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p21WAFUSDIVCIPD (571) arrests cell growth by inhibiting cyclin-depend kinases. To explore the potential of
using p21 for the gene therapy of cervical cancer, we infected human papillomavirus (HPV)-positive cervical
cancer cells (HeLa, SiHa, and Z172) and HPV-negative cervical cancer cells (C33A) with recombinant ade-
novirus encoding p21 ¢cDNA. The results revealed that effective inhibition of cell growth could be achieved by
sense p21 adenovirus but not antisense p21 adenovirus infection and occurred through apoptosis as measured
by DNA fragmentation and chromatin condensation. Apoptosis was also observed in xenografts of human
cervical cancer cells infected with sense p21 adenovirus, as confirmed by in situ terminal deoxynucleotidyl-
transferase-mediated dUTP-biotin nick end labeling (TUNEL). The apoptosis was not prevented by overex-
pression of the bcl-2 transgene. To sum up, the apoptotic effect suggests that p21 should be a tumoricidal agent
instead of a tumoristatic agent in preventing cervical cancers. In addition, our report substantiates the
combination of the high efficiency of adenovirus vector-mediated gene delivery and the apoptotic effect of p21.

The protein p21WVa/Sdil/CiPh (521) is encoded by a recently
cloned gene (Sdi), which is overexpressed in senescent fibro-
blasts (22, 28). The same p21 protein was found to associate
with different cyclin-dependent kinase—cyclin complexes and to
inhibit the kinase activity that is required for cell cycle pro-
gression (30, 31). Independent research had shown that p53
induces the p21 gene (10). Hence, p21 can mediate the cell
proliferation arrest induced by p53 (10). The utility of p21 as
an antitumor agent in a number of human cancer cell lines had
been reported. Introduction of p21 into human prostate cancer
cells (9), human brain tumor cells (1), and colon carcinoma
cells (3) can significantly inhibit cell growth and tumorigenesis.
To explore the potential of using p21 for the gene therapy of
cervical cancers, we infected human papillomavirus (HPV)-
positive cervical cells (HeLa, SiHa, and Z172) and HPV-neg-
ative cervical cancer cells (C33A) with recombinant adenovirus
encoding p21 cDNA. HelLa, SiHa, and Z172 cells contain HPV-
18, HPV-16, and HPV-16 genomes, respectively (25). These
HPV-positive cervical cancer cell lines lack normal retino-
blastoma (RB) and p53 functions, at least in part, since they
express normal pRB and wild-type p53 proteins, which are pre-
sumed to be abrogated in function as a consequence of asso-
ciation with HPV E7 and E6 oncoproteins, respectively (25). In
contrast, the HPV-negative C33A cells harbor the mutated p53
and RB genes (25).

The results of this study demonstrate that effective inhibition
of cervical cancer cell growth could be achieved by sense p21-
encoding adenovirus infection. However, instead of p21-in-
duced growth arrest of infected cells, as we would expect, a
massive detachment of infected cells from the culture surface
was observed. Infection of cervical cancer cells with recombi-
nant adenovirus encoding antisense p21, however, did not
cause cell detachment. This prompted us to study the possible
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occurrence of apoptosis of p21-transduced cells. The obvious
finding of DNA fragmentation and chromatin condensation in
cervical cancer cells infected with p21-encoding recombinant
adenovirus further confirmed apoptosis as the mechanism of
cell death. Apoptosis was also shown to be the mechanism of
cell death in human cervical xenografts infected with p21-en-
coding recombinant adenovirus. The mechanism of p21-in-
duced apoptosis is not clear. Our results reveal that p21-induced
apoptosis was not prevented by overexpression of the bcl-2
transgene and seemed to be p53 and RB independent.

MATERIALS AND METHODS

Virus generation. To generate replication-deficient recombinant viruses car-
rying either sense or antisense p21 cDNA, we isolated a 2.1-kb NorI fragment
from pCEP-WAF1-S and ligated it with pAdEICMV/pA (15). After restriction
enzyme mapping, a virus containing the sense orientation of p21 cDNA (pW8)
and one containing the antisense orientation of p21 cDNA (pW5) were cotrans-
fected with pJM17 into 293 cells to generate recombinant viruses (15). The
genomic structures of both sense p21 (i.e., W8) and antisense p21 (i.e., W5)
viruses were confirmed by genomic PCR (15). For large-scale virus production,
the recombinant viruses were harvested from 20 plates of 293 cells grown on a
P-150 dish after 36 h of infection and subjected to two cycles of CsCl gradient
ultracentrifugation (16). After dialysis overnight, the stock of viruses was ali-
quoted and stored at —80°C until use. The average titers of viral stocks were
determined by a plaque assay in triplicate.

Cells and transfection. The HeLa, SiHa, and C33A cervical cancer cells were
maintained in Dulbecco’s modified Eagle’s medium (DMEM) supplemented
with 10% fetal calf serum and antibiotics. Z172 cells were maintained in DMEM
with 10% NulV serum (Collaborative Research) and antibiotics.

The bcl-2 cDNA cloned in the pCEP4 vector (2) was introduced into HeLa,
SiHa, Z172, and C33A cells separately, and then HeLa/bcl2, SiHa/bcl2, Z172/
bel2, and C33A/bcl2 cells were established from the pooled clones, which were
selected by growth in hygromycin (200 pg/ml) for 3 or 4 weeks.

Growth rate assay. A total of 10° cells were seeded on 10-cm plates in
triplicate. After 24 h, the cells were infected with either sense or antisense
p21-encoding adenovirus at a multiplicity of infection (MOI) of 25; the cells were
harvested at 2, 4, 6, 8, and 10 days after virus infection and counted with a
hemacytometer, and their viability was determined by trypan blue exclusion.

Acridine orange staining. Cells were fixed with ice-cold 75% ethanol and then
washed with phosphate-buffered saline (PBS) three times. The cells were then
permeabilized with PBS-0.1% Triton X-100 at room temperature for 30 min and
were stained with 10 pg of acridine orange (Sigma, St. Louis, Mo.) per ml in PBS
for 30 min. They were then washed with PBS and observed with a fluorescence
microscope fitted with a blue filter.



4984 TSAO ET AL.
Lod - - -
~N o~ ~
a _ N a a
8 N v T s N v o
c a n N € a 2 Qa
8 e s ° - M
T 2 8 N a H 5 2 o - o 9
e = c v = 2 e = c v = g
EZ % $8: : 2% : g g ¢
<~ 2 X E & o < & 2 E &8 2o
N N N 3 S S € € € 5 s s
~ ~ ~ £ £ £ ¥ N - e -
- = - - - - m m ¢ ] $ @
N N N O 0 o O o o T T X
- - -
- ® @ o

FIG. 1. Expression of p21 protein detected by Western blot analysis. The
cervical cancer cells, Z172, SiHa, C33A, and HeLa, were infected with sense p21
or antisense p21 adenovirus at a MOI of 25 or with PBS (mock); after 48 h,
protein lysates were isolated and analyzed by immunoblotting with anti-p21
antibody (Pharmingen).

Detection of DNA fragmentation in agarose gels. DNA extraction was per-
formed by lysing cells in a solution containing 0.5% sodium dodecyl sulfate
(SDS), 100 mM EDTA, 10 mM Tris-HCI (pH 8.0), 20 pg of RNase A per ml, and
100 pg of proteinase K per ml and incubated at 37°C for 1 h with gentle shaking.
The suspension of lysate was then extracted twice with phenol-chloroform, and
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the DNA was precipitated with ethanol. DNA was electrophoresed on a 1.4%
agarose gel. The gel was stained with ethidium bromide and photographed under
UV light.

Immunoblots. Cellular proteins were extracted in SDS-polyacrylamide gel
electrophoresis (PAGE) loading buffer. After a 10-min boiling step, about 100
g of each crude protein lysate was separated by SDS-PAGE, transferred to
nitrocellulose filters, reacted with specific monoclonal p21 antibody recognizing
the full-length p21 protein (Pharmingen), and visualized by enhanced chemilu-
minescence (Amersham, Little Chalfont, United Kingdom) by procedures rec-
ommended by the manufacturer.

In vivo analysis for tumor suppression and apoptosis. Experiments were
performed as described previously (19). Briefly, 4- to 6-week-old nude female
mice were anesthetized with ketamine (20 mg/kg) and subcutaneously injected
with 2.5 X 10° tumor cells on their flanks. When the tumors grew to about 75
mm?, the animals were reanesthetized. The adenoviruses (2.5 X 107 PFU) in 100
wl of DMEM were injected in a volume of 30 to 35 pl into one tumor at three
different positions for 1 min per position with a microliter syringe (Hamilton Co.,
Reno, Nev.) fitted with a 26-gauge needle, and the needle was left in the tissues
for another 1 min and then withdrawn slowly. For tumor suppression analysis,
the volume of the tumor [(length X width X height X 4/3 (mr?)] was measured
weekly. For apoptosis analysis, the nude mice were sacrificed 72 h after virus
infection and tumor tissue was isolated in situ for terminal deoxynucleotidyl-
transferase-mediated dUTP-biotin nick end labeling (TUNEL).

In situ TUNEL. The TUNEL procedure was performed as described by the
manufacturer (Boehringer Mannheim). Briefly, paraffin-embedded tumor sec-
tions were dewaxed in xylene for 5 min three times each and were progressively
hydrated by immersing the slides for 3 min each in 100, 90, 70, and 30% ethanol
solutions. Endogenous peroxidase was inactivated by immersing the slides for 20
min in 0.75% (vol/vol) H,O, in 100% methanol. The slides were washed in PBS,
and the sections were digested with 0.1% (wt/vol) pepsin in 0.1 N HCI for 5 min
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FIG. 2. Invitro effect of p21 on cell growth. The growth of these four cervical cancer cell lines was determined by counting the cell number at different time points

after infection of cells at a MOI of 25 with sense p21 or antisense p21 adenovirus

. The results are the mean of three separate experiments.
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at 37°C, extensively washed in PBS, and incubated in a moist chamber at 37°C for
1 h with an end-labeling cocktail that included 0.5 U of terminal deoxynucleoti-
dyltransferase per pl, 0.06 mM fluorescein-dUTP, 10 nl of 5X TdT buffer
(Boehringer Mannheim), and double-distilled water to 50 pl. The reaction was
terminated by immersing the slides in a buffer containing 300 mM NaCl and 30
mM sodium citrate in double-distilled water. After the slides were washed in
PBS, the sections were directly observed under a fluorescence microscope.

Immunohistochemistry. Avidin-biotin immunohistochemistry was performed
on 4-pm sections from routinely processed paraffin-embedded tissues. The sec-
tions were deparaffinized and cleared before being treated with a 3% solution of
hydrogen peroxidase in methanol to block the endogenous peroxidase activity.
Then the sections were processed as described previously (2) and incubated with
an appropriate dilution of primary antibody against p21 protein (Pharmingen).
The avidin-biotin experiment was performed as described by the manufacturer
(DAKO). Hematoxylin was used for counterstaining.

RESULTS

Expression of p21 protein by the adenovirus-transduced p21
gene. In this study, three HPV-positive cervical cancer cell
lines (HeLa, SiHa, and Z172) and one HPV-negative cell line
(C33A), all of which lack normal RB and p53 functions (as
described in the introduction) (25), were used for investigating
the mechanism of p21-mediated tumor suppression. Two rep-
lication-defective recombinant adenoviruses were generated as
described in Materials and Methods. In sense p21 adenovirus,
p21 gene expression was driven by a minimal human cyto-
megalovirus early promoter. A second adenovirus, antisense
p21 adenovirus, had the same structure except that antisense
p21 cDNA was encoded. To detect the expression of p21 pro-
tein, cells were infected at a MOI of 25 with either sense p21
or antisense p21 adenovirus. At 48 h after infection, total
cellular proteins were extracted and Western blot analysis was
performed. Figure 1 showed that only sense p21 adenovirus-
infected cells could express the 21-kDa p21 protein. A 27-kDa
protein band appeared only in the p21 virus-infected SiHa,
C33A, and HeLa cells; we do not have enough evidence to
speculate on the nature of this 27-kDa band. However, a sim-
ilar band was observed when p21 protein was induced (17).

Effect of the p21 gene on cell growth. The effect of p21 on
four different cervical cancer cells was determined by measur-
ing the cell growth rate. Cells were infected with either sense
p21 or antisense p21 adenovirus at a MOI of 25, and the
number of viable cells which remained attachment to the cul-
ture surface was counted by measuring trypan blue dye exclu-
sion with a hemacytometer every 2 days. As shown in Fig. 2, 2
days after sense p21 adenovirus infection, detachment of cells
from the culture surface was observed in all four cell lines
studied. The number of cells that remained attached to the
culture surface was actually decreasing after 4 days for sense
p21 adenovirus-infected SiHa, Z172, and C33A cells and after
8 days for HeLa cells. The majority of cells detached from the
culture surface within 4 to 6 days in sense p21 adenovirus-
infected SiHa, Z172, and C33A cells, and it took HeLa cells 12
days to completely detach from culture surface. This was un-
expected since p21, as an inhibitor of cell cycle progression
(26), was expected to arrest cell growth. The decrease in the
cell number suggests that p21 has cytotoxic functions.

In vitro analysis for apoptosis. An unexpected observation
during analysis of the growth rate was the massive detachment
of cells from the culture surface 48 to 96 h after sense p21
adenovirus infection. Before the detachment, rounding up of
cells and bleb formation in cells could be observed. This de-
tachment from the culture surface and morphological changes
of cells were not observed in cells infected with antisense p21
adenovirus at the same MOI. This indicates that p21 plays a
role in inducing the morphological changes, cell detachment,
etc. The detachment from the culture surface and blebbing of
cytoplasm are typical finding of cells undergoing apoptosis
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FIG. 3. DNA fragmentation assays. Low-molecular-weight DNA was har-
vested from attached and detached cells infected with sense p21 or antisense p21
adenovirus, and the DNA was analyzed by electrophoresis on a 1.4% agarose gel.

(11). These observations prompted us to further analyze the
biochemical changes of apoptosis in p21 adenovirus-infected
cells. One of the characteristic markers of apoptosis is the
biochemically observable appearance of the ladder of DNA
fragments in electrophoresis of cellular DNA. Chromosomal
DNA extracted from the adherent and detached cell after
infection with sense or antisense p21 adenovirus for 72 h was
subjected to agarose gel electrophoresis. As shown in Fig. 3,
the appearance of DNA fragments equivalent to approxi-
mately 200 bp and multiples thereof was noticed in all tested
cells infected with sense p21 adenovirus. No detectable frag-
mented DNA emerged from mock-infected or antisense p21
virus-infected cells.

Another characteristic marker of apoptosis is the chromatin
condensation and nuclear fragmentation which result from
destruction of the structural organization of the nucleus.
Hence, 2 days after virus infection, cells were stained with
acridine orange and examined under fluorescence microscopy
for apoptotic cells. Figure 4 shows the apoptotic features such
as chromatin condensation, nuclear fragmentation, and forma-
tion of apoptotic bodies in HeLa and C33A cells after sense
p21 adenovirus infection (Fig. 4a and d) but not with mock
infection (Fig. 4c and f) or antisense p21 adenovirus infection
(Fig. 4b and e).

p21 induces tumor suppression and apoptosis in tumor xeno-
grafts. To further analyze the potential of sense p21 adenovi-
rus in gene therapy of cervical cancers, the growth suppression
effect of sense p21 adenovirus was tested in nude mice. First,
we measured the transducible fraction of tumor cells by infect-
ing tumor cells with recombinant adenovirus encoding Esche-
richia coli B-galactosidase combined with 5-bromo-4-chloro-
3-indolyl-B-p-galactopyranoside (X-Gal) staining of tumor
tissues. About 80% of tumor cells were shown to stain blue
(data not shown), indicating highly efficient transduction of the
gene into tumors by adenovirus. Experimental tumors were
established with HeLa and SiHa cells in nude mice (15 nude
mice for each cell line group). The cells were implanted sub-
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FIG. 4. Invitro analysis for apoptosis. Cells infected with sense p21 adenovirus, antisense p21 adenovirus, or PBS only (mock) for 2 days were stained with acridine
orange and observed by fluorescence microscopy (a and d) HeLa and C33A cells infected with sense p21 adenovirus, respectively; (b and e) HeLa and C33A cells
infected with antisense p21 adenovirus, respectively; (c and f) HeLa and C33A cells without virus infection (mock infected), respectively. The apoptotic bodies are

indicated by arrowheads in panels a and d.

cutaneously, and the tumors grew to about 75 mm?. Sense p21
adenovirus was then injected into the tumor into five nude
mice in each cell line group as described in Materials and
Methods. Another five nude mice in each cell line group were
injected into the tumor with antisense p21 adenovirus, and the
remaining five mice were injected with the same volume of
PBS as a mock control. The tumor size was monitored weekly,
and the results show significant inhibition of tumor growth by
sense p21 adenovirus injection compared with antisense p21
adenovirus or mock injection, indicating that tumor regression
was due to the effect of p21 transduction (Fig. 5). To analyze
the mechanism of tumor suppression, 3 days after virus injec-
tion the paraffin-embedded tumor tissues were sectioned and
in situ TUNEL analysis was performed for every 10th section
to detect apoptotic cells. The control experiment, in which the
terminal transferase was left out, was performed to ensure the
specificity of the TUNEL assay, and the result shows no fluo-
rescent signal (data not shown). As shown in Fig. 6, scattered
clusters of fluorescent staining were observed in tissue sections

isolated from SiHa cell tumors treated with mock infection
(Fig. 6e) or antisense p21 adenovirus (Fig. 6f). Hematoxylin-
and-eosin staining of the same section shows that tumors treat-
ed with mock infection (Fig. 6a) or antisense p21 adenovirus
(Fig. 6b) had central necrosis and apoptosis surrounding the
necrotic tissues. However, this apoptosis existed in only 5% of
tumor tissue in the cross section. On the other hand, tissue
sections isolated from SiHa tumors treated with sense p21
adenovirus stained brightly in the TUNEL assay, as shown in
Fig. 6g (low magnification) and h (high magnification); and
hematoxylin-and-eosin staining showed that apoptosis existed
in 90% of the tumor tissue in a cross section and that only 10%
of the tissue on the outskirts of tumor was spared from massive
apoptosis (Fig. 6¢ [low magnification] and d [high magnifica-
tion]), suggesting that apoptosis is the event involved in p21-
induced suppression of tumor growth in vivo. To further con-
firm that apoptosis is indeed induced by overexpression of p21
protein, an immunohistochemistry assay was performed with
tumor tissues. Figure 7 shows that after 36 h, the majority of
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FIG. 5. p21-mediated tumor growth inhibition. HeLa and SiHa cells (2.5 X 10°) were separately injected subcutaneously into the flanks of nude mice. When the
tumors grew to about 75 mm?, the animals were reanesthetized and 2.5 X 107 PFU of adenovirus encoding sense p21 or antisense p21 or PBS only (mock infection)
was injected into the tumor in five nude mice in each cell line group. The volumes of the tumors in five nude mice in each group were measured weekly. The error
bars indicate the standard deviations of tumor volumes of five mice.

tumor-bearing nude mice which were injected with sense p21 or antisense p21 adenovirus or PBS only (mock infected) 3 days earlier. SiHa cells were injected with PBS
only (a and e), antisense p21 adenovirus (b and f), or sense p21 adenovirus (c, d, g, and h). (a to d) Hematoxylin and eosin stain; (e to h) fluorescent stain of apoptotic
cells as shown by the in situ TUNEL assay. Magnifications, X40 (a, b, ¢, e, f, and g) and X300 (d and h); panels d and h are magnifications of panels ¢ and g, respectively.
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tumors infected with sense p21 virus expressed p21 protein in
the nucleus or cytoplasm (Fig. 7a) but that antisense p21 virus-
treated (Fig. 7b) and or mock-treated (Fig. 7c) tumors did not.

Bcl-2 cannot protect against p21 transgene-mediated apo-
ptosis in cervical cancer cells. Bcl-2 is an integral intracellular
membrane protein that inhibits programmed cell death in-
duced by multiple insults in a wide variety of cell types (23, 24).
To understand the ability of Bcl-2 protein to protect these
cervical cancer cells from apoptosis, we introduced the bcl-2
gene into these four cervical cancer cell lines by a Lipofectin
method. After 3 or 4 weeks, hygromycin B-resistant cell clones
were pooled and established, and they all expressed high levels
of Bcl-2 protein. When these Bcl-2-overexpressing cells and
their respective parental control cells were infected with sense
p21 adenovirus, similar degrees of chromatin condensation
and DNA degradation were found. Figure 8 gives the results
only for SiHa cells. Figure 8A shows Bcl-2 protein expression
in SiHa/bcl2 cells (lane 2); Fig. 8B shows DNA fragmentation
in SiHa/bcl2 cells infected with sense p21 virus (lane 2); and
Fig. 8C shows chromatin condensation of SiHa cells with the
bcl-2 transgene infected with sense p21 adenovirus (panel c).
Taken together, these results indicate that Bcl-2 protein can-
not protect cells from p21-induced apoptosis.

DISCUSSION

A replication-defective adenovirus system was used to show
that ectopically overexpressing p21 inhibited tumor growth due
to human cervical cancer cell lines. These cervical cancer cell
lines infected with sense p21 adenovirus clearly manifested
apoptosis, as shown by nucleosomal DNA fragmentation and
chromatin condensation in vitro. Moreover, in situ TUNEL
analysis showed that apoptosis was also involved in suppression
of cervical tumor growth in vivo. However, antisense p21 ad-
enovirus produced no effect, suggesting that the process is not
a function of transduced viral gene products.

p21 inhibits the growth of human brain tumor cells, colon
carcinoma cells, and virally transformed chicken embryo fibro-
blasts by promoting cell cycle arrest (1, 3, 9, 12). However,
recent reports also suggest that p21 has an apoptosis-inducing
function. For example, repression of p21 gene expression by
antisense p21 delays apoptosis induced by serum deprivation
of mouse fibroblasts (8). Apoptosis is induced by p21 transfec-
tion in vascular smooth muscle cells and RB cells (17, 20).
These findings call for a reinvestigation of the effect of p21 on
more common human cancers. In the present study, using p21
genes delivered by recombinant adenovirus vectors, we dem-
onstrated that p21 could cause apoptosis instead of cell cycle
arrest of cervical cancer cells. The apoptotic effect suggests
that p21 should be a tumoricidal instead of tumoristatic agent,
and this may explain the effectiveness of p21 in preventing
tumor growth. The massive apoptosis existed in sense p2l
virus-treated tumors seems to result from p21 transgene over-
expression, since p21 could be identified in the majority of cells
soon (36 h) after infection (Fig. 7). The chance of apoptosis
being caused by an adenovirus-induced immune system re-
sponse is slim, since we did not observed massive lymphocyte
infiltration into tumor tissues and since nude mice, which were
used in this study, are defective in their cellular immune re-
sponse. Taken together, our results indicate that the high ef-
ficiency of adenovirus vector-mediated gene delivery and the
effect of p21 can be combined for the gene therapy of cervical
cancer.

Our results reveal that Bel-2 protein could not protect cells
from p2l-induced apoptosis. First identified for its role in
B-cell malignancies, Bel-2 inhibits cell death due to a variety of

J. VIROL.

FIG. 7. Expression of p21 in tumor tissues. At 36 h postinfection, the paraf-
fin-embedded sections were obtained from sense p21 virus-treated (a), antisense
p21 virus-treated (b) or mock-treated (c) tumors and stained with p21 antibody
(Pharmingen) by the immunohistochemistry assay. Hematoxylin was used for
counterstaining.

apoptotic stimuli and operates in numerous cell types (24).
Bcl-2 can inhibit the activation of nematode death effector
ced3 and mammalian protease interleukin-1B-converting en-
zyme, both of which are essential components of cell death
pathways (24). However, a recent report demonstrated that
Bcl-2 fails to inhibit Fas/Apo-1-induced apoptosis, suggesting
the existence of distinct apoptosis signaling pathways which
display differential sensitivity to Bcl-2 (5). Moreover, Bcl-2 is
also reported to be a downstream death substrate of caspases,
which can be induced to cause cell death. It has been proposed
that a separate group of caspases may cleave Bcl-2 and abolish
its antiapoptotic function (4). Why Bcl-2 cannot protect cervi-
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FIG. 8. Bcl-2 cannot protect against p21-mediated apoptosis in cervical cancer cells. (A) Expression of Bcl-2 protein. Cellular proteins were extracted, then
separated by a SDS-PAGE, and subjected to immunoblot analysis with antibody recognizing Bcl-2 (Santa Cruz). Lanes 1 and 2 represent SiHa cells and SiHa/bcl2 cells
(which contain the bcl-2 gene). (B) Low-molecular-weight DNA was harvested from attached and detached SiHa/bcl2 cells which were infected with sense p21 (lane
2) or antisense p21 (lane 1) adenovirus and then analyzed by electrophoresis on a 1.4% agarose gel. (C) SiHa cells with or without Bcl-2 protein infected with sense
p21 or antisense p21 adenovirus for 2 days were stained with acridine orange and observed with a fluorescence microscope. Panels a and b represent SiHa cells infected
with sense p21 and antisense p21 adenovirus, respectively. Panels ¢ and d represent SiHa/bcl2 cells infected with sense p21 and antisense p21 adenovirus, respectively.

The apoptotic cells were observed in panels a and ¢ (arrowheads).

cal cancer cells from p21-induced apoptosis is unclear and
worthy of further investigation. However, Bcl-2 was expressed
from an integrated low-copy-number plasmid and p21 was
expressed from adenovirus at high MOI of 25 (Fig. 8). We
cannot rule out the possibility that the lack of protection by
Bcl-2 against p21-induced apoptosis is due to the low level of
Bcl-2 expression.

It has been shown in several reports that E2 of bovine
papillomavirus type 1, HPV-16, and HPV-18 can induce
growth arrest and apoptosis of cervical carcinoma cell lines (6,
7, 14). The apoptosis induced by E2 seems to be p53 depen-
dent, since E2 stimulates the expression of the p53 gene while
inducing apoptosis but fails to induce apoptosis in pS3-negative
cell lines (6). However, expression of the dominant negative
p53 mutant abolishing the transcriptional activity of p53 can
prevent only E2-induced growth arrest but not E2-induced
apoptosis (6), indicating that E2-induced apoptosis may also
involve a p53-independent pathway. On the other hand, p21
expression is induced by a p53-independent mechanism (10);
thus, p21 may play a role in E2-induced apoptosis. No matter
what the mechanism of E2-induced apoptosis turns out to be,
our finding that overexpression of p21 can induce apoptosis in
both p53-positive and p53-negative cells indicates that p21 is
superior to E2 when used for gene therapy of cervical cancer.

In this study, the p21 gene was delivered via a recombinant
adenovirus. Three adenovirus early genes (E1A, E3, and E4)
have been reported to have an apoptosis potential function
(18, 21, 27). Adenovirus E1A is known to induce apoptosis
through a p53-dependent pathway (21), and E3 has been

shown to induce cell lysis (27). In the recombinant adenovirus
that we used in this study, both E1A and E3 genes were deleted
(15). It has been reported that upon conditional induction,
adenovirus E4 can induce apoptosis in rodent cells regardless
of the p53 status and this apoptosis is significantly overcome by
coexpression with either Bcl-2 and Bcl-XL (18). However, in
this study, our results reveal that the failure of Bcl-2 to prevent
p21-induced apoptosis and the lack of apoptosis induction by
adenovirus delivering antisense p21 gene preclude the direct
effect of adenovirus E4. Whether the apoptosis that we ob-
served is the result of cooperation between p21 and E4 re-
mains to be determined.

To sum up, this is the first demonstration that p21 plays an
important role in the induction of apoptosis in human cervical
cancer cells. In addition, our report substantiates the combi-
nation of a high efficiency of adenovirus vector-mediated gene
delivery and the apoptotic effect of p21.
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