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Abstract: Cervical cancer is the second most common cancer, and the fourth most common cause of cancer death 
in women worldwide. Nearly all of these cases are caused by high-risk HPVs (HR HPVs), of which HPV16 is the most 
prevalent type. In most cervical cancer specimens, HR HPVs are found integrated into the human genome, indicat-
ing that integration is a key event in cervical tumor development. An understanding of the mechanisms that promote 
integration may therefore represent a unique opportunity to intercept carcinogenesis. To begin identifying these 
mechanisms, we tested the hypothesis that chronic oxidative stress (OS) induced by virus- and environmentally-
mediated factors can induce DNA damage, and thereby increase the frequency with which HPV integrates into the 
host genome. We found that virus-mediated factors are likely involved, as expression of E6*, a splice isoform of 
HPV16 E6, increased the levels of reactive oxygen species (ROS), caused oxidative DNA damage, and increased 
the frequency of plasmid DNA integration as assessed by colony formation assays. To assess the influence of envi-
ronmentally induced chronic OS, we used L-Buthionine-sulfoximine (BSO) to lower the level of the intracellular anti-
oxidant glutathione. Similar to our observations with E6*, glutathione depletion by BSO also increased ROS levels, 
caused oxidative DNA damage and increased the integration frequency of plasmid DNA. Finally, under conditions of 
chronic OS, we were able to induce and characterize a few independent events in which episomal HPV16 integrated 
into the host genome of cervical keratinocytes. Our results support a chain of events leading from induction of oxida-
tive stress, to DNA damage, to viral integration, and ultimately to carcinogenesis.

Keywords: Cervical cancer, high-risk HPVs (HR HPVs), integration, oxidative stress (OS), reactive oxygen species 
(ROS), E6*, carcinogenesis

Introduction

Cervical cancer is the second most common 
cancer in women, and the fourth most common 
cause of cancer-related death in women world-
wide [1, 2]. Human papilloma virus (HPV) infec-
tion is well-established as the causative agent 
of cervical cancer [3], and at least 85% of pre-
malignant and 90% of malignant squamous 
lesions in the uterine cervix test HPV DNA posi-
tive [4]. High-risk HPV such as HPV type 16 is 
the most prevalent type and accounts for more 
than 50% of all cases of cervical cancer [5].

Over-expression of the HR E6 and E7 oncopro-
teins are considered responsible for most ma- 
lignancies. This over-expression can be trig-
gered by several mechanisms, including epi-
genetic modifications of the HPV genome [6]. 
However, integration of the HPV genome into 

that of the host, with an accompanying loss of 
E2 and the resulting over-expression of E6 and 
E7, appears to be one of the most common 
oncogenic pathways [7]. Following viral infec-
tion, the HPV genome is present in episomal 
form, with low levels of E6 and E7 oncoprotein 
expression due to the suppressive activity of E2 
[8]. The level of oncogene expression grows 
with increase of virus load [9] and following inte-
grative events that disable E2-mediated sup-
pression of E6 and E7 [8]. Clinical data support 
this sequence, as precancerous lesions CIN1 
and CIN2 display episomal viral genomes [10], 
while rapid progression of CIN lesions is closely 
associated with integrated HPV16 [11] and is 
accompanied by increased levels of E6 and E7 
expression. In 88% of specimens obtained from 
cervical cancers, HPV DNA is found integrated 
into host genomes [12].
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Integration requires linearization of the viral 
genome and breakage of the host genome, 
along with the ability to re-ligate the ends 
together. Therefore, agents that cause DNA 
breakage are predicted to increase integration 
frequency. Perhaps the most common agents 
of DNA damage are reactive oxygen radicals 
(ROS). Indeed, in the case of hepatitis B virus 
(HBV), oxidative stress (OS) has been shown to 
enhance viral integration by increasing DNA 
damage [13, 14]; this integration then serves 
as a key step during HBV-initiated carcinogen-
esis [15]. OS can be generated both by the 
virus itself and through environmental agents. 
Virus infection alone has the potential to induce 
OS, as seen in cases such as HBV and Epstein-
Barr virus (EBV) [16-19]. In contrast to the situ-
ation seen with these two viruses, infection 
with HPV does not in itself seem to cause sig-
nificant inflammation likely to lead to OS, sug-
gesting that any connection between HPV and 
OS is likely mediated by specific proteins. Su- 
pport for a connection between specific HPV 
proteins and integration, possibly mediated by 
increased OS, is provided by the observation 
that expression of HR HPV E6 and E7 can pro-
mote integration of a reporter plasmid [20]. 
Previous work from our laboratory demonstrat-
ed that at least one HPV-encoded protein, E6*, 
is able to increase ROS levels and DNA damage 
[21]. E6* is a splice variant of E6; interestingly, 
the full-length E6 protein does not affect ROS 
levels in the host cell [21]. We also showed that 
an E6*-mediated increase in ROS is connected 
to a decrease in the expression of antioxidant 
enzymes such as superoxide dismutase (SOD2) 
and glutathione peroxidase (GPx ½) [21].

In addition to such viral contributions to OS, 
environmental contributions are also likely. For 
example, epidemiological data link conditions 
known to cause oxidative stress and DNA dam-
age, such as smoking and co-infection with the 
STD-associated pathogens Chlamydia tracho-
matis and Neisseria gonorrhoeae, with incre- 
ased incidence of HPV-mediated cancers [22-
28], while corroborating data from the Ozbun 
lab demonstrated that tobacco exposure in- 
creased E6/E7 oncogene expression, DNA da- 
mage and mutation rates in cells carrying HPV 
episomes [29], and that nitric oxide increases 
DNA damage in HPV positive cells [30].

However, the mechanistic link between OS and 
HPV DNA integration has not yet been exam-
ined, leading us to ask if we could induce HPV 

integration by generating OS-induced DNA da- 
mage. To investigate the relationship between 
chronic OS, DNA damage, and the rate at which 
episomal HPV DNA integrates into the cellular 
genome, we first performed a validation study 
using a U2OS cell line model and found that 
overexpression of E6* increased the rate of cir-
cular plasmid DNA integration, while manipulat-
ing the level of OS modified the integration fre-
quency. We were also able to demonstrate the 
relationship between OS induction, DNA dam-
age and increased plasmid integration in Nor- 
mal Oral Keratinocytes (NOK cells). Finally, by 
treating Human Cervical Keratinocytes (HCK, 
which normally carry the HPV episome) with  
the glutathionine-depleting agent L-Buthionine-
sulfoximine (BSO), we were able to increase the 
rate at which the HPV episome integrated into 
the genomic DNA. In summary, we found that 
chronic OS, caused either by E6* overexpres-
sion or by BSO treatment, increased the levels 
of cellular DNA damage, leading to an increased 
frequency of integration for plasmid and epi-
somal HPV16 DNA.

Materials and methods

Reagents

L-Buthionine-sulfoximine (BSO) was purchased 
from Sigma-Aldrich (St. Louis, MO). Stock solu-
tion, at a concentration of 100 mM, was pre-
pared in phosphate-buffered saline (PBS)  
and kept at -20°C. Vitamin E and Resveratrol 
were purchased from Sigma-Aldrich (St. Louis, 
MO). Flag-agarose and anti-Flag-HRP antibod-
ies were purchased from Sigma-Aldrich (St. 
Louis, MO).

Cell culture

U2OS cells derived from a human osteosarco-
ma were obtained from the ATCC (Manassas, 
VA), and were cultured in McCoy’s 5A medium 
(Invitrogen, Carlsbad, CA) that was supplement-
ed to contain 10% fetal bovine serum (FBS) 
(Invitrogen). The U2OS cell line was authenti-
cated by ATCC short tandem repeat profiling in 
November, 2015 and exhibited no evidence  
of cross-contamination with known ATCC cell 
lines.

Normal oral keratinocytes (NOKs), non-trans-
formed cells immortalized by Human Telome- 
rase Reverse Transcriptase (hTERT) that were 
kindly provided by Dr. Karl Münger [31], were 
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grown in keratinocyte serum-free medium 
(Invitrogen, Carlsbad, CA).

Human cervical keratinocytes (HCK) containing 
episomal HPV16, kindly provided by Dr. Aloysius 
J. Klingelhutz [32], were grown in E-media [33].

All media were supplemented with penicillin 
(100 U/ml) and streptomycin (100 μg/ml) (Si- 
gma-Aldrich, St. Louis, MO).

Transfections and transductions

Transfections were performed following the 
protocol provided with the TransIT-2020 rea- 
gent kit (Mirus Bio, Madison, WI). Briefly, U2OS 
or NOK cells were transfected with plasmids 
encoding E6* (pE6*), E6 large (pE6 large) or 
the empty vector (pFlag). To normalize for trans-
fection efficiency, pMetLuc was co-transfected, 
following the protocol provided with the TransIT-
keratinocyte transfection reagent kit (Mirus 
Bio, Madison, WI). Expression of MetLuc was 
monitored in the media, and these values used 
for normalization.

Stable clones were obtained by transduction of 
retroviruses pLNCX, pLNCX-E6*, or pLNCX-E6 
into NOK cells. Individual selected clones were 
analysed for protein expression by immunoblot-
ting and/or real-time PCR as described previ-
ously [21].

Clonogenic assay

5 × 105 cells were transfected with pMetluc 
and incubated for 48 hours under cell culture 
conditions, followed by the addition of appropri-
ate antibiotics (G418 at a concentration of 0.5 
mg/ml for U2OS cells or puromycin at a con-
centration of 5 μg/ml for NOK cells) and selec-
tion for 2-3 weeks. After antibiotic selection, 
colonies were fixed using 10% formaldehyde for 
30-45 min. After rinsing with water and drying 
overnight at room temperature, cells were 
stained with 1% crystal violet for 45-60 min. 
Dishes were rinsed with water and left to dry 
overnight at room temperature. Colonies were 
counted the following day.

Immunoprecipitation

106 cells from each assessed U2OS prepara-
tion, transiently transfected with plasmids en- 
coding E6* (pE6*), E6 large (pE6L) or vector 
(pFlag), were lysed using lysis buffer [34]. Flag-
tagged proteins were then precipitated using 

Flag-agarose, and bound proteins were sub- 
jected to SDS-PAGE. Following transfer to a 
polyvinylidene difluoride (PVDF) membrane,  
the Flag-E6* and Flag-E6 proteins were detect-
ed by immunoblotting using anti-Flag-HRP  
antibodies [21].

Flow cytometry assessment of ROS

Cellular levels of hydrogen peroxide and hydrox-
yl and peroxyl radicals (H2O2, OH-, and ROO-) 
were measured following staining with 5-(and-
6)-carboxy-2’,7’-dichlorodihydrofluorescein di- 
acetate (DCFDA) (Invitrogen, Carlsbad, CA), wh- 
ile cellular levels of superoxide (O2

-) were mea-
sured following staining with dihydroethidium 
(DHE) (Invitrogen, Carlsbad, CA) [35]. Stock so- 
lutions (20 mM) of the dyes were diluted with 
culture medium and added to cells to a final 
concentration of 5 μM DCFDA or 5 μM DHE. 
After incubating at 37°C in the dark for 30 min, 
cells were trypsinized, washed, and collected 
using PBS. The DCFDA and DHE signals were 
detected in the FL-1 (530 nm) and FL-2 chan-
nels (650 nm) respectively with a Becton, Di- 
ckinson FACS Calibur flow cytometer (BD, Fra- 
nklin Lakes, NJ). A total of 10,000 events were 
measured per sample. Data were collected and 
analysed using CellQuest Pro and FlowJo soft-
ware [21].

Glutathione levels

To assess the level of intracellular glutathio- 
ne, cells were seeded into 96-well cell culture 
plates and allowed to grow for 24 hours under 
cell culture conditions. Cells were then treated 
with the BSO for 48 hours. Intracellular gluta-
thione levels were measured using the biolumi-
nescent Promega GSH-Glo™ glutathione assay 
kit according to the manufacturer’s protocol 
(Promega, Madison, WI). Luminescence was 
detected using a MicroLumat Plus LB 96V  
bioluminometer (Berthold Technologies, Oak 
Ridge, TN).

Comet assessment of DNA damage

The comet assay was performed following the 
protocol provided with the Trevigen kit (Trevigen, 
Gaithersburg, MD). Briefly, cells were plated in 
agarose and spread over the sample area on 
slides. Alkaline electrophoresis using 21 V for 
40 min was then performed. Nuclei were sta- 
ined with SYBR gold (Invitrogen, Carlsbad, CA) 
and viewed by fluorescence microscopy. 100 
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DNA tails were photographed and analysed for 
each sample, and the length of each tail was 
measured from the center of the comet to the 
end of the tail using ImageJ software. Each cell 
was categorized as having tail lengths in one of 
four classes (0 to 50, undamaged; 50 to 100, 
minimum damage; 100 to 150, medium dam-
age; >150, maximum damage) reflecting the 
severity of DNA damage. Tail lengths are known 
to increase proportionately with DNA damage 
[21].

APOT (amplification of papillomavirus onco-
gene transcripts)

The APOT assay was applied to detect and dis-
tinguish episomal- and integration-derived HPV 
transcripts. RNA from 5 × 106 cells was isolat-

ed using a Direct-zol RNA MiniPrep kit (Zymo 
research, Irvine, CA) as recommended by the 
supplier. Total RNA (1 mg) was reverse tran-
scribed using a High Capacity cDNA Reverse 
Transcription Kit (Applied Biosystem by Life 
Technologies, Grand Island, NY), using an oligo 
(dT)17-primer coupled to a linker sequence 
[(dT)17-p3, 5’-GACTCGAGTCGACATCGATTTTTTT- 
TTTTTTTTTT-3’] and 1 μl of MultiScribe reverse 
transcriptase for 10 min at 25°C, then for 120 
min at 37°C in a final volume of 20 μl. 

APOT was performed as described previously 
by Klaes et al. [12]. Briefly, cDNAs were ampli-
fied by the first PCR round using HPV E7-specific 
oligonucleotides [p1 specific for HPV16 (5’- 
CGGACAGAGCCCATTACAAT-3’) as forward prim-
ers and p3 (5’-GACTCGAGTCGACATCG-3’) as 

Figure 1. E6*, but not E6, increased the level of OS and the integration frequency of plasmid DNA into U2OS cells. A 
and B. 106 U2OS cells per well were co-transfected with plasmids encoding E6* (pE6*), E6 (pE6L) or vector (pFlag) 
together with the pMetLuc puro plasmid. To normalize for transfection efficiency, the media was collected 48 h post-
transfection and the expression of secreted MetLuc (BD Clontech) was measured. Selection of cells resistant to 
G418 (0.5 mg/ml) was performed for 3 weeks and the resulting colonies were stained with crystal violet. Colonies 
were counted after crystal violet staining (A) and normalized for transfection efficiency (B). C. Immunoprecipitation 
followed by immunoblot shows expression of Flag-E6* and Flag-E6L proteins after transient transfection. D. 105 
cells per well of U2OS cells were transfected with plasmids encoding E6* (pE6*), E6 (pE6L) or vector (pFlag), and 
the level of cellular ROS was analysed 48 h post-transfection by fluorescence using a fluorescence plate reader 
following DCFDA staining. Triplicate measurements of mean fluorescence intensity of DCFDA were performed to 
generate the bar graphs of % mean fluorescence, setting the pFlag mean fluorescence at 100%.
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the reverse primer] in a 50 μl reaction mixture. 
The second PCR used forward primers p2 spe-
cific for HPV16 (5’-CTTTTTGTTGCAAGTGTGAC- 
TCTACG-3’) and (dT)17-p3 as the reverse primer 
in a total volume of 50 μl reaction mixture.

Amplification products were visualized by 1% 
agarose gel electrophoresis, and amplicons of 
sizes other than the episome-derived transcript 
(1050 bp) were subjected to further analysis 
[12]. PCR bands were extracted and cloned into 
pTOPO using the TOPO cloning reaction kit (Life 
Technologies, Grand Island, NY) and sequenc- 
ed. The sequences obtained were compared to 
those within the HPV16 and human genomes  
to identify similar sequences, using National 
Center for Biotechnology Information (NCBI) 
Blast as well as UCSC Genome Bioinformatics 
Blat tools.

Quantitative reverse transcription PCR (qRT-
PCR)

Reverse transcription was performed as de- 
scribed above (APOT). Quantitative real-time 
PCR was conducted to measure the levels of 
the E6 isoforms using primers designed as 
described previously by Hafner et al. [36], along 
with an Absolute QPCR SYBR Green Kit acco- 
rding to the manufacturer’s protocol (Bio-Rad 
Laboratories, Hercules, CA). The observed E6 
isoform concentrations were normalized using 
the level of phosphoglycerokinase (PGK) ex- 
pression.

Results

E6*, but not E6, increased the level of OS and 
the integration frequency of plasmid DNA into 
U2OS cells

Previously, we demonstrated that overexpres-
sion of E6*, but not of the full-length E6 iso-
form, caused increased cellular levels of ROS 
and higher levels of oxidative DNA damage [21]. 
To investigate whether overexpression of E6* 
also increases the rate at which circular plas-
mid DNA integrates into the human genome, 
we performed a clonogenic assay. U2OS cells 
were transfected with plasmids encoding one 
of the HPV 16 E6 isoforms, E6* (pE6*) or the 
full-length E6 (pE6L), or with the empty vector 
(pFlag), along with a plasmid coding for G418 
resistance. To normalize for transfection effi-
ciency, the pMetLuc plasmid was co-transfect-
ed, and the expression of Metridia luciferase 

was monitored in the media. After G418 selec-
tion, the remaining colonies were stained with 
crystal violet and counted (Figure 1A). The nor-
malized number of colonies is presented in 
Figure 1B. These data show that the number of 
colonies was higher when cells were transfect-
ed with pE6* than when transfected with the 
vector or the pE6 large plasmids (Figure 1A, 
1B). Immunoprecipitation followed by immu-
noblot analysis showed that E6* and E6 lar- 
ge were expressed in the corresponding cells 
(Figure 1C), and ROS levels following transient 
transfection with these plasmids, as estimated 
by fluorescence following DCFDA staining, were 
higher in cells transfected with E6* when com-
pared to those transfected with pFlag or pE6L 
(Figure 1D). Overall, these results demonstrate 
that the short variant of the HR HPV E6 oncop-
rotein, E6*, but not the full-length variant (E6L), 
induces an increase in ROS and promotes the 
integration of plasmid DNA.

Increasing ROS results in increased integra-
tion frequency, while decreasing ROS results 
in decreased integration frequency

To examine the impact of OS on integration fre-
quency, we increased or decreased the levels 
of ROS using agents known to affect cellular 
levels of these reactants. To carry out this set 
of experiments, we needed an agent that would 
induce chronic OS in our cells by modulating 
ROS levels without significantly affecting cell 
viability. We found that L-Buthionine-sulfoximine 
(BSO), which decreases the level of glutathione 
in cells through inhibition of gamma glutamyl 
cysteine synthetase (gamma GCS), the enzyme 
that catalyzes the first step of glutathione  
synthesis [37], was suitable for our needs. 
Application of BSO to U2OS cells at doses from 
1.25 μM to 80 μM did not significantly affect 
cell viability, as assessed by crystal violet stain-
ing (Figure 2A), while treatment with 5 and 10 
μM of BSO for 48 hours led to elevation of ROS 
levels, as assessed by flow cytometry following 
DCFDA staining (Figure 2B).

To determine whether chronic OS induced by 
BSO treatment increases the integration fre-
quency of plasmid DNA in U2OS, we performed 
a clonogenic analysis of U2OS cells transfected 
with the pcDNA3 plasmid. After transfection, 
cells were plated onto a 6-well plate, and 3 
wells were treated with 5 μM BSO for 5 days 
while the remaining 3 wells were used as con-
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trols. Following G418 selection, the colonies 
were stained with crystal violet and counted 
(Figure 2C). The normalized number of colonies 
is presented in Figure 2D. These results dem-
onstrate that chronic OS induced by BSO pro-
motes the integration of plasmid DNA into 
U2OS cells.

To assess the effect of decreased ROS levels 
on integration frequency, cells were treated 
with the known antioxidants resveratrol [38] 
and vitamin E [39], and integration frequency 
was estimated using the clonogenic assay as 
described above. As expected, we found that 
ROS levels were significantly decreased after 
treatment with 5 μM and 10 μM resveratrol 
(Figure 2E) or with 10 μM Vitamin E (Figure 2F) 
for 48 hours as assessed by flow cytometry  
following DCFDA staining. After transfection 
with the pcDNA3 plasmid carrying the G418-
resistant gene, cells were plated onto a 6-well 
plate, and 3 wells were treated with 10 μM res-
veratrol for 48 hours while the remaining 3 
wells were left untreated. Following G418 se- 
lection, the colonies were stained with crystal 
violet and counted (Figure 2G). A similar experi-
ment was performed with U2OS cells treated 
with 10 μM Vitamin E (Figure 2H). These results 
clearly demonstrate that antioxidants that 
decreased ROS levels also caused a reduction 
in the rate at which circular plasmid DNA inte-
grated into U2OS cells.

OS, induced by either overexpression of E6* 
or by glutathione depletion, increases DNA 
damage and the frequency of plasmid DNA 
integration into NOK cells

To determine whether an increase of ROS in 
keratinocytes, the natural target cells for HPV 
infection, also results in an increased rate of 

circular DNA integration, we employed Normal 
Oral Keratinocytes (NOK), a cell line which was 
immortalized using hTERT (gift of Karl Münger) 
[31]. NOK cells stably expressing either E6* 
alone, E6, or the empty vector control were 
obtained as described previously following 
transduction of the retroviruses pLNCX-E6*, pL- 
NCX-E6 or pLNCX, respectively [21]. We first 
employed qRT-PCR to compare the level of E6* 
expression in NOK-derived pE6*, pE6L and 
pLNCX cells with that seen in CaSki and SiHa 
cells, where E6* is expressed from integrated 
HPV16 [40], and with the level of E6* expressed 
in human cervical keratinocytes (HCK). The 
level of E6* expression in NOK pE6* cells was 
approximately 2 times higher than that ob- 
served in HCK and CaSki cells, suggesting that 
the level of E6* expression from the estimated 
50-100 copies of the HPV genome in HCK cells 
is comparable to that seen from the integrated 
HPV in CaSki cells, and that expression of E6* 
from the E6*-expressing NOK cells is well with-
in a two-fold range of levels seen physiologi-
cally (Figure 3A).

NOK cells expressing E6* are characterized by 
higher levels of ROS (Figure 3B) and DNA dam-
age [21] than seen in NOK pLNCX or NOK E6L 
cells. To determine whether the plasmid inte-
gration rate was also higher in these cells, we 
transfected these pLNCX-E6*, pLNCX-E6 and 
pLNCX cells with the plasmid pMetLuc puro. To 
normalize for transfection efficiency, expres-
sion of secreted luciferase in the media was 
monitored. After puromycin selection, the num-
ber of colonies was counted after crystal violet 
staining (Figure 3C). This clonogenic assay 
revealed that NOK cells expressing E6* pro-
duced a higher number of colonies, as com-
pared to NOK cells expressing either E6 or 
those transfected with the empty vector. These 

Figure 2. Increasing ROS results in increased integration frequency, while decreasing ROS results in decreased 
integration frequency. A. U2OS cells (104 cells per well) were plated onto a 96-well plate, and cells were treated 
with BSO in triplicate at the indicated concentrations for 48 hours. Cell viability was estimated using the crystal 
violet assay. Cell viability without BSO treatment was set at 100%. B. The level of ROS in U2OS cells treated with 
the indicated concentrations of BSO for 48 h was estimated by flow cytometry following DCFDA staining. C. 1.5 × 
105 cells per well of U2OS were transfected with the pcDNA3 plasmid, then plated onto a 6 well plate. After 24 hrs, 
3 wells were treated with 5 μM of BSO for 5 days. Selection of cells resistant to G418 (0.5 mg/ml) was performed 
for approximately 2 weeks, following which the colonies produced were stained with crystal violet. Colony numbers 
are presented in the bar graph (D). E, F. The level of ROS in U2OS cells treated with the indicated concentrations of 
resveratrol (E) and vitamin E (F) for 48 h was estimated by flow cytometry following DCFDA staining. G and H. 1.5 × 
105 cells per well of U2OS were transfected with the pcDNA3 plasmid, then plated onto a 6 well plate. After 24 hrs, 
3 wells were treated with 10 μM of resveratrol (G) or 10 μM of Vitamin E (H) for 48 h. Selection of cells resistant to 
G418 (0.5 mg/ml) was performed for approximately 1 week, and the colonies produced were stained with crystal 
violet. Colony numbers are presented in the corresponding bar graphs (G) and (H). Error bars represent the standard 
deviation, *represents a 0.95 level of confidence, **represents a 0.99 level of confidence, and ***represents a 
0.999 level of confidence.
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results demonstrate that overexpression of 
E6* results in an increase in ROS along with 
enhanced DNA integration into keratinocytes, 
similar to our observations in the U2OS model 
system.

To assess the impact of external, OS-inducing 
agents on DNA damage and integration in NOK 
cells, we again employed BSO. We found that 
BSO at concentrations ranging from 5 μM to 20 
μM does not significantly affect cell viability, as 
assessed by crystal violet staining (Figure 3D). 
We also measured glutathione levels in these 
NOK cells before and after BSO treatment for 
48 hours at several concentrations (5, 10, 20, 
and 40 μM) using the glutathione assay (Pro- 
mega, Madison, WI). Figure 3E shows that BSO 
does, indeed, significantly reduce the level of 
glutathione in treated cells as compared to that 
seen in untreated cells. Treatment with BSO for 
48 hours at concentrations of 12 and 100 μM 
in NOK cells increased ROS levels significantly 
(Figure 3F), as assessed by flow cytometry fol-
lowing DCFDA staining. Together, these results 
show that BSO is capable of inducing chronic 
cellular OS by decreasing levels of the antioxi-
dant glutathione, without significantly affecting 
cell viability.

Next, we asked whether chronic OS induced by 
long-term BSO treatment would also increase 
DNA damage. NOK cells were treated with BSO 
for 9 days at a concentration of 5 μM, and DNA 
damage was estimated using the comet assay. 

The comet assay detects DNA strand breaks by 
measuring the distance DNA migrates out of 
cells (tail lengths), which corresponds to the 
severity of DNA damage [41]. The results of the 
comet assay (Figure 3G) demonstrate that the 
number of cells with longer tail lengths is 
increased in BSO-treated cells, as compared  
to an untreated control group. Representative 
cells with and without BSO treatment are shown 
in Figure 3H.

To determine whether chronic OS induced by 
BSO treatment also increases the integration 
frequency of plasmid DNA in keratinocytes, we 
performed a clonogenic analysis of NOK cells 
transfected with the pMetLuc puro plasmid. 
After transfection, cells were plated onto a 
6-well plate, and 3 wells were treated with BSO 
for 48 hours while the remaining 3 were used 
as controls. Following puromycin selection of 
treated and untreated cells, the colonies were 
stained with crystal violet. No puromycin resis-
tant clones were observed in wells without BSO 
treatment, while numerous stable clones were 
noted in wells treated with BSO (Figure 3I). 
These results clearly demonstrate that chronic 
OS induced by BSO promotes the integration of 
plasmid DNA.

The chronic OS that increased integration rates 
in NOK cells was induced by either overexpres-
sion of E6* (Figure 3C) or BSO treatment 
(Figure 3I). We compared the cellular levels of 
ROS resulting from E6 and E6* expression with 

Figure 3. OS, induced by either overexpression of E6* or by glutathione depletion, increases DNA damage and the 
frequency of plasmid DNA integration into NOK cells. A. The expression levels of E6* transcripts in HCK, CaSki, SiHa, 
and NOK cell lines stably expressing either E6* alone (pE6*), E6 large (pE6L), or the empty vector (pLNCX) were 
analysed by qRT-PCR. E6* transcript expression levels were normalized by PGK gene expression. B. ROS levels in 
NOK-derived stable cell lines and NOK treated with 10 μM BSO were analysed by flow cytometry using DCFDA (upper 
panel) and DHE (lower panel) as described in Material and Methods. C. 106 cells per well of NOK-derived cell lines 
stably transduced with E6*, E6 large or the vector control were transfected with the pMetLuc puro plasmid. To nor-
malize for transfection efficiency, media was collected 48 h post-transfection and the expression of secreted MetLuc 
was measured. Selection of cells resistant to puromycin (5 μg/ml) was performed for 3 weeks, and the colonies 
produced were stained with crystal violet. D. NOK cells (104 cells per well) were plated onto a 96-well plate, and cells 
were treated with BSO in triplicate at the indicated concentrations for 48 hours. Cell viability was estimated using 
the crystal violet assay. Cell viability without BSO treatment was set at 100%. E. 5 × 104 NOK cells were plated onto 
24-well plates. After attachment, cells were treated with the indicated concentrations of BSO for 48 h. The resulting 
level of glutathione was measured using the Promega GSH-Glo™ glutathione assay kit according to the manufac-
turer’s protocol. Measurements were performed in triplicate, and the glutathione level in untreated cells was set 
at 100%. F. The level of ROS in NOK cells treated with the indicated concentrations of BSO for 48 h was estimated 
by flow cytometry following DCFDA staining. G, H. NOK cells treated or untreated with 5 μM of BSO for 9 days, and 
the DNA damage was measured using the comet assay as described in Materials and Methods. G. 100 cells were 
counted per cell line and the percentage of cells with each tail length was calculated. H. Representative comet im-
ages of NOK cells untreated and treated with 5 μM BSO, visualized by microscopy following alkaline electrophoresis. 
I. 6 × 106 cells were transfected with the pMetLuc puro plasmid, then plated onto a 6 well plate. After 24 hrs, 3 wells 
were treated with 100 μM of BSO for 48 h. Selection of cells resistant to puromycin (5 μg/ml) was performed for 3 
weeks and the resulting colonies were stained with crystal violet.



Oxidative stress increases HPV integration frequency

773 Am J Cancer Res 2016;6(4):764-780

those observed following treatment with 10 μM 
BSO. The results shown in Figure 3B demon-
strate that exogenous application of the gluta-
thione depleting agent BSO and expression of 

E6* in NOK cells lead to comparable levels of 
OS, suggesting that both environmental and 
viral factors may make significant contributions 
to the overall oxidative status.

Figure 4. OS induced by glutathione depletion increases DNA damage in HCK cells containing episomal HPV16. 
A. 104 cells per well of HCK cells were plated onto a 96-well plate. Cells were treated with BSO in triplicate at the 
indicated concentrations for 48 hours. Cell viability was estimated by the crystal violet assay, with cell viability 
without BSO treatment set at 100%. B. 5 × 104 HCK cells were plated onto 24-well plates. After attachment, cells 
were treated with the indicated concentrations of BSO for 48 h. The level of glutathione was measured using the 
Promega GSH-Glo™ glutathione assay kit according to protocol. Measurements were performed in triplicate, and 
the glutathione level of untreated cells was set at 100%. C. The level of ROS in HCK cells untreated or treated with 
the indicated concentrations of BSO for 48 h was estimated by flow cytometry following DCFDA staining. D, E. HCK 
cells, were untreated or treated with 100 μM BSO for 8 days, then DNA damage was measured by the comet assay 
as described in Material and Methods. D. 100 cells were counted per cell line and the percentage of cells with each 
tail length was calculated. E. Representative comet images of HCK cells untreated or treated with 100 μM BSO, 
visualized by microscopy following alkaline electrophoresis.
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OS induced by glutathione depletion increases 
DNA damage in HCK cells containing episomal 
HPV16

The results described above indicate that ch- 
ronic OS exogenously induced by BSO increas-
es the rate at which plasmid DNA integrates 
into NOK cells. To determine if OS stress is also 
able to promote the integration of episomal 
HPV into the genome of the host, we employed 
HPV-positive human cervical keratinocytes, 
HCK, in which the HPV genome is normally 
maintained in an episomal state. These cells 
were kindly provided by Aloysius J. Klingelhutz 
[32]. First, we determined the concentration 
range of BSO that was capable of increasing 
ROS levels without affecting cell viability in HCK 
cells. We found that BSO concentrations within 
the 5 μM to 320 μM range did not affect viabil-
ity (Figure 4A), however, such BSO treatments 
were accompanied by decreases in glutathione 
levels (Figure 4B). Furthermore, concentrations 
of 50 and 100 μM BSO did significantly increase 
ROS levels in HCK cells after 48 hours of treat-
ment (Figure 4C).

DNA damage in HCK cells following treatment 
with 100 μM BSO treatment for 8 days was 
evaluated using the Comet assay. The results 
presented in Figure 4D show that the relative 
number of cells with longer tail lengths was 
increased after BSO treatment, as compared to 
the untreated group. A representative comet 
assay is shown in Figure 4E. These results 
demonstrate that exogenous application of the 
glutathione depleting agent BSO can induce OS 
and increase DNA damage in HCK cells con-
taining episomal HPV16.

Chronic OS increases the frequency of HPV16 
genome integration in HCK cells containing 
episomal HPV16

To determine whether the DNA damage induced 
by chronic OS results in an increase in the fre-
quency with which the HPV episome integrates 
into the genome, we employed the Amplification 
of Papillomavirus Oncogene Transcripts (APOT) 
assay. This assay detects fusion forms in inte-
grated viral oncogene transcripts (Figure 5A) 
[12]. HCK cells were treated with BSO, and 
samples of treated cells were collected at days 
10 and 17. Samples of untreated cells were col-
lected, and all samples were kept frozen at 
-80°C prior to RNA isolation and performance 

of the assay. Results from the APOT assay are 
shown in Figure 5B. RNA isolated from CaSki 
and SiHa cells were used as controls for the 
integrated HPV genome, since both cell lines 
are known to contain integrated HPV16 [40].

An episomal HPV-derived transcript produces a 
1050 bp product when assessed with a 5’-prim-
er specific for the E7 region and a 3’-primer that 
binds to the poly-A tail region. If HPV is integrat-
ed, however, these primers will yield evidence 
of a fused transcript containing both HPV and 
human sequences. Hence, additional bands of 
different sizes will be observed [12]. The results 
of our APOT assay showed that PCR products 
from integration-derived transcripts in CaSki 
and SiHa cells were indeed of different lengths 
than the episomally-derived 1050 bp, showing 
that APOT detect fused transcripts [40] (Figure 
5B, right two lanes). In HCK cells untreated with 
BSO, however, the most abundant band was 
found to be 1050 bp, confirming our expecta-
tion and previous reports that this cell line car-
ries the episomal form of the virus [32] (Figure 
5B, left-most lane). Treatment with BSO for 
either 10 or 17 days led to the appearance of 3 
additional bands of lesser size (Figure 5B). It is 
worth noting that the intensity of these addi-
tional bands was stronger at day 17 than at  
day 10 (Figure 5B, lane 3 vs lane 2). These 
results suggest that integration-derived HPV 
transcripts do appear after long-term BSO treat- 
ment, consistent with our working model stat-
ing that chronic OS increases DNA damage  
and hence episomal integration. To determine 
whether these transcripts were indeed derived 
from integrated HPV, these additional bands of 
less than 1050 bp were cloned and sequenc- 
ed. These additional bands contained chimeric 
sequences composed of HPV viral sequences 
together with cellular sequences. Direct sequ- 
encing showed that in each case, the break-
points in HPV occurred in the region of the E7 
gene, while the 3 human insertions occurred 
within 3 separate genes, CUX2, JRKL-AS1, and 
tRNaseZL-interacting RNA B1. Together, these 
data indicate that treatment with BSO, which 
increased the level of OS and DNA damage in 
these episome-harboring cells, led to 3 inde-
pendent integration events in which episomal 
HPV was inserted into the host genome, and 
support a chain of events leading from the 
induction of oxidative stress, to DNA damage, 
and finally, to viral integration.
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Discussion

In the work reported here, we tested the hypoth-
esis that virus-mediated and/or environmental 
factors can induce chronic OS that contributes 
to DNA integration. Consistent with our working 
model, we demonstrated that indeed, chronic 
OS increases the integration rate of both plas-
mid DNA and the HR HPV genome.

Integration of plasmid DNA occurs in response 
to OS induction, as assessed by a clonogenic 
assay (Figures 1A, 1B, 2C, 2D, 3C, 3I), as does 
HPV genome integration, as shown by APOT 
analysis (Figure 5B). These results are impor-
tant because they demonstrate, for the first 

time, that the frequency of HPV integration can 
be manipulated by modulating levels of OS. It is 
generally accepted that high levels of ROS con-
tribute to carcinogenesis by damaging DNA, 
RNA, proteins, and lipids, leading to cellular tox-
icity (reviewed in [24]). With respect to DNA, OS 
can induce DNA damage that results in apu-
rinic/apyrimidinic (abasic) DNA sites, oxidized 
purines and pyrimidines, single-strand breaks 
(SSB) and double-strand breaks (DSB). These 
events further lead to chromosomal rearran- 
gements and point mutations [18, 42]. With 
regards to DNA viruses, OS is particularly im- 
portant in the context of HPV DNA integration, 
as ROS and reactive nitrogen species (RNS) 
have the potential to create the DSBs [30, 43] 

Figure 5. Chronic OS increases the frequency of HPV16 genome integration in HCK cells containing episomal 
HPV16. A. Scheme showing the Amplification of Papillomavirus Oncogene Transcripts (APOT) assay. Transcripts 
derived from either episomal (left) or integrated (right) HPV16 forms, as well as the location of primers used for the 
Reverse Transcriptase Reaction ((dT)17-p3) for PCR (p1, p2, p3) are indicated (modified from Ruediger Klaes, Stefan 
M. et al. [12]). B. HCK were treated with 5 µm BSO for 10 and 17 days. RNA from these cells, together with that from 
untreated cells (days 0) was isolated, then used to perform the APOT assay as described in Material and Methods. 
RNAs isolated from CaSki and SiHa cells were used as controls for the integrated HPV genome. *labels the inte-
grated HPV genome. #labels new additional bands corresponding to transcripts from integrated forms of HPV16. 
cDNA was synthetized using oligo-dT, and nested PCR was performed using primers specific for E7 and poly-A.
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that can in turn enable viral integration. Our 
ability to induce HPV integration provides us 
with a novel tool to experimentally study the ini-
tial steps of carcinogenesis using models that 
closely resemble an actual HPV infection.

Among the different mechanisms of viral carci-
nogenesis, integration of the viral genome into 
the host genome plays a critical role during the 
process of transformation by several oncogenic 
viruses including HBV, HPV, and Merkel cell 
polyomavirus (MCV). The connection between 
HBV integration and carcinogenesis is well 
accepted [44, 45], though the exact role of inte-
gration in Merkel cell carcinoma (MCC) carcino-
genesis requires further study (reviewed in 
[18]). The connection between HPV integration 
and carcinogenesis is also widely accepted [8], 
and is largely based on analyses of patient 
tumor samples, as such cells present with inte-
grated HPV at a very high frequency. However, 
this focus on fully transformed tissues limits 
the conclusions that can be drawn regarding 
factors that influence the integration events 
occurring prior to tumor development. Studies 
of tumor specimens indicate a lack of targeted 
disruption or functional alterations of critical 
cellular genes by the integrated viral sequenc-
es. Instead, most studies agree that integration 
occurs most frequently in common fragile sites 
(CFSs) [46] and in intronic sequences of human 
cellular genes [47] within (or adjacent to) onco-
genes [46].

The three integration events we identified all 
involve a fusion between the E7 oncogene and 
a cellular sequence, with none of the three rep-
resenting the type of integration event (between 
E2 and a cellular sequence) often observed in 
tumors. We therefore suggest that the integra-
tion of HPV genome into the host genome may 
be a much more frequent event than the initia-
tion of transformation, and furthermore sug-
gest that in most cases, this process is random 
and neutral in the context of cellular transfor-
mation. Consistent with our findings, a study 
from L. Turek’s lab also shows that some identi-
fied HPV16 integration loci from head and neck 
cancer samples are involved in control of cell 
growth phenotype and oncogenes (16%), while 
other integration loci are neutral and varied, 
suggesting that not every integration of the 
virus will lead to carcinogenesis. The functional 
role of these viral integration events in the 
course of oncogenic progression remains to be 
defined [48].

Integration occurs rarely and represents a 
dead-end for the virus life cycle. However, accu-
mulating evidence indicates that the machinery 
for HPV integration is likely provided by the HPV 
replication process [49], by way of activating 
the DNA Damage Response (DDR). Several 
DNA viruses, including HPV, have been shown 
to activate and utilize DNA repair mechanisms 
to enhance their own replication (review [50]). 
This is a reasonable link, since there is overlap 
between enzymes that mediate repair and 
those that participate in DNA replication. HPV 
viral DNA replication occurs in the nuclear foci, 
and expression of the E1 and E2 replication 
proteins is sufficient for the formation of repli-
cation foci that recruit components of the DDR 
[51-54]. HPVs enter the nucleus and initiate 
replication and transcription programs adja-
cent to nuclear domain 10 (ND10) bodies, 
which are associated with regions of DNA dam-
age [55, 56]. Both E7 [57] and E1 [51] expres-
sion have been shown to activate the ATM-
mediated DNA damage response. Although E6 
inactivates the p53-mediated DNA damage 
repair pathway, p53-independent forms of DNA 
damage repair continue to function [57] and 
thereby support viral replication. Following DNA 
damage, recruitment of the repair apparatus to 
the linear viral episome and/or breaks in the 
host genome likely occurs. The recruitment of 
DNA damage repair complexes ensures the 
availability of ligases that can reconnect the 
recombined host and virus sequences, creating 
a microenvironment conducive to viral integra-
tion. In cases where the E1 and/or E2 regions 
are disrupted, these replication proteins are 
not expressed from integrated genomes but 
would be expressed from co-replicating, extra-
chromosomal HPV genomes, thereby inducing 
recruitment of DDR proteins to the integration 
loci, resulting in onion skin replication and pro-
motion of genetic instability [58, 59]. Any modi-
fication that results in increased expression of 
the E6 and E7 oncoproteins is anticipated to 
further stimulate genetic instability and pro-
mote carcinogenesis [49]. The DDR can be 
induced by exogenous factors [60] and, as 
noted above, is likely involved in HPV inte- 
gration.

In this current report, we showed that DNA 
damage induced through exogenous chronic 
OS increased integration of the HPV genome 
(Figures 4A-E, 5B). DNA damage, and the 
resulting DDR, can also be induced by virus-
derived factors, as the ability to damage DNA 
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has been reported for E2, E6, E6* and E7 [21, 
61, 62]. In fact, our results demonstrated that 
E6* expression can induce DNA damage th- 
rough increasing ROS levels and thereby pro-
mote foreign DNA integration (Figures 1A, 1B, 
2C, 2D, 3C, 3I). Factors other than OS can also 
promote integration of the viral genome. E6 
and E7 expression have been shown to induce 
genome instability and contribute to an in- 
creased integration rate [20]; in addition, viral 
load and persistence have been demonstrated 
to promote integration [8, 63].

Importantly, we were able to successfully de- 
crease the integration frequency by using  
antioxidants (resveratrol and vitamin E). These 
results (Figure 2E-H) are significant because 
they suggest that if chronic OS is indeed a fac-
tor promoting HR HPV integration, we have the 
potential to develop prophylactic and therapeu-
tic strategies designed to prevent this initial 
step in carcinogenesis. Reduction of risk fac-
tors associated with chronic OS should be 
therefore considered as a prophylactic app- 
roach for the prevention of cervical cancer. 
Theoretically, therapeutic or dietary measures 
aimed at reducing oxidative stress could de- 
crease oxidative stress in already-infected cells 
[64], and thereby diminish the risk of viral inte-
gration. In this report, we used the antioxidants 
vitamin E and resveratrol to reduce levels of 
cellular oxidative stress, which in turn reduced 
the integration of foreign DNA into U2OS cells. 
Our findings suggest that dietary antioxidants 
may be able to supplement the activity of 
endogenous antioxidants found in normal cells 
and fortify them against challenges posed by 
increased levels of ROS. In fact, studies have 
shown that several antioxidants are reduced in 
the circulation of cervical cancer patients [65]. 
A deficiency in antioxidant vitamins and/or 
other dietary components may, therefore, con-
tribute to the increased prevalence of cervical 
cancer observed in women with a low socioeco-
nomic status [65]. Possible benefits from di- 
etary antioxidant consumption remain under 
discussion [64], and additional work is needed 
to test the effect of antioxidant therapies as a 
new approach for decreasing the probability of 
integration and thereby reducing cervical can-
cer incidence.

Overall, our results demonstrate that chronic 
OS can induce DNA damage and increase the 
frequency of HPV integration into the host 
genome, and in this way contribute to cervical 

carcinogenesis. Future strategies may focus on 
assessing cancer risk by screening for OS lev-
els, then applying therapies directed toward 
OS, thereby decreasing the integration rate, 
and ultimately, carcinogenesis.
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