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Abstract
High-risk HPV E6 and E7 oncoproteins cooperate to subvert critical host cell cycle checkpoint
control mechanisms in order to promote viral genome replication. This results not only in aberrant
proliferation but also in host cellular changes that can promote genomic instability. The HPV-16
E7 oncoprotein was found to induce centrosome abnormalities thereby disrupting mitotic fidelity
and increasing the risk for chromosome missegregation and aneuploidy. In addition, expression of
the high-risk HPV E7 oncoprotein stimulates DNA replication stress as a potential source of DNA
breakage and structural chromosomal instability. Proliferation of genomically unstable cells is
sustained by several mechanisms including the accelerated degradation of claspin by HPV-16 E7
and the degradation of p53 by the high-risk HPV E6 oncoprotein. These results highlight the
oncogenic potential of aberrant proliferation and opens new avenues for prevention of malignant
progression, not only in HPV-associated cervical cancer but also in non-virally associated
malignancies with disrupted cell cycle checkpoint control mechanisms.

1. Introduction
Genomic instability comprises both structural and numerical chromosomal abnormalities
and is a defining phenotype found in many malignant tumors [1]. While such chromosomal
alterations may give certain cells a growth advantage, they are likely to be lethal to the vast
majority of cells. Nonetheless, cell populations with increased genomic plasticity may gain a
selective growth advantage and ultimately promote cancer development and progression.
High-risk human papillomavirus (HPV)-associated neoplasms are an excellent model system
to study genomic instability. This is underscored by the fact that even pre-malignant lesions
contain chromosomally unstable cells and that the expression of two viral oncoproteins,
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HPV E6 and E7, drive malignant progression. This opens the opportunity to understand
causes and consequences of genomic instability by utilizing viral oncoproteins as tools [1].

HPV infection is the main cause of cervical cancer, the second most common cause of
cancer mortality in women worldwide [1,2]. There are over 100 HPV genotypes which have
been identified and these are classified into two major groups: cutaneous and mucosal HPV
types. Infection with cutaneous HPV types, such as HPV-1 or -2, usually leads to benign
diseases such as skin or plantar warts. However, certain cutaneous HPV types, such as
HPV-5, have been associated with skin carcinoma in patients with the skin disease
epidermodysplasia verruciformis (EV) as well as non-melanoma skin cancers associated
with HPV infections in organ transplant patients [3,4].

Mucosal HPVs are further subdivided into low-risk and high-risk HPVs [5]. Low-risk types
such as HPV-6 or -11 are associated with benign lesions including condylomata acuminata
or laryngeal papillomas. High-risk HPV types such as HPV-16, -18, -31, -33, or -45 are
associated with carcinomas of the oropharyngeal or anogenital tract, in particular cervical
carcinoma [2]. Epidemiological and biological studies have shown that HPV-16, and -18 are
the two most frequently detected oncogenic types within the high-risk group accounting for
50% and 20%, respectively, of cervical cancers [2]. HPV-16 is also the most commonly
found type in HPV-positive head and neck squamous cell carcinoma [6].

High-risk HPVs express two oncoproteins, E6 and E7, which function to deregulate the host
cell cycle in order to promote replication of the viral genome. Long-term expression of HPV
E6 and E7 oncoproteins is known to both extend the life-span of primary human cells and
facilitate their immortalization [7]. In line with this notion, expression of HPV E6 and E7
oncoproteins is consistently up-regulated in HPV-associated cancers due to integration of
the viral DNA and de-regulation of the normal control of HPV E6 and E7 expression [1].

Despite the high prevalence of HPV infection in sexually active women, most HPV
infections are self-limiting and hence transient. Progression to cancer is a result of both
persistent infection with high-risk HPV types as well as co-factors, for example tobacco use
and exogenous estrogen or UV exposure [8]. Mounting evidence suggests that genomic
instability is also an important co-factor in promoting malignant progression. Support for
this notion stems from the fact that patients with Fanconi Anemia (FA), an X-linked and
autosomal recessive chromosomal instability syndrome, are at a significantly higher risk for
developing HPV-associated cancerous lesions [9,10]. There is also compelling evidence
suggesting that HPV oncoproteins can by themselves drive genomic instability [11,12].

Besides high-risk HPV oncoprotein-induced chromosomal instability, there is evidence
suggesting that exogenous co-factors also exist and contribute to high-risk HPV-associated
genomic instability. Exposure of cells expressing episomal HPV-16 genomes to increased
levels of nitric oxide (NO), a free radical normally produced at infectious or inflammatory
sites, ledtoenhanced high-risk HPV oncoprotein gene transcription, increased DNA double-
strand breaks and chromosomal instability [13]. Supporting the role of NO in promoting
high-risk HPV oncoprotein induced cervical carcinogenesis, it was recently found that nitric
oxide synthase-dependent DNA damage was observed in biopsy specimens from patients
with cervical dysplasia [14]. Other exogenous co-factors include the host cell response to
HPV infection, which may lead to chronic inflammation. In line with this notion, HPV-16
E6 and E7 expressing cells treated with transforming growth factor β1 (TGF-β1), a known
effector of the host-cell inflammatory response, promoted enhanced chromosomal instability
[15].
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Together, these findings substantiate the idea that disruption of host genome integrity by
expression of high-risk HPV oncoproteins is a major driving force in supporting cellular
transformation which ultimately promotes cervical carcinogenesis.

2. HPV Oncoproteins
High-risk human papillomaviruses are small double-stranded DNA viruses of approximately
8,000 base pairs with a tropism for keratinocytes. Their life-cycle is intimately linked to the
differentiation state of the host cell. Oncogenic HPV types, such as HPV-16, express eight
open reading frames (ORFs) transcribed as polycistronic mRNAs [16]. HPV gene products,
functionally outlined in Table 1, are expressed in a temporal manner under control of the
long control region (LCR), which harbors non-coding sequences [16]. The virus does not
encode its own DNA replication enzymes and consequently relies on the host cell machinery
to replicate its genome. Viral replication occurs in differentiating keratinocytes that are
normally permanently withdrawn from the cell division cycle. To overcome this barrier, the
HPV E6 and E7 oncoproteins have evolved to re-introduce an S-phase like milieu under
differentiating conditions of the host cell in order to promote viral replication.

2.1 The HPV E7 oncoprotein
High-risk HPV E7 proteins are small phosphoproteins with no known human homologs
[17]. HPV E7 oncoproteins contain two conserved domains (CR1 and CR2) which share
sequence similarity to both adenovirus E1A and SV40 large T antigen [18]. High-risk HPV
E7 inactivates the retinoblastoma tumor suppressor protein (pRB), and the related pocket
protein family members p107 and p130, which are responsible for regulating E2F-mediated
transcription of S-phase genes [17]. Specifically, HPV-16 E7 binds to and induces the
proteasomal degradation of pRB by cullin 2-containing E3 ubiquitin ligases [19]. High-risk
HPV E7 associates with pRB and its family members through a Leu-X-Cys-X-Glu
(LXCXE) motif located within the CR2 homology domain [20]. Additional sequences
located in the amino-terminal CR1 homology domain are necessary for pRB degradation
[19]. High-risk HPV-16 E7 proteins bind with a higher efficiency to pRB than do low-risk
HPV-6 E7 proteins. This difference maps to a single amino acid change within the pRB-
binding domain which confers high-affinity binding [21]. High-risk HPV-16 E7 has also
been shown to inactivate p600, a pRB-associated protein [22].

To further disrupt host gene expression control, HPV-16 and HPV-31 E7 oncoproteins also
interact with histone deacetylases type -1 and -2 (HDAC-1, and -2) [23,24]. HDACs
function as transcriptional repressors by reversing acetyl modifications of lysine residues on
histones. The indirect association between oncogenic HPV-16 E7 and HDACs is mediated
by Mi2β, a component of the NURD histone deacetylase complex [23]. This interaction is
dependent on the integrity of two Cys-X-X-Cys motifs in the HPV E7 oncoprotein carboxy-
terminus and results in increased E2F-mediated gene transcription from HDAC responsive
promoters [23]. High-risk HPV-16 E7 also associates with histone acetyl transferases
(HATs) such as, p300 and pCAF, which function to activate transcription and stimulate
cellular proliferation [25,26].

In addition to chromatin remodeling, high-risk HPV-16 E7 can directly alter cellular
transcription through interaction with E2F1. This interaction results in the pRB-independent
enhancement of E2F-mediated gene transcription [27]. However, the promoter of E2F6, a
transcriptional repressor responsible for directing cell cycle exit, is also E2F-responsive
[28]. The HPV-16 E7 oncoprotein has therefore evolved to directly associate with E2F6
resulting in inactivation of its transcriptional repression and maintenance of an S-phase like
environment [28].
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Together, along with the ability of HPV-16 E7 to interact with cyclin/CDK complexes and
its ability to overcome cellular growth arrest signals mediated by the cyclin dependent
kinase (CDK) inhibitors p21Cip1 and p27Kip1, the HPV E7 oncoprotein profoundly disrupts
the pRB-signaling axis to favor replication of the viral genome [29,30,31]. Why high-risk
HPV E7 has evolved to target a multitude of G1/S checkpoint components to achieve this
goal is currently unknown.

2.2 The HPV E6 oncoprotein
Disruption of the host cell cycle by HPV-16 E7 is likely to activate cellular stress responses
and apoptotic signaling cascades. The HPV E6 oncoprotein has evolved to inhibit the host
cell response to unscheduled cell cycle entry by mediating the degradation of p53. High-risk
E6 degrades p53 by re-directing a host cell HECT domain containing E3 ubiquitin ligase,
E6-associated protein (E6AP) [32]. Moreover, HPV-16 E6 binds the transcriptional co-
activators CBP/p300 and decreases the ability to activate p53-responsive promoter elements
[33]. High-risk HPV E6 has furthermore been suggested to switch p53-p300 from an
activating to a repressor complex independently of E6AP [34].

High-risk HPV E6 has additional p53-independent functions that are important for cellular
transformation and immortalization. Oncogenic HPV E6 contains a PDZ-domain binding
motif, X-(S/T)-X-(V/I/L)-COOH, that is unique to high-risk HPV E6 and is not present in
low-risk HPV E6 [35]. The HPV E6 oncoprotein binds PDZ-containing host proteins
targeting them for degradation in both an E6AP-dependent and -independent manner
[36,37,38]. Candidate PDZ-containing protein targets include hDlg, hScrib, MAGI1-3, and
MUPP1 [36,37]. PDZ-containing proteins localize to membrane-cytoskeleton interfaces and
have been implicated as molecular signaling scaffolds modulating cell growth, polarity and
adhesion in response to cell contact. The targeted inactivation of these proteins by oncogenic
HPV E6 may disrupt cell junctions, induce loss of cell polarity and promote cellular
transformation [39].

The high-risk HPV-16 E6 oncoprotein promotes cellular immortalization through the
transcriptional up-regulation of hTERT, the catalytic subunit of human telomerase, and can
contribute to telomere maintenance [40]. High-risk HPV E6 can enhance hTERT
transcription through several mechanisms including association with the transcriptional
activator c-Myc and/or the E6AP-dependent degradation of a putative transcriptional
repressor of the hTERT promoter, NFX1-91 as well as others [41,42].

2.3 HPV oncoproteins and genomic instability
Genomic instability is a defining phenotype of many malignant tumors including HPV-
associated malignancies [1,43]. Over 100 years ago Theodor Boveri hypothesized that
genomic instability and cancer can result from the presence of extra centrosomes and the
subsequent formation of multipolar mitoses. Such a disruption of spindle polarity may
consequently promote chromosome missegregation and ultimately aneuploidy [44].
Multipolar, specifically tri-polar, mitoses are a hallmark of high-risk HPV-associated
carcinomas [1]. Furthermore, the frequency of aneuploidy increases with both malignant
grade and tumor aggressiveness in HPV-associated lesions, which make HPV-associated
neoplasms a suitable model system to test Boveri’s hypothesis [1,45].

The major consequences of supernumerary centrosomes are polarity disturbances, such as
multipolar mitoses, and/or merotelic kinetochore attachments, which can lead to lagging
chromosomes during cell division [46]. However, extra centrosomes do not necessarily lead
to cell division errors since centrosomes can cluster thereby preserving bipolarity of the
mitotic spindle [47]. Nonetheless, centrosome abnormalities have been detected in a wide
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range of malignant tumors including breast, colon, and prostate cancer [1]. In the context of
high-risk HPV, centrosome amplification is observed in cells expressing episomal HPV-16
genomes, which underscores that viral integration and overexpression of HPV E6 and HPV
E7 oncoproteins is not required for the disruption of centrosome duplication control [48].
Studies in HPV-associated primary human tumors have demonstrated that centrosome
overduplication correlates with the frequency of cell division errors, which lends important
support to the notion that the presence of supernumerary centrosomes can promote these
defects (Figure 1) [49].

Besides aneuploidy, structural chromosomal instability is a critical factor for malignant
progression. This is evidenced by the enhanced rate of tumor formation in patients with
mutations in DNA repair pathway genes such as BRCA1, BRCA2 or the mismatch-repair
(MMR) pathway [50]. Unrepaired, broken DNA can promote gene translocations or gene
amplifications/deletions, which may provide a growth advantage to cells through gain of
oncogenes or loss of tumor suppressors [50]. Several lines of evidence show that expression
of HPV-16 E6 and E7 can independently induce structural chromosomal instability [51] (see
section 2.6).

2.4 HPV-16 E7 disrupts centrosome duplication control
The centrosome consists of two centrioles embedded in a cloud of pericentriolar proteins,
also known as pericentriolar material (PCM). In order to generate two spindle poles, the
single centrosome of a non-dividing cell must duplicate precisely once prior to mitosis in
order to ensure faithful cell division [52].

Centrosome duplication begins during late mitosis/early G1-phase of the cell division cycle,
when the two pre-existing centrioles of the centrosome disengage through the action of polo
kinase 1 (PLK1) and separase, and move into a near parallel position [53]. This step is
followed by recruitment of polo-like kinase 4 (PLK4) to the wall of the maternal centriole at
the site of daughter centriole synthesis [54]. Subsequently, structural proteins are recruited
to the nascent pro-centriole to stabilize and elongate the new daughter centriole. Centrosome
duplication is complete during late G2-phase, when the two fully formed centriole pairs
separate to form the mitotic spindle poles [52].

There are two mechanisms by which centriole amplification in tumor cells may occur:
centriole overduplication and centriole accumulation. These two phenotypes can be
distinguished by immunostaining for markers of older, mature centrioles (Figure 1) [55].
Genuine centriole overduplication is characterized by the presence of one or two mature
maternal centrioles and multiple immature daughter centrioles. In contrast, centriole
accumulation is defined by the presence of multiple maternal centrioles with a normal ratio
of daughter centrioles [55]. The distinction between centriole overduplication and
accumulation is important because cells exhibiting centriole accumulation may arise due to
abortive mitoses or cytokinesis errors and such cells may not be able to produce viable
progeny. Conversely, cells which exhibit a genuine centriole overduplication defect are, in
general, less altered and hence are more likely to give rise to genomically unstable daughter
cells.

There are several lines of evidence that HPV-16 E7 oncoprotein expression disrupts
genomic integrity by directly interfering with centriole duplication control. First, HPV-16
E7 expression produces abnormal centriole numbers in otherwise normal cells prior to the
onset of genomic instability [56]. This is in contrast to HPV-16 E6 expressing cells which
exhibit centrosome accumulation in cells which are already genomically unstable, often
expressing markers of cellular senescence, and are unlikely to remain in the proliferative
pool [56]. Secondly, supernumerary centrioles appear rapidly and within a single cell
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division cycle, suggesting they arise due to direct disruption of centriole duplication control
[57]. This was initially difficult to reconcile with the prevailing model of centriole
duplication described above, where a single maternal centriole initiates the synthesis of only
a single daughter centriole. Further analysis of HPV-16 E7 induced centriole abnormalities
led to the discovery that the HPV E7 oncoprotein rapidly induces centriole overduplication
through stimulation of a novel centriole duplication pathway, referred to as centriole
multiplication (Figure 2) [57]. This pathway is characterized by a single maternal centriole
initiating the simultaneous synthesis of two or more daughter centrioles. This phenotype had
not previously been observed in the context of an oncogenic stimulus relevant for a major
human cancer [57].

CDK2, cyclin E, and PLK4 were found to be necessary factors for centriole multiplication
[57]. Ectopic expression of CDK2/cyclin E complexes alone, however, was not sufficient to
induce centriole multiplication. This only occurred when PLK4 was upregulated, suggesting
that PLK4 protein levels are rate-limiting for centriole multiplication [58]. High-risk
HPV-16 E7 protein expression is known to deregulate cyclin E/CDK2 complexes which
may help to aberrantly recruit PLK4 to maternal centrioles [30,58,59]. Whether HPV-16 E7
also deregulates steady-state PLK4 protein expression awaits further clarification.

An HPV-16 E7 deletion mutant lacking amino acid residues 21–24 and hence unable to bind
and degrade pRB (HPV-16 E7 Δ21–24) was found to also be unable to induce centriole
overduplication in both normal and pRB-family deficient mouse embryo fibroblasts [60]. In
contrast, full-length wild-type HPV-16 E7 was able to induce centriole abnormalities even in
pRB/p107/p130-deficient cells [60]. These results suggest that pRB-degradation is not the
only mechanism by which oncogenic HPV E7 induces centriole overduplication. One
possible mechanism for pRB-independent induction of supernumerary centrioles is through
the ability of HPV-16 E7 to interact with γ-tubulin, a component of the PCM important for
microtubule nucleation. This interaction, which is pRB-independent, relies on an intact
LXCXE motif [61]. It has been suggested that disruption of γ-tubulin plays a role in the
regulation of centrosome duplication and this mechanism may hence contribute to
overduplication induced by HPV-16 E7 [62].

2.5 Additional mechanisms of HPV-16 E7 induced disruption of mitotic fidelity
Besides centriole overduplication, the HPV-16 E7 oncoprotein has been found to disrupt
mitotic fidelity through several additional mechanisms. Remarkably, the proportion of
multipolar metaphase cells in HPV-16 E7 oncoprotein-expressing populations was found to
be significantly higher than the proportion of multipolar ana- or telophase cells [49]. This
suggests that the majority of HPV-16 E7-expressing cells exhibiting multipolar spindle poles
in metaphase are unable to complete mitosis.

Eukaryotic cells can be arrested at the metaphase-anaphase transition by activation of the
spindle-assembly checkpoint (SAC). The SAC is activated in response to aberrant
microtubule-kinetochore attachments but not necessarily due to the presence of
supernumerary centrosomes or multiple spindle poles [63,64]. Once the SAC is activated
several outcomes may occur. Cells may resolve the microtubule-kinetochore attachments
and proceed through a normal mitosis, they may be unable to resolve the mitotic dysfunction
and activate apoptotic cascades leading to mitotic catastrophe, or they may adapt to
prolonged SAC activation, decondense their chromosomes and enter a G1-like state with
tetraploid DNA content [63]. The fate of high-risk HPV E7-expressing cells that have
multiple spindle poles in metaphase and do not proceed through mitosis is currently
unknown. Since the presence of aberrant spindle poles per se may not trigger SAC
activation, it is possible that altered DNA structure may contribute to the over-representation
of multipolar metaphase cells.
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However, both HPV-16 E6 and HPV-16 E7 have independently been shown to overcome
the SAC and promote the accumulation of polyploid cell populations [65,66]. The ability of
HPV-16 E6 to abrogate the SAC was not unexpected, due to the fact that activation of the
SAC is thought to be controlled through p53-dependent pathways [63]. However, it was
surprising that HPV-16 E7 expression alone bypassed the SAC. Whether this activity is due
to direct interaction with SAC proteins or pRB-inactivation, which can lead to Mad2
deregulation, needs to be determined in detail [67]. Both mechanisms are not mutually
exclusive.

High-risk HPV-16 E7 has been reported to delocalize dynein from mitotic spindles in a
pRB-independent manner [68]. Dynein targets nuclear apparatus protein 1 (NuMA) to the
mitotic spindle poles where it is responsible for spindle organization and stabilization as
well as chromosome alignment. Subsequent studies showed that HPV-16 E7 and low-risk
HPV-6b and HPV-11 E7 physically associate with NuMA [69]. The ability of the HPV-16
E7 protein to delocalize dynein and interact with NuMA mapped to the same carboxy-
terminal sequences of the protein. The ability of HPV-16 E7 to delocalization dynein and
interact with NuMA resulted in a mitotic delay and defects in chromosome alignment [69].

Genomically unstable high-risk HPV oncoprotein expressing cells may also progress
through the cell division cycle by disruption of the post-mitotic spindle checkpoint. The
post-mitotic checkpoint is triggered following adaptation to a prolonged SAC activation,
during which cells may exit mitosis, bypass cytokinesis and progress into a G1-like state
with tetraploid DNA content [70]. These cells are then prevented from continuing through
the cell cycle and replicating their DNA through a p53- and pRb-dependent post-mitotic
checkpoint [71]. High-risk E6 and E7 oncoprotein expression individually has been shown
to abrogate the post-mitotic checkpoint promoting polyploidization possibly predisposing
cells to aneuploidy [71,72].

2.6 HPV-16 E7 and host cellular DNA damage
There is convincing evidence that HPV oncoproteins promote not only mitotic defects but
also structural chromosomal alterations and DNA damage. Cytogenic analyses of HPV-
associated lesions revealed recurring patterns of chromosome gains and losses. In particular,
gain of chromosome 3q has been linked to the transition to invasiveness in high-risk HPV-
associated lesions [73]. Several other common structural alterations observed in HPV-
associated neoplasms include gains of genetic material on chromosomes 1q, 5p, 6p and 20q
and losses mapped to chromosomes 2q, 3p, 4, 8p and 13q [74,75]. A further reflection of
structural instabilities seen in high-risk HPV-associated lesions include an increased
incidence of anaphase bridges. Anaphase bridges may form through chromosome fusions at
telomeres or double-stranded DNA breaks [1].

Supporting the hypothesis that high-risk HPV oncoproteins can promote DNA breakage in
host cells, both HPV-16 E6 and E7 expression has been shown to enhance mutation
frequency in primary human keratinocytes [76]. Additionally, cells independently
expressing high-risk but not low-risk HPV E6 and E7 oncoproteins have an increased ability
to integrate foreign DNA [77]. It has furthermore been shown that both the high-risk HPV
oncoproteins independently induce DNA breakage using the comet assay [51]. Lastly,
nuclear foci of phosphorylated H2AX (y-H2AX) appear following HPV-16 E7 expression,
indicating induction of DNA double-strand break repair pathways [51]. Despite the well-
known function of HPV-16 E7 to induce DNA damage, the precise source of DNA double-
strand breaks remains poorly understood.

Aberrant expression of S-phase specific cyclins has been suggested to result in anomalous
DNA replication, increased stalling of replication forks, and chromosomal instability [78].
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Using the Fanconi Anemia (FA) DNA damage response pathway as a surrogate marker, it
was found that HPV-16 E7 expression triggers host cell replication stress [79].

Upon activation, the core complex of FA proteins mediates the monoubiquitination of two
other FA proteins, FANCD2 and FANCI [80]. This step is necessary for translocation of
FANCD2 and FANCI to the site of the stalled replication forks [80]. Monoubiquitinated
FANCD2, along with several other interacting proteins, mediates replication fork
stabilization and restart. Using FANCD2 nuclear foci and the recruitment of FANCD2 and
FANCDI/BRCA2 as markers for FA pathway activation, Spardy, et al showed that primary
human keratinocytes stably expressing high-risk HPV-16 E7, but not low-risk HPV-6 E7,
have an activated FA pathway [79]. Stable expression of HPV-16 E6 in primary human
keratinocytes did not induce a significant increase in FANCD2 foci, however co-expression
of HPV-16 E6 and E7 did enhance the formation of foci over HPV-16 E7 expression alone
[79]. It was further demonstrated that cells deficient for the FA pathway were prone to
accelerated high-risk HPV-associated chromosomal breakage [79]. These findings suggest
that FA pathway activation is an early host cell response to HPV-infection and that genetic
or epigenetic inactivation of the FA pathway contributes to increased genomic instability
and malignant progression [81].

Importantly, these experimental results are mirrored by clinical findings where patients
suffering from the cancer susceptibility syndrome Fanconi Anemia have a 500- to 700-fold
increase in the incidence of squamous cell carcinomas (SCCs) at sites of HPV infection [9].
One analysis of head and neck SCCs from FA patients found over 80% of the tumors
contained high-risk HPV DNA [9]. SCCs develop at much younger ages in FA-deficient
individuals suggesting a role for the FA pathway in suppressing malignant progression [9].
Besides genomic inactivation of FA genes, the FANCF promoter has been shown to be
hypermethylated in approximately 30% of advanced stage invasive cervical SCCs [82].
Interestingly, patients younger than 45 years of age showed a significantly higher frequency
of FANCF promoter hypermethylation than patients older than 45 years of age [82]. This
suggests that FA pathway inactivation or deficiency may result in increased risk for the
development of cancer in younger age group patients. Finally, single-nucleotide
polymorphisms in the FANCA gene have been associated with an increased risk for
development of HPV-associated cervical cancer [83]. Taken together, these observations
suggest that disruption of the FA pathway may promote a cellular environment which
enhances the rate of HPV-associated malignant progression.

HPV-16 E7 expression also modulates additional host cell DNA damage response proteins.
Both HPV-16 E6 and HPV-16 E7 have been shown to bind the breast cancer 1 (BRCA1)
tumor suppressor through their zinc-finger domains which may inhibit its function [84].
HPV-16 E6 has been shown to interact with the DNA repair factor XRCC1 possibly
interfering with single-strand DNA break repair [85]. The ability of HPV oncoproteins to
impair the cellular DNA damage response may be a further source of chromosomal breakage
seen in HPV oncoprotein-expressing cells [51]. The manipulation of DNA damage response
pathways by virally encoded proteins in order to facilitate the viral life-cycle has been well-
established for viruses [86]. The question whether manipulation of the host cell DNA
damage response may contribute to HPV genome integration remains to be answered.

2.7 HPV-16 E7, DNA damage and host cellular immortalization
Expression of high-risk HPV-16 E6 and E7 are known to individually extend the lifespan of
primary human cells and facilitate their immortalization when co-expressed [7]. Cellular
immortalization ultimately requires the activation of pathways that help to prevent critical
shortening of telomeres. The ability of high-risk HPV E6 to promote cellular
immortalization has been suggested to depend on its ability to activate telomerase [40]. How
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the high-risk HPV E7 oncoprotein facilitates cellular immortalization independent of the
HPV E6 oncoprotein is not understood, but alternative lengthening of telomeres (ALT) has
previously been suggested [87]. ALT is a homologous recombination (HR)-based
mechanism of telomere maintenance that uses, for example, sister chromatids as templates
[88].

More detailed insights into the question whether the HPV E7 oncoprotein can trigger ALT
were attained recently by the discovery that HPV-16 E7 causes an increase in the formation
of ALT-associated promeolytic leukemia bodies (APBs) [88]. The onset of ALT
immortalization coincides with the appearance of APBs and their formation is often used as
a surrogate marker for ALT activity [89]. APBs are known to contain telomeric DNA,
telomere-binding proteins, and several proteins involved in HR [88]. High-risk HPV-16 E7
was found to induce APBs that contained these components as well as previously unknown
components including FANCD2, BRCA2 and MUS81 [88]. FANCD2 was found to be
critical for the maintenance of telomere homeostasis in ALT-positive cells and the
occurrence of FANCD2-positive APBs correlated with HPV-16 E7-induced extension of life
span in primary human keratinocytes population [88].

This function of HPV-16 E7 was found to be dependent on its ability to degrade pRB and
hence suggests altered replication of telomeric DNA as a trigger for APB formation and
stimulation of ALT [88]. The correlation that was discovered between APB formation and
sustained proliferation in early passage primary human keratinocytes suggests that APB-
positive cells may be endowed with a growth advantage at early stages of immortalization
[88].

2.8 HPV-16 E7 and continued proliferation in the presence of DNA damage
How HPV-16 E7-expressing cells maintain proliferative capacity despite the presence of
DNA damage and DNA damage checkpoint activation is not understood in detail. Recently,
it has been shown that HPV-16 E7 expression attenuates DNA damage checkpoints through
enhancement of the proteolytic turnover of claspin [90]. Claspin is a critical regulator of the
ATR/CHK1 signaling axis and DNA damage checkpoint recovery in the G2 phase of the cell
cycle [91]. ATR is activated by stalled replication forks and requires claspin to
phosphorylate the downstream kinase Chk1 in order to arrest the cell allowing time for DNA
repair [91]. Degradation of claspin plays a critical role in recovery from DNA damage
checkpoint activation and is necessary to promote mitotic entry [91].

Paradoxically, HPV-16 E7 oncoprotein expressing cells actually express a higher baseline
level of claspin than control cells, possibly promoting efficient DNA replication during S-
phase [90]. High-risk HPV-16 E7 then accelerates the degradation of claspin as cells
approach the G2-phase of the cell division cycle, in part through up-regulation of E2F-
responsive components of the claspin degradation machinery [90]. This, together with the
HPV E6 oncoprotein-mediated degradation of p53, allows cells that contain DNA damage to
aberrantly enter mitosis, maintain proliferative capacity and may ultimately contribute to the
propagation of structural chromosomal abnormalities seen in high-risk HPV-associated
neoplasms.

3. Outlook
HPV oncoproteins have a plethora of functions which converge on host cell cycle
checkpoints to promote DNA replication in cells that are at the same time undergoing
differentiation and are normally withdrawn from the cell division cycle. Research over the
past several years has shown that aberrant proliferation can set the stage for genomic
instability and malignant progression by disrupting centrosome duplication control and
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normal DNA replication dynamics (Figure 3). The identification of critical pathways
involved in aberrant centrosome duplication such as CDK2 and PLK4 may help to design
innovative approaches for prevention of malignant progression in early HPV-associated
lesions. In addition, a better understanding of the DNA damage response in high-risk HPV-
associated malignancies may be exploited to develop novel therapies for advanced stage
lesions, for example through synthetic lethality. Besides this translational potential,
understanding the molecular basis of genomic instability in the context of high-risk HPV
oncoproteins has yielded unexpected insights into some important aspects of cell biology.
These and future findings will ultimately help to develop a systems biology approach to our
understanding of cancer formation and progression.
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Figure 1. High-risk HPV-associated neoplasms exhibit centrosome overduplication and
multipolar mitoses
(A) High-risk HPV-associated anal squamous cell carcinoma stained with hematoxylin and
eosin (H&E). Scale bar indicates 100 μm (B) Co-immunofluorescence microscopy for the
centrosomal marker γ-tubulin (green) co-stained with Cep170 (red), a marker of mature
centrosomes in a tissue sample from (A). The arrow points to a cell with overduplicated
centrosomes and the inset represents a high-powered view of this cell. Nuclei stained with
DAPI. Scale bar indicates 50 μm. (C) Arrow indicates an example of cell division errors
during metaphase in high-risk HPV-associated anal neoplasms detected by
immunofluorescence microscopy for γ-tubulin (green). Nuclei stained with DAPI. Scale bar
indicates 50 μm.
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Figure 2. HPV-16 E7 expression subverts normal centriole duplication control
During normal centriole duplication, PLK4 is recruited to the wall of the maternal centriole
to initiate the synthesis of a single daughter centriole per mother. Following HPV-16 E7
expression, centriole duplication control is disrupted which can result in the simultaneous
synthesis of more than one daughter centriole per maternal centriole (centriole
multiplication). Overexpression of cyclin E/CDK2 complexes has been shown to lead to the
aberrant recruitment of PLK4 to maternal centrioles [58]. This, along with deregulation of
PLK4 protein expression promotes centriole multiplication. HPV-16 E7 is known to
deregulate cyclinE/CDK2 activity, whether the HPV E7 oncoprotein interferes with PLK4
protein levels and/or kinase activity is currently unknown.

Korzeniewski et al. Page 17

Cancer Lett. Author manuscript; available in PMC 2012 June 28.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3. A comprehensive view of HPV-16 E7-induced genomic instability
There is compelling evidence that disruption of host cell cycle checkpoint control by
HPV-16 E7 promotes numerical and structural chromosomal instability through disruption
of centrosome duplication control and altered DNA replication dynamics, respectively.
Activation of the Fanconi Anemia (FA) pathway by HPV-16 E7 can have different
outcomes depending on the presence of a functional FA pathway (see text for details).
HPV-16 E7 has been shown to facilitate entry into mitosis by inducing accelerated claspin
degradation. Whereas the exact fate of altered metaphase cells in the context of HPV-16 E7
remains to be determined, it is clear that the ability of HPV-16 E6 to attenuate p53-mediated
host cell responses contributes ultimately to host cell viability and continued proliferation.
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