our new model of gene therapy for
cervical cancer by adenovirus-p53 is promising, because six injections
of adenovirus-p53 in the first week induced significant tumor reduc-
tion and complete tumor regression. However, a syngenic mouse
model system should be developed to estimate these growth-
inhibitory effects by adenovirus-p53.

Despite aggressive screening with the Papanicolaou smear and
new therapeutic initiatives using surgery, radiotherapy, and chem-
otherapy for decades, the survival rate of cervical cancer still
remains at 40% worldwide (1). Since the incidence of locoregional
recurrence is the highest among the first recurrent sites of cervical
cancer (26), the prevention and the treatment of locoregional
recurrence is still an important problem in the therapy of cervical
cancer. However, a locally advanced tumor of cervical cancer can
be easily exposed by vaginal speculum and easily injected with
multiple direct doses of adenovirus-p53. Therefore, our findings of
the significant tumor reduction in HPV 16-positive, HPV 18-
positive, and p53-mutated cervical cancer cell lines by adenovirus-
p53 seem to provide a sound basis for future clinical trials of
cervical cancer gene therapy to improve the prognosis of cervical
cancer.
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