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Abstract

Human papillomavirus (HPV) is the causative agent of a subgroup of head and neck cancer characterized by an intrinsic
radiosensitivity. HPV initiates cellular transformation through the activity of E6 and E7 proteins. E6 and E7 expression

is necessary but not sufficient to transform the host cell, as genomic instability is required to acquire the malignant
phenotype in HPV-initiated cells. This study reveals a key role played by oxidative stress in promoting genomic instability
and radiosensitivity in HPV-positive head and neck cancer. By employing an isogenic human cell model, we observed that
expression of E6 and E7 is sufficient to induce reactive oxygen species (ROS) generation in head and neck cancer cells. E6/
E7-induced oxidative stress is mediated by nicotinamide adenine dinucleotide phosphate oxidases (NOXs) and causes
DNA damage and chromosomal aberrations. This mechanism for genomic instability distinguishes HPV-positive from
HPV-negative tumors, as we observed NOX-induced oxidative stress in HPV-positive but not HPV-negative head and neck
cancer cells. We identified NOX2 as the source of HPV-induced oxidative stress as NOX2 silencing significantly reduced ROS
generation, DNA damage and chromosomal aberrations in HPV-positive cells. Due to their state of chronic oxidative stress,
HPV-positive cells are more susceptible to DNA damage induced by ROS and ionizing radiation (IR). Furthermore, exposure
to IR results in the formation of complex lesions in HPV-positive cells as indicated by the higher amount of chromosomal
breakage observed in this group of cells. These results reveal a novel mechanism for sustaining genomic instability in HPV-
positive head and neck tumors and elucidate its contribution to their intrinsic radiosensitivity.

Introduction

Human papillomavirus 16 (HPV16) is an epitheliotropic virus
associated with increased risk of cervical and head and neck
cancer (1,2). HPV-positive head and neck cancers have become
a focus of attention due to their unique biological and clinical
features. This subgroup of tumors is characterized by increas-
ing incidence and a younger population compared with HPV-
negative head and neck cancers (1). Moreover, HPV-positive

head and neck cancers display enhanced radiation sensitivity
in vitro and in vivo (3-5). This feature probably contributes to a
more favorable clinical outcome observed in patients with HPV-
positive tumors compared with those with HPV-negative tumors
following treatment with ionizing radiation (IR) (6-8). Due to
these unique characteristics, HPV-positive head and neck can-
cers represent a clinically relevant model to study not only the
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Abbreviations

cDNA complementary DNA

DPI diphenyleneiodonium chloride

DSB double-strand breaks

HPV human papillomavirus

IR ionizing radiation

mRNA messenger RNA

NAC N-acetyl-cysteine

NOXs nicotinamide adenine dinucleotide
phosphate oxidases

ROS reactive oxygen species

shRNA short hairpin RNA

SSB single-strand breaks

mechanisms of viral oncogenes but also the effect of viral infec-
tion on tumor biology.

HPV16-induced cellular transformation requires the expres-
sion of two viral proteins, E6 and E7 (9). When coexpressed, E6 and
E7 cooperate to transform the infected cell into a highly proliferat-
ing, immortalized cell. E7 acts primarily by inhibiting the activity
of key regulators of cellular proliferation and cell-cycle progres-
sion (10,11). The best characterized of these interactions occurs
with Rb protein, a master regulator of the G1-S cell-cycle check-
point (10). Deregulated cell-cycle progression should result in cel-
lular apoptosis by p53 activation (12). To prevent this response,
E6 impairs p53 function by two different mechanisms: interfering
with DNA-binding activity (13) and promoting degradation (14).
Although E6/E7 are necessary to initiate and maintain the trans-
formed phenotype, expression of these two oncoproteins is not
sufficient to fully transform primary cells into cancer cells. This
model is supported by the observation that HPV-immortalized
cells are unable to form tumors in nude mice (15).

Development of genomic instability is considered a key
enabling hallmark in HPV-induced carcinogenesis. Expression
of E6/E7 in normal cells results in DNA damage and chromo-
somal aberrations (16). Multiple mechanisms have been pro-
posed to explain these observations, such as replication stress
and centrosome amplifications (17,18). However, these models
do not consider the modulating role played by host and micro-
environment-related factors. The relevance of additional factors
influencing HPV-induced carcinogenesis is supported by the
observation that not all HPV-infected women develop cervical
cancer. Hormonal exposure, retinoid receptor deficiency, chronic
inflammation, smoking history and presence of local coinfec-
tions have been identified as risk factors promoting the develop-
ment of cervical cancer in HPV-infected women (19,20).

Risk factors that promote the development of cervical can-
cer in HPV-infected women share the capability to induce the
generation of reactive oxygen species (ROS) in host cells and/or
the tissue microenvironment. ROS are a family of highly reac-
tive molecules continuously produced in the cell. The two major
endogenous sources of ROS are mitochondria (21), which produce
superoxide as a natural by-product of aerobic metabolism, and
nicotinamide adenine dinucleotide phosphate oxidases (NOXs),
which produce superoxide in response to endogenous and exog-
enous stimuli (22). ROS can mediate physiological processes, by
functioning as cell signaling molecules as well as pathological
processes, by damaging DNA, RNA, protein and lipids (23). To pre-
vent deleterious consequences, production of ROS is balanced by
complex systems of antioxidant enzymes and small molecules
that scavenge such reactive species. The imbalance between ROS
production and cell scavenging capability that results in intracel-
lular oxidative damage is defined as oxidative stress.

We hypothesized that oxidative stress may act as a key cofac-
tor in promoting HPV-induced carcinogenesis. An acute increase
in ROS levels has been observed in keratinocytes upon infec-
tion with HPV16 (24). Similarly, infection by different viruses is
associated with ROS generation in the host cells (25-27). There
is a consensus among several groups with a model in which
ROS generation occurs during the early phase of viral infec-
tion to promote viral genome amplification and integration into
the host genome (25,28,29). Although the few studies that have
linked ROS generation with HPV infection have focused on the
acute effects of HPV-induced ROS on host cell biology, very little
is known about how this response is elicited, its temporal nature
(acute versus chronic) and its effect on cancer cell genomic
integrity and response to therapy.

In this study, we employed a panel of HPV-positive head and
neck cancer cell lines as a model system. By comparing the oxi-
dative status and the biological characteristics of HPV-positive
and HPV-negative head and neck cancer cells, we were able to
(i) identify the source of ROS generation in HPV-positive tumors,
(ii) elucidate the mechanism by which ROS may promote HPV-
induced carcinogenesis and (iii) determine how HPV-induced
ROS influences head and neck cancer cell responses to IR. Our
findings not only contribute to understanding the mechanism(s)
of HPV-induced carcinogenesis but may also reveal novel strate-
gies to optimize the treatment of HPV-associated tumors.

Materials and methods

Cell culture

Tu212 cell line was provided by G.L.Clayman in 2002 (30,31). SCC02, SCC47,
JHU-012, 93-VU-147T, PCI-13 and PCI-15A cell lines were kindly given by Dr
R.Ferris in 2012, SCC090 cell line by Dr S.Gollin in 2010 and SCC1483 cell line
by Dr S.-Y.Sun in 2012. SCC02, SCC47, SCC090, 93-VU-147T and SCC1483 cells
are positive for HPV (3,32), and HPV status was confirmed by PCR ampli-
fication of the viral genes E6 and E7 (Supplementary Figure 1, available at
Carcinogenesis Online). Tu212, PCI-13 and PCI-15A cells were cultured in
Dulbecco’s modified Eagle’s medium/F12 (50:50) medium; JHU-012 cells were
cultured in RPMI medium; media were supplemented with 5% fetal bovine
serum. SCC47, SCC02 and 93-VU-14T cells were cultured in Dulbecco’s modi-
fied Eagle’s medium with 10% fetal bovine serum. SCC090 cells were cultured
in Eagle's minimum essential medium medium with 10% fetal bovine serum,
L-glutamine and minimum essential medium non-essential amino acids.
Cells were grown at 37°C in 5% CO, humidified incubators. Cells were rou-
tinely screened for mycoplasma contamination by MycoAlert Mycoplasma
Detection Kit (Lonza). The authenticity of cell lines was verified through the
genomic short tandem repeat profile by the Research Animal Diagnostic
Laboratory, University of Missouri (Columbia, MO, USA) in September 2009
and by Emory University Integrated Genomics Core in October 2013, respec-
tively. Authenticity of PCI-15A was not verified by the authors, but reported by
Zhao et al. in 2011, using the same short tandem repeat profile (31).

ROS level measurements

Endogenous ROS levels were analysed by incubating the cells with 2-7
dichlorodihydrofluorescein diacetate (10 pM; Sigma-Aldrich), dihydroeth-
idium (5 uM; Molecular Probes) or MitoSox (5 uM; Molecular Probes) for
30min at 37°C. The NOXs inhibitor diphenyleneiodonium chloride (DPI,
1 pM; Sigma-Aldrich) and the antioxidant N-acetyl-cysteine (NAC, 1mM;
Sigma-Aldrich) were added to the media 1h (DPI) or 2h (NAC) before cell
labeling with ROS probes. Fluorescence intensity was assessed with BD
LSRII flow cytometer, and data were analysed with FlowJo Software.

Plasmid, shRNA interference and transfection

HPV-negative cells were transfected with a plasmid-driving HPV16 E6/E7
expression (Karl Munger, Addgene plasmid #13712) or the corresponding
empty vector (Karl Munger, Addgene plasmid #13680) as a control (33).
HPV-positive head and neck cancer cells were transfected with lentiviral
plasmids carrying NOX2-targeted short hairpin RNA (shRNA) (SH88 and
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SH90; GE Healthcare) or non-targeted shRNA (pLKo1). A double transfec-
tion (days 1 and 3) was carried out by using Lipofectamine 3000 according
to the manufacturer protocol; unless otherwise indicated, the cells were
plated at day 5 and analysed at day 6.

Subcellular fractionation and western blot

Subcellular fractionation was performed by differential centrifugation.
Briefly, cells were resuspended in ice-cold hypotonic buffer (10mM Tris-
base pH 7.4; 10mM NaCl, 1.5 MgCl,, 1mM dithiothreitol), incubated for
15min on ice and then homogenized with a Dounce homogenizer. Cell
lysate was centrifuged at 1000g for 10 min to remove nuclei and cell debris.
The supernatant was centrifuged at 150009 for 15min to separate mito-
chondrial and cytosolic fractions. The supernatant was then centrifuged
at 100000g for 60 min to obtain lysate enriched in membrane fraction (pel-
let) and soluble cytosolic fraction (supernatant).

For western blot analysis, the following primary antibodies were used:
p47phox 1:1000 (Cell Signaling, cat#4312); Na, K-ATPase 1:500 (DSHB,
cat#a6F); B-actin 1:1000 (Sigma-Aldrich, cat#A5441). Chemiluminescence
was used to detect immunoreactive proteins, and protein abundance was
quantified based on band intensities using ImageJ software.

DNA damage measurements

The alkaline comet assay was used to detect DNA single-strand breaks
(SSB), double-strand breaks (DSB) and alkali-labile sites in the DNA.
Following treatments with NAC, cells were mixed with 0.5% agarose and
placed on a microscope slide precoated with 1% agarose. For experiments
with H,0, and IR, cells were embedded in agarose, exposed to the agents
on ice and lysed after 5min (H,0,) or 30min (IR). Lysis was performed for
2h (lysis buffer: 2.5M NaCl, 10mM ethylenediaminetetraacetic acid, 100mM
Tris-base, pH 10, 1% Triton X, 10% dimethyl sulfoxide; 50 pM N-tert-butyl-
a-phenylnitrone added fresh) followed by incubation with electrophore-
sis buffer for 40min. Electrophoresis was conducted in alkaline buffer for
30min. Following neutralization, cells were stained with Sybr Green for
20min. Comets were analysed within 48h and scored with Comet Score
(TriTek). Two slides per condition were analysed in each experiment and
50 comets per slide were scored.

Chromosomal aberration measurements

Cytokinesis-block micronucleus assay was used as a surrogate to detect
chromosomal aberrations such as lagging whole chromosomes or acen-
tric chromosome fragments (micronuclei) or gene amplification (nuclear
buds). Cells were plated on a glass coverslip and let recover overnight.
Following treatments, cytochalasin B (3 pg/ml) was added to the media
for 18h and then the cells were fixed with 4% paraformaldehyde, washed
with phosphate-buffered saline and stained with 4’,6-diamidino-2-phe-
nylindoledihydrochloride. Micronuclei and nuclear buds were scored
in binucleated cells according to criteria described previously (34). Each
experiment was performed in duplicate, and 200 or more cells were ana-
lysed to score a minimum of 10 micronuclei/nuclear buds per sample.

PCR and RT-PCR

Total DNA was isolated by using MasterPure DNA Purification Kit (Epicentre
Biotechnologies) according to the manufacturer protocol. Complementary
DNA (cDNA) amplification, total RNA extraction and cDNA synthesis were
performed as described previously (35). For semiquantitative PCR and RT-
PCR, 1 pg of DNA or 2 pl of cDNA was amplified with Takara Ex-Taq Polymerase
(Clontech) under the following cycling conditions: 30 cycles of 94°C for 30s,52°C
for 30 s and 72°C for 60 s. No template samples were used as negative controls.
Primer sequences were E6F (5-3 on plus strand) ATGTTTCAGGACCCACAGGA,
E6R (5-3° on minus strand) TACAGCTGGGTTTCTCTACG (36); E7F (5—
3 on plus strand) GCAACCAGAGACAACTGATC, E7R (5-3 on minus
strand) ATTGTAATGGGCTCTGTCCG (37); GADPHF (5-3' on plus strand)
GGAAGGTGAAGGTCGGAGT and GADPHR (5-3 on minus strand)
GAAGATGGTGATGGGATTTC (35).

Real-time gRT-PCR was carried out using StepOnePlus™ Real-Time
PCR System (Applied Biosystems). Two microliter of cDNA was amplified by
using QuantiTect SYBR Green PCR Master Mix (Qiagen) and the following
cycling conditions: 10min at 95°C, 40 cycles of 15 s at 95°C, 30 s at 57°C and
30s at72°C. A dissociation curve analysis was performed for each sample to
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verify PCR specificity. Mock reverse transcription and no template samples
were used as negative controls. Primer sequences for NOX2 were NOX2F (5—
3’ on plus strand) GTCACACCCTTCGCATCCATTCTCAGTCAGT and NOX2R
(5-3" on minus strand) CTGAGACTCATCCCAGCCAGTGAGGTAG (38) and for
RPLPO gene were RPLPOF (5'-3" on plus strand) GGGCGACCTGGAAGTCCAACT
and RPLPOR (53’ on minus strand) CCCATCAGCACCACAGCCTTC (35). The
average NOX2 messenger RNA (mRNA) fold change was calculated by the
AACt method using RPLPO as internal control and pLKo1 cells samples as
calibrator.

Data representation and statistical analysis

Unless otherwise indicated, results are presented as mean of three inde-
pendent experiments, each performed in triplicate. Error bars represent +
standard deviation. Statistical analyses were performed using GraphPad
Prism 6.0, and the statistical test used for each experiment is detailed in
the figure legend.

Results

HPV-positive head and neck cancer cells display a
state of chronic oxidative stress

To determine whether oxidative stress is associated with HPV
infection in head and neck cancer, we analysed the ROS status
of a panel of HPV-positive and HPV-negative head and neck can-
cer cell lines by utilizing a cell-permeable probe (2-7” dichloro-
dihydrofluorescein diacetate) that becomes fluorescent upon
oxidation by several different ROS, thus providing a general indi-
cator of the oxidative stress status of viable cells. HPV-positive
cells display higher endogenous levels of ROS compared with
HPV-negative cells (Figure 1A and Supplementary Figure 2A,
available at Carcinogenesis Online), indicating that HPV-positive
cells are characterized by a pro-oxidant intracellular environ-
ment. Mitochondria and NOXs are the two major intracellu-
lar sources of ROS, generating primarily superoxide; thus, we
analysed the levels of superoxide in the panel of cells utilizing
the superoxide-specific probe dihydroethidium. HPV-positive
cells display a higher level of superoxide compared with HPV-
negative cells (Figure 1B and Supplementary Figure 2B, available
at Carcinogenesis Online), suggesting that elevated ROS genera-
tion is associated with HPV infection in head and neck cancer
cells. Chronically elevated intracellular ROS levels may result
in oxidative damage to DNA and other macromolecules if not
effectively scavenged by antioxidant systems or small-molecule
reducing agents. To determine whether the observed, elevated
ROS cause oxidative DNA damage in HPV-positive head and neck
cancer cells, we pretreated the panel of cells with the glutathione
precursor NAC (1mM) that promotes ROS scavenging and then
measured the level of DNA damage by the alkaline comet assay.
Following NAC treatment, we observed a reduction in the amount
of endogenous DNA damage present in HPV-positive cancer cells,
whereas no effect was observed in HPV-negative cells (Figure 1C).
Treatment with NAC did not significantly affect cell prolifera-
tion (Supplementary Table 1, available at Carcinogenesis Online);
thus, the observed reduction in DNA damage levels is not due to
alleviation of replication stress. These results indicate that HPV-
positive head and neck cancer cells are characterized by a status
of chronic oxidative stress that contributes to DNA damage.

Expression of E6 and E7 oncoproteins is sufficient
to promote NOX-dependent ROS generation and
oxidative DNA damage in head and neck cancer
cells

Our results indicate a strong association between HPV infec-
tion and sustained elevated ROS in head and neck cancer. Since
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Figure 1. HPV-positive head and neck cancer cells are characterized by a status of chronic oxidative stress. (A) Intracellular ROS levels and (B) superoxide level in a
panel of head and neck cancer cells divided in groups based on HPV status. The line in the middle of each box is plotted at the median, and whiskers represent mini-
mum and maximum value for each group. A two-tailed Mann-Whitney test was used to compare medians between the two groups. (C) Endogenous DNA damage level
in HPV-positive and HPV-negative head and neck cancer cell lines following treatment with NAC (1mM). DNA damage level in treated versus non-treated cells for each

cell line was analysed by two-tailed t-test. *P < 0.05, **P < 0.005.

the oncogenic potential of HPV is mediated by E6 and E7, we
evaluated whether the expression of these viral oncoproteins
promotes the generation of ROS in head and neck cancer cells.
An isogenic cell model was generated by transfecting PCI-
15A cells (HPV-negative head and neck cancer cell line) with
a plasmid-driving E6 and E7 expression (E6/E7) cells or the
empty vector (CTRL cells) (Supplementary Figure 3, available at
Carcinogenesis Online). We observed increased levels of ROS in
E6/E7 cells compared with CTRL cells (Figure 2A and B). Such
elevated ROS causes DNA damage as E6/E7 cells display higher
levels of endogenous DNA damage that is significantly reduced
by pretreatment with the NAC (Figure 2F). These results suggest
that expression of the viral oncoproteins E6 and E7 is sufficient
to initiate a cellular response resulting in sustained, elevated
ROS levels that causes DNA damage in HPV-positive head and
neck cancer cells. Next, we sought to identify the source of ROS
generated as a result of E6 and E7 expression. To evaluate the
role of mitochondria, we employed the mitochondria-targeting
fluorescent probe MitoSox that detects superoxide. E6/E7 and

CTRL cells display similar levels of mitochondrial superoxide
(Figure 2C), indicating that mitochondria are not contribut-
ing to E6/E7-induced generation of ROS. To evaluate the role
of NOXs, the cells were treated with the NOXs inhibitor DPI (1
PM). Pharmacological inhibition of NOX enzymes significantly
reduced ROS levels in E6/E7 cells (Figure 2B and E) but not in
CTRL cells (Figure 2B and D), indicating that NOX enzymes are
the major source of E6/E7-induced generation of ROS in head
and neck cancer cells.

We observed that E6/E7 cells expressed both the full-length
(E6) and the truncated (E6* and E6™) forms of E6 mRNA tran-
scripts (Supplementary Figure 3, available at Carcinogenesis
Online). A previous report showed that expression of E6*
induces ROS generation and acute oxidative stress in keratino-
cytes (24), suggesting a conserved mechanism for HPV-induced
ROS generation across cell types. To address this possibility, we
determined whether the truncated form of E6 is expressed in
naturally infected HPV-positive head and neck cells. By per-
forming RT-PCR, we observed that HPV-positive head and neck
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Figure 2. Expression of E6 ad E7 promotes NOX-dependent oxidative stress in head and neck cancer cells. (A) Representative flow cytometry curve of total intracel-
lular ROS levels in PCI-15A cells (HPV negative) transfected with an empty plasmid (CTRL) or a plasmid expressing E6 and E7 (E6/E7). (B) Quantitative representation
of previous experiment. ROS level in treated and non-treated cells for each genotype was compared by two-way analysis of variance (ANOVA; treatment x genotype
interaction P = 0.0053; Bonferroni post-test for multiple comparison: *P < 0.005). (C) Representative flow cytometry curve of mitochondrial ROS levels in CTRL and E6/
E7 cells. (D-E) Representative flow cytometry curves of ROS levels in (D) CTRL and (E) E6/E7 cells following treatment with DPI (1 pM). (F) DNA damage levels in E6/E7
transfected and isogenic CTRL cells following treatment with NAC (1 mM). DNA damage level in treated and non-treated cells for each genotype was compared by two-
way ANOVA (treatment x genotype interaction P < 0.005; Bonferroni post-test for multiple comparison: *P < 0.05, **P < 0.005; **P < 0.0005). (G) Expression of full-length
(E6) and truncated (E6* and E6") mRNA transcripts in HPV-positive head and neck cancer cell lines. Genomic DNA for each cell line was used as control.

cancer cells express both the full-length and the truncated
forms of E6 transcripts (Figure 2G), supporting the role of E6* in
HPV-induced ROS generation regardless of the cell type.

NOX2 is the source of HPV-induced ROS in naturally
infected HPV-positive head and neck cancer cells

The NOX-dependent ROS response observed in our isogenic cell
model is probably sustaining and promoting the chronic oxi-
dative stress state observed in naturally infected HPV-positive
head and neck cancer cells. To investigate this possibility, we
analysed the effect of DPI, a NOXs inhibitor, on the endogenous
ROS levels of the panel of patient-derived head and neck cancer
cells. Independent exposures to NAC and H,0, were employed as
negative and positive controls, respectively. Inhibition of NOXs
with DPI significantly reduced the levels of ROS in HPV-positive

cells (Figure 3A), indicating that NOX enzymes are a source of
the elevated ROS levels observed in this subgroup of head and
neck cancer cells. To identify the specific NOX involved in HPV-
induced ROS generation, we analysed the expression of the cat-
alytic subunits of NOX enzymes (NOX1 to NOX5) in the panel of
cells. NOX2 mRNA transcript is expressed in all the HPV-positive
cells and in three of the HPV-negative cells (Supplementary
Figure 4, available at Carcinogenesis Online), whereas no other
NOX-encoding gene was transcribed in our cells (data not
shown). These results suggest that HPV-induced ROS genera-
tion probably occurs via NOX2 activity. To further address this
possibility, we silenced NOX2 in a HPV+ head and neck cancer
cell line (SCC47) with NOX2-targeted shRNAs (SH88 and SH90).
Control cells were transfected with non-targeted shRNA (pLKo1).
Transfection of SCC47 with either SH88 or SH90 shRNA resulted
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in ~50% reduction in NOX2 mRNA transcript (Figure 3B), which
resulted in a significant reduction in the levels of ROS (Figure 3C)
and DNA damage (Figure 3D and E). Collectively, these results
demonstrate that the HPV-induced ROS response and subse-
quent DNA damage occur via NOX2 oxidase activation.

The active form of NOX2 is comprised of a multiprotein com-
plex in which the catalytic subunit (NOX2) is activated follow-
ing the recruitment of multiple cytoplasmic subunits (p47phox,
p67phox, p40phox, p22phox and Rac) (22). Previous reports
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the expression levels of the p47phox subunit in the membrane
fraction of HPV-positive and HPV-negative head and neck can-
cer cells, we observed an increase in membrane localization of
p47phox in HPV-positive cells compared with HPV-negative cells
(Figure 3F), indicating that activation of NOX2 oxidase occurs via
increased assembly of active complex at the membrane.

Chronic oxidative stress sustains genomic instability
in HPV-positive but not HPV-negative head and neck
cancer cells

Development of genomic instability constitutes a crucial event
during HPV-induced carcinogenesis (9). Previous reports demon-
strated that expression of E6/E7 in human keratinocytes results
notonlyinincreased DNA damagebutalsoinincreased frequency
of structural chromosomal aberrations (16). Since we found that
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ROS is a major source of DNA damage in HPV-positive head and
neck cancer cells (Figure 1C), we next examined whether HPV-
induced oxidative stress contributes to genomic instability. To
detect and quantify chromosomal aberrations in our cells, we
performed a micronucleus assay and scored micronuclei and
nuclear buds. Micronuclei are the result of either aneugenic
events (i.e. lagging chromosomes and subsequent whole chro-
mosomal loss) or clastogenic events (chromosome breakage and
subsequent chromosome fragments loss) (34), and nuclear buds
are markers of DNA amplification (40,41). Expression of E6/E7 in
HPV-positive head and neck cancer cells resulted in a significant
increase in micronuclei frequency compared with control cells
(Figure 4B) and was partially reduced by treatment with NAC.
These data suggest that oxidative stress may contribute to HPV-
induced chromosomal aberrations. Supporting this mechanism,
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Figure 4. Chronic oxidative stress contributes to chromosomal instability in HPV-positive head and neck cancer cells. (A) Micronuclei frequency in SCC47 cells (HPV
positive) transfected with non-targeted shRNA (pLKo1 cells) or NOX2-targeted shRNA (SH88 and SH90 cells). Micronuclei frequency was compared by one-way analysis
of variance (ANOVA; P = 0.006; Dunnett’s post-test for multiple comparison: *P < 0.05, **P < 0.005. (B) Micronuclei frequency in PCI-15A cells (HPV negative) transfected
with empty plasmid (CTRL) or plasmid expressing HPV16 E6 and E7 (E6/E7). Micronuclei frequency was compared by two-way ANOVA (Bonferroni post-test for multiple
comparison: *P < 0.05, *P < 0.005). (C) Micronuclei frequency in HPV-positive and HPV-negative head and neck cancer cells following treatment with NAC (1 mM). Micro-
nuclei amount in treated and non-treated cells for each cell line was analysed by two-tailed t-test. *P < 0.05, *P < 0.005.
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silencing NOX2 expression reduced the number of micronu-
clei in HPV-positive SCC47 cells (Figure 4A). Similarly, pretreat-
ment with NAC reduced the amount of micronuclei in naturally
infected HPV-positive (Figure 4C) but not HPV-negative head and
neck cancer cells. Therefore, our results indicate that oxidative
stress is a major factor in the promotion and establishment
of genomic instability in HPV-positive head and neck tumors,
whereas its contribution to genomic instability in HPV-negative
head and neck tumors appears to be negligible.

HPV-positive head and neck cancer cells are more
susceptible to ROS-induced DNA damage

We have demonstrated that HPV-positive head and neck cancer
cells are characterized by a state of chronic oxidative stress due
to continuous endogenous ROS production. As a result, HPV-
positive head and neck cancer cells may have limited residual
antioxidant capacities, compared with HPV-negative head and
neck cancer cells. As a consequence of impaired antioxidant
capacity, HPV-positive head and neck cancer cells may be highly
susceptible to DNA damage induced by ROS. To address this pos-
sibility, we exposed our cells to increasing doses of H,0, on ice
and immediately evaluated the amount of DNA damage induced
by each dose. This experiment was designed to minimize any
influence of cellular repair on the amount of DNA damage
detected. Increasing doses of H,0, caused higher levels of DNA
damage in HPV-positive cells compared with HPV-negative cells
(Figure 5A), indicating that HPV-positive cells are more suscepti-
ble to ROS-induced DNA damage.

Regardless of their HPV status, the majority of head and
neck cancer patients receive IR as an integral component of
their therapy. IR kills cancer cells by inducing DNA damage
directly via generation of strand breaks or indirectly via genera-
tion of intracellular ROS (42). Thus, based on our findings, HPV-
positive head and neck cancer cells may be more susceptible
to IR-induced DNA damage. Accordingly, we observed a higher
amount of DNA damage per dose of IR in HPV-positive head and
neck cancer cells compared with HPV-negative head and neck
cancer cells (Figure 5B).

IR induces a variety of DNA damage ranging from isolated to
clustered DNA lesions (42,43). Exposure to IR may result in the
generation of clustered lesions, especially in HPV-positive head
and neck cancer cells as these cells are chronically exposed to

elevated ROS and are more prone to ROS-induced DNA damage.
Since unrepaired, clustered DNA lesions result in chromosomal
breakage in human cells (43), we determined the amount of
chromosomal aberrations induced by IR in the panel of cells as a
marker of non-repairable DNA lesions. Supporting our hypothe-
sis, we observed that each dose of IR induces a higher frequency
of chromosomal aberrations in HPV-positive cells compared
with HPV-negative cells when measured at the first mitosis fol-
lowing exposure (Figure 5C).

Discussion

The aim of our study was to determine the role of oxidative
stress in promoting HPV-induced carcinogenesis and modu-
lating cell phenotype and response to therapy. We employed
HPV-positive head and neck cancer cell lines as a model of HPV-
associated tumors that display unusual phenotypic characteris-
tics and elevated sensitivity to IR.

Our study reveals that chronic oxidative stress is an inher-
ent property of HPV-positive head and neck cancer cells and
contributes to the establishment of genomic instability in this
subgroup of cancers. By employing an isogenic cell model, we
elucidated the mechanism by which oxidative stress is gener-
ated and sustained in head and neck cancer cells. We demon-
strated that expression of E6/E7 evokes a ROS response that
occurs via NOX2 oxidase activation. This ROS response, in turn,
causes DNA damage and chromosomal aberrations. We also
demonstrated that this mechanism for ROS generation and sub-
sequent genomic instability recapitulates what occurs in natu-
rally infected head and neck cancer cells as we validated our
findings in a panel of HPV-positive head and neck cancer cells
isolated from patients.

Based on these results, we propose a model in which HPV16
E6 and E7 establish a sustained ROS response in head and neck
cancer cells by promoting the translocation of NOX2 oxidase regu-
latory subunits to the membrane and thus activating the enzyme
by increasing the formation of active complexes (Figure 6). Once
established, chronic oxidative stress may act as a promoting fac-
tor in HPV16-associated carcinogenesis. This model is also con-
sistent with earlier reports of elevated markers for oxidative stress
in HPV-positive head and neck and cervical cancer tumors (44,45).

Additional cofactors could contribute to the establishment of
the sustained chronic activation of NOX2 oxidases in HPV-positive
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Figure 5. HPV-positive head and neck cancer cells are more susceptible to ROS-induced DNA damage. (A) DNA damage level following exposure to a dose range of
H,0, in HPV-positive and HPV-negative head and neck cancer cell lines. Column represents mean for each group, whereas black dots represent individual values for
each cell line. DNA damage amount in treated versus non-treated cells for each group was analysed by two-way analysis of variance (ANOVA; treatment x HPV status
interaction P < 0.005; Bonferroni post-test for multiple comparison: *P < 0.005). (B) DNA damage levels and (C) micronuclei frequency following exposure to IR (2 or 6
Gy) in HPV-positive and HPV-negative head and neck cancer cell lines. DNA damage and micronuclei amount in treated versus non-treated cells for each group were
analysed by two-way ANOVA followed by Bonferroni’s multiple comparison test. **P < 0.005.
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Figure 6. Proposed model for establishment of NOX-induced chronic oxida-
tive stress and genomic instability in HPV-positive head and neck cancer cells.
Expression of HPV16 E6/E7 generates a ROS response in host cell via NOX2 oxi-
dase activation. Activation of NOX2 oxidase occurs via increased formation of
NOX2 active complex at membrane. NOX2-generated ROS causes DNA dam-
age, such as bases oxidation, single DNA strand breaks and double DNA strand
breaks, leading to chromosomal aberration and genomic instability. This state
of chronic oxidative stress contributes to the increased sensitivity to IR of HPV-
positive head and neck cancer cells. Additional mechanisms for HPV16-induced
genomic instability comprise replication stress and centrosome amplification.
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head and neck cancer cells. E6 and E7 cause genomic instability in
host cells by multiple mechanisms not directly related to oxida-
tive stress, such as stalled replication forks, replication stress (17)
and centrosome amplification (16,18). Our results are consistent
with a multifactorial model as antioxidant treatment reduces but
does not totally abrogate DNA damage (Figures 1C and 2F) and
chromosomal aberrations (Figure 4B) induced by E6/E7 expression
in HPV-negative head and neck cancer cells. Several types of DNA
damage induce a ROS response that is conserved from yeast (46)
to mammals and in mammals is mediated by NOX (47). Thus, E6/
E7-induced ROS generation may also occur as a part of a general
intracellular response to DNA damage.

Another finding of our study is that oxidative stress causes
chromosomal instability in HPV-positive cells. Although other
groups have reported that HPV16 infection is associated with
increases in oxidative base damage (e.g. 8-oxodG) in DNA (24),
our results support and expand these observations suggesting
a more pervasive effect of ROS on the genomic integrity of the
infected cells. How might oxidative DNA damage cause chro-
mosomal instability in HPV-positive cells? ROS damages DNA
by inducing oxidative base lesions and DNA SSB (23). The cell
must efficiently repair SSB before entering the S-phase of the
cell cycle to avoid their conversion into DNA DSB during repli-
cation. A conversion of SSB to DSB by this mechanism is prob-
ably to occur in HPV-positive cells as they harbor an elevated
level of endogenous DNA damage and have impaired cell-cycle
checkpoints due to Rb and p53 inactivation (10,13). Moreover,
a previous report demonstrated that HPV-positive cells have
impaired homologous recombination, the intracellular pathway
that repairs DNA DSB in an error-free manner (4). Therefore,
HPV-positive cells will probably repair DNA DSB through non-
homologous end-joining, the intracellular pathway that repairs
these lesions in an error-prone manner, potentially resulting
in chromosomal aberrations. This ROS-mediated mechanism
for genomic instability distinguishes HPV-positive from HPV-
negative head and neck tumors as our results indicate that the
contribution of oxidative stress to genomic instability in HPV-
negative cells is negligible. Interestingly, no significant difference
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was observed in the endogenous levels of DNA damage and
chromosomal aberration between the two groups (Figure 5), sug-
gesting that other mechanisms are sustaining genomic instabil-

ity in HPV-negative cells.
Several clinical studies report that patients with HPV-positive head and neck
tumors have a more favorable clinical outcome following treatment with IR, com-

pared with patients with HPV-negative tumors. Previous in vitro and in vivo
studies have supported these clinical observations by demonstrat-
ing that HPV-positive head and neck cancer cells display enhanced
sensitivity to the cell killing effects of IR (5,7,48). Several models
have been proposed to explain the elevated radiosensitivity of
HPV-positive tumors such as defects in DSB repair (4,48), impaired
recovery of stalled replication fork (49) and/or activation of the
remaining, functional p53 (5). Our results suggest an additional,
major mechanism that may contribute to the radiosensitivity
of HPV-positive tumors. The endogenous ROS generated in HPV-
positive head and neck cancer cells may synergize with IR by creat-
ing clustered lesions that are highly lethal, especially in cells with
impaired DNA damage repair systems such as homologous recom-
bination. Supporting this model, a previous report demonstrates
that expression of E6* the truncated form of E6 associated with
ROS generation and highly expressed in our panel of HPV-positive
cells, is sufficient to sensitize oropharyngeal squamous cancer
cells to IR (50). This mechanism is probably to be amplified in in
vivo, where cells of the tumor microenvironment may enhance the
generation of ROS both directly, as a part of the immune system
response to viral infection, and indirectly, by releasing inflamma-
tory cytokines. Further in vivo studies are necessary to elucidate
the effect of oxidative stress and tumor microenvironment on
HPV-positive head and neck cancer cells sensitivity to IR.

In conclusion, this is the first report that delineates the
contribution of ROS to HPV-induced genomic instability and
radiosensitivity in head and neck cancer cells. Our findings also
have translational implications for HPV-negative head and neck
patients as we speculate that altering the cellular redox balance
toward a pro-oxidant status may sensitize HPV-negative head
and neck cancer to the cell killing effects of IR.

Supplementary material

Supplementary Table 1 and Figures 1-4 can be found at http://
carcin.oxfordjournals.org/
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