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High-risk human papillomaviruses (HPV) are the causative agents of cervical cancer. However, not all
infected women develop cervical cancer. Cervical tumorigenesis is characterized by a multifactorial
etiology, with oxidative stress (OS) likely playing a major role. In addition to exogenous sources,
metabolic processes also contribute to OS. In principle, variability in levels of cervical OS has the
potential to influence the likelihood of conversion to cervical cancer. To ask whether such variability
indeed existed, we assessed the levels of ROS and the oxidative DNA damage biomarker 8-oxodG

in normal non-cancerous cervical tissues and cells obtained from women with uterovaginal pelvic
organ prolapse following vaginal hysterectomy. We demonstrated five and ten-fold variability
between tissues isolated from the transformation zone (TZ) and ectocervix (EC) of different women,
respectively. Despite the greater variability (likely due to differences in tissue composition), the overall
pattern of ROS levels in EC tissues mirrored those obtained in their corresponding TZ tissues. Our
results also show that the levels of ROS in TZ tissues were always higher than or equal to those found
in the respective EC tissues, providing a possible explanation for TZ tissue being the primary target for
HPV infection and cervical carcinogenesis. Interestingly, primary keratinocytes isolated and cultured
from these cervical specimens also displayed high variability in ROS levels, with some strongly
mirroring the levels of ROS observed in their corresponding tissues, while others were less closely
associated. Finally, we demonstrated that the levels of DNA damage mirrored the levels of ROS in the
cultured primary cells. Understanding the factors and mechanisms that dispose certain individuals

to develop cervical cancer has the potential to enable the development of approaches that make the
conversion of HPV infection to cancer development even more rare.

Cervical cancer is the fourth most common cancer as well as the fourth leading cause of cancer-related death in
women worldwide. Each year, it strikes nearly half a million women worldwide and claims a quarter of a million
lives'?. High risk human papillomavirus (HPV) infection is well-established as the causative agent of cervical
cancer™*. At least 85% of premalignant and 90% of malignant squamous lesions in the uterine cervix test posi-
tive for HPV DNA”. Infections with human papillomaviruses are extremely common; approximately 80 million
Americans are currently infected, with another 14 million new infections occurring each year. In more than 90%
of these cases, the infection is cleared by the immune system within two years, especially in younger women and
adolescents®™®. However, a relatively small subset of infections persists, and of these, some progress to malignancy.
In particular, approximately 0.3-0.5% of pap smear specimens are typically diagnosed as indicating carcinoma
in situ’. This tells us that not all infected women develop cervical cancer, and that, in fact, the vast majority will
not. Understanding the factors and mechanisms through which some, though not most, individuals develop
cervical cancer has the potential to enable the development of approaches that make the conversion of HPV
infection to cancer development even more rare.

Because HPV infection alone is not sufficient to induce cervical cancer, cervical tumorigenesis is clearly char-
acterized by a multifactorial etiology'’, with oxidative stress (OS) likely playing a major role in the process!'2.
A number of clinical conditions have implicated OS as a contributory factor, including chronic inflamma-
tion, diabetes, atherosclerosis, ischemia-reperfusion injury, and of particular interest, malignancies of different
origins"*~'°. In the case of cervical cancer, known risk factors in addition to HPV infection include smoking'®,
tar-exposure'’, co-infection with other viruses such as herpes simplex virus-2'7, co-infection with other STD,
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lifestyle, and diet'®. Each of these factors can induce OS by one mechanism or another. For example, smoking
was shown to induce OS by increasing the level of free radicals'®*. Infections and co-infections that induce
inflammation also result in increases in the levels of reactive oxygen species (ROS), as the innate immune defense
system utilizes the induction of OS as a powerful weapon against pathogens (reviewed in*"*?). Elevated levels
of reactive oxygen species (ROS) induce damage to DNA, lipids and proteins, inactivation of tumor suppressor
genes, and enhanced expression of proto-oncogenes'**. With regards to DNA, the ability of reactive nitrate
and oxygen species to damage DNA, thereby leading to single and double-strand breaks, larger-scale damage
and cancer, is well known'*. For example, lungs of cigarette smokers contain two to three fold higher levels of
the modified deoxynucleotide, 8-hydroxy-2'-deoxyguanosine (8-oxodG)*, which was shown to be induced by
oxygen free radicals, resulting in inflammatory responses, fibrosis and tumor development?®.

In addition to exogenous sources of OS such as smoking and infection, metabolic processes can also contrib-
ute to the level of OS in living cells. Under normal circumstances, homeostasis of ROS is maintained by several
mechanisms, including the genetic and epigenetic regulation of genes coding for proteins that function in pro-and
anti-oxidant systems®*?’. Individual variability in the expression and/or function of such proteins and their regu-
lators has the potential to translate into variability in levels of ROS, and in fact, the human population has been
shown to be heterogeneous with regards to ROS levels?*-*°. While the role of exogenous factors in influencing the
risk of cervical cancer is well documented'”'®, available information on the influence of genetic/epigenetic fac-
tors on cervical cancer risk is fragmented. Most published studies have focused on finding correlations between
particular genetic markers or mutations with cancer incidence by studying tissue that is already cancerous®'.
Interestingly, even the question of whether cervical cancer is or is not influenced by heredity is still in debate.
Some consider that cervical cancer is not hereditary because the causative agent for cancer is HPV, which is the
same for virtually all cases®’. Another group believes that because genetic susceptibility to HPV exposure and/
or infection appears to be important in determining the individual risk for developing HPV-mediated cancer,
this cancer could be considered to have a hereditary component®?.

As noted earlier, infection of cervical cells with high-risk HPV can lead to a significant health issue. Under-
standing the factors that play a major role in the process of HPV-mediated cervical carcinogenesis is therefore
a clinically important question to address, since it enables the development of therapeutic strategies to prevent
and/or treat carcinogenesis in HPV-infected individuals. In this study, we suggest that a high level of background
ROS in cervical tissues, which may result from a combination of external influences as well as internal genetic/
epigenetic factors, has the potential to contribute to the likelihood that a particular woman will develop cervi-
cal cancer. Importantly, accessibility of normal non-cancerous cervical samples from women with uterovaginal
organ prolapse via vaginal hysterectomy gives us the advantage to assess this possibility. Hence, we characterized
normal, non-cancerous cervical tissues for levels of ROS, and demonstrated five and ten-fold variability between
tissues isolated from the transformation zone (TZ) and ectocervix (EC) of multiple women, respectively. In
addition, primary keratinocytes were isolated and cultured from these tissue specimens, and also displayed high
variability in ROS levels, with some strongly mirroring the levels of ROS observed in their corresponding tissues,
while others were less closely associated. Finally, we demonstrated that the level of DNA damage mirrored the
level of ROS in these patient-derived cultured cells.

Materials and methods

Collection of cervical specimens. Normal cervical specimens were collected from patients with uter-
ovaginal pelvic organ prolapse following vaginal hysterectomy at the Loma Linda University Surgical Hospital.
None of the women were diagnosed with HPV-related issues prior to surgery. Samples were anonymized to
prevent linkage to identifiable individual data. Waste tissues not needed for clinical analysis were collected and
placed into 0.9% normal saline solution and transported to the laboratory. Upon sample collection, each speci-
men was dissected in cold PBS under sterile cell culture conditions. The transformation zone (TZ) and ectocer-
vical (EC) regions, labeled with black and white stitches by the surgeon, were separated based on the gross
anatomy of the cervix (Supplementary Fig. 1), and divided into several parts for further use. The precise harvest-
ing of TZ and EC samples from the surgical specimens were validated using Hematoxylin and Eosin histological
staining. All methods were carried out in accordance with relevant guidelines and regulations.

Measurement of ROS levels in cervical tissues.  Specimens isolated from the TZ and EC were weighed
and transferred to glass vials containing PBS for homogenization. The volume of PBS used for each sample was
calculated to yield 200 mg of tissue in 1 ml of PBS. Homogenates were centrifuged at 10,000 rpm for 5 min at
4 °C, after which the supernatant was transferred to a new eppendorf tube, then snap-frozen in liquid nitro-
gen and stored at —80 °C until use. The levels of reactive oxygen and nitrogen species (generally referred to
as “ROS”) in these tissue homogenates were measured using the OxiSelect In Vitro ROS/RNS assay kit (Cell
BioLabs, San Diego, CA) according to the manufacturer’s protocol. The assay employs a proprietary quenched
fluorogenic probe, dichlorodihydrofluorescin DiOxyQ which becomes rapidly oxidized to the highly fluorescent
2!, 7'-dichlorodihydrofluorescein by hydrogen peroxide, peroxyl radical, nitric oxide and peroxynitrite anion.
Therefore, the fluorescence intensity measured at 480 nm excitation/530 nm emission using a fluorometric plate
reader is proportional to the total levels of ROS/RNS within the samples. Protein concentrations were measured
with the Coomassie Plus Assay Reagent (Thermo Fisher Scientific, Rockford, IL) and were used for normaliza-
tion. ROS/RNS levels are expressed as Relative Fluorescence Unit (RFU) per pg of protein.

Isolation and culture of normal primary cervical keratinocytes. Primary keratinocytes from TZ
regions were isolated using the protocol “Isolation, Primary Culture, and Cryopreservation of Human Keratino-
cytes” from Thermo Fisher Scientific (Life Technologies). Briefly, tissue sections were subjected to trypsin and
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dispase digestion, after which cells were retrieved and plated onto matrix-coated flasks in the presence of EpiLife
media (LifeTechnology). After 2 days, feeder cells (NIH 3T3 mouse fibroblasts treated with 4 pg/ml of Mito-
mycin C (Sigma-Aldrich, St. Louis, MO) for 4 h) were added, and the media was replaced with keratinocyte
growth media, E-media (DMEM supplemented with 22% Hams F12, 10% FBS, 1% Penicillin/Streptomycin,
0.2% Primocin, 0.5% Amphotericin B, 1.4 ng/ml Tri-iodo-thyronine, 40 ng/ml Hydrocortisone, 8.4 ng/ml Chol-
era toxin, 5 ug/ml Transferrin, 5 pg/ml Insulin, and 0.4 ng/ml Epidermal growth factor). To prevent keratinocyte
differentiation, 10 uM of the ROCK pathway inhibitor, Y-27632 (Tocris, Bristol, UK), was included in the culture
medium, allowing indefinite culturing of these cells.

ROS level measurement in cultured keratinocytes. To limit technical variability between samples,
all keratinocyte lines were passaged only a few times after isolation, enough to grow them to the appropriate
cell density needed for analysis, and then were used for measuring ROS levels. Briefly, confluent flasks were
washed with PBS, and fibroblast feeder cells were removed following trypsinization by diluted Trypsin (1:5). The
attached keratinocytes were then trypsinized, collected and counted. 2.5 x 10° cells were centrifuged at 2000 rpm
for 5 min and washed with 1 mL PBS. The pellet was resuspended in 500 ul PBS and homogenized for 2 min. The
sample was then centrifuged at 10,000 rpm at 4 °C for 5 min, and the supernatant was aliquoted in an eppendorf
tube and stored at —80 °C until use. ROS levels in these cell homogenates were then measured using the OxiSe-
lect In Vitro ROS/RNS assay kit (Cell BioLabs, San Diego, CA) as previously described.

DNA damage analysis in cultured keratinocytes. DNA damage was determined via the direct bind-
ing of fluorescein isothiocyanate (FITC)-labeled avidin to 8-0xodG residues in the genomic DNA. Briefly, pri-
mary cells were collected, washed twice with PBS, and fixed with 4% paraformaldehyde for 15 min. Cells were
then washed three times with PBS, permeabilized with 75% ethanol and stored at — 20 °C until ready for experi-
mental use.

All samples were washed, blocked, and incubated with 2 pg/ml Avidin-FITC (Thermo Fisher Scientific Life
Technologies) for 1 h in the dark. After two washes, they were resuspended in PBS and analyzed by flow cytom-
etry for fluorescence (excitation 495 nm, emission 515 nm) on a MACSQuant Analyzer 10 flow cytometer (Milte-
nyi Biotec Inc). A total of 10,000 events were measured per sample and data were analyzed using FlowJo software.

Statistics. All measurements for ROS and 8-0xodG levels were performed in triplicate, and error bars on
graphs represent standard deviations. The F-test was used to determine whether the variances between two vari-
ables were statistically significant. Statistical significances were analyzed using the Student’s ¢ test and a p-value
0f <0.05 was regarded as significant. Pearson’s correlation coefficient was used as a measure of linear correlation
between two variables.

Ethics approval and consent to participate. This research was determined by the Loma Linda Univer-
sity Institutional Review Board to not meet the definitions of human subject research, as no private individually
identifiable information was obtained, there was no direct intervention or interaction, and only discarded tissue
was used.

Results

Collection and preparation of cervical TZ and EC specimens. Cervical tissue includes the endocer-
vix, the transformation zone, and the ectocervix. The endocervical mucosa is lined with a single layer of colum-
nar mucous cells within the endocervical canal, while the ectocervix is covered with nonkeratinized stratified
squamous epithelium directed towards the vaginal portion of the cervix®*. The junction between these two types
of epithelia is called the squamocolumnar junction (SCJ)*. In prepubertal girls, the functional SCJ is present
within the endocervical canal. Upon entering puberty, hormonal influences cause the columnar epithelium to
extend outwards over the ectocervix as the cervix everts, and also cause the SCJ to move outwards onto the
vaginal portion of the cervix®. The zone of unstable epithelium between original SCJ and the new SCJ, which is
internal to the original SCJ, is called the transformation zone (TZ)*. The TZ is a highly active metaplastic tis-
sue in which the single layer columnar epithelium is transformed into the multilayered squamous epithelium of
the ectocervix (EC). The cells of this zone, which are organized as single layer epithelium, are potential targets
for HPV infection®. If these TZ cells are infected with HPVs, they can become the primary sites for cervical
intraepithelial neoplasia development after replacement by non-keratinized stratified squamous epithelium®.
Because these TZ cells are the likely targets for HPV, they were chosen for further investigation. The correspond-
ing EC tissues were also analyzed, as they play a role in the virus life cycle.

Normal cervical tissues, isolated from patients undergoing vaginal hysterectomy, were dissected in cold PBS.
The TZ and EC portions were separated, and specimens were prepared for measuring tissue ROS levels and for
isolating primary keratinocytes for subsequent in vitro culturing. In total, specimens from 29 patients were col-
lected. Twenty-nine TZ tissues and 22 EC tissues were analyzed for ROS levels, while the comparison of ROS
levels between TZ and EC tissues was performed on specimens isolated from the common 22 patients. TZ tis-
sue specimens isolated from the 29 patients were employed for isolation and culturing of primary keratinocytes
from the TZ region.

The histology of the TZ and EC regions after dissection of a specimen are shown in Supplementary Fig. 2.
The TZ region is characterized by single layer epithelium (Supplementary Fig. 2a), while the EC displays a
morphology of multilayered squamous epithelium with basal/parabasal, intermediate and superficial layers
(Supplementary Fig. 2b).
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ROS levels in cervical TZ tissues differ within a fivefold range between patients. The observa-
tion that OS is a promoting factor for numerous pathologies, including several types of cancer, suggested that
an excess of free radicals could also contribute to HPV-induced cervical tumorigenesis. In particular, it seemed
possible that differential background levels of ROS in cervical cells, caused by some combination of differences
in genetic/epigenetic backgrounds together with variable exposure to exogenous factors, might contribute to
the likelihood that a particular HPV-infected woman might or might not progress to cancer. To assess how the
level of ROS in cervical tissues from different women might vary, TZ specimens isolated from 29 patients after
vaginal hysterectomy were subjected to ROS analysis. The data obtained (Fig. 1a) demonstrate significant vari-
ability between patients in the level of ROS found in their TZ. For example, the lowest level of ROS was noted in
sample #8 (93 x 10° RFU/pg of protein), while the highest level was noted in samples #18 (438 x 10° RFU/ug of
protein). This represents a difference of about fivefold (p <0.001). ROS levels for the other samples are distrib-
uted between these values.

ROS levels in cervical EC tissues differ within a tenfold range between patients. TZ cells are
the primary targets for HPV infection. However, after replacement with non-keratinized stratified squamous
epithelium, the HPV life cycle takes place in the multilayered squamous epithelium of the EC. Therefore, we also
measured the levels of ROS in EC tissues isolated from 22 patients following vaginal hysterectomy. Our data in
Fig. 1b shows that the levels of ROS are also highly variable between the different EC samples, having a tenfold
difference (p<0.001) between the lowest and highest samples. Similar to the TZ tissues, sample #8 (30x 10°
RFU/pg of protein) displayed the lowest level of ROS, while the highest levels of ROS in EC tissues were reported
in samples #12 (289 x 10° RFU/pg of protein) and #18 (296 x 10° RFU/pg of protein). The ROS level variability
observed in both TZ and EC regions are likely to reflect contributions from genetic/epigenetic regulation of ROS
levels, together with influences from exogenously derived factors such as exposure to drugs, environmental fac-
tors and lifestyle.

ROS levels in TZ tissues correspond to those observed in their corresponding EC tissues. As
described above, the EC and TZ tissues differ both functionally and structurally. We therefore compared the
detected levels of ROS between the single- and multilayered epithelium from the cervical specimens of the
common 22 patients. Figure 1c represents the levels of ROS in EC tissues (in bars), as well as those of their cor-
responding TZ tissues (in a line plot). Despite the greater variability in EC compared to TZ tissues, likely due
to differences in tissue composition, the overall pattern of ROS levels in TZ tissues mirrored those obtained
in their corresponding EC tissues with a Pearson’s correlation coefficient of r=0.85 (p<0.001). These results
reveal a good correlation between ROS levels in TZ tissues and their corresponding EC tissues. To determine
whether the variances in ROS levels for TZ tissues and for EC tissues were significantly different, we employed
the F-test. The F-value was equal to 1.23, a value that is lower than F-critical (2.05), thereby demonstrating that
the two variables do not differ significantly and that the difference between values could be explained by random
events. Interestingly, within each pair (TZ and EC), the levels of ROS in the TZ was always either higher than or
approximately equal to that observed in the EC homogenate. For example, in samples #4, #8, #10, and #20, the
difference between the TZ and EC ROS levels was more than 2.5-fold (p <0.01), while in samples #5, #12, #16,
and #19, there was no significant difference between the two.

Culture of primary keratinocytes from TZ specimens. Dissection of the primary tissue enables us
to obtain approximately 200 mg of TZ or EC tissues, which consists of a keratinocyte layer, along with fat and
connective tissues. This amount of material (a few mm?® in volume) is sufficient for only a limited number of
studies (namely histological examination and ROS measurement). Therefore, in order to increase the amount of
material available for investigations focused on areas such as the modeling of HPV infection, HPV integration
and cellular transformation, we applied known procedures to isolate and culture primary keratinocytes from
the TZ cervical tissues. One property that frequently restricts keratinocyte production is the well-known fact
that primary keratinocytes in culture undergo terminal differentiation after several divisions. We were able to
overcome this restriction and create a culture that can divide indefinitely by blocking the ROCK pathway using
the Y-27632 inhibitor of serine/threonine kinases ROCK-I and ROCK-1I*”. Application of ROCK inhibitors to
keratinocytes has been shown to prevent terminal differentiation and induce cell division”. Using Y-27632, we
were able to maintain the keratinocyte culture for more than 6 months without noticeable changes in the growth
rate or morphology. The morphology of our TZ cervical keratinocytes grown in culture is shown in Supplemen-
tary Fig. 3.

Variability of ROS levels in cultured primary cervical keratinocytes. To assess how closely our
cultured primary keratinocytes reflected the levels of ROS observed in their corresponding tissues of origin, we
measured the levels of ROS in the primary keratinocytes isolated from the TZ regions of 29 patients and com-
pared them to those detected in their corresponding tissues. The levels of ROS in the 29 cultured patient-derived
primary keratinocytes are represented in Fig. 2. Our data show that the ROS levels are highly variable between
TZ keratinocytes isolated from different patients. The lowest level of ROS was found in the TZ keratinocytes iso-
lated from patient #14 (96 x 10° RFU/ug protein), while the highest values were detected in patient #6 (926 x 10°
RFU/pg protein) and patient #25 (899 x 10° RFU/pg protein). This represents a difference of approximately ten-
fold (p<0.001).

Surprisingly, when we compared the levels of ROS detected in tissues (Fig. 1a) with those observed in cul-
tured keratinocytes isolated from those same tissues (Fig. 2), an R?=0.0899 was detected, signifying that only
about 9% of ROS levels in the tissue homogenates corresponded to those obtained in their respective cultured
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Figure 1. ROS levels in cervical TZ and corresponding EC tissues mirror each other and differ between
patients within a range of five- and ten-fold, respectively. Homogenates were prepared from (a) TZ tissues and
(b) EC tissues immediately after surgery, and ROS levels were assessed using the OxiSelect In Vitro ROS/RNS
assay kit (Cell BioLabs) according to the manufacturer’s protocol. Protein concentrations were measured with
the Coomassie Plus Assay Reagent (Thermo Scientific) and used for normalization. ROS levels are represented
as relative fluorescence units (RFU)/ug protein. All measurements were performed in triplicate, and error bars
represent the standard deviation. (c) ROS levels in TZ tissues and in the corresponding EC tissues (presented in
a,b) are plotted on the same graph as line and bars, respectively. The F-test was used to determine whether the
variances in ROS levels for TZ tissues and in ROS levels for EC tissues were significantly different.
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Figure 2. ROS levels in primary keratinocytes isolated from TZ specimens are variable within a range of
about ten-fold between patients. 2.5 x 10° primary cells were homogenized and assessed for ROS levels using
the OxiSelect In Vitro ROS/RNS assay kit (Cell BioLabs) according to the manufacturer’s protocol. Protein
concentrations were measured with the Coomassie Plus Assay Reagent (Thermo Scientific) and used for
normalization. ROS levels are represented as relative fluorescence units (RFU)/ug protein. All measurements
were performed in triplicate, and error bars represent the standard deviation.
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Figure 3. The levels of ROS in cultured keratinocytes mirror those observed in the corresponding cervical
tissue specimens in some but not all patients. (a) Scatterplot displaying the levels of ROS in TZ tissues vs the
corresponding cultured keratinocytes in all patients (n=29). (b) Scatterplot displaying the levels of ROS in
cultured keratinocytes strongly mirroring ROS levels in the corresponding TZ tissues (n=16). (c) Scatterplot
displaying the levels of ROS in cultured keratinocytes weakly mirroring ROS levels in the corresponding TZ
tissues (n=13).

keratinocytes (Fig. 3a). However, the scatterplot displays two distinct populations (represented by 2 different
colors): the first population (in dark gray) contains samples that display a strong positive linear association
between ROS levels in cultured keratinocytes vs their corresponding tissues with a Pearson’s correlation coef-
ficient of r=0.888 (p <0.001) (Fig. 3b), while the other population (in light gray) includes samples that have a
much weaker correlation with a Pearson’s correlation coefficient of only r=0.385 (ns) (Fig. 3c). The pattern of
ROS levels in the tissue samples strongly mirroring that observed in the corresponding primary keratinocytes is
displayed in Fig. 4. Because the keratinocytes were isolated, cultured and grown in vitro conditions, the trends
seen in the isolated primary keratinocytes exclusively point toward biological factors such as the cell’s genetic and
epigenetic background, thereby enabling us to dissect out genetic/epigenetic influences from the environmental
factors that are represented in the observations from tissue samples.
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Figure 4. The levels of ROS in cultured keratinocytes strongly mirror those observed in the corresponding TZ
tissues in 16 patients. The dataset of the patients that displayed a strong correlation of ROS levels in cultured
keratinocytes vs their corresponding tissues (shown in Fig. 3b) is presented in a line graph.
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Figure 5. The levels of DNA damage approximately mirror the observed ROS levels in the cervical
keratinocytes. DNA damage was assessed by detection of 8-0x0dG using Avidin-FITC. Cells were fixed in 4%
paraformaldehyde, permeabilized with ethanol, and stained with 2 pg/ml of Avidin-FITC for 1 h. The level

of bound Avidin-FITC, presented as mean fluorescence intensity (MFI (Avidin-FITC)) was detected by flow
cytometry and analyzed using FlowJo software. The MFI values for DNA damage (Avidin-FITC staining)
were plotted as bars on a graph displaying the levels of ROS in an increasing order as a line plot. To determine
whether the variances in ROS levels and in 8-0xodG levels were significantly different, the F-test was used.

High levels of 8-oxodG, a marker of DNA damage, correlate with higher levels of ROS in cul-
tured keratinocytes. One major outcome of higher levels of cellular ROS is an induction of chronic OS.
OS is well known for its ability to damage multiple biomolecules, including DNA, and the oxidation-induced
incorporation of 8-0x0dG into DNA lesions can lead to mismatch mutations during DNA synthesis'>***. The
data shown in Fig. 2 demonstrates that ROS levels differ between primary keratinocytes derived from different
patients. The well-established linkage between OS and DNA damage therefore suggested that cells with higher
levels of ROS would also display higher level of 8-0xodG. To test this idea, we measured the level of 8-0xodG in
19 patient-derived cultured keratinocytes that displayed variable levels of ROS. 8-0xodG levels were estimated
by flow cytometry following Avidin-FITC staining, as avidin is able to bind to lesions containing 8-oxodG®*.
Figure 5 represents the measured levels of 8-0xodG in a graph displaying the levels of ROS in an increasing order
in the 19 patient-derived keratinocyte lines. Our results show that the levels of DNA damage approximately
mirror the levels of ROS in these patient-derived cells. For instance, the highest levels of ROS were detected in
TZ keratinocytes isolated from specimens #1 and #6; these cells are also the ones displaying the highest levels of
8-0x0dG. The other specimens also displayed good correspondence between their levels of ROS and 8-oxodG.
These results revealed a positive linear correlation between ROS levels and DNA damage in the cervix with a
Pearson’s correlation coefficient of r = 0.72, representing a strong relationship between the 2 variables (p <0.001).
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Figure 6. Contribution of patients’ age and ethnicity to the observed ROS level variabilities in the cervical
specimens. (a) The patients from which the cervical specimens were collected ranged between 35 and 84 years
old (with a median age of 65) and therefore were grouped into two categories: < 65 years vs > 65 years old. (b)
Patients are either classified as Caucasian or Hispanic. The F-test was used to determine whether the variances
in ROS levels between the 2 groups were significantly different.

These data, therefore, are consistent with the idea that higher levels of cellular oxidative stress, as determined by
increased levels of ROS, cause a downstream increase in the level of DNA damage.

Contribution of ethnicity and age to ROS level variability.. Cervical cancer incidence displays a
significant health disparity, with Hispanic women having nearly double the incidence rate of non-Hispanic
white women*°-2, In addition, one of the risk factors associated with cervical cancer is the age of HPV-infected
women. We hypothesized that oxidative stress levels in various populations of different races and ages vary, and
have the potential to influence the observed health disparity regarding cervical cancer incidence. We therefore
analyzed the contribution of such factors to the ROS level variabilities observed in the cervical tissues and cells.

The patients from which the cervical specimens were collected ranged between 35 and 84 years old (with a
median age of 65) and were classified as either Caucasian or Hispanic (Supplementary Table 1). Figure 6a shows
that women older than 65 years old had relatively higher ROS levels, compared to those with an age of <65 years
old, in both TZ and EC tissues as well as cultured TZ cells, consistent with reports of higher risk of progression
to cervical cancer in older HPV-infected women. On the other hand, Caucasian women had moderately higher
ROS levels than Hispanics in their cervical tissues and cells (Fig. 6b), despite higher incidence of cervical cancer
in Hispanic women. The results were not statistically significant, likely due to the limited number of samples in
which ROS levels were measured.

Discussion
In this report, we demonstrate for the first time a significant variability between women with regards to the
background ROS levels found in both their cervical TZ and EC tissues (Fig. 1a,b). In particular, the difference
between the lowest and highest levels of ROS species in TZ and EC tissues was approximately fivefold and tenfold,
respectively. Despite the greater variability in EC compared to TZ tissues, likely due to differences in tissue com-
position, the overall pattern of ROS levels in TZ tissues corresponded to that obtained in their corresponding EC
tissues (Fig. 1c). A comparison of ROS levels between single- (TZ) and multilayered (EC) epithelium from cervix
has also not been previously reported. Interestingly, we found that the levels of ROS in TZ tissues were always
either higher than or equal to the ROS levels found in the respective EC tissues. This difference may suggest a
reason that TZ tissue is the primary target for HPV infection and cervical cancer development. It is generally
assumed that the TZ epithelium is the site of neoplastic changes, and the most common area for the origination
of cervical cancer®***. The formation of cervical lesions may be facilitated by HPV infection of TZ cells, which
can subsequently go on to form the basal layer of the stratified epithelium of EC where HPV life cycle occurs.
Epidemiological and molecular data both point toward OS as an important contributor to cervical cancer
development. For example, epidemiological data link conditions known to cause OS and DNA damage, such as
smoking and co-infection with the STD-associated pathogens Chlamydia trachomatis and Neisseria gonorrhoeae,
with increased incidence of HPV-mediated cancers (reviewed in??2). It has also been reported that greater oxida-
tive DNA damage exists in HPV-related dysplastic cervical lesions compared to samples with normal cytology,
especially in women with high-grade squamous intraepithelial lesions**. In addition to the exogenously-derived
risk factors discussed above, Munoz et al.'® have suggested that host-related factors, such as endogenous hormone
levels, genetic background and factors related to the immune response, could also contribute to cancer promo-
tion. Logic for this suggestion comes from the fact that under normal circumstances, ROS levels are maintained
in a condition of homeostasis by balanced functioning of pro- and anti-oxidant systems*** that are regulated
by individual genetic determinants. Besides such genetic determinants, life-style and physiological factors can
also influence gene expression levels through changes to epigenetic regulation®”. Both genetic and epigenetic
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factors are examples of biological factors that can contribute to the variability in levels of ROS observed in dif-
ferent individuals.

The evidence presented in this report indicates an important role for individual genetic and epigenetic vari-
ation in determining the level of cellular ROS and importantly, the resulting level of DNA damage. For the first
time, we have demonstrated that individual women display significantly different levels of ROS and DNA damage
in their cervical cells (Fig. 5). Furthermore, the levels of ROS correlate with those of DNA damage. The higher
levels of ROS seen in some women may reflect variability in alleles, epigenetic regulation and/or mutation rates.

The results reported here also begin to address the question of the relative roles played by environmental
agents and other external factors vs internal factors such as genetic variation and epigenetic programming. While
acute OS induced by exogenously derived factors can, in principle, be eliminated by removing the insult, the effect
of cellular OS exerted by biological factors represents a more chronic and constant influence. The variability of
ROS levels in cervical tissues observed in different women (Fig. 1a,b) could, in principle, be mediated both by
exogenous factors and by genetic/epigenetic factors that control the level of ROS, as the genetic and epigenetic
capacity of cells to deal with oxidative stress will affect the ability of those cells to deal with both endogenous and
exogenous insults. In contrast, the cultured keratinocytes from different individuals represent a model system
in which variability in the influence of exogenous factors is removed because the cells are maintained in the
same in vitro conditions for an extended period. Interestingly, the comparison between cervical tissues and the
corresponding cultured keratinocytes (Figs. 1a and 2) in the total population of samples revealed a strong vari-
ability in ROS levels with a coefficient of determination of only 0.0899 (Fig. 3a). However, the scatterplot displays
two distinct populations (represented in 2 different colors): Some of the specimens display a strong correlation
of ROS levels in their tissue homogenates vs cultured cells with a Pearson’s correlation coefficient of r=0.888
(p<0.001) (Fig. 3b), indicating that ROS levels in their tissues are likely determined primarily by biological fac-
tors of the patients. On the other hand, the rest of the samples display significant variability in the trend of ROS
levels between tissue and cell homogenates (Fig. 3¢), suggesting that ROS levels in the tissue samples are likely
determined primarily by exogenous/environmental factors in these patients. This finding is important for future
studies, as it enables us to begin dissecting out genetic/epigenetic influences from environmental influences, not-
ing that trends seen in the isolated keratinocytes will primarily point toward genetic/epigenetic contributions.
One potential influential factor that needs to be examined in the future is the hormonal status of the women. Par-
ity and use of oral contraceptives, both of which are associated with increased circulating levels of sex hormones,
are classified as co-factors that predispose HPV-infected women to cervical cancer*®-*, It has been demonstrated
that long-term use of oral contraceptives increases the risk of cervical cancer by up to four-fold in HPV-infected
women®. Similarly, the hormonal changes along with the cervical trauma during pregnancy increase the odds
ratio for cervical cancer to 3.8 after 7 full-term pregnancies compared with nulliparous women, and to 2.3
compared to women with 1 or 2 full-term pregnancies®. Relevant to our study, the impact of these hormonal
factors on the risk of developing cervical cancer may be mediated via an increased oxidative stress status in the
host cells, since the female steroid estrogens and their various metabolites stimulate ROS production to activate
various cell signaling pathways®'~*®. Defining the molecular mechanisms that contribute to differential levels of
ROS and DNA damage in different women will provide direction toward inquiries designed to understand why
the disease is more prevalent in certain populations than in others.

Within the US, cervical cancer manifests as a major health disparity between different ethnic groups. Hispanic
women have one of the highest cervical cancer incidence rates of any racial/ethnic group in the United States;
nearly double that of non-Hispanic white women*’-*2. Eliminating this health disparity requires an appreciation
of how factors related to race and ethnicity may influence the process through which cervical cancer develops.
A significantly different infection rate is unlikely to be the factor most responsible for the observed health dis-
parity, because it is estimated that most sexually active men and women of all races and ethnicities have been
infected with HPV at some point in their lives®”*8. This suggests that the health disparity associated with cervical
cancer presents downstream of infection and upstream of cancer. Abundant literature reports indicate that race/
ethnicity-related differences can contribute to differences in the background levels of ROS**°, and host genetic
backgrounds have been shown to influence the incidence of cervical cancer in Sweden®, the eastern US and Costa
Rica®. However, we failed to find statistically significant differences in the levels of ROS between the cervical
specimens of our two groups (Hispanic vs Caucasian) (Fig. 6b). While this could be due to the limited number
of samples analyzed, our preliminary data suggest that the racial/ethnic disparity in cancer incidence may be
primarily tied to factors such as socio-economic status and access to healthcare® rather than to genetic/epigenetic
differences. In fact, significant differences exist between racial/ethnic groups with regards to vaccination® and
pap screening®, indicating that efforts to reduce this disparity should focus on such issues.

Finally, we investigated the contribution of age to the ROS level variability observed in the cervical specimens
in order to explore its potential influence on cervical cancer development. Age is a known risk factor for cervical
cancer. The disease tends to occur in midlife and is most frequently diagnosed in women between the ages of 35
and 44. However, the risk of developing cervical cancer is still present as women get older and does not decline
until age > 85 years 0ld°®®’. Furthermore, it is well established that oxidative stress and aging are closely connected
since age-associated functional losses are mainly due to the progressive accumulation of ROS-induced dam-
ages. In fact, oxidative stress is reported to be involved in several age-related conditions such as cardiocascular
diseases, chronic obstructive pulmonary disease, neurodegenerative diseases and cancer®®®. Our data suggest
that women with an age of > 65 years old displayed relatively higher levels of ROS in their cervical specimens
compared to those with an age of <65 years (Fig. 6a). While this data is not statistically significant due to the
limited amount of samples analyzed, it is consistent with reports of higher risk of progression to cancer in older
HPV-infected women.

The importance of our observations may lie in the possible clinical consequences of higher levels of ROS in
the cervices of some women, and in particular, how these higher levels of ROS may affect the integration of HPV.
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Integration of HPV genome into that of the host is considered to function as a critical step in the development
of most cases of cervical cancer. In ~80-90% of specimens obtained from cervical cancers, HPV DNA is found
integrated into the host genomes’®~7>. In many of the cases, the mechanism through which HPV integration leads
to cancer development is thought to be a loss of functional E2 (a negative regulator of E6 and E7 expression) due
to linearization, followed by increased expression of the E6 and E7 oncogenes. The resulting over-expression of
E6 and E7 increases cellular proliferation at the same time that it decreases responsiveness to apoptotic signals,
leading to cancer development.

Integration proceeds by way of non-homologous recombination, and therefore requires linearization of the
viral episome and breakage of the host chromosome. Recently, we demonstrated that depletion of the antioxidant
glutathione induced oxidative DNA damage and led to an increase in the frequency of HPV integration in human
cervical keratinocytes that contained episomal HPV7%. Consistent with these proposed connections between OS,
DNA damage, HPV integration and cancer, integration associated with oxidative stress has also been demon-
strated for another DNA virus, Hepatitis B’>~”7. Virus-derived factors, such as co-infection with other viruses,
viral load and persistence of HPV infection can also promote HPV integration'®. These virus-associated factors
may also be connected to increased OS; recently, we demonstrated that expression of the E6 splice variant, E6*,
but not the full-length version of E6, induced increases in ROS, DNA damage’® and in the frequency of foreign
DNA integration”. Importantly, our current study suggests that if women exhibiting high oxidative stress were
to be harboring episomal HPV DNA, an increased probability of integration could result, explaining why some,
but not all, HPV-infected women develop cervical cancer. Furthermore, high levels of ROS in TZ cells infected
with HPV have the potential to increase expression of the E6/E7 oncogenes’, leading to higher levels of DNA
damage®, and inhibit pro- and repress anti-tumor pathways®!. It is well known that OS itself is a tumor-promoting
factor; in cooperation with HPV, it becomes a more potent carcinogen.

Opverall, our findings describe significant variability in ROS levels among women and shed light on the poten-
tial contribution of increased levels of ROS, and the exogenous/environmental and genetic/epigenetic contexts
that support these increased levels, to HPV-mediated carcinogenesis. Future research will focus on exploring the
possibility that high levels of ROS may predispose certain infected women and populations to HPV-mediated
carcinogenesis. Our overall goal is to develop an understanding of the underlying mechanisms so as to develop
novel and effective ways to intercept cancer development in HPV-infected individuals.

Conclusions

We characterized normal, non-cancerous cervical tissues for their levels of ROS, and demonstrated five and
ten-fold variability in the levels of ROS between different TZ and EC tissues, respectively. Despite the greater
variability in EC compared to TZ tissues, likely due to differences in tissue composition, the overall pattern of
ROS levels in TZ tissues mirrored those obtained in their corresponding EC tissues. Our results also show that
the levels of ROS in TZ tissues were higher than or equal to the ROS levels found in the respective EC tissues,
providing an explanation for TZ tissue being the primary target for HPV infection and cervical cancer develop-
ment. Interestingly, primary keratinocytes isolated and cultured from the cervical specimens also displayed high
variability in ROS levels, with some strongly mirroring the levels of ROS observed in their corresponding tissues,
while others displayed a much weaker association. These results allow us to begin distinguishing the environ-
mental influences from the genetic/epigenetic background of the patients. Finally, we were able to demonstrate
that the level of DNA damage mirrors the level of ROS in the cultured primary cells.

Data availability
The datasets used and/or analyzed during the current study are available from the corresponding author on
reasonable request.
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