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Abstract

Since human paplllomavirus (HPV) infection Isstrongly associated with
cervical neoplasia and tumor hypoxia has prognostic significance in hu.
man cervical carcinomas, we examined the relationship between hypoxia
and apoptosis in human cervical epithelial cells expressing high-risk HPV
type 16 oncoproteins. In vitro, hypoxia stimulated both p53 induction and
apoptosis in primary cervical epithelial cells infected with the HPV E6 and
E7 genes but not in cervical fibroblasts infected with E6 and E7. Further

more, cell lines derived from HPV-associated human cervical squamous
cell carcinomas were substantially less sensitive to apoptosis induced by
hypoxia, Indicating that these cell lines have acquired additional genetic
alterations that reduced their apoptotic sensitivity. Although the process
oflong-term cell culturing resulted in selection for subpopulations of HPV
oncoprotein-expressing cervical epithelial cells with diminished apoptotic
potential, the exposure ofcells to hypoxia greatly accelerated the selection

process, These results provide evidence for the role of hypoxia-mediated
selection of cells with diminished apoptotic potential in the progression of
human tumors and can in part explain why cervical tumors that possess

low p02 values are more aggressive.

Introduction

Multiple epidemiological studies and a recent international study
have substantially confirmed the role of genital HPV3 as the central
etiological factor in human cervical cancer (1). High-risk HPV DNA
has been detected in greater than 90% of malignant cervical tumors,
and two of its genes, E6 and E7, have been shown to be necessary for
immortalization (2). E6 promotes ubiquitin-dependent degradation of
wt p53 (3), resulting in cells defective in the G1 checkpoint in
response to DNA damage. E7 disrupts the complex between Rb and
its family members and the E2F transcription factor family, which
controls the expression of genes involved in cell cycle progression (4).

Although it is widely accepted that HPV plays an important if not
essential role in the pathogenesis of cervical cancer, only a small
percentage of precursor lesions infected with HPV develop into in
vasive carcinomas (5). Therefore, additional factors subsequent to
HPV infection, both genetic and microenvironmental, play an impor
tant role in the initiation and progression of cervical neoplasia (6, 7).

In advanced cervical cancer, changes in the tumor microenviron
ment brought about by fluctuating oxygen levels have been found to
be an independent prognostic factor, regardless of treatment modality
(8). Lowersurvivalis foundin patientswithhypoxictumorscom
pared to those with well-oxygenated tumors treated with radiotherapy
or surgery, with or without chemotherapy. These studies, especially
those in which tumor oxygenation predicts a worse prognosis in
patients treated with surgery alone, suggest that tumor hypoxia is not
just making cells more refractory to killing by therapeutic modalities
that require oxygen to be effective, but that it is also selecting for more
aggressive tumor cells.

One insight into why low-oxygen conditions may affect the aggres
siveness of cervical carcinomas is that in vitro hypoxia initiates the
induction of apoptosis in oncogenically transformed cells and acts to
select for populations of oncogenically transformed rodent cells with
reduced apoptotic sensitivity (9). Transformed cells that possess mu
tations in their apoptotic program due to inactivation of the p53 tumor
suppressor gene or the overexpression of antiapoptotic genes such as
bcl-2 have a survival advantage in a low-oxygen environment. In
immunodeficient mice, transplanted tumors possessing a wt p5.3 gen
otype were found to have apoptotic areas that colocalized with hy
poxic areas, further suggesting that the tumor microenvironment may
play an important role in malignant progression (9).

Although these previous studies were highly informative in that
they demonstrated a role for oncogenic transformation and the p53
tumor suppressor gene in increasing the apoptotic sensitivity of rodent
cell lines to low-oxygen conditions, at that time we could only
speculate on the relevance of these genetically manipulated rodent
cells to human neoplasia. In this study, we have examined the role of
HPV E6 and E7 genes in sensitizing HCE cells to hypoxia and
ionizing radiation-induced apoptosis. We have found that, similar to
rodent cells, the expression of viral oncoproteins in HCE cells can
determine their sensitivity to hypoxia-induced apoptosis and that
hypoxia can select for variants that have lost their apoptotic potential.
These results further implicate a role for hypoxia-mediated selection
in human tumor progression.
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Cells and Cell Culture. Biopsies of the cervical squamo-columnar junc
tion were obtained from a patient with normal Pap smears undergoing hyster
ectomy for fibroids. From these biopsies, epithelial cells (HCE cells) and HCFs
were isolated and cultured using previously described techniques (10). Briefly,
tissue samples were digested with collagenase and centrifuged to collect
disaggregated cells. The cell pellet was plated on collagen-coated dishes with
PFMR (Pasadena Foundation for Medical Research) medium, a serum-free
medium specifically optimized for the growth ofepithelial cells. Cells from the
cervical biopsy were also plated on uncoated plates with serum-containing
media (DMEM supplemented with 15% FCS) to isolate fibroblasts. AG1522,
an untransformed diploid fibroblast cell line derived from human foreskin, was
obtained from the American Type Culture Collection (Rockville, MD) and
maintained in DMEM supplemented with 15% FCS. HCE cells immortalized
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with the intact HPV 16 genome, HCX16.2, were described previously (1 1) and
maintained in keratinocyte serum-free medium (Life Technologies, Inc., Grand
Island, NY). The cervical carcinoma cell lines SiHa and CaSki, squamous cell
carcinoma cell lines that contain both HPV-l6 and wt p53 (12), were also
obtained from the American Type Culture Collection and maintained in
DMEM supplemented with 10% FCS.

Gene Transfer by Recombinant Retroviruses. A retroviralvector har
boring both the HPV E6 and E7 genes from HPV type 16 was kindly supplied
by Dr. Denise A. Galloway (Fred Hutchinson Cancer Research Institute,
Seattle, WA; Ref. 13). For retroviral infection, 106colony-forming units of a
recombinant retrovirus containing HPV 16 E6 and E7 and expressing the
neomycin resistance gene were incubated for 8 h with subconfluent (1 X 106
cells) cultures of HCE, HCF, or AG1522 cells. After removal of media, the
cells were cultured in fresh medium for 24 h and selected in medium contain
ing 300â€”400 @g/ml0418 (Geneticin; Life Technologies, Inc.). Nine clones

were selected and tested for their sensitivity to hypoxia or ionizing radiation
within 3â€”5passages from initial isolation.

Detection of HPV 16 E6 and E7 Transcription by Reverse Transcrip
tion-PCR. Clones infectedor transfectedwithHPV 16E6 andE7 or the intact
HPV 16 genome were verified for expression of E6 and E7 transcripts using
previously described techniques (14). Briefly, total RNA was extracted using
TRIZOLreagent (Life Technologies, Inc.) accordingto the manufacturer's
protocol. Reverse transcription was performed in a final volume of 30 @l
containing 10 @.dof DNase-treated RNA, 50 misiTris-HC1 (pH 8.3), 3 mist
MgCl2, 75 m@ KC1,0.15 mM of each deoxynucleotide triphosphate, 10 mist
DTF, and 42 pmol of specific primers for E6 and E7. The samples were
incubated at 42Â°Cfor 1 h followed by heating at 95Â°Cfor 5 mm to inactivate
reverse transcription. The PCR reaction was performed in 100 @l,containing
a final concentration of 1.5 missMgCl2, 0.2 mist of each deoxynucleotide
triphosphate, 2.5 units of Taq polymerase (Life Technologies, Inc.), 10 @lof
cDNA reaction mixture, and 42 pmol of specific oligonucleotide primer sets
for E6 and E7. Initial DNA denaturation at 94Â°Cfor 2 mm was followed by 30
cycles of amplification consisting of denaturation at 94Â°C for 40 s, annealing

at 60Â°Cfor 40 s, and chain elongation at 72Â°Cfor 90 s. The PCR products were
incubated for an additional 10 mm at 72Â°Cand maintained at 4Â°C.The 322-bp
E6 and l42-bp E7 PCR productswere separatedand visualized by electro
phoresis on a 2.5% agarose gel containing ethidium bromide.

Hypoxia and Ionizing Radiation Treatments. To assess the effect of a
low-oxygen environment on cell viability, cells were incubated in an anaerobic
culture chamber (Bactron Anaerobe Chamber, Cornelius, OR) at 0.02% oxy
gen for 48 h. To determine the effect of ionizing radiation on cell viability,
cells were irradiated with 600â€”800cGy at a dose rate of 253 cGy/min using
a cesium irradiating unit followed by aerobic incubation at 37Â°Cfor 48 h.

Detection of Apoptosis. Apoptosis was quantified on a morphological
basis as described previously (9). Briefly, after treatment, cells were incubated

with 2 @.tg/mleach of bisbenzimide (Hoechst-33342; Sigma, St. Louis, MO)
and propidium iodide (Sigma) for 15mm. Viability ratios (number of apoptotic
cells:total number of cells) were determined by scoring low-magnification
photographs of randomly selected fields for cells with condensed and frag
mented nuclei and loss of membrane integrity. Cells that stained with prodium
iodide but did not have apoptotic nuclear features were rarely detected,
suggesting that the time course of hypoxic exposure used in these experiments
resulted in apoptotic cell death rather than necrotic cell death.

Detection of p53 and Bax by Western Blotting. HCE, HCE.E6E7, HCF,
HCF.E6E7, AG1522, AG1522.E6E7, CaSki, and SiHa cells were plated at a
density of 2 x 106cells/lOO-mmdish and harvested after aerobic culture or
anaerobic culture or postirradiation. Whole-cell extracts were prepared in
hypotonic buffer and sonicated. Equal amounts of protein from each sample
were resolved on a 16% (Bax) or 10% (p53) denaturing SDS-polyacrylamide
mini-gel (Bio-Rad, Hercules, CA) followed by transfer onto Hybond ECL
nitrocellulose membrane (Amersham, Arlington Heights, IL). Membranes
were incubated overnight at 4Â°Cin Tris-buffered saline (10 mMTris-Cl and
150 mM NaCI) containing 5% low-fat milk and then incubated for 1.5 h at
room temperature with a 1:500 dilution of mouse monoclonal anti-p53 anti
body (Santa Cruz Biotechnology, Santa Cruz, CA) or a 1:500dilution of rabbit
polyclonal Bax antibody (Santa Cruz Biotechnology) in TBST. Immunoblots
were washed in TBST and incubated for I h with a 1:2000 dilution of
horseradish peroxidase-conjugated antimouse or antirabbit IgG (Santa Cruz
Biotechnology) in TBST at room temperature. The immunoblots were washed

in TBST and developed with the ECL detection kit (Amersham) according to
the manufacturer's instructions. Bands representing the molecular weights of
p53 and Bax proteins were visualized after exposure of membranes to ECL
X-ray film. Each experiment was performed at least three times.

Results

High-risk HPV has been strongly implicated as the initiating factor
in cervical neoplasia pathogenesis. Furthermore, high-risk HPV E6
and E7 genes alone are sufficient to immortalize human keratinocytes
(2). Previous studies indicate that introduction of dominant acting
oncogenes that increase cellular proliferation sensitize rodent fibro
blasts to apoptosis when exposed to genotoxic stress or growth
inhibitory conditions (9, 15). To investigate the effect of hypoxia on
cells infected with high-risk HPV oncoproteins, primary normal HCE
cells were infected with a retroviral vector containing high-risk HPV
type 16 E6 and E7 (HCE.E6E7 cells; Ref. 13). Expression of E6 and
E7 transcripts in cervical epithelial cells was verified by reverse
transcription-PCR (data not shown). Infection of HCE cells with

retroviruses containing either E6 or E7 alone did not increase the life
span of HCE cells sufficiently to permit detailed analysis of stress
inducing agents on cell viability.

To determine the effect of HPV E6 and E7 genes on the apoptotic
sensitivity of HCE cells, we exposed HCE cells or HCE.E6E7 cells to
low-oxygen conditions or 600 cGy of ionizing radiation. After a 48-h
exposure to hypoxic conditions, HCE.E6E7 cells exhibited morpho
logical features indicative of apoptosis. Nine HCE.E6E7 clones were
characterized, and hypoxia-induced apoptosis ranged from 20â€”40%,
with an average of 28.9% (Fig. 1A). Although two clones exhibited a
small increase in their sensitivity to apoptosis after exposure to
ionizing radiation, it was always substantially lower than that found
for hypoxia. The average apoptosis level for irradiated cells was 9.0%,
with a range of 2â€”17%.Because all HPV E6- and E7-infected clones
exhibited increased sensitivity to hypoxia-induced apoptosis, we sug
gest that the increased apoptotic potential of these cells was not a
random event but rather was due to a genotypic change induced by E6
and E7 expression.

We also examined the ability of hypoxia and ionizing radiation to
induce p53 protein levels in uninfected and HPV E6- and E7-infected
HCE cells. In HCE cells, p53 protein levels increased in response to
ionizing radiation and hypoxia (Fig. 1B). These stress-induced in
creases in pS3, however, did not induce substantial apoptosis, but in
the case of ionizing radiation, they were involved in mediating cell

cycle arrest. In HCE.E6E7 cells, p53 protein levels increased in
response to hypoxia but not to ionizing radiation. Thus, in the case of
HCE.E6E7 cells, the ability of these stresses to induce apoptosis
correlates positively with their ability to induce p53 protein.

These results suggest that in epithelial cells infected with the HPV
E6 and E7 genes, agents that induce genotoxic stress such as ionizing
radiation were unable to induce apoptosis due to ubiquitin-mediated
degradation of p53 by E61E6-AP (16). However, in these same cells,
hypoxia induced apoptosis and was able to uncouple p53 from E6/
E6-AP-mediated ubiquitin degradation. This difference in the ability
of hypoxia and ionizing radiation to induce p53 in the presence of
HPV E6 was observed previously in the human cervical carcinoma
cell line HTB33 that is infected with HPV-l8 and in the RKO human
colorectal carcinoma cell line expressing the HPV-16 E6 gene (17).

We also investigated changes in bax protein expression under
low-oxygen conditions. In certain cell types, increases in bax expres
sion are associated with increased apoptotic potential and can be
induced by p53 (18). We found that bax was not induced by either
hypoxia or ionizing radiation in either HCE cells or HCE.E6E7 cells
(Fig. 1B), regardless of p53 accumulation or apoptotic sensitivity.

To investigate whether stromal cell types behaved in a similar
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Fig. I. Induction of apoptosis and p53 protein levels in E6- and E7-infected epithelial cells and fibroblasts by hypoxia and ionizing radiation. Apoptotic levels were determined on
a morphological basis by staining with bisbenzimide and propidium iodide, and immunoblot analysis was performed on whole-cell extracts after aerobic culture or anaerobic culture
or postirradiation. A, HCE.E6E7 average apoptosis levels were as follows: aerobic cells, 5.0%; hypoxic cells, 28.9%; and irradiated cells, 9.0%. B, immunoblot analysis of p53 and
bax proteins in cervical epithelial cells. C, HCF.E6E7 average apoptosis levels were as follows: aerobic cells, 3.3%; hypoxic cells, 4.0%; and irradiated cells, 3.8%. D, immunoblot
analysis of p53 protein in human fibroblasts.

manner in response to HPV E6 and E7 infection, we retrovirally
introduced E6 and E7 into HCFs derived from the same tissues used
to isolate epithelial cells. Exposure of uninfected fibroblasts to the
same doses of ionizing radiation or low-oxygen conditions induced no
substantial level of apoptosis (Fig. lC). Examination of seven HPV
infected fibroblast clones clearly indicated that E6 and E7 were unable
to sensitize cervical stromal cells to hypoxia- or radiation-induced
apoptosis (Fig. 1C). Average apoptosis levels were as follows: aerobic
cells, 3.3%; hypoxic cells, 4.0%; and irradiated cells, 3.8%. Similar
results were also found with AG1522.E6E7, a human foreskin-derived
fibroblast cell line infected with E6 and E7.

We hypothesized that the lack of apoptotic sensitivity of fibroblasts
to hypoxia-induced apoptosis could be attributed to the inability of
hypoxia to uncouple p53 from E61E6-AP-mediated ubiquitin degra
dation in these cellular environments. Immunoblot analysis of p53
levels in response to hypoxia or ionizing radiation suggest that this
hypothesis may be correct (Fig. lD). As with untransformed cervical
epithelial cells, both ionizing radiation and hypoxia increased p53
protein levels in HCFs and AG1522 fibroblasts. However, in contrast
to HPV E6- and E7-infected cervical epithelial cells in which hypoxia
induced both apoptosis and p53 accumulation, in cervical and fore
skin-derived fibroblasts infected with E6 and E7, hypoxia was not
able to induce apoptosis or increase p53 levels. These results suggest
a fundamentally different response of cervical fibroblasts to HPV E6

and E7 compared to that of cervical epithelial cells. One difference
seems to be the ability to dissociate p53 from HPV E6-mediated
degradation under hypoxic conditions.

The studies presented thus far have been performed on HPV E6-
and E7- infected HCE and fibroblast-derived cells. We also examined
the sensitivity of human cervical carcinoma cell lines infected with the
entire HPV type 16 genome containing E6 and E7 as well as other
HPV genes and that have accumulated additional genetic alterations
beyond HPV infection. Morphological analysis of CaSki or SiHa cells
indicated that neither cell line is sensitive to radiation or hypoxia
induced apoptosis (Fig. 2A). Similar to the results described above for
HPV E6- and E7-infected epithelial cells, CaSki and SiHa cells
exhibited increased levels of p53 in response to hypoxia but not to
ionizing radiation (Fig. 2B). Although the lack of apoptosis in CaSki
cells can be attributed to increased expression of the antiapoptotic
gene bcl-2 (19), it is unknown what genetic alterations independent of
p53 are responsible for the diminished apoptotic sensitivity of SiHa
cells. In both cell types, the loss of apoptotic sensitivity to hypoxia has
resulted through a p53-independent mechanism.

Because we were unable to determine whether SiHa and CaSki
cells lost their apoptotic sensitivity to hypoxia during tumor growth or
during the process of cell culture (20), we evaluated early- and
late-passage HCE cells transfected with the intact HPV-16 genome,
HCX16.2. The difference in culturing time between early-passage and
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late-passage cells was approximately I year. Both early-passage (ap
proximately passage 30) and late-passage (approximately passage 80)
HCX16.2 cells exhibited sensitivity to hypoxia-induced apoptosis.
Late-passage cells possessed a diminished apoptotic response when
compared to early passage cells, 15.4 versus 34%, respectively (Fig.
3A). This result suggests that long-term propagation of HPV-infected
cervical epithelial cells can result in selection of cells with a dimin
ished apoptotic program. However, although long-term cell culture
can select for cervical epithelial cells with reduced sensitivity to
hypoxia-induced cell killing, we hypothesized that hypoxia could
directly act as a selection factor for the expansion of populations of
HPV-infected cervical epithelial cells with diminished apoptotic pro
grams. To test this hypothesis, HCE.E6E7 cells were subjected to

multiple rounds of hypoxia (48â€”72h of exposure to low-oxygen
conditions) followed by aerobic recovery (3â€”5days) and subculturing.
Progressive resistance to hypoxia was observed with each round, and

after four rounds of this treatment over a time period of approximately
1 month, increased resistance to hypoxia-induced apoptosis was
achieved, even though these cells posses HPV E6 and E7 and wt p53
(Fig. 3B). These experiments suggest that although extensive cultur
ing results in selection for subpopulations of HPV-infected cells with
diminished apoptotic potential, hypoxia could greatly accelerate the
selection process.

Discussion

A low-oxygen microenvironment is able to induce apoptosis in
HCE cells infectedwith viral oncogenesthat are clearly associated
with the initiation of a neoplastic process. In vitro, low-oxygen
conditions can select for populations of HPV E6- and E7-infected
cervical epithelial cells that have lost their sensitivity to hypoxia
induced apoptosis, a situation that may be reflected in the malignant
progression of cervical carcinomas. The hypoxia selection hypothesis
is consistent with the lack of apoptotic sensitivity of cervical carci

noma cell lines to low-oxygen conditions. Although loss of apoptotic
sensitivity can occur by long-term cell culturing as well as by expo
sure to hypoxia, hypoxia can greatly accelerate the process. At pres
ent, it is unclear what causes the loss of apoptotic sensitivity during
cell culture. Furthermore, these data may help to explain previous
clinical studies that show the importance of tumor oxygenation in
identifying more aggressive cervical cancers (8).

Interestingly, the secondary alterations in the cellular apoptotic
programs that make HPV-infected cervical epithelial cells refractory
to hypoxia-induced apoptosis are independent or downstream of p53,

because cell lines derived from cervical carcinomas continued to
exhibit induction of p53 after anaerobic culture. Several groups have
shown that p53 is rarely mutated in situ in HPV-associated cervical
carcinomas (12, 21), indicating that overexpression of anti-apoptotic
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Fig. 3. A, comparison of the apoptotic sensitivity of early- and late-passage cervical
epithelial cells transfected with the intact HPV-16 genome. Late-passage cells are lets
sensitive to hypoxia-induced apoptosis. B, effect of multiple rounds of hypoxia (3 days)
and reoxygenation (3â€”5days) on the apoptotic sensitivity of cervical epithelial cells
infected with E6 and El. HCE.E6E7 cells developed progressive resistance to hypoxia
with each round.
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genes such as bcl-2 or bcl-2 family members may play a more
important role in the development of reduced apoptotic sensitivity
than mutation of wt p53. In fact, studies indicate that bcl-2 protein
levels are increased in both cervical intraepithelial neoplasia (22) and
in cervical carcinoma cell lines (19).

So what are the signals during the malignant progression of
cervical cancer that would select for cells possessing increased
expression of anti-apoptotic genes such as bcl-2 or other survival
factors? Changes in the oxygen tension in the cellular microenvi
ronment are sufficient to induce apoptosis in HPV E6- and E7-
expressing cervical epithelial cells, and it is likely that these cells
would be exposed to changes in fluctuating oxygen tension early in
the neoplastic process. However, other factors in addition to HPV
E6 and E7 may be needed to establish an in vivo situation in which
hypoxia induces apoptosis during the progression of cervical car
cinoma. Factors such as increased expression of inflammatory
cytokines (23) or increased hormonal expression (24) could be
necessary to establish a situation that would enhance the induction
of apoptosis under low-oxygen conditions. Thus, it is highly likely
that multiple regulatory factors exist in modulating the apoptotic
response of cervical carcinomas to low-oxygen conditions.

Elevated p53 protein levels seem necessary for hypoxia-induced
apoptosis in HPV E6- and E7-infected cells exposed to hypoxia. The
genotoxic stress of ionizing radiation that only weakly induced apop
tosis in E6- and E7-infected cells was not able to stimulate a substan

tial increase in p53 expression, a result well documented in many
other laboratories (25). Thus, in the setting of HPV infection, a unique
situation exists in which E6-mediated degradation of p53 is differen
tially controlled by apoptotic stimuli, with hypoxia uncoupling p53
from E61E6-AP-mediated degradation resulting in the death of apop
totically sensitive cells, and ionizing radiation unable to uncouple p53
from ubiquitin-mediated degradation. In addition, p53 and apoptosis
were not induced by hypoxia in human fibroblasts infected with E6
and E7, demonstrating a distinct difference in the response of epithe
hal and stromal cells to hypoxia that is consistent with the epithelial
origin of cervical squamous cell carcinoma.

In conclusion, we propose a model for the evolution of aggressive
cervical carcinomas in which hypoxia provides a physiological selec
tive pressure in cervical tumors for the expansion of HPV-infected
epithelial variants that have lost their apoptotic potential. Thus, cer
vical carcinoma cells lacking an intact apoptotic program may have a
survival advantage over cells with an intact apoptotic program when
exposed either to an endogenous stress such as a low-oxygen envi
ronment or to exogenous stress-inducing stimuli such as ionizing
radiation. This survival advantage of cervical cancer cells to adverse
conditions may be a very important determinant in promoting tumor
progression through the increased expression of pro-angiogenic
growth factors or by increasing the metastatic potential of malignant
cells. Therefore, changes in the microenvironment may not only cause
transient phenotypic changes that result in resistance to anticancer
modalities such as radiotherapy, but they may also result in changes
in the genotypic response of cervical cancer cells that increase the
malignant progression of the disease.
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