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Background: Cervical cancer is the second most common neoplastic disease among women worldwide. The ini-
tiating event of such cancer is the infection with certain types of human papillomavirus (HPV), a very common
condition in the general population. However, the majority of HPV infections is subclinical and transitory and
is resolved spontaneously. Intriguingly, viral oncogene expression, although necessary, is not per se sufficient
to promote cervical cancer and other factors are involved in the progression of infected cells to the full neoplastic
phenotype. In this perspective it has been suggested that the redox balance and the oxidative stress (OS) may
represent interesting and under-explored candidates as promoting factors in HPV-initiated carcinogenesis.
Scope of the review: The current review discusses the possible interplay between the viral mechanismsmodulat-
ing cell homeostasis and redox sensitivemechanisms. Experimental data and indirect evidences are presented on
the activity of viral dependent functions on i) the regulation of enzymes and compounds involved in OS; ii) the
protection fromoxidationof detoxifying/antiapoptotic enzymes and redox-sensitive transcription factors; iii) the

suppression of apoptosis; and iv) the modulation of host microRNAs regulating genes associated with antioxi-
dant defense.
Major conclusions: The resulting tangled scenario suggests that viral hosting cells adapt their metabolisms in
order to support their growth and survival in the increasingly oxidant micro-environment associated with
HPV tumor initiation and progression.
General significance: HPV can modulate the host cell redox homeostasis in order to favor infection and possibly
tumor transformation. This article is part of a Special Issue entitled Redox regulation of differentiation and de-
differentiation.
© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Cancer is a general term that comprises a number of clinically and bi-
ologically different conditions affecting almost any tissue in any organ
and apparatus of humans. The observations made in humans as well
as in either wild and experimental animals suggest that tumor develop-
ment proceeds through a process recalling the Darwinian evolution: a
succession of genetic and epigenetic alterations, each conferring one
or more surviving advantage, leads to the progressive conversion of
normal cells into neoplastic cells [1]. Although the path that cells takes
along this complex process, called neoplastic progression, is extremely
variable, nonetheless a few general traits emerge and an ultimate
lation of differentiation and de-
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definition of cancer can be outlined. Cancer is a condition in which the
fundamental mechanisms of growth control are largely disrupted
while the growth ability is somewhat retained. A pathological cell is
thus generatedwith a few essential alterations in cell physiology, name-
ly (Box 1): independence from external proliferative signals; insensitiv-
ity to anti-proliferative signals; evasion from apoptosis; unlimited
proliferative potentials; ability to sustain neo-angiogenesis; and tissues
invasion andmetastasis [2]. Each of these features (but not their under-
lying genetic/epigeneticmechanisms)may be also found in normal cells
in specific life stages and none of them is either specific or sufficient for
cancer definition. On the contrary, it is their simultaneous occurrence, in
a patchwork of properties otherwise specific of distinct stages of cell life,
to characterize cancer, which can be appropriately defined as a condi-
tion of combined pathological differentiation and de-differentiation.

2. Viruses are precious tools in modern cancer research

An astonishing complexity is undoubtedly the hallmark of cancer bi-
ology and the search for convenient simplified models has been a
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Fig. 1. Effects of miR 34a modulation by HPV E6. miR-34a transcription and expression are stimulated by p53. miR-34a induces apoptosis and ROS increase, through downregulation of
Sirtuin 1 (SIRT1), uncoupling protein 2 (UCP2) and thioredoxin reductase 2 (Trxrd2). During HPV infection, viral oncogene E6 determines the degradation of p53. Consequently,
miR34a is suppressed and SIRT1, UCP2 and Trxrd2 can exert their antioxidant and antiapoptotic functions.
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constant effort since the beginning of modern medicine. Accordingly
the idea of viral carcinogenesis has always been a very attractive one.
However, despite clear and sound evidences of viral induced neoplasia
date back to the origin of virology [3,4] and despite viral oncology has
since been central to modern cancer research providing profound in-
sights into both infectious and non-infectious cancer [5], the major-
ity of scientist remained skeptical about viruses as natural causes of
cancer. The common perception changed drastically across the last
three decades and currently viral carcinogenesis is an undisputed
issue. Seven human viruses have been found to cause 10–15% of
human cancers worldwide (Box 2) and studies are ongoing to take
advantage from the readily identifiable targets for diagnosis, preven-
tion and therapy these cancers offer. This process culminated with
Nobel Prizes awarded in 2008 for the discovery by Harald zur Hausen
of high-risk human papillomavirus (HR-HPV) strains that cause cer-
vical cancers (Box 3) [6].

Among human oncogenic viruses, because of its specific biology HPV
represents a particularly convenient tool in cancer research: i) HPVs in-
duce a widely diffused cancer through the natural infection [7], ii) HPVs
have a rather little genomewhose structure and basic functions are fair-
ly known [8], and iii) their oncogenic potentials are linked to the coor-
dinated activity of three viral proteins whose specific activity is aimed
to release the cellular control on proliferation, apoptosis suppression,
and potentiation of the response to growth factors [9,10]. These pertur-
bations create the conditions permissive for viral replication which, at
the same time, happen to be conducive to cancer development; iv)
the viral replicative cycle is in turn strictly controlled by the host, with
the viral progeny maturation strictly synchronized on cell differentia-
tion program [11]; v) the tumor initiation and progression, which dis-
rupt the viral productive cycle, can be replicated in vitro allowing (at
least from a theoretical point of view) the direct observation of the bio-
chemical and molecular mechanisms driving cancer.

3. A short description of HPV biology

Although a detailed description of HPV structures and functions is
out of the scope of the present work, a brief outline of the viral life
cycle is of help to understand how the viral infection can shift into neo-
plastic growth. The virus particle, usually 50–55 nm in diameter, is com-
posed of two proteins, L1 and L2, encapsidating a double stranded
circularly closed DNA of roughly 8000 bp length coding for 7–9 genes
[12]. All known genes are encoded in one DNA strand and transcription
is unidirectional. The genome can be divided into three regions: the
early (E) region, which is responsible for the pathogenicity of the
virus, invariably includes the E1 and E2 genes and in most of cases in-
cludes the E6 and E7 genes too; the late (L) region, which invariably
codes for late structural proteins L1 and L2; and a non-coding region
(NCR) which contains the genetic elements for replication and tran-
scription of viral genome [12–14].

Entirely based on sequence homologies many different types, spe-
cies and genera of PV have been identified [15–17]. A remarkable fea-
ture of PVs is their strict species-specificity and, within a host species,
their very strong predilection for specific cutaneous or mucosal district.
Within such a classification, all human PV (HPV) are comprised in the
genera: alpha, beta, gamma, mu and nu. Alpha PVs infect cutaneous
and oropharyngeal/ano-genital mucosal districts; beta PVs are typically
associated with latent/unapparent cutaneous infections in the general
immunocompetent population; gamma PVs are associated with benign
skin lesions andmay be occasionally found in oral mucosae; mu PVs are
usually isolated from benign proliferative lesions of the palmar/plantar
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sites and nu PVs are found in other cutaneous lesions [18]. Within epi-
thelial tissues the infection requires the availability of basal layer cells.
Thus the infection takes place through scratches, abrasions or cuts in
the suprabasal layers or in elective anatomical sites where basal
keratinocytes are physiologically exposed, such as the squamo-
columnar junction in the female genital tract or the tonsillar cryptae at
the follicular, epithelial borders. In the basal cells the viral expression
is largely suppressed. Nonetheless the little amount of viral proteins
E5, E6 and E7 is sufficient to induce hyper-proliferation and clonal ex-
pansion of infected cells. As these cells migrate through the epithelium
as a consequence of the differentiating environment the viral genome is
replicated and the structural proteins L1 and L2 are formed. In the exter-
nal epithelial layer these components are assembled in complete virions
that are eventually shaded. Infectious competent viral progeny release
is dependent on a tissue-spanning redox gradient. Both reducing and
oxidant conditions are sequentially needed for infectivity maturation
and redox balance modulation sharply affects the infectious titre of
viral progeny [19].

The infection generally takes a chronicle course with benign epithe-
lial proliferations eventually regressing spontaneously. Occasionally the
infection can divert from this classical “productive” path, the viral infec-
tion is stably retained, the proliferation of infected cell persists indefi-
nitely and invasive neoplasia can eventually occur. This process occurs
at relevant frequencies only with a restricted number of alpha HPVs
which have been accordingly named “high-risk” HPV types (HR-HPV),
while the cognate “low risk” HPV term is used to indicate the non-
oncogenic viral types. The carcinogenetic path represents a dead end
track for the viral life cycle, as transformed cells are not permissive for
virion production and no further spread of infection occurs. Accordingly
cancerization is a very rare event. Nonetheless, owing to the very high
prevalence of HPV infection in the general population, HPV-related can-
cers are highly frequent conditions representing the second neoplastic
diseases among female population worldwide [20].
4. An outline of HR-HPV carcinogenic mechanisms

The oncogenic activities of HR-HPVwill be hereafter outlinedmostly
based on data obtained about HPV-16 biological profile (Box 4), the
most prevalent HR-HPV type in premalignant and malignant lesions
[21] and the most intensively studied one.

The fundamental oncogenic mechanism in HPV infection is believed
to be the binding of the E7 viral protein to the cellular products of the
retinoblastoma (Rb) family, namely the proteins p105 (pRB), p107
and p130, that are thus targeted for proteasomal degradation [22,23].
The degradation of these factors results in the release and activation of
the E2F factor that enables the expression of the “S” phase genes. In ad-
dition to, and independently from the pRb function, E7 interacts with
the 600-kDa Rb protein associated factor, p600. This is a cellular factor
involved in anchorage-independent growth, in integrin mediated sig-
naling andmembranes organization,whose interactionwith E7 appears
essential for transformation, although the precise mechanisms of such
an interaction and its molecular effects remain obscure [24].

The activation of “S” phase genes, out of context in the
differentiation-committed basal cell, would lead to inhibition of cell
proliferation and apoptosis through a p53 dependent pathway with
abortion of the viral cycle. To circumvent this cellular control andpermit
the completion of viral replication, the E6 protein targets the cellular
p53 for ubiquitination and proteasomal degradation, resulting in sup-
pression of apoptosis and other p53-related functions.

In the same way, and independently from p53 degradation, the E6
promotesNFX1-91degradation. This is a repressor of the catalytic subunit
of human telomerase reverse transcriptase (hTERT). As a consequence,
the repression on the hTERT promoter is released and, through a complex
network of downstream events including the formation of an E6/-AP/-c-
myc complex, hTERT is expressed and activated permitting an extended,
potentially unlimited, number of the cell replications [25–28].

Moreover, the E6 protein has the ability to interact with the extrinsic
apoptosis pathway by binding to key signaling molecules, such as the
Fas-associated death domain (FADD) and caspase 8 [29]. More specifi-
cally, E6 binds to the N terminus of the death effector domains of
FADD and procaspase 8 [30]. This binding blocks the interaction be-
tween the two cellular proteins and increases their degradation. As a re-
sult, the activation of caspases 8, 3 and 2 is suppressed, thus allowing
HPV-infected cells to avoid clearance through apoptosis [31].

In addition, the E6/AP complexprotein through its E6-PDZbindingdo-
main interacts with, and targets to the proteolytic degradation, a number
of PDZ-containing proteins. Presently the actual biological role of these
proteins in the viral infection/transformation is not clear, but they
include potential oncosuppressor proteins, tight junction proteins,
membrane associated guanylate kinases and polarity maintenance
proteins. It is therefore conceivable that, independently from the
p53 interaction, the binding of E6 with PDZ proteins may represent
a further mechanism of de-differentiation that favors the cell migra-
tion and metastasis through the loss of cell adhesion and polarity.

On this background of unrestricted cell growth (no pRB, hTERT acti-
vation), suppression of apoptosis (no p53, caspase suppression), sup-
pression of DNA damage sensing and repair (no p53), loss of cell
adhesion and polarity (no PDZ domain proteins), the combined action
of E6 and E7 further potentiates the accumulation of structural andmo-
lecular genetic damage, inducing multiple deregulations in centrosome
duplication and mitotic spindle organization and function [32,33], as
well as suppression of mitotic checkpoints and structural alteration of
chromosomes [34–36].

The HPV transforming activity is further promoted by the E5 viral
oncogene. This is a small, comparatively under-explored protein of ap-
proximately 83 amino acids. It has minor transforming activity per se;
however it is able to potentiate the activity of the major oncogenes E6
and E7 through a number of mechanisms mainly acting during the
early steps of viral infection/transformation. The mechanisms activated
by E5 include the EGF-R mediated signal transduction and the down-
stream pathways of Ras–Raf–MAP kinase or PI3K–Akt. As a whole,
these result in enhanced response to cell proliferative stimuli, increased
activation of pro-angiogenic pathways, suppression of apoptosis, induc-
tion of antioxidant response and oxidative damage repairs [37].
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These few basic actions of the E5, E6 and E7 viral oncogenes depict a
cellular landscape conducive to genetic damage accumulation and can-
cer development and are those generally used to summarize the onco-
genic potentials of HR-HPVs. However it has to be remarked that they
represent just a minor part of the many functions of these viral onco-
genes. IndeedHPV proteins are highly sophisticatedmultifunctional de-
vices. They are able to interact with, and thus contribute to cell
transformation, a huge number of cellular functions and factors, exten-
sively described and discussed in excellent reviews [38–40].

5. The role of oxidative stress in cervical cancer

Although HPV is undoubtedly implicated as the causative agent of
cervical cancer, the mere HR-HPV infection is not sufficient for tumor
development and other additional factors have to take part in the pro-
cess. It has been suggested that the redox balance and the oxidative
stress (OS) may play relevant roles in HPV dependent carcinogenesis,
acting synergistically both at the neoplastic initiation and progression.
Both epidemiological studies and biochemical data suggest that OS is a
condition that favors different stages of viral infection including the
viral adsorption, the viral entry and the initial establishment of viral ex-
pression [41]. It is known that enhanced OS characterizes cancer cells.
Elevated rate of reactive oxygen species (ROS) production has been de-
tected in almost all cancers, where they act as secondmessengers in in-
tracellular signaling cascades, promoting many aspects of tumor
development and progression [42]. Further some risk factors known
to be implicated in cervical cancer development, such as tobacco
smoking and chronic inflammation, cause an elevation of OS [43].
The current review discusses the possibility that HPV is able to acti-
vate several antioxidant defenses counteracting increasing ROS levels
and managing its own transcriptional regulation. By this way, infected
cells can aberrantly proliferate. The fascinating picture that emerges is
that HPV oncogenes confer to the infected cells the ability to survive
in an increasing oxidant environment, through different mechanisms:

• Regulation of antioxidant enzymes and compounds,
• Protection from oxidation of detoxifying/antiapoptotic enzymes and
redox-sensitive transcription factors,

• Suppression of OS-induced apoptosis,
• Modulation of host microRNAs regulating genes associated with anti-
oxidant defense.

In the section below, experimental evidences addressing the
outlined mechanisms are discussed.

6. Regulation of antioxidant enzymes and compounds

6.1. Catalase

Studies performed on HaCaT keratinocyte cell line showed that cells
stably expressing the E7 were more resistant to hydrogen peroxide-
induced toxicity than parental cells [44], showing a considerably re-
duced cell death. Such an increased resistance was coupled with re-
duced intracellular ROS and a parallel increase in the levels of catalase.
Moreover, catalase expression levels increased inHaCaT/E7 cells treated
with H2O2 in a dose-dependent manner, supporting the notion that
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increased resistance of E7 expressing cells occurred through the scav-
enging of intracellular ROS. The increased activity of catalasewas the re-
sult of a dual action of the E7 expression, which enhanced both the
activities of catalase promoter andNF-kB, one of themajor transcription
factors regulating the expressionof the catalase gene. These effectswere
E7 specific, as shown by transient expression of an E7 antisense vector.
In a following study, the same group [45] investigated the effect of E7
oncogene on the receptor mediated apoptosis, cell death via the mito-
chondrial pathway and modulation of apoptosis related factors, show-
ing that the E7 expression, in addition to catalase, also modulated the
expression of Bcl-xL, IL-18, Fas, Bad, and cytochrome c as well as NF-
kB, resulting in a multifactorial resistance to OS-induced cell death.

The upregulation of catalase following the expression of E7 in HaCaT
cells was also confirmed by proteomics analyses [46] which found cata-
lase among a group of 28 modulated proteins.

6.2. SOD and NAD(P)H:quinone oxidoreductase 1 (NQO1)

During studies with HK-168 cells, a cell line derived from normal
human epithelial keratinocytes “in vitro” transformed with the whole
HPV-16 genome, another potentiation of OS detoxificationmechanisms
was reported [47]. Following UVB-irradiation only a mild apoptotic ef-
fect was observed in HK-168 cells, while HaCaT cells, devoid of viral
genes, consistently showed a much deeper cell death. In HK-168, the
mild reduction of cell proliferation was accompanied by a sharp eleva-
tion of SOD and NQO1 activity, a detoxifying enzyme mainly involved
in lipid and protein quinone detoxication.

6.3. Peroxiredoxins (Prxs)

These cysteine-rich proteins aremembers of the antioxidant defense
network. They participate to the regulation of redox balance by remov-
ing H2O2, are involved in signal transduction pathways in response to
both physiological and oxidative stimuli and play a fundamental role
in both carcinogenesis and tumor progression [48]. It has been shown
that overexpression of Prxs prevented the production of ROS [49] and
various Prx isoforms have been found overexpressed in several types
of tumors [50]. The above-cited works from Shim et al. [44,45] showed
theup-regulation of Prx 1 and 2 expression in E7-expressingHaCaT cells
and Prx 2 elevationwas also reported in the proteomic study of Lee et al.
[46]. About cervical cancer, the study by Kim et al. [51] showed a direct
correlation between Prx 2 and 3 expression and severity of cervical
intraepithelial neoplasiae (CIN) (the precancerous cervical cancer le-
sion) at any grade. Recently Hu et al. [52] reported, in histological sam-
ples from invasive cervical carcinomas, an increased expression of Prx3.
This protein was highly expressed in cancer areas while only a slight
positivity was observed in the basal layer of adjacent non-neoplastic tis-
sue. Moreover, the pattern of Prx3 expression in cervical cancer cells
was consistent with that of Ki67, a cell proliferation-associated nuclear
protein expressed in the G1, S, G2 and M phases of the cell cycle, sug-
gesting that Prx3 is a potential marker for tumor proliferation.

7. Protection from oxidation

7.1. Detoxifying enzymes

The genes belonging to the glutathione S-transferase (GST) family
encode enzymes that appear to be critical in cellular protection against
the cytotoxic effects of stress conditions. GSTs play an important role in
conjugating GSH to the products of endogenous lipid peroxidation and
inactivating organic hydroperoxides formed as secondary metabolites
during OS [53,54]. GSTs were found to be overexpressed in different tu-
mors and their increased expression was associated with multidrug re-
sistance and a worse clinical prognosis [55,56]. Polymorphisms of some
GST (GSTM1 and GSTT1) family members have been associated to the
risk of developing squamous cervical carcinoma [57]. Accordingly, a
study from our group [58] onHPV-16 positive tissues collected frompa-
tients with invasive squamous cervical carcinoma or with high grade
dysplastic HPV lesions showed increased GST expression levels in dys-
plasia and even more in cancer specimens compared with control
tissue.

Cytosolic GSTs have a dimeric structure due to a noncovalent associ-
ation of identical or different subunits with a molecular mass of 23–
28 kDa [59]. Moreover, each monomer contains one binding site for
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glutathione and another for the hydrophobic substrate [60]. Cysteine
47, which is the residue with the highest reactivity towards thiol-
specific reagents, has a crucial role. In fact, the redox modification of
this residue is incompatible with the catalytic activity of the enzyme.
By oxidative attack disulfide bonds can be generated, either intramolec-
ularly between cysteines 47 and 101 in each subunit, either intermolec-
ularly, generating multimeric forms. The redox process involving
cysteine 47 leads to both inactivation and structural change of the en-
zyme [60].

In a screening for the host cell proteins that interact with recombi-
nant HPV-16 E7, using a HPV-16 E7 construct with subsequent identifi-
cation by mass spectrometry, glutathione S-transferase P1-1 (GSTP1)
was identified as one of the major partners of HPV-16 E7 [61]. The au-
thors showed that the amount of multimeric oxidized GSTP1 was re-
duced in HPV-16 E7-expressing cells compared with control cells,
evenmore after UV irradiation or exposure toH2O2,which caused a sub-
stantial increase in the oxidized forms of the enzyme in control cells. A
direct link between the HPV-16 E7 viral factor and the GSTP1 protein
has been proposed. HPV-16 E7 binds to GSTP1 through a region that
comprises amino acids 40–60 of the E7 sequence, and the E7-GSTP1 in-
teraction modifies the redox equilibrium between the reduced and ox-
idized GSTP1 protein in favor of the reduced state of the enzyme. By
utilizing a model in which HPV-16 E7 occupies the space between Cys
47 and Cys 101 of GSTP1 and prevents both intramolecular and inter-
molecular disulfide formation, the authors propose that HPV-16 E7
binding might protect GSTP1 against inactivation via oxidative attacks
at cysteine residues. It is reasonable to hypothesize that the role of
HPV-16 E7 is to establish a subset of GSTP1 molecules that is inaccessi-
ble to oxidative attack, thus creating a reservoir of reduced GSTP1. Sta-
bilization of the enzyme in its active reduced form allows detoxification
from OS by-products and accounts for its anti apoptotic JNK-dependent
properties [62,63]. In fact, the reduced form of GSTP1 interacts and in-
hibits the c-JunN-terminal kinase (JNK), negatively regulating its ability
to phosphorylate the Jun protein. Since JNK-mediated signal transduc-
tion leads to apoptosis, this can be a mechanism by which HPV16 E7
transformed keratinocytes escape apoptosis.
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7.2. Growth factors

The HPV transforming activity is also dependent on the availability
of a defined set of transcription factors derived from the infected host
cell. It is well established that gene expression is significantly regulated
byROS-mediated signaling and requires the activation of specific redox-
sensitive transcription factors, necessary to ensure cell survival. It is
likely that low levels of ROS/RNS are able to induce the expression of
transcription factorswhile high levels inhibit viral transcription through
downregulation of redox-sensitive transcription factors. An example is
the activator protein-1 (AP-1), which closely regulates proliferation
and transformation of tumor cells. Antinore et al. [64] showed that E7
complexes with AP-1 transcription factors, including c-Jun, JunB, JunD
and c-Fos. AP-1 activation leads to the induction of JNK activity resulting
in the phosphorylation of the c-Jun transactivation domain. On the con-
trary, high concentrations of ROS/RNS inhibited AP-1 and AP-1-induced
gene expression. The inhibition of AP-1/DNA interactions is caused by
the oxidation of specific cysteine residues in c-Jun's DNA binding region.
It has been reported that the DNA binding affinity of AP-1, aswell as the
expression of its constituent members, varies as a function of the
severity of cervical lesions [65]. In fact, while AP-1 binding was very
low or absent in normal as well as in premalignant lesions, AP-1 tran-
scription and binding activity were found to be very high in malignant
tissues. It was also shown that antioxidant-induced changes of the AP-
1 transcription complex were paralleled by a selective suppression of
HPV transcription [66].

Similarly, NF-κB contains a redox-sensitive critical cysteine residue
that is involved in DNA binding [67]. NF-κB is normally sequestered in
the cytoplasm by IκB, but under oxidative conditions IκB is phosphory-
lated by IκB kinase (IKK), ubiquitinated, and subsequently degraded.
ROS production appears to be necessary to initiate the events leading
to thedissociation of theNF-κB/IκB complex [68] but excessive ROSpro-
duction results in the oxidation of cysteine residuewhich does not affect
its translocation to the nucleus, but rather interferes with DNA binding
and decreases gene expression [69].

7.3. E7 oncogene

It is interesting to underline that HPV is able to protect its own onco-
genes from oxidation. In fact, despite the presence of a pro-oxidant
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environment in HPV-transformed tissue, some of the cysteine residues
of E7 are maintained in their reduced functional status. On the basis of
its high cysteine content, HPV16 E7 can be considered as a cysteine-
rich protein, with seven out of 98 residues (7%) corresponding to this
amino acid, a proportion well above the overall average content for
mammalian proteins (2.3%). All E7 proteins from high-risk types con-
tain at least two non-canonical cysteines in their sequence. It has been
demonstrated that, despite its high cysteine content, all seven cysteine
residues within HPV16 E7 are in their reduced state under conditions
that resemble the basal reducing environment of the cell cytoplasm
[70]. However, E7 undergoes a controlled oxidation process upon the
addition of biologically compatible oxidants, such as H2O2 and oxidized
glutathione. By using a combination of proteinmutagenesis, spectrosco-
py, andmass spectrometry techniques, Chemes et al. [70] described two
distinct redox centers in the HPV16 E7 oncoprotein involving the cyste-
ine 24 and the cysteine 59/68 pair and demonstrated the protective ef-
fect of non-canonical cysteine 59 on the overall E7 redox state. Cysteine
24 in the HPV16 E7 sequence is located within a short linear motif re-
sponsible for Rb binding. The redox status of this cysteine is therefore
fundamental for the Rb binding. The reported results showed that, in
the context of the full-length protein, cysteine 24 is protected from ox-
idation and less prone to glutathionylation than in the context of the
isolated N terminal domain, indicating that the C-terminal cysteine-
rich domain can prevent the GSSG-induced oxidation of cysteine 24.
Considering that the E7 oncoprotein performs its functions in an oxida-
tive environment, a reasonable hypothesis is that non-canonical cyste-
ine residues protect the E7 protein against oxidative damage and
consequent loss of function. Therefore, maintaining Cys 24 in a reduced
state allows Rb binding despite the presence of the oxidative environ-
ment observed in HPV-transformed tissues.

8. Suppression of OS-induced apoptosis

Resistance of HPV-infected cells to programmed cell death induced
by oxidant conditions is achieved by regulation of some apoptosis
inhibitors:

8.1. Survivin

Survivin is a member of the inhibitor of apoptosis protein (IAP) fam-
ily. Besides its capacity to suppress apoptosis and control cell division,
survivin has been shown to act as an antioxidant compound. Baratchi
et al. [71] demonstrated that survivin increases the antioxidant activity
of GST, SOD, catalase andGSH-reductase, and effectively counteracts ox-
idant activity following exposure to H2O2. Further, a recent study from
Kan et al. [72] indicated that the up-regulation of survivin confers
non-transformed immortal cell resistance to OS, a condition that favors
the early stages of carcinogenesis. Survivin is selectively expressed in
tumor cells and is present in most malignant tumors, including cervical
cancer [73]. HPV-16 E6, but not E7, was found to significantly
transactivate the survivin promoter [74]. Experiments performed in dif-
ferent cancer cell lines and with different E6 mutants indicated that the
effect of E6 on the survivin promoter is largely dependent on p53 status.
Accordingly, the p53 tumor suppressor protein down-regulated the ex-
pression of survivin. Considering that E6 is able to interact with p53 and
induces its ubiquitin-dependent degradation, it appears that the
transactivation effect of E6 on survivin is mediated by the p53 degrada-
tion pathway.

8.2. c-IAP2 (cellular inhibitor of apoptosis protein-2)

IAPs are anti-apoptotic proteins, well known for their ability to in-
hibit caspase activation and permit cell survival in stress conditions.
From this standpoint, they are attractive targets for facilitating apoptosis
in cancer cells. It has been shown in various cell types that up-regulation
of cIAP-2 expression confers resistance to OS-mediated apoptosis [75].
In E6- and E7-expressing oral keratinocytes, as well as in cancer-
derived HPV-positive cell lines, it was shown that both oncogenes in-
duced cIAP-2 expression and that its depletion in these cells led to apo-
ptosis [76]. Among proposed mechanisms, NF-κB mediated signaling
cascade seems to play a role. In fact, the cIAP induction was found to re-
quire NF-κB activity. It has been proved that E6-induced expression of
cIAP-2 was directly associated with the oncogene ability to induce NF-
κB binding to the cIAP-2 promoter, thus increasing cIAP-2 transcript
level [77]. Recently, evidences were provided about a mechanism for
transcriptional regulation of cIAP-2 involving ERK1/2, IκBα phosphory-
lation and degradation and consequent NF-κB activation [78].

8.3. i-NOS

Nitric oxide (NO), synthesized by the nitric oxide synthase (NOS), is
a bioactivemolecule thatmediates a number of actions includingneuro-
transmission, vasculaturemodulation, parasites killing and antineoplas-
tic activity [79]. A large body of evidence indicates that NO might have
different effects depending on the local concentration of the molecule.
Low concentration of NO promotes tumor growth and angiogenesis
whereas at high concentration NO has anti-tumor activity by inducing
cytotoxicity and apoptosis [80]. The inducible NOS isoform (iNOS) is a
well-established marker of nitrosative stress and inflammation; it can
be induced in a variety of cell types and produces high concentrations
of NO. However, in the case of cervical carcinomas and HPV-positive
dysplastic lesions, NO fails to attain apoptosis-inducting concentration
and the reason for the inadequate level of NO is the insufficient expres-
sion of iNOS that appears to be progressively reducedwith the histolog-
ical severity of lesions [58,81]. This is the result of the TGFβ-1-mediated
suppression of the iNOS expression at themRNA level [82]. Accordingly,
the level of TGFβ-1 mRNA observed in cervical smears correlates with
the progression of cervical intraepithelial neoplasia to cancer [83].

Meanwhile, low level of NO promotes mutagenesis, that further ac-
celerates the neoplastic progression. E6 protein, in a p53-independent
way, specifically upregulates the activity of the VEGF promoter, thereby
inducing a high level of VEGFmRNA expression, so promoting the VEGF
mediated angiogenesis, that provides optimal metabolite supply to the
tumor growth. Moreover, the increased blood flow potentiates the NO
scavenging by circulating red blood cells [84] thus completely arresting
tumor apoptosis.

9. Modulation of host microRNAs: miR 34a

In the recent years, several studies have focused on the role of
microRNAs (miRNAs) in the development of cervical cancer. The
miRNAs are short non-coding regulatory RNAs that control gene expres-
sion at the post-transcriptional level, through inhibition of transcription
or degradation of definite canonical mRNAs. Deregulation of miRNAs
expression has been discovered in a wide variety of tumors and it is
now clear that they contribute to cancer development and progression
[85–88]. Regulation of cellular miRNA expression by HPV has been ex-
tensively reviewed by Zheng and Wang [89] which report a summary
ofmiRNA expression profiling studies in cervical cancer. An aberrant ex-
pression profile of several miRNAs is evident, which can be correlated
with the activity of E6 and E7 oncoproteins. A list of miRNAs involved
in the development and progression of cervical cancer is available in
the review of Pedroza-Torres et al. [90]. Many miRNAs are associated
with cervical cancer, either upregulated or downregulated. For instance,
a frequent loss of miRNA-218 (miR-218) was reported [91]. While miR-
218 overexpression induced cellular apoptosis and suppressed tumor
growth [92], its loss was associated with tumor progression and poor
prognosis.

The miR-34 family of miRNAs has emerged as important compo-
nents of p53-mediated responses [93] by targeting substrates involved
in cell cycle regulation and apoptosis [94]. miR-34a is tumor suppres-
sive, that exerts antiproliferative effects and contributes to p53-
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mediated apoptosis [95]. Genes encoding miRNAs in the miR-34 family
are direct transcriptional targets of p53 [94,96] and both miR-34a tran-
scription and expressionwere shown directly stimulated by p53 [96]. In
cervical cancer, the p53 suppression operated by the E6 oncoprotein
downregulates the expression of miR-34a, as reported by several au-
thors [90,97,98].

ThemiR-34a suppression leads as final consequence to apoptosis in-
hibition and ROS decrease, through different ways (Fig. 1):

a) Among the targets of miR-34a there is the suppression of thioredoxin
reductase 2 (Trxrd2) [99]. The Trx system contributes to the regula-
tion of the intracellular redox status and redox signaling cascades, cat-
alyzes the reduction of a wide range of substrates, is essential for the
carcinogenic process and cancer invasivity [100,101] and modulates
sulfhydryl–disulfide isomerization reactions governing the conforma-
tion and function of p53, as well as several other redox sensitive tran-
scription factors [102,103]. Thus, during HPV infection viral oncogene
E6 determines the degradation of p53; consequently, miR34a is sup-
pressed, and Trxrd2 is not inhibited.

b) Another mechanism implicates uncoupling protein 2 (UCP2), a nega-
tive regulator of ROS generation [104]. In fact, it was shown that the
silencing of the UCP2 gene led to increased rate of ROS generation
and UCP2 ablation determined a marked increase of OS in several
cell types [105]. miR-34a has been indicated to target the gene of
UCP2 [106] and both UCP2 gene and protein levels were downregu-
lated coupled with differential expression of miR-24 and -34a [107].

c) Sirtuin 1 (SIRT1) expression is downregulated by themiR-34a signal-
ing pathway and the activation of this latter plays important roles in
enhancing cell sensitivity to OS-induced apoptosis [108]. Accordingly,
suppression of SIRT1 expression by miR-34a was shown to reinforce
p53 activation [109,110] and restore apoptotic sensitivity [111]. Dur-
ing HPV infection, as a consequence of the E6-induced inactivation of
p53 that determines downregulation of miR 34a, SIRT1 is not re-
pressed and is able to exert its multiple functions. SIRT1 deacetylates
several transcription factors, such as p53, forkheadbox type O (FOXO)
proteins, NF-kB, and coactivators which control the transcription of
pro-antioxidant enzymes [112]. It has been shown that SIRT1 protects
from OS toxicity, via deacetylation and activation of the FOXO3 tran-
scription factor, that in turn leads to the induction of SOD2 expres-
sion [113,114]. Further, an increased expression of catalase resulting
from deacetylation of FOXO3 caused by SIRT1 overexpression has
been showed [115]. It is important to underline that SIRT1, due to
its de-acetylating properties, exhibits also an anti-apoptotic effect,
regulating transcriptional activity of p53. In fact, activated p53 is acet-
ylated by CBP/p300 acetyltransferases at some lysine residues and it
has been shown that acetylation of p53 at Lys 382 is inhibited via
SIRT1, thus inhibiting the pro-apoptotic function of p53 [116].

10. Conclusions

HPV infection has been identified as the major etiological factor in
cervical carcinogenesis. Cervical cancer is a slow-evolving disease, aris-
ing from dysplastic lesions after long persistent infection. HPV-driven
carcinogenesis is a multi-step process, in which progressive histologic
and cytologic changes occur, that can be classified in early lesions, cur-
rently indicated as cervical intraepithelial neoplasia 1 (CIN 1) or low
grade squamous intraepithelial lesion (LSIL) and high grade lesions,
known as cervical intraepithelial neoplasia 2 and 3 (CIN 2 and CIN3)
or high grade squamous intraepithelial lesion (HSIL).

The HPV infection, although necessary, is not sufficient to cause can-
cer and several studies have been devoted to the search for concurrent
carcinogenic factors. Among these co-factors, many evidences support
the role of OS. It is clear that viral infection induces OS that in turn
causes damage to all types of biological macromolecules. As a matter
of fact, the majority of HPV infections (80%) is subclinical and transitory
and is resolved spontaneously. It is reasonable to hypothesize that,
while in most cases the cells react to HPV infection and can overcome
the virus-induced OS by activating apoptosis leading to termination of
viral replication and lesion regression, in some of the infected cells a
steady state balance between OS generation and detoxification is
established, partly due to viral induced antioxidant response. Thus in-
fected cells can aberrantly proliferate, paving the way to neoplastic
progression.

In this reviewwe have discussed the possible mechanisms bywhich
HPV exploits host cell survival mechanisms, through modulation of
redox homeostasis (Box 5). Thus, tumor cells adapt their metabolism
in order to support their growth and survival, likely creating a paradox
of high ROS production in the presence of high antioxidant levels, to fit
well with stress conditions.

This tangled scenario indicates that, although an increasingly oxi-
dant micro-environment along the steps of carcinogenesis is associated
with tumor progression, tumor cells are characterized by a rather effi-
cient control on ROS generation and oxidative damage, achieved
through the upregulation of antioxidant enzymes and detoxifying/pro-
survival proteins. This oxidative fitted modulation of cell metabolism
turns the refractory, highly oxidant tumor environment into a positive
selection factor for adapted cancer cells.
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