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Cigarette smoke condensate-induced oxidative DNA damage
and its removal in human cervical cancer cells
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Abstract. Exposure to cigarette smoke is well documented
to increase oxidative stress and could account for higher risk
of cervical cancer in smokers. Cervical pre-cancerous lesions
that are initiated by human papillomavirus (HPV) infection
generally regress in the absence of known risk factors such as
smoking. 8-oxodeoxyguanosine (8-oxodG) is a highly muta-
genic oxidative DNA lesion that is formed by the oxidation
of deoxyguanosine. In the present study, we examined: a)
the effect of cigarette smoke condensate (CSC) on 8-oxodG
formation in and its removal from HPV-transfected (ECT1/E6
E7), HPV-positive (CaSki) and HPV-negative (C33A) human
cervical cancer cells, and b) the cell cycle progression and apop-
tosis in CSC-treated ECT1/E6 E7 cells. CSC induced 8-oxodG
in a dose- (p=0.03) and time (p=0.002)-dependent fashion
in ECT1/E6 E7 cells as determined by flow cytometry. A
2.4-fold higher level of 8-0xodG was observed in HPV-positive
compared with HPV-negative cells. However, 8-oxodG lesions
were almost completely removed 72 h post-exposure in all cell
lines as determined by ImageStream analysis. This observa-
tion correlates with the 2- and 5-fold increase in the p53 levels
in ECT1/E6 E7 and CaSki cells with no significant change in
C33A cells. We conclude that: a) cigarette smoke constituents
induce oxidative stress with higher burden in HPV-positive
cervical cancer cells and b) the significant increase observed in
p53 levels in wild-type cervical cells (ECT1/E6 E7 and CaSki)
may be attributed to the p53-dependent DNA repair pathway
while a p53-independent pathway in C33A cells cannot be
ruled out.
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Introduction

A role of cigarette smoking as a causative factor in the
development of cervical cancer was proposed by Winkelstein
(1). Considering the fact that the cause of cervical cancer is
multifactorial and HPV infection alone is not sufficient but
necessary in its etiology, the interaction of HPV and cigarette
smoke has been proposed (2-4). The effects of cigarette smoke
as a heterogeneous component on the extent of oxidative
DNA damage in cells are 2-fold. First, the tar and gas-phase
of smoke are rich sources of free radicals, such as the quinone-
hydroquinone-semiquinone system and nitric oxide (5), which
can induce different oxidative DNA lesions, such as 8-oxo-
7,8-dihydro-2'-deoxyguanosine (8-oxodG) (6). Second, the
involvement of cigarette smoke free radicals in carcinogenesis
has been well documented and reviewed elsewhere (7-9).
The levels of oxidative base lesions were reported higher in
smokers as compared to non-smokers (10-12).

Insight into the mechanisms by which DNA of high-risk
HPV transforms cervical cells arose from the realization that
the virus oncoproteins interact with specific cell regulatory
proteins. The E6 oncoprotein causes degradation of the cellular
protein p53 by the ubiquitin-proteasome pathway; the E7 onco-
protein interacts with the retinoblastoma protein and inactivates
it (13). The tumor suppressor p53 primarily functions as a trans-
cription factor, but several responses can be generated by p53,
including cell cycle arrest or apoptosis (14). The status of p53
in cervical cancer has previously been investigated. It appears
that the inactivation of the normal function of p53 is a critical
step in human cervical carcinogenesis, which can be either
caused by mutation, as in HPV-negative cells (15), or from
complex formation with E6 oncoproteins in case of HPV-positive
cervical cancer cells (16).

HPV-positive cervical cancer cells have been shown to
possess residual pS3 activity indicating that p53 is not comple-
tely inactivated by binding to E6 oncoprotein (17-19). These
findings might indicate the possibility of p53 involvement in
HPV-positive cell response in removing the oxidative DNA
damage. There is evidence that p53 has a more positive role
in facilitating the repair of oxidative lesion by its involvement
in base excision repair (BER), a DNA repair pathway (20).
However, the existence of p53-independent repair pathway
should also be considered since cells devoid of HPV sequence
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did not show a p53-mediated response to oxidative DNA
damage (21).

This work was designed to investigate: a) the effect of CSC
on 8-0xodG formation in and its removal from HPV-transfected
(ECT1/E6 E7), HPV-positive (CaSki) and HPV-negative (C33A)
human cervical cancer cells, and b) the cell cycle progression
and apoptosis in the CSC-treated ECT1/E6 E7 cells. The trans-
fected cell line was chosen as a standardized in vitro model
(22) to further understand the interplay of cigarette smoke-free
radicals and cervical carcinogenesis.

Materials and methods

Cell lines and cell culture. HPV-16 transformed human ecto-
cervical cells, ECT1/E6 E7, were a generous donation by Dr
Raina Fichorova, Brigham and Women's Hospital, Harvard
Medical School. HPV-16 positive human cervical cells, CaSki,
and HPV-negative human cervical cells, C33A, were purchased
from ATCC (Manassas, VA). ECTI/E6 E7 cells were
cultured as monolayer in K-SFM supplemented with 0.3%
BPE, 0.1 ng/ ml EGF, 04 mM CaCl,, 1% penicillin and
streptomycin at 37°C and 5% CO,. CaSki and C33A cells
were routinely cultured in RPMI-1640 media supplemented
with 5% fetal bovine serum (FBS) in a humidified atmosphere
of 5% CO, at 37°C. All the cell lines were seeded at a density of
approximately 6,000 cells/cm? in 25 cm? cell culture flasks. All
the cell lines were authenticated by DNA (STR) profiling at the
Core Fragment Analysis Facility at Johns Hopkins University on
March 15, 2010.

Preparation of CSC. University of Kentucky research ciga-
rettes (2R4F) were smoked in a Borgwardt 30-port smoking
machine under standard FTC protocol (23). The particulates
were collected on Cambridge filters and were dissolved in
DMSO to obtain a 4% solution. The stock CSC solutions were
stored in small aliquots at -80°C. A fresh vial was used for each
experiment.

8-0x0dG formation. CSC treatment of the cells was carried out
as described elsewhere (24). Briefly, after cells reached 60-70%
confluence, they were treated with either 0.2% v/v DMSO or
with 4, 8 and 12 pug/ml CSC in DMSO for up to 72 h in order
to induce the maximum oxidative DNA damage and then
harvested by Trypsin/EDTA solution. The cells were kept on
ice at all times to minimize DNA repair. 8-oxodG formation
was measured by flow cytometry.

DNA repair. The cells were treated with 4, 8 or 12 yg/ml CSC
for 72 h. Residual CSC was removed by washing the cells three
times with 5 ml medium, followed by incubation of the cells
with the fresh medium for an additional 24,48, or 72 h at 37°C to
allow repair of oxidative DNA damage to occur. Subsequently,
8-0x0dG levels were measured by flow cytometry.

Flow cytometry and ImageStream analysis of 8-oxodG and p53
expressions. Primary polyclonal goat anti-8-OHdG antibody
was purchased from Chemicon International; and primary poly-
clonal goat anti-p53 antibody was purchased from Santa Cruz
Biotechnology. Briefly, all cell lines were harvested and fixed
in 70% ethanol and stored at -20°C for later processing. Upon
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thawing, cells were washed one time in phosphate-buffered
saline (PBS) followed by another wash with FACS buffer (1%
BSA in PBS). Next, cells were permeabilized with 0.1% Triton
X-100 for 20 min on ice at room temperature (RT), followed
by washing with PBS. For 8-0xodG staining, primary antibody
(1-3 mg/ml) was incubated with Zenon Fab-Alexa Fluor 488
goat IgG labeling reagent (5 ul) (Invitrogen, Carlsbad, CA),
and cells were stained for 30 min at room temperature in dark.
Alternatively, to stain for p53, fixed, washed and permeabilized
cells were stained with 1 ug p53 primary antibody labeled with
5 ul of the Zenon Fab-Alexa Fluor 488 goat IgG labeling reagent
for 30 min at room temperature in dark. Cells were washed with
FACS buffer. For nuclear staining, 109 cells were incubated with
0.25 pg of 7-amino-actinomycin D (7JAAD; BD-PharMingen)
resuspended in FACS buffer and analyzed within 30 min.
Around 5x10* cells were analyzed by flow cytometry using a
FACSCalibur flow cytometry and CellQuest™ software (Becton-
Dickinson, San Jose, CA, USA) to assess cell cycle, apoptosis
and p53 expression. Expression of p53 was defined in terms of
total fluorescent intensity, which was calculated by multiplying
number of cell events by mean intensity. Correspondingly, 10*
stained cells were analyzed using an ImageStream System and
IDEAS 3.0 software (Amnis) to assess 8-oxodG expression.
8-0xodG total fluorescent intensity was calculated by multi-
plying the cell events by mean fluorescent intensity.

Cell cycle analysis. Cell cycle phase distribution of ECT1/E6
E7 cells was analyzed by flow cytometry (BD Biosciences, San
Jose, CA). CSC-treated cells and appropriate controls (2x10°)
were collected after 24 h, washed twice with PBS and fixed
with ice-cold 70% ethanol at 4°C for 30 min to 1 h. The cells
were then treated with 10 xg/ml propidium iodide (PI, Sigma-
Aldrich, St. Louis, MO), 2.5 pg/ml RNase A (Sigma-Aldrich)
and 0.1% Triton X-100 in dark at 37°C for 30 min. Data were
collected, stored and analyzed using FlowJo software (Becton-
Dickinson).

Apoptosis detection. Apoptosis in ECTI/E6 E7 cells was
detected using an Alexa Fluor® 488 Annexin V/propidium
iodide kit (Invitrogen), according to the manufacturer's
instructions. Briefly, 1x10° cells were treated with vehicle or 4,
8, 12 ug/ml CSC for 24 h. After harvesting, cells were washed
with cold PBS, and then stained with 5 yl Annexin V-FITC
and 0.1 pg/ml propodium iodide (PI) for each 100 ul of cell
suspension and incubated at room temperature for 15 min.
The apoptotic cells were determined using FACSCalibur flow
cytometry (Becton-Dickinson). Data analysis was performed
using FlowJo software. It is important to note that a quadrant
quantification method could not be used in apoptotic cell deter-
mination, since CSC treatment affected the cell distribution
using that method. Therefore, both early apoptotic (Annexin
V-positive and Pl-negative) and late apoptotic (Annexin
V-positive and PI-positive) cells were considered in the cell
death determination.

Statistical analysis. The total fluorescent intensity levels are
expressed as the mean + SD (standard deviation) and analyzed
for statistical significance (p<0.05) using Student's t-test.
Statistical analysis of dose response was calculated using
One-way analysis of variance (ANOVA).
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Figure 1. CSC-induced 8-0xodG lesion in ECT1/E6 E7. Cells treated with
vehicle for 24 (a) and 72 h (c) and CSC (12 pg/ml) for 24 h (b) and 72 h (d) were
stained with Alexa Flour 488-conjugated anti-8-OHdG and quantified by flow
cytometry. (e and f) represent dose- and time-response to CSC-induced oxida-
tive DNA damage as measured by 8-0xodG total fluorescent intensity.

a. HPV-transfected cells
Bright 8-oxodG 7AAD Merged

b. CaSki Cells
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Results

8-ox0dG formation in HPV-transfected cervical cells. A signi-
ficant increase (3-fold; p=0.004) in 8-oxodG level was detected
following treatment of cells with 12 pug/ml CSC for 24 h
compared with vehicle treatment (Fig. 1a and b); the 8-oxodG
levels were further increased (3-fold; p=0.01) after 72 h (Fig. Ic
and d). Formation of 8-0xodG lesion was both dose- (p=0.01)
and time (p=0.002)-dependent (Fig. le and f).

8-0x0dG removal in cervical cells. To examine the ability of
cervical cells to remove CSC-induced oxidative DNA damage,
we investigated the residual 8-oxodG total fluorescent inten-
sity for different periods of recovery time. The highest level of
oxidative DNA damage measured as total fluorescent intensity
x10° was found to be in ECT1/E6 E7 cells (104x£19), followed
by CaSki (2.7+0.71) and C33A (0.66+0.083) cells.

ECT1/E6 E7 and C33A cells showed a 3-fold (p=0.007)
and 2-fold (p=0.02) increase in 8-0xodG level in the first 24 h,
respectively [Fig. 2a and ¢ (iv)]. In contrast, a 3-fold (p=0.07)
decrease in oxidative damage was observed in CaSki cells
in the first 24 h [Fig. 2b (iv)]. However, 8-0xodG lesion was
essentially removed from all the cell lines by 72 h (Fig. 2).

P53 assessment in cervical cells. The different cervical cells
treated with vehicle or CSC during the repair phase of 8-oxodG
were also analyzed for p53 levels in order to elucidate its
involvement in cell cycle phase distribution, apoptosis
induction, and removal of oxidative DNA lesion. As quantified
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Figure 2. Removal of CSC-induced oxidative DNA damage in ECT1/E6 E7 (a), CaSki (b), and C33A (c) cells: cells treated with vehicle (i) and CSC (12 ug/ ml)
(ii) for 72 h, and 72 h post-CSC exposure (iii) were stained with Alexa Flour 488-conjugated anti-8-OHdG, and the images were acquired by multispectral
imaging flow cytometry. (iv) denotes kinetics of removal of CSC-induced oxidative DNA damage: rhombus (0 yg/ml), square (4 pg/ml), triangle (8 pg/ml), and

circle (12 ug/ml) CSC.
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Figure 3. Assessment of p53 expression in different human cervical cells. ECT1/
E6 E7 (a), CaSki (b), and C33A (c) cells were treated with CSC (12 pg/ ml) for
72 h to induce the 8-0x0dG lesion. Then, cells were freed of the residual CSC
and further incubated for 72 h for repair of oxidative DNA damage to occur,
stained with Alexa Flour 488-conjugated anti-p53 antibody and quantified by
flow cytometry.
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by flow cytometry, p53 total fluorescent intensity was increased
by 2- and 5-fold in ECTI/E6 E7 (Fig. 3a) and CaSki cells
(Fig. 3b), respectively, but it was diminished by 1.7-fold in C33A
cells (Fig. 3c).

Cell cycle phase distribution in HPV-transfected cervical cells.
p53 is non-functional in cervical cells harboring HPV infec-
tions due to the co-expression of the E6 oncoprotein. Therefore,
a CSC-induced cell cycle arrest is not expected in these cells.
To test this, we investigated the cell cycle changes in immor-
talized cervical cells after CSC exposure for 24 h. Nearly one
half (46.6%) of vehicle-treated cells were at G,-phase, 24.9%
in S-phase and 28.3% in G,-phase. After treatment with CSC
(12 pug/ml), the G;-phase cells increased to 60.3% while the
proportion of S-phase decreased to 17.4%. However, there was
no significant change in percentage of cells in G,-phase post-
CSC exposure (Fig. 4). These data suggest that CSC treatment
resulted in G,/G,-phase arrest.

Apoptosis induction in HPV-transfected cervical cells. We
examined the percentage of cells going through apoptosis as a
possible mechanism by which CSC affects cells. CSC treatment
induced apoptosis, as evidenced by a dose-dependent increase
in the percentage of apoptotic cells at 24-h treatment in ECT1/
E6 E7 cells: 9.7% of vehicle-treated cells were apoptotic which
increased to 11.5%, 16.6%, and 26.6% after treatment with 4, &,
12 ug/ml CSC treatment, respectively. Fig. 5 depicts the effect
at the highest concentration tested.
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Figure 4. Effects of CSC on cell cycle distribution in HPV-transfected cervical cells. Flow cytometry analysis using propidium iodide staining to determine
cell cycle phase distribution following vehicle (a), and CSC (12 ug/ml) (b) treatment for 24 h.
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Figure 5. CSC-induced apoptosis in HPV-transfected cells. Apoptosis was induced with O (a) and 12 yg/ml CSC (b) for 24 h and cells were stained with

Annexin V-FITC and quantified by flow cytometry.
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Discussion

We previously showed that CSC can induce both dose- and
time-dependent single- and double-strand breaks in cervical
cells (24). In the present study, we show that CSC induces
8-0x0dG lesion in a dose- and time-dependent fashion in
the HPV-transfected cervical cell line, ECT1/E6 E7. It is well
documented that cigarette smoke or its components induce
oxidative DNA damage (25), which is believed to be highly
mutagenic and carcinogenic (26). In the present study, the
highest levels of oxidative DNA damage was observed by treat-
ment of cervical cells with 12 ug/ml CSC for 72 h. This
highlights the inherent vulnerability of cervical cancer cells to
CSC-induced oxidative stress; a dose- and time-related increase
in 8-0xodG lesion in cervical cells emphasizes the important
role of the CSC-induced oxidative DNA damage in cervical
carcinogenesis. Our finding supports epidemiological and
experimental data suggesting that cigarette smoke induces
oxidative stress.

Furthermore, our data showed that there is a difference in
the extent of DNA damage between HPV-transfected and posi-
tive cell lines. We observed that ECT1/E6 E7 cells showed a
much higher level of CSC-induced oxidative damage compared
to CaSki cells. One possible explanation is that the immortal-
ized cells may be more prone to oxidative injury. This is in
agreement with the study of Wilmer and coworkers who
showed that cystinotic cell lines immortalized with HPV E6/E7
appear to show increased oxidative stress and altered redox
status compared to control cells (27). C33A cells showed the
lowest level of 8-oxodG in response to CSC compared with
ECT1/E6 E7 and CaSki cells. This observation might be due to
the lack of synergistic impact of HPV on CSC-induced oxida-
tive DNA damage in C33A cells, which are devoid of HPV
sequences. This contrasts with the studies of Wei er al that
showed the DNA damage and mutation were decreased in cells
harboring high-risk HPV infection in response to nitric oxide, a
source of oxidative damage resulting from cigarette smoking
(28). Nonetheless, we speculate that carcinogenic HPV induces
a higher burden of oxidative DNA damage in cervical cells,
which may directly point to the critical role of HPV in CSC-
induced oxidative injury.

Oxidative DNA damage has been shown to trigger activa-
tion of several cellular processes, such as apoptosis and cell
cycle checkpoint, in order to maintain cellular homeostasis (29).
The current study demonstrates that in addition to increasing
8-0x0dG lesion levels in cervical cells, CSC can induce a dose-
dependent increase in apoptosis in ECT1/E6 E7 cells with
an arrest at G,/G,-phase of cell cycle. However, CSC-induced
apoptosis occurred in small percentages of cells. The remaining
surviving cells may undergo proliferation, which, in turn,
compromises the genomic integrity of the cells by increasing
the possibilities of accumulation of DNA mutations. Similar
observation was reported by Liu et al on the effect of cigarette
smoke extract on human bronchial epithelial cells (30). The fact
that almost 50% of cells resist the cell cycle arrest as shown
in this study may also play a role in genomic instability; these
cells have altered function, which may eventually contribute
to cervical pathogenesis. These results also suggest that DNA
repair processes can be initiated in response to DNA damage
by cigarette smoke since many cells undergo oxidative DNA
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damage, apoptotic activation pathway and cell cycle checkpoint
but survive; these cells may harbor genomic instability.

Intriguingly, 8-0xodG removal was most efficient (93%) in
HPV-positive CaSki cells compared to HPV-negative C33A,
which did not reveal any significant removal of the oxidative
DNA damage up to 48 h. Different scenarios could be consid-
ered to explain the differences in the responses of HPV-positive
and negative cell lines to CSC-induced oxidative DNA damage
in the present study. One possibility may be due to the residual
activity of p53 that has been reported in cervical cancer cells
(18,19); CaSki cells have the highest basal p53 activity (17).
Our data support these findings that basal p53 activity exists in
CaSki cells, and to some extent in ECT1/E6 E7 cells, despite
the co-expression of the viral E6 oncogene. However, C33A,
containing mutant pS3 genes lacked the p53-mediated response
to DNA damage (18). In concordance with the notion that the
p53 protein is functional in HPV-infected cells, we observed
that oxidative DNA damage was removed most efficiently in
the following order: CaSki > ECTI1/E6 E7 > C33A. These
findings suggest that the presence of residual p53 activity in
HPV-infected cells may have a role in removal of oxidative
DNA damage.

Our data clearly showed that expression of p53 differed
between HPV-positive and negative cervical cells in
response to CSC-induced DNA damage. The data revealed
that p53 expression was not altered in C33A. In contrast, in
HPV-positive cells, p53 expression was higher during the
removal phase of the oxidative DNA damage. These findings
are congruent with the results of several studies indicating
the existence of residual wild-type p53 activity in cervical
carcinoma cells (18,19). The authors showed HPV-positive
cancer cells contained enough p53 to elucidate the activity
of a downstream p53 upon exposure to genotoxic stress. On
the other hand, Kessis et al (31) showed that DNA damage
could not stimulate p53-dependent activities in HPV-16
E6-expressing cells. This finding was due primarily to an
augmented E6 response generated by constitutive promoters.
The observation that the HPV-negative cells could achieve
the same level of DNA repair after 72 h post-exposure
along with their unaltered p53 expression may thus provide
possible evidence for the existence of the p53-independent
repair pathway (21). This is due to the inactivation of p53
by the mutation of the gene in these cells (32,33). The
precise mechanistic pathway responsible for the delayed
repair in C33A and HPV-transfected cells as compared to
HPV-positive cells requires further investigation.

The notion that p53 plays a role in BER is supported by
the observation that the cell extracts expressing wild-type
p53 exhibit an enhanced BER response, which was later
abolished upon p53 depletion (20). Further, a study by Zhou
et al has suggested that p53 is directly involved in BER,
which might be due to its dual functions: as a responder of
DNA damage and also as an active participant in repairing
the induced damage (34). These studies directly support our
findings that p53 may have played an integral role in removal
of the CSC-induced oxidative damage in the cells expressing
wild-type p53 despite the co-expression of the E6 onco-
gene.

It is of interest to note that oxidative DNA damage was
sharply increased in the first 24 h after withdrawal of CSC in
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HPV-transfected and negative cells. A similar observation of
a transient increase of oxidative DNA damage following
cessation of smoke exposure in the lung of A/J mice has been
made (35). This finding could be explained by the hetero-
geneous nature of CSC, including carcinogens, promoters,
tumor inhibitors, and DNA repair inhibitors (36,37). Thus,
the transient increase in oxidative DNA damage detected
in our studies could possibly be due to the effect of DNA
repair inhibitors in conjunction with free radical-producing
quinones/semiquiniones in CSC.

To conclude, we have demonstrated that CSC-induced
oxidative DNA damage is more pronounced in HPV-infected
cells. We also have shown that 8-0xodG was removed almost
completely 72 h post-exposure in all the cervical cell lines
tested, regardless of HPV status. The similarity of responses
to CSC-induced oxidative DNA damage between cell lines
expressing mutant pS3 or the E6 oncoprotein suggests that
interaction of E6 and p53 may be functionally comparable
to p53 mutations. These observations lead us to presume
the possibility of both p53-dependent and independent
DNA repair pathways in our experimental setting. Though
CSC-induced oxidative DNA damage was eventually
removed in all the cells, the possibility of error-prone DNA
repair, however, cannot be ruled out. Chakravarti et al have
shown that DBJ[a,/]P-induced DNA depurinating lesions are
subject to error-prone excision repair in pre-S-phase cells,
which generates heteroduplex mutations in the H-ras gene
(38). The error-prone DNA repair may render cells suscep-
tible to the accumulation of genetic mutations associated
with carcinogenesis and tumor progression.
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