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Abstract

Objective. Radiotherapy is the mainstay of treatment for advanced cervical cancer and most cervical cancers have evidence of HPV
(human papilloma virus) infection, which inactivates the p53 gene. The goal of this study was to determine the effect of combining
radiotherapy and Adp53 infection on the growth of cervical carcinoma cells.

Methods. The silta cervical carcinoma cell line contains wild-type p53 and HPV 16 infection. The C33A cell line has a p53 mutation.
The Adp53 recombinant adenovirus contains the cytomegalovirus promoter, wild-type p53 cDNA, and a polyadenylation signal in a
minigene cassette inserted into the El-deleted region of a modified adenovirus 5. Transduction efficiency was assessed by using an
adenovirus containing the Escherichia coli �-galactosidase gene and expression of wild-type p53 in infected cells was evaluated by Western
blot analysis. One group of cells was irradiated prior to infection, the other group received no irradiation, but were either infected with virus
or mock-infected. Cells were analyzed for viability 1 to 7 days after infection by using the sulforhodamine B assay. The percentage of cells
undergoing apoptosis was determined by using a TUNEL assay.

Results. Fifty percent of C33A cells were transduced with 5 muthplicities of infection of virus whereas SiHa cells required 25
multiplicities of infection. Adp53 expression was found 48 h after infection. In the cells treated with both radiation and Adp53 infection
growth inhibition was increased compared with inhibition resulting with either treatment alone. The combination treatment also increased
the percentage of cells undergoing apoptosis.

Conclusion. Combining radiotherapy with Adp53 infection increases the inhibition of growth of cervical cancer cells in vitro. This
combination treatment has the potential of increasing efficacy and of therapy.
© 2003 Elsevier Science (USA). All rights reserved.
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Introduction

Recent studies indicate that the combination of radiother-
apy and chemotherapy improve survival of patients with
advanced cervical cancer [1–5]. However, radiotherapy re-
mains central to the treatment and ultimate cure of these
patients. Unfortunately, in some cases, the ultimate goal of
cure may require radiation doses, with or without chemo-

therapy, that increase the risk of normal tissue injury, lead-
ing to morbidity and even mortality. Additionally, some
patients will be unable to tolerate the side effects that result
from combining two cytotoxic therapies such as radiation
and chemotherapy. There also exists a wide variation in a
tumor’s responsiveness to therapy. The variance in radio-
sensitivity observed in human cancers may result from the
loss of activity of some tumor suppressor genes, such as the
p53 gene [6]. Wild-type p53 regulates cell cycle arrest and
controls cellular proliferation by induction of apoptosis.
Abrogation of p53 function can lead to increased resistance
to ionizing radiation, as observed in tumor cells of the head
and neck [7]. This study is important to be certain that
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radiation, the mainstay of therapy, can be used with Adp53
in the cervix without dampening the effects of p53 gene
therapy or increasing radiation resistance.

Inactivation of the p53 gene in cervical cancer via point
mutation or allelic loss is infrequent, with an overall inci-
dence of 1–6% [8]. However, up to 90% of cervical cancers
contain human papilloma virus (HPV1) DNA (60% of
which is HPV type 16) and express low levels of p53 [9].
The HPV virus contains two genes, E6 and E7, which are
capable of transforming normal cells into tumor cells. The
E7 gene product binds to cell cycle control proteins of the
retinoblastoma gene product (pRB) and cyclin A, resulting
in proliferation and immortalization of cells [10,11]. The E6
protein forms complexes with p53 and promotes its degra-
dation via the ubiquitin-dependent mechanism [10]. The
effects of these two HPV genes are thought to contribute to
the development of cervical cancer. There are several cer-
vical cell lines that are infected with HPV and do not have
p53 mutations, as well as several that are not infected with
HPV and have p53 mutations that can be used as models for
the study of the biology of new treatments.

Gu et al. [11] studied the effects of E6 on DNA damage-
induced transcriptional activity and reported that HPV 18
E6 inhibits p53 transcriptional activity following exposure
to DNA damaging genotoxic agents, such as ultraviolet
radiation. Likewise, HPV 16 E6-expressing cells treated
with DNA-damaging agents did not increase p53 protein
levels/activity or inhibit DNA synthesis [12]. Cells with
normal p53 function respond to radiation-induced damage
by exhibiting growth arrest at the G1-S phase of the cell
cycle to allow DNA repair or apoptosis to occur. Transfec-
tion of the HPV 16 E6 gene results in enhanced resistance
of fibroblasts to ionizing radiation [13].

Hamada et al. [14] reported growth inhibition of cervical
cancer cells in vitro by infecting them with adenovirus-
mediated p53 DNA (Adp53). Although p53 mutations in
cervical cancers are rare (1% to 6% overall incidence), they
can occur and cause complete downregulation of p53 func-
tion [8]. And as inactivation of p53 is an important step in
the pathogenesis of cervical cancer, we explored the effect
of wild-type p53 transfection on a cell line containing a
mutated p53 gene (C33A), as well as on a cell line infected
with HPV 16 (SiHa), which is more common in cervical
cancers [9]. We introduced the wild-type p53 gene into both
irradiated and nonirradiated cervical cancer cells to assess
the effects on their growth in vitro and to determine whether
the mechanism of growth suppression is due to induction of
apoptosis.

Materials and methods

The squamous carcinoma cell lines SiHa and C33A,
derived from human cervical tumors, were kindly provided
by Dr. Reuben Lotan (Houston, TX). SiHa is HPV 16
positive and contains wild-type p53. C33A carries the mu-
tant p53, but does not harbor the HPV virus [15]. Cells were
grown as monolayer cultures in Dulbecco’s minimal essen-
tial medium (DMEM/Ham’s F-12), supplemented with
heat-inactivated fetal bovine serum, penicillin, and strepto-
mycin.

The recombinant adenovirus (Adp53) contains the cyto-
megalovirus (CMV) promoter, wild-type p53 cDNA, and a
SV40 polyadenylation signal in a minigene cassette inserted
into the El-deleted region of modified adenovirus 5 [16]. A
similarly modified adenovirus containing the Escherichia
coli �-galactosidase gene (AdCMV�-gal) was used to eval-
uate transduction efficiency and as a control vector. Clones
of the Adp53 and �-gal viruses were obtained by plaque
purification, using the method of Graham and Prevec [17].
The viral stocks were propagated in 293 cells that were
derived from primary embryonic kidney cells that had been
harvested 36–40 h post infection, pelleted, resuspended in
phosphate-buffered saline (PBS), and lysed, with the debris
removed using cesium chloride gradient purification to ob-
tain concentrated virus. The viral titers were determined by
plaque assays. For viral infection, cell monolayers were
infected with the adenovirus at a predetermined multiplicity
of infection (MOI), and incubated for 1 h at 37°C with
gentle rocking every 15 min. This was followed by the
addition of culture medium and continued incubation.

To determine the efficiency of adenoviral transduction,
the AdCMV�-gal construct was used to infect cells and
assess �-galactosidase activity. Twenty-four hours after in-
fection with an MOI ranging from 1 to 250, cells were
washed with PBS, fixed with 0.5% glutaraldehyde, and
incubated in X-gal staining solution (2% X-gal; potassium
ferricyanide, MgCl2, NaCl, Tris, pH 7.4). Five hundred cells
in two separate quadrants of the culture dish were counted.
The percentage of X-gal-positive cells was determined by
counting the blue-stained cells and dividing by 500 cells.
The MOI resulting in approximately 50% staining for C33A
and greater than 50% for SiHa was used for other experiments.

Prior to infection, cell cultures in asynchronous growth
and 70–80% confluency were trypsinized, washed, and
resuspended in medium. Cells were then transferred into 15-
or 50-mL centrifuge tubes of nonattachable polypropylene
and laid flat in a 137Cs irradiator emitting �-rays at 4.0
Gy/min. Cells in single suspension received 4.0 Gy of
radiation at room temperature, under aerobic conditions.
Immediately after irradiation, 104 cells/well were placed in
96-well plates in quadruplicate for the growth studies or
1.5–2.5 � 106 cells were placed in 100-mm culture plates
for apoptosis studies. Cells were allowed to attach to the
plastic for 4–12 h and then infected with Adp53, AdCMV�-
gal, or mock-infected.

1 Abbreviations used: CMV � cytomegalovirus; HPV � human pap-
illoma virus; MOI � multiplicity of infection; PBS � phosphate-buffered
saline; RB � retinoblastoma; SRB � sulforhodamine B.
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To assess the levels of p53 protein expressed in cells
infected with Adp53, Western blot analysis was performed.
Cells were removed from plates by gentle scraping 48 and
72 h after mock-infection, infection with Adp53 or Ad-
CMV�-gal, with or without prior radiation. Cells were pel-
leted, rinsed in cold Phosphate Buffered Saline (PBS), and
lysed in 1 � Radio Immuno Precipitation Assay Buffer
(RIPA) (Phenylmethylsufonyl Floride, dH2O, 2� RIPA,
and Aprotinin) and a sonicator. Cells were then centrifuged
at 13,200 rpm, and the supernatant was removed. The Bio-
Rad protein assay (Dynatech MR 500, Carson City, NE)
was performed to determine protein concentration. Twenty-
five micrograms of protein was subjected to 10% sodium
dodecyl sulfate–polyacrylamide gel electrophoresis and
transferred to Hybond-ECL membrane (Amersham, Arling-
ton Heights, IL). The membrane was blocked with 5%
nonfat dry milk and 0.1% Tween 20, probed with primary
mouse monoclonal antibody (Oncogene Science, Cam-
bridge, MA) and mouse anti-human �-actin moncloncal
antibody (Amersham), and incubated over night at 4°C.
Membranes were then incubated with secondary peroxi-
dase-labeled goat anti-mouse immunoglobulin antibody
(Boehringer-Mannheim, Indianapolis, IN). Anti-� actin was
used as a control to establish protein equality. The mem-
brane was processed and developed according to the man-
ufacturer’s suggestions. Densitometry was performed to de-
termine relative p53 protein expression.

The sulforhodamine B (SRB) assay was performed ac-
cording to the method of Skehan et al. [18], with some
modifications. Briefly, cells plated in 96-well plates were
fixed with trichloroacetic acid on selected days and stained
for 10 min at room temperature with 0.4% SRB dissolved in
1% acetic acid. Thereafter, the SRB dye was discarded and
cells were washed in 1.0% acetic acid to remove unbound
dye. Cells were left to air dry until no moisture was visible.
Unbuffered Tris saline base (10 mM) was added to cells,
and plates were then shaken for 5 min to solubilize bound
dye for reading. The optical densities of each culture were
read on an automated spectrophotometric plate reader at a
wavelength of 490 nm (Dynotech MR 500). Cells were
either untreated, AdCMV�-gal-infected, Adp53-infected, ir-
radiated only, irradiated and then infected with AdCMV�-
gal, or irradiated and then infected with Adp53. Cells were
plated at 104 cells/well in 96-well plates, with or without
previous irradiation as described. Cells were allowed to
attach for 4–8 h, and were then infected with Adp53,
AdCMV�-gal, or mock-infected as previously described,
then incubated for varying times. C33A cells were infected
with an MOI of 5, SiHa cells were transfected with an MOI
of 25. These MOI were chosen because transduction exper-
iments showed approximately 50% transduction for C33A
and greater than 50% transduction for SiHa at these viral
doses. Cells were fixed for the SRB assay 1, 3, 5, and 7 days
after infection. The mean absorption reading of triplicate
samples for each day was compared between groups. All
experiments were repeated at least three times.

To determine the percentage of cells undergoing apopto-
sis, cells from each of the six treatment conditions were
collected 72 h after infection and fixed in 4% paraformal-
dehyde (pH 7.4) at room temperature. Cells were washed
with PBS and then permeabilized in a solution of 0.1%
Triton X-100 in 0.1% sodium citrate. After two more wash-
ings in PBS, the cells were resuspended in TdT-mediated
duTp Nick End Labeling (TUNEL) reaction mixture (In
Situ Cell Death Detection Kit, Fluorescein, Boehringer-
Mannheim), and one sample was suspended in Label solu-
tion as a negative control. The cells were incubated for at
least 1 h and then analyzed by using fluorescence-activated
cell sorting (Becton Dickinson, Franklin Lakes, NJ).

Results

Transduction efficiency was assessed by determining the
fraction of blue cells present 24 h after infection with
AdCMV�-gal. MOI describes the ratio of the number of
virions per target cell at the time the virus is added to
culture, and in our studies, we achieved approximately 50%
transduction efficiency with an MOI of 5 for the C33A cells
and over 50% transduction with an MOI of 25 for the SiHa
cells. Irradiation given 6–8 h before infection resulted in no
effect on transduction efficiency (Fig. 1A and B).

p53 expression in cells for each treatment condition was
evaluated by Western blot analysis. The C33A cell line,
which has a p53 mutation, had p53 expression, which was
measurable even in control cells; however, samples from
cells infected with Adp53 exhibited higher levels of p53
protein (Fig. 2A). Irradiation prior to Adp53 infection had
no effect on the level of p53 protein expression. In the SiHa
cell line, which has wild-type p53 but HPV 16 infection,
only samples infected with Adp53 expressed detectable p53
protein. Similar to C33A, irradiation had no effect on p53
protein levels (Fig. 2B). Thus, radiation prior to Adp53
infection does not appear to have influenced p53 expression.

Cellular growth over a period of 7 days after infection
was studied by using the SRB assay, which measures cel-
lular protein levels. Although cell survival after irradiation
has been traditionally measured by clonogenic assay, stud-
ies suggest that this assay is just as effective in measuring in
vitro radiosensitivity and has better reproducibility than the
clonogenic assay [18–20]. The combination of radiotherapy
and Adp53 infection increased growth inhibition in both cell
lines compared with either treatment alone. In C33A cells,
a significant reduction in survival was initially observed for
cells treated with combined therapy 3 days after Adp53
infection, such that growth of these cells was less than 15%
of untreated control cells (Fig. 3A). By 7 days after infec-
tion, radiotherapy had inhibited growth of C33A cells 38%,
Adp53 had inhibited growth 62%, and the combination of
these treatments had inhibited growth by 90%. The SiHa
cell line showed similar responses, with the greatest growth
inhibition occurring for cells receiving radiotherapy fol-
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lowed by Adp53 infection (Fig. 3B). On day 7 after infec-
tion, radiotherapy inhibited cell growth by 40%, Adp53 by
69%, and the combination by 94%.

TUNEL analysis was done to determine whether apopto-
sis was occurring in these cells. This assay preferentially
labels apoptotic-induced DNA strand breaks on the 3�-OH
side with the enzymes terminal deoxynucleosidyl trans-
ferase (tdt) and DNA polymerase, distinguishing them from
necrotic cells or cells with primary DNA strand breaks
induced by radiation [21]. Although one of the benefits of
the TUNEL assay is its specificity, a disadvantage is test
interference, which can result in false negative or positive
results. DNA cleavage can be absent or incomplete in some
forms of apoptotic cell death, leading to false negative
results [22]. Conversely, extensive DNA fragmentation may
occur in late stages of necrosis, making it more difficult for
the assay to distinguish apoptotic cells from necrotic cells,
causing false positive results [23,24]. To avoid this prob-
lem, apoptotic mode of cell death was confirmed by exam-
ining the morphology of the cervical carcinoma cells, iden-

tifying patterns characteristic of apoptosis such as cellular
shrinkage and formation of apoptotic bodies. As suggested
by Darzynkiewicz et al. [25], we included cells floating in
the media in our study sample as a method of ensuring the
inclusion of all apoptotic cells. In both cell lines, Adp53
alone increased the percentage of cells undergoing apopto-
sis (17% of C33A cells and 22% of SiHa cells, as the mean
percentage). Minimal, if any, apoptosis was found with
4.0-Gy irradiation alone. Both cell lines, when treated with
radiotherapy prior to Adp53 infection, had significantly in-
creased apoptosis, although the effect was more prominent in
the C33A cells (Fig. 4). The mean percentage of C33A and
SiHa cells treated with radiotherapy and Adp53 infection that
underwent apoptosis was 91% and 38%, respectively.

Discussion

In most cervical cancers p53 function is abrogated. Al-
though p53 mutations in cervical cancers are rare (1% to 6%

Fig. 1. Cells were infected with varying doses of AdCMV�-gal and 24 h later, stained with X-gal; 500 cells in two separate quadrants of the culture dish
were counted. The percentage of X-gal-positive positive cells was determined by counting the blue-stained cells and dividing by 500 cells. No difference in
transduction efficiency was found between cells that were irradiated (black columns) or not irradiated (shaded columns) prior to infection. (A) C33A cells,
(B) SiHa cells. MOI � multiplicity of infection.
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overall incidence), they can occur and cause complete
downregulation of p53 function [8]. And as inactivation of
p53 is an important step in the pathogenesis of cervical
cancer, we explored the effect of wild-type p53 transfection
on a cell line containing a mutated p53 gene, as well as on
a cell line infected with HPV, which is more common in
cervical cancers [9]. We introduced the wild-type p53 gene
into both irradiated and nonirradiated cervical cancer cells
to assess the effects on their growth in vitro and to deter-
mine whether the mechanism of growth suppression is due
to induction of apoptosis. Radiotherapy, followed by infec-
tion with recombinant adenovirus vector Adp53, caused
greater suppression of cervical cancer cells compared with
either of these treatments alone. At least some of this growth
inhibition was attributed to apoptosis, which was also in-
creased when both treatments were used. Adp53 replaced
wild-type p53 function in C33A cells, which contains a
mutation in p53, and in SiHa cells, which harbors HPV 16
[15]. We suspect radiation-induced DNA damage triggered
signaling events that were enhanced and sustained, prompt-
ing a strong response from p53-dependent apoptosis path-

ways. No difference was found in the ability of the virus to
infect the host cell after radiation.

Combining radiotherapy and p53-gene therapy as treat-
ment for colorectal, head and neck, ovarian, and lung can-
cers has shown promising results, with enhanced radiosen-
sitivity when cells were infected with Adp53 approximately
2 days prior to radiation [26,27]. These results suggest that
combining radiation with Adp53 may be an effective mode
of therapy in cervical cancer as well. In the present study,
we reversed the order of treatment by irradiating cells first
and then infecting them with Adp53 4–12 h after irradia-
tion. Exposure to ionizing radiation results in a variety of
DNA lesions to which cells respond differently. This could
mean growth arrest, DNA repair, or lethality, depending on
the cell type, radiation dose, and amount of DNA damage
[28–31]. Cell death after irradiation may take the form of
necrosis, apoptosis/interphase death, or reproductive/mitotic
death [32,33]. A wide variety of genes, most notably p53,
influence the complex signaling pathways, modulating cel-
lular response to DNA damage [30].

Cells are most sensitive to the effects of radiation during

Fig. 2. Relative p53 expression. Western blot analysis for p53 expression 48 h after infection with Adp53, AdCMV�-gal (�-gal), or mock-infection, with or
without radiation (XRT) with 4.0 Gy prior to infection. (A) C33A (mutant p53, HPV negative); all cells show significant p53 expression, but cells infected
with Adp53 had increased p53 protein levels. (B) SiHa (wild-type p53, HPV 16 positive); only cells infected with Adp53 show significant p53 expression.
In both cell lines, radiation had no effect on p53 expression. Relative quantities of p53 were determined by densitometry. HPV � human papilloma virus.
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mitosis [34]. In our attempt to try to maximize the thera-
peutic potential of radiotherapy, we pretreated asynchro-
nous cells with radiation, hoping to target the population of
cells undergoing division before introducing Adp53. This
should lead to cell cycle arrest and interfere with immediate
death from radiation. A normal function of p53 is to cause
a G1-S phase arrest following irradiation [35–37]. The p53-
mediated delay in the cell cycle process after irradiation
may allow time for repair of DNA damage and prevent cells
from entering the S phase of the cell cycle [6,7,28]. One
hypothesis is that a loss of normal p53 function would make
cells more sensitive to ionizing radiation, because irradiated
cells would enter into DNA synthesis without delay, before
repairing potentially lethal DNA lesions. However, a study
of head and neck cell lines found that p53 mutation status
did not correlate with radiosensitivity [7]. Lee and Bernstein
[6], in fact, found p53 mutations to correlate with resistance
to ionizing radiation.

Regardless of p53 status, all cells undergo G2 delay after
irradiation [36–39]. This arrest is reported to be transient,

lasting 4 to 6 h, and dose related [31,40]. With these fun-
damentals of cellular kinetics in mind, we hypothesize that
radiation may enhance p53-induced apoptosis by introduc-
ing G2 arrest, blocking survivors from entering the phase of
the cell cycle against which the second agent, Adp53, may
be more effective. Over a period of time, the G2 block began
wearing off and as the p53 protein level was now high, a
large cohort of DNA-damaged cells in synchrony increased
cell-signaling events, enhancing p53-mediated apoptosis.

The extent of radiation-induced apoptosis varies enor-
mously among different tumor types [41]. Although wild-
type p53 is required for radiation-induced cell death by
apoptosis, it currently remains unclear what determinants
regulate whether a cell will arrest in G1 or undergo apopto-
sis [6,38,42,43]. Some reports suggest that the extent of
DNA damage is not important in a cell’s decision to select
apoptosis versus G1 arrest [44]. We speculate that if suffi-
cient DNA damage is incurred to the cells from radiation
prior to the Adp53 infection, by the time functional protein
p53 is overexpressed, DNA damage will be so severe and

Fig. 4. Apoptosis after Adp53 and irradiation. The percentage of apoptotic
cells was determined by using the TUNEL assay and flow cytometry. Cells
were fixed and stained with the TUNEL reaction mixture 72 h after one of
the six conditions shown, and percentage of apoptotic cells was deter-
mined. (A) The results of a typical experiment with C33A (mutant p53);
(B) SIHA (HPV 16 positive). HPV � human papilloma virus; TUNEL �.

Fig. 3. Growth as a percentage of control. Growth curves using the
sulforhodamine B assay. Cells were placed in one of six treatment groups:
control untreated, infected with AdCMV�-gal, infected with Adp53,
treated with radiation (XRT) 4.0 Gy, radiation plus AdCMV�-gal, or
radiation plus Adp53. Cells were grown in 96-well plates in triplicate,
fixed, and counted on days 1, 3, 5, and 7 after infection. Growth curves
show relative cell growth of treated cells with the control untreated cells.
Experiments were repeated at least three times, a representative result is
shown. (A) C33A cells (p53 mutant), MOI of 5 used. (B) SiHa cells
(HPV16 positive), MOI 25 used. HPV � human papilloma virus.

248 J.J. Huh et al. / Gynecologic Oncology 89 (2003) 243–250



overwhelming, that the cell will deem the damages irrepa-
rable, and death by apoptosis will occur, rather than cell
cycle arrest to allow for cell repair. Furthermore, we pro-
pose that the radiation-induced cellular synchrony at G2,
with subsequent progression of cells containing unrepaired
DNA damage into mitosis and other cell cycles, leads to
abundant cell signaling and facilitates apoptosis through a
p53-dependent process. To support our hypothesis and de-
termine the extent of apoptosis in our cells, we used the
TUNEL assay. Morphologic changes suggestive of apopto-
sis, such as cellular shrinkage and formation of apoptotic
bodies, supported the assay results. Only cells infected with
Adp53 underwent apoptosis; and cells irradiated prior to
Adp53 infection displayed greater apoptotic activity. Inter-
estingly, despite the influence of radiation on apoptosis, we
found no measurable increase in p53 protein expression
after radiation.

Increased apoptosis occurs through several known mech-
anisms in the cell. One possibility is through the function of
the retinoblastoma gene product (RB). RB targets E2F-1 to
influence whether cells respond to p53 by undergoing
growth arrest or apoptosis. However, both of the cell lines
used in this study have nonfunctional RB, as SiHa is in-
fected with HPV whose E7 protein blocks RB function, and
C33A contains an inherent mutation in the RB gene [15].
Nonfunctioning or mutated RB is unable to bind E2F-1,
therefore deregulating the function of this target protein,
which induces both growth promoting and apoptotic sig-
nals. The combination of p53 induction and expression of
E2F-1 appear to induce apoptotic cell death overcoming
radiation-induced G1 arrest [36,44]. Wu and Levine [45]
demonstrated overexpression of E2F-1 abolished p53-me-
diated growth arrest and allowed progression into the S-
phase and subsequently apoptosis. Since this pathway is
disabled in both of our cell lines, another possibility is that
it occurs through the effect of p53 on Bax and Bcl-2 levels.
Bax accelerates apoptotic cell death, whereas Bcl-2 sup-
presses apoptosis. The relative levels of Bax and Bcl-2
expression are important in regulation of the cell. It is
known that p53 can increase the level of Bax expression
relative to Bcl-2 to favor apoptosis, which may enhance the
susceptibility of the cells to apoptotic death after irradiation
[44]. Therefore, evaluating the relative expression of these
gene products after irradiation and Adp53 infection may
help clarify this issue.

In this study, our results were similar to others, in that
combination therapy was more effective than either radia-
tion or Adp53 alone. Our findings suggest that p53 has an
important role in inducing apoptosis in human cervical
carcinoma cells after irradiation. However, the cell type,
physiologic state of the cell, induction of other proteins that
modulate cell death, and other factors may affect the timing
and magnitude of the effect of p53 before or after irradia-
tion.

References

[1] Whitney CW, Sause W, Bundy BN, Malfetano JH, Hannigan EV,
Fowler WC, et al. Randomized comparison of fluorouracil plus cis-
platin versus hydroxyurea as an adjunct to radiation therapy in stages
IIB-IVA carcinoma of the cervix with negative para-aortic lymph
nodes. A Gynecologic Oncology Group and Southwest Oncology
Group study. J Clin Oncol 1999;17:1339–48.

[2] Morris M, Eifel PJ, Lu J, Grigsby PW, Levenback C, Stevens RE, et
al. Pelvic radiation with concurrent chemotherapy versus pelvic and
para-aortic radiation for high-risk cervical cancer: a randomized Ra-
diation Therapy Oncology Group clinical trial. N Engl J Med 1999;
340:1137–43.

[3] Rose PG, Bundy BN, Watkins EB, Thigpen JT, Deppe G, Maiman
MA, et al. Concurrent cisplatin-based chemoradiation improves pro-
gression-free and overall survival in advanced cervical cancer: results
of a randomized Gynecologic Oncology Group study. N Engl J Med
1999;340:1144–53.

[4] Peters WA III, Lui PY, Barrett RJ, Monk BJ, Berek JS, Souhami L,
et al. Concurrent chemotherapy and pelvic radiation therapy com-
pared with pelvic radiation therapy alone as adjuvant therapy after
radical surgery in high-risk early-stage cancer of the cervix. J Clin
Oncol 2000;18:1606–13.

[5] Keys HM, Bundy BN, Stehman FB, Mudersbach LI, Chafe WE,
Suggs CL, et al. Cisplatin, irradiation and adjuvant hysterectomy
compared with radiation and adjuvant hysterectomy for bulky stage
IB cervical carcinoma. N Engl J Med 1999;340:1154–61.

[6] Lee JM, Bernstein A. p53 mutations increase resistance to ionizing
radiation. Proc Natl Acad Sci USA 1993;90:5742–6.

[7] Brachman DG, Beckett M, Graves D, Haraf D, Vokes E, Weichsel-
baum RR. p53 mutation does not correlate with radiosensitivity in 24
head and neck cancer cell lines. Cancer Res 1993;53:3667–9.

[8] Fujita M, Inoue M, Tanizawa O, Iwamoto S, Enomoto T. Alterations
of the p53 gene in human primary cervical carcinoma with and
without human papillomavirus infection. Cancer Res 1992;52:
5323–8.

[9] Durst M, Gissmann L, Ikenberg H, zur Harusen H. A papillomavirus
DNA from a cervical carcinoma and its prevalence in cancer biopsy
samples from different geographic regions. Proc Natl Acad Sci USA
1983;80:3812–5.

[10] Scheffner M, Werness BA, Hulbregtse JM, Levine AJ, Howley PM.
The E6 oncoprotein encoded by human papillomavirus types 16 and
18 promotes the degradation of p53. Cell 1990;64:1129–36.

[11] Gu Z, Pim D, Labrecque S, Banks L, Matlashewski. DNA damage
induced p53 mediated transcription is inhibited by human papilloma-
virus type 18 E6. Oncogene 1994;9;629–33.

[12] Kashima HK, Kessis T, Hruban RH, Wu TC, Zihreich SJ, Shah KV.
Human papillomavirus in sinonasal papillomas and squamous cell
carcinoma. Laryngoscopy 1992;102:973–6.

[13] Tsang NM, Nagasawa H, Li C, Little JB. Abrogation of p53 function
by transfection of HPV 16 E6 gene enhances the resistance of human
diploid fibroblasts to ionizing radiation. Oncogene 1995;10:2403–8.

[14] Hamada K, Zhang WW, Alemany R, Wolf J, Roth JA, Mitchell MF.
Growth inhibition of human cervical cancer cells with the recombi-
nant adenovirus p53 in vitro. Gynecol Oncol 1996;60:373–9.

[15] Yee C, Krishan-Hewklett L, Baker CC, Schleget K, Howley PM.
Presence and expression of human papillomavirus sequences in hu-
man cervical carcinoma cell lines. Am J Pathol 1985;119:361–6.

[16] Zhang W-W, Fang X, Mazur W, French BA, Georges RN, Roth JA.
High-efficiency gene transfer and high level expression of wild-type
p53 in human lung cancer cells mediated by recombinant adenovirus.
Cancer Gene Ther 1994;1:1–10.

[17] Graham FL, Prevec L. Manipulation of adenovirus vectors. In: Mur-
ray EJ, eds., Methods in molecular biology, gene transfer and expres-
sion protocols. New Jersey: The Humana Press, Totowa, NJ; 1991, p.
109–128.

249J.J. Huh et al. / Gynecologic Oncology 89 (2003) 243–250



[18] Skehan P, Storeng R, Scudiero D, Monks A, McMahon J, Vistica D,
et al. New colorimetric cytotoxicity assay for anti-cancer drug screen-
ing. J Natl Cancer Inst 1990;82:1107–12.

[19] Griffon G, Merlin JL, Marchal C. Comparison of sulforhodamine B,
tetrazolium and clonogenic assays for in vitro radiosensitivity testing
in human ovarian cancer cell lines. Anticancer Drugs 1995;6:115–23.

[20] Perez RP, Godwin AK, Handel LM, Hamilton TC. A comparison of
clonogenic, microtetrazolium and sulforhodamine B assays for deter-
mination of cisplatin cytotoxicity in human ovarian carcinoma cell
lines. Eur J Cancer 1993;29A:395–9.

[21] Gorczyca W, Tuziak T, Kram A, Melamed MR, Darzynkiewicz Z.
Detection of apoptosis-associated DNA strand breaks in fine-needle
aspiration biopsies by in situ end labeling of fragmented DNA.
Cytometry 1994;15:169–75.

[22] Cohen GM, Sun XM, Snowden RT, Dinsdale D, Skilleter DN. Key
morphological features of apoptosis may occur in the absence of
internucleosomal DNA fragmentation. Biochem J 1992;286:331–4.

[23] Gold R, Schmied M, Giegerich G, Breitschopf H, Hartung HP, Toyka
KV, et al. Differentiation between cellular apoptosis and necrosis by
the combined use of in situ tailing and nick translation techniques.
Lab Invest 1994;71:219–25.

[24] Collins RJ, Harmon BV, Gobe GC, Kerr JF. Internucleosomal DNA
cleavage should not be the sole criterion for identifying apoptosis. Int
J Radiat Biol 1992;61:451–3.

[25] Darzynkiewicz Z, Juan G, Li X, Gorczyca W, Murakami T, Traganos
F. Cytometry in cell necrobiology: analysis of apoptosis and acciden-
tal cell death (necrosis). Cytometry 1997;27:1–20.

[26] Spitz FR, Nguyen D, Skibber JM, Cusack J, Roth JA, Cristiano RJ. In
vivo adenovirus-mediated p53 tumor suppressor gene therapy for
colorectal cancer. Anticancer Res 1996;16:3415–22.

[27] Gallardo D, Drazan KE, McBride WH. Adenovirus-based transfer of
wild-type p53 gene increases ovarian radiosensitivity. Cancer Res
1996;56:4891–3.

[28] Linke SP, Clarkin KC, Wahl GM. p53 mediated permanent arrest
over multiple cell cycles in response to �-irradiation. Cancer Res
1997;57:1171–9.

[29] Wahl GM, Linke SP, Paulson TG, Huang LC. Maintaining genetic
stability through TP53 mediated checkpoint control. Cancer Surv
1997;29:183–219.

[30] Morgan WF, Yates BL, Rufer JT, Abell A, Columna E, Valcarel ER, et
al. Chromosomal aberration induction in CHO cells by combined expo-
sure to restriction enzymes and x-rays. Int J Radiat Biol 1991;60:627–34.

[31] Datta R, Hass R, Gunji H, Weichselbaum R, Kufe D. Down-regula-
tion of cell cycle control genes by ionizing radiation. Cell Growth
Differ 1992;3:637–44.

[32] Tauchi H, Sawada S. Analysis of mitotic cell death caused by radi-
ation in mouse leukemia L5178Y cells: apoptosis is the ultimate form
of cell death following mitotic failure. Int J Radiat Biol 1994;65:449–
55.

[33] Bernhard EJ, Muschel RJ, Bakanauskas VJ, McKenna WG. Reduc-
ing the radiation-induced G2 delay causes HeLa cells to undergo
apoptosis instead of mitotic cell death. Int J Radiat Biol 1996;69:
575–84.

[34] Shingleton HM, Orr JW. Radiation therapy. In: Shingleton HM, Orr
JW, editors. Cancer of the cervix. Philadelphia, PA: JB Lippincott
Company; 1995, p. 155–180.

[35] Kuerbitz SJ, Plunkett BS, Walsh WV, Kastan MB. Wild-type p53 is
a cell cycle checkpoint determinant following irradiation. Proc Natl
Acad Sci USA 1992;89:7491–5.

[36] Kastan MB, Canman CE, Leonard CJ. p53, cell cycle control and
apoptosis: implications for cancer. Cancer Metastasis Rev 1995;14:
3–15.

[37] Grasso L, Mercer WE. Pathways of p53-dependent apoptosis [re-
view]. Vitam Horm 1997;53:139–73.

[38] Muschel RJ, McKenna WG, Bernhard EJ. Cell cycle checkpoints and
apoptosis: potential for improving radiation therapy. Vitam Horm
1997;53:1–19.

[39] Fry RJM. Principles of carcinogenesis: physical. In: De Vita VT,
Hellman S, Rosenberg SA, editors. Cancer principles and practice of
oncology. Philadelphia, PA: JB Lippincott Company; 1989, p. 136–
145.

[40] Lock RB, Ross WE. Inhibition of p34cdc2 kinase activity by etoposide
or irradiation as a mechanism of G2 arrest in Chinese hamster ovary
cells. Cancer Res 1990;50:3761–6.

[41] Kerr JFR, Kessis T, Slebos R, Nelson W, Kastan M, Plunkett B, et al.
Human papillomavirus 16 E6 expression disrupts the p53 mediated
cellular response to DNA damage. Proc Natl Acad Sci USA 1992;
89:7491–5.

[42] Lowe SW, Schmitt EM, Smith SW, Osborne BA, Jacks T. p53 is
required for radiation-induced apoptosis in mouse thymocytes. Nature
1993;362:847–9.

[43] Clarke AR, Purdie CA, Harrison DJ, Morris RG, Bird CC, Hooper
ML, et al. Thymocyte apoptosis induced by p53-dependent and in-
dependent pathways. Nature 1993;362:849–52.

[44] Canman CE, Gilmer TM, Coutts SB, Kastan MB. Growth factor
modulation of p53-mediated growth arrest versus apoptosis. Genes
Dev 1995;9:600–11.

[45] Wu X, Levine AJ. p53 and E2F-1 cooperate to mediate apoptosis.
Proc Natl Acad Sci USA 1991;91:3602–6.

250 J.J. Huh et al. / Gynecologic Oncology 89 (2003) 243–250


	Transduction of adenovirus-mediated wild-type p53 after radiotherapy in human cervical cancer cells
	Introduction
	Materials and methods
	Results
	Discussion
	References


