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Simple Summary: Cells infected with high-risk human papillomaviruses (HPV) can accumulate
DNA damage and eventually transform into HPV-driven cancers. Genome instability, or the pro-
gressive accumulation of DNA alterations (e.g., mutations), in HPV-infected cells is directly induced
by the HPV genes and indirectly promoted by HPV infection through the consequences of chronic
infection maintenance, increased cell growth, and accumulation of damaging mutations in genes
that themselves affect genome instability. While the HPV genome typically exists as a separate entity
within cells, genome instability increases the chances of HPV integrating within the host (human)
genome, which is common in HPV-induced cancers. The DNA regions surrounding HPV integrations
are unstable and can undergo complex alterations that affect both human and HPV genes. This
review discusses HPV-dependent and -independent drivers and mechanisms of genome instability in
HPV-driven cancers, both globally and around sites of HPV integration, and describes the changes
induced in the tumour genome.

Abstract: Human papillomavirus (HPV) is the causative driver of cervical cancer and a contributing
risk factor of head and neck cancer and several anogenital cancers. HPV’s ability to induce genome
instability contributes to its oncogenicity. HPV genes can induce genome instability in several ways,
including modulating the cell cycle to favour proliferation, interacting with DNA damage repair
pathways to bring high-fidelity repair pathways to viral episomes and away from the host genome,
inducing DNA-damaging oxidative stress, and altering the length of telomeres. In addition, the
presence of a chronic viral infection can lead to immune responses that also cause genome instability
of the infected tissue. The HPV genome can become integrated into the host genome during HPV-
induced tumorigenesis. Viral integration requires double-stranded breaks on the DNA; therefore,
regions around the integration event are prone to structural alterations and themselves are targets
of genome instability. In this review, we present the mechanisms by which HPV-dependent and
-independent genome instability is initiated and maintained in HPV-driven cancers, both across the
genome and at regions of HPV integration.

Keywords: HPV; virus; cancer; DNA damage; genome instability; viral integration; mutation; cervical
cancer; head and neck cancer; DNA repair

1. Introduction

Loss of genome stability, either through mutation of a critical tumour suppressor or
chronic carcinogenic exposures, is a central hallmark of cancer [1–3]. Viral infection has been
linked to 9.9% of all cancers worldwide and can contribute to oncogenic transformation
by increasing cellular proliferation and dysregulating host cell genomes, often through
the integration of the viral genome into the host cell’s DNA [4–6]. Human papillomavirus
(HPV) accounts for 4.5% of all cancers and approximately half of the viral cancers [7]. A few
types of HPV, most commonly HPV16 and HPV18, are the predominant causes of cervical
cancer and a contributing risk factor for several anogenital cancers and head and neck
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squamous cell carcinoma (HNSCC) [7,8]. Vaccination against the most prevalent oncogenic
HPV types has reduced cervical cancer incidence in young females [9], but in males where
the vaccination campaign has begun more recently and in males and females from low- and
middle-income countries where vaccine availability is an issue, HPV-associated cancers
persist [10–12]. Given the endemic nature of HPV and its association with cancers in
populations around the world, it is of critical importance to understand how HPV infection
can disrupt genome structure and function to contribute to malignant progression. Insights
gleaned from such work may be applicable to other less-well studied oncogenic viruses.

Genomic instability refers to an increased prevalence of alterations that get passed
down to daughter cells upon cell division [1]. These alterations can range from single
nucleotide variants (SNVs) to large-scale structural variants (SVs) involving multiple
chromosomes. The transmission of SVs and SNVs can occur at an increased frequency upon
dysregulation of different DNA repair pathways [13,14]. Additionally, chronic exposure to
exogenous mutagens, such as smoking, sun exposure, and chemotherapeutics, can leave a
characteristic mutation signature on tumour DNA [15–17]. These patterns can contribute
mechanistic insights into drivers of genomic instability in the tumour and, in some cases,
such information may inform patient treatment and prognosis [15,18]. In 80% of cervical
cancers and between 25–70% of head and neck cancers depending on the study, portions of
the HPV genome are integrated into the cancer cell genome, and these integrated regions
undergo transformative rearrangements as a consequence [19–22]. In this review, we
explore the drivers, mechanisms, and consequences of genomic instability in HPV-driven
cancers, both across the cancer genome and at the sites of HPV integration.

2. The HPV Life Cycle and Oncogenesis
2.1. Expression of HPV Genes through the Viral Life Cycle

Over 400 types of HPV have been identified, all of which are tropic for squamous
cells on different parts of the body, though the tropisms of individual HPV types are re-
markably specific [23]. The 14 HPV types that have been designated as carcinogens by
the World Health Organization (WHO) belong in the alpha-papillomavirus family and
infect squamous cells in mucosal tissues, including (but not limited to) the transformation
zone between the ectocervix and the endocervix, and the tonsillar crypts of the orophar-
ynx [23–26]. Tissue micro-abrasions within these regions allow oncogenic HPVs to infect
basal stem cells during sexual activity [27]. Once introduced, the expression of HPV genes
(Figure 1a) as well as the viral life cycle becomes tied to the differentiation process of the
epithelium [28]. In the undifferentiated basal and parabasal layers, viral genome replication
is initiated by the HPV proteins E1 and E2, with the DNA binding protein E2 recruiting
the helicase E1 to the viral replication origin while also tethering viral episomes to host
chromatin for a symmetrical partition of replicated episomes between the two daughter
cells [29–31]. In the mid-epithelial layers, high expression of the E6 and E7 oncogenes
cause differentiated keratinocytes to re-enter the cell cycle, resulting in an induction of
proliferation [32,33]. Once the HPV genome is amplified to about 100–200 episome copies
per cell, E2 negatively regulates the early genes, including the oncogenes E6 and E7, by
binding the viral non-coding long control region (LCR) upstream of the early promoter,
thus preventing the binding of transcription factors and the transcription initiation complex
to this regulatory region [34]. Terminal differentiation of the keratinocytes is triggered
when E2 binds the early promoter to down-regulate the early genes and the viral transcript
changes its splicing to favour the late-differentiation genes E4, L1, and L2 [35]. The late
genes, L1 and L2, make up the capsid proteins of the virion that are needed to encapsulate
the viral DNA upon viral release and reinfection [36], and the packaged virus is released
upon cell death [37].
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Figure 1. The episomal and integrated forms of the HPV genome: (a) The genes and regulatory
regions in the HPV16 episome; (b) An example of the integrated form of HPV16 with breakpoints in
the L1 and E2 genes.

2.2. Transformation of Infected Cells into Cancer

Infection does not always lead to cancer. Most asymptomatic or low-grade HPV
infections are cleared within two years by the immune system or through sloughing of
the cervical epithelium [38]. However, if the immune system is weak or unable to clear
the infection, then infection can persist and the infected cells can slowly accumulate DNA
damage. Active infection by oncogenic HPV types usually leads to increased proliferation
of the mid-epithelial layers, which can present as precancerous lesions such as cervical
intraepithelial neoplasia (CIN) [39] (Figure 2). It is suspected that precancerous lesions
also exist in the oropharynx prior to cancer, but there are no routine screening procedures
in place to catch asymptomatic infections in the head and neck [40]. Cervical screening,
however, allows early detection of CIN so patients can receive intervention and treatment
before these low-grade lesions transform into malignant cancer [41]. If these lesions are
left unchecked, more mutations can be acquired that increase proliferative potential, halt
keratinocyte differentiation, or lead to the evasion of apoptosis [42]. Integration of HPV
into the host genome frequently occurs during the transformation of infected cells into
cancer [4]. This process usually truncates or removes E2 from the integrated form of HPV,
resulting in improper regulation of expression of E6 and E7 (Figure 1b) [43,44]. After losing
the ability to properly regulate the HPV oncogenes, keratinocytes carrying integrated HPV
get trapped in the proliferative amplification step of the viral life cycle and can no longer
exit the cell cycle [42,45]. Once the abnormal cells have broken through the basal cells in the
epithelium, the lesion is then graded as an invasive cervical carcinoma (ICC) and becomes
increasingly difficult to treat [46]. The transformation of HPV infection into cancer is not
advantageous for the virus since it effectively eliminates its ability to reinfect new hosts,
therefore terminating its life cycle [39]. HPV-induced oncogenesis is thus the unfortunate
result of the accumulation of genetic mutations that are accelerated by the presence of a
chronic infection and de novo introduction of viral oncogenes.
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Figure 2. The evolution of HPV infection, to cervical intraepithelial neoplasia (CIN), to invasive
cervical cancer (ICC). HPV infects basal cells (blue) through microabrasions in the cervical epithelium.
Uncontrolled proliferation of the mid-epithelial layers allows the onset of genome instability. After
acquiring additional somatic mutations and often HPV integration, the tumor breaks through the
basal layer and is graded as an ICC. Created with BioRender.com.

3. Direct Effects of the HPV Genes on Genome Instability
3.1. Cell Cycle Dysregulation Allows an Accumulation of Unchecked DNA Damage

HPV-driven cancers require high expression of the HPV oncogenes even after malig-
nant transformation [6]. All oncogenic HPV types include the oncogenes E6 and E7, which
target p53 and Rb family proteins for degradation, respectively [47,48]. The functional loss
of these prominent tumour suppressors leaves the genome vulnerable to the accumulation
of mutations, which eventually can lead to cancer. Many cell culture studies over the past
30 years have shown that expression of E6 and E7 from either HPV16 or HPV18 is sufficient
to immortalize keratinocytes [49–52]. When each gene was tested alone, only E7 expression
and not E6 had transformative potential [53]. However, E7-expressing human uroepithe-
lial cells (HUC) remained relatively genotypically stable while E6-expressing HUC cells
accumulated chromosomal aberrations with increasing passages [54]. Another early study
showed that E6-expressing cells that were exposed to UV radiation were unable to recruit
the necessary repair pathways to DNA damage in the genome and therefore had reduced
viability after the exposure [55]. These results showed that both E6 and E7 expression
are important during tumorigenesis: E7 for establishing cell immortalization and E6 for
promoting genomic instability that can lead to malignant progression. Although both E6
and E7 are multifunctional with a large number of cellular targets, the tumorigenic effects
of these proteins are thought to be largely related to their effects on cell cycle dysregulation
(Figure 3).

The main human interacting partner of E6 is the E3 ubiquitin ligase E6 Associated
Protein (E6AP) (Figure 3) [56]. The most notable and well-studied effect of this interaction
is the assembly of the E6/E6AP/p53 protein complex [57]. The E6 protein binds to the
leucine-rich LxxLL motif of E6AP and then undergoes a conformational change that allows
it to bind p53 on a site distal to its DNA- and protein-interacting domains, allowing the
complex to form whether or not p53 is bound to a target [57]. The interaction of E6/p53
with E6AP leads to the ubiquitination of all members in the E6/E6AP/p53 complex and
their subsequent targeted proteasomal degradation [58–60]. Any remaining p53 that was
not degraded remains inhibited by E6 from activating its targets [61]. HPV-infected cells
are therefore p53-deficient at the post-translational level; thus, somatic mutations in TP53
do not lead to a selective advantage in HPV-associated tumours [62]. The p53 protein is
known as the major tumour suppressor of the cell, involved in cell cycle arrest, DNA repair,
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senescence, apoptosis, and an increasing number of other important pathways [63]. The
absence of the p53 DNA damage checkpoint in the proliferating HPV-infected cells allows
the cells to proceed into S-phase with unchecked and unrepaired DNA damage.

Meanwhile, E7 drives cell cycle progression through its direct interaction with the
Retinoblastoma protein family (pRb) members (Figure 3) [33]. The binding of E7 to pRb
prevents its binding to the E2F family of transcription factors, allowing the transcription
of S-phase genes [64]. Both low-risk and high-risk HPV types require E7 to uncouple
keratinocyte differentiation from its requirement to exit the cell cycle through its inhibition
of pRb, allowing the mid-epithelial layers to proliferate [65]. However, high-risk HPV
types contain E7 genes with protein products that have a higher binding affinity to a
wider range of Rb-related proteins (e.g., p107 and p130) than non-oncogenic HPV types,
resulting in a more robust induction of proliferation [64]. Independent from pRb, E7 also
promotes cell cycle progression by activating E2F1 and inactivating the negative-feedback
counterpart of E2F transcription, E2F6 (Figure 3) [66,67]. E7 also promotes G1/S transition
through interactions with cyclins and cyclin-dependent kinases (CDKs). The cyclins are
cell cycle regulators that bind to CDKs to drive or inhibit their activation of downstream
target proteins that control processes important in specific cell cycle phases [68]. E7 drives
transcriptional and post-translational activation of both cyclin A and cyclin E (Figure 3),
enabling entry into S-phase without the induction of cyclin D1, which is usually required
for G1/S progression [69–72]. Both CDK1 and CDK2 are upregulated in E7-expressing cells,
but B-Myb-dependent upregulation of CDK1 was found to be specifically important in
bypassing the G1 DNA damage checkpoint (Figure 3) [73]. Abrogation of the G1 checkpoint
has been found to be mediated by RCC1 through CDK1, and overexpression of CDK1
can rescue the progression to S-phase in E7-expressing cells that have stalled cell cycle
progression due to knockdown of RCC1 [74,75]. G1/S progression, in the absence of the
DNA damage G1 checkpoint, results in the accumulation of chromosome abnormalities.

The HPV protein E5 also has functions in modulating the cell cycle, though its role
and importance in HPV-induced tumorigenesis is not as defined as E6 and E7. Unlike
E6/E7, E5 alone cannot immortalize keratinocytes, but it can potentiate and enhance the
effects of E6/E7-induced immortalization [76]. Specifically, E5 was found to synergize
with E7 to promote premature, unchecked DNA synthesis, which in turn led to increased
cell proliferation and more severe cervical dysplasia in a transgenic mouse model [77].
One known carcinogenic mediator of E5 is the epithelial growth factor receptor (EGFR)
signalling pathway [78]. E5 has been shown to increase the number of membrane-bound
EGFR through inhibiting the endosomal degradation of EGFR and also by the alteration
of protein trafficking in the cell [79,80]. In addition, E5 has been found to mediate the
activation of the pro-proliferation EGF, PI3K-AKT, and MAPK signalling cascades through
EGFR-dependent and -independent processes [81–84]. The E5 gene is not consistently
expressed in HPV-driven cancers, but its presence may aid in perpetuating uncontrolled
cell cycling in tumours [85,86].

Importantly, the expression of E6 and E7 is also associated with mitotic defects, such
as centrosome amplification and lagging chromosomes that result from defects in cell
cycle checkpoints [87,88]. Polyploidy is also common among HPV-driven cancers. For
example, Fan and Chen [73] demonstrated that genome re-replication can occur while
HPV-infected cells are arrested at the G2 spindle assembly checkpoint, possibly through
E7-induced expression of the DNA replication initiation factor CDT1. Thus, HPV-mediated
dysregulation of the cell cycle drives genome instability by allowing both genetic mutations
and chromosomal abnormalities to be passed down to daughter cells.

3.2. Interactions with the Host DNA Damage Response

DNA damage and replication stress can occur normally during DNA replication;
however, human cells have high-fidelity DNA damage response (DDR) mechanisms in
place to ensure that damage is repaired. The ATM-mediated DNA damage pathway is
generally activated after double-stranded breaks [89]. The first responders to double-
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stranded breaks are the members of the MRN complex: MRE11, RAD50, and NBS1 [90].
The endonuclease MRE11 cleaves off nucleotides at the site of the break, RAD50 stabilises
the broken DNA, and NBS1 recruits ATM [91]. Activated ATM then initiates a signalling
cascade that recruits homologous recombination (HR) proteins such as BRCA1 and BRCA2
to facilitate high-fidelity repair using the intact homologous chromosome as a template [89].
Conversely, the ATR-mediated DDR pathway is responsible for resolving single-stranded
breaks that occur during replication stress and fork stalling [92]. Single-stranded DNA is
a normal intermediate in transcription and replication, but it can persist if the replication
fork is stalled for reasons such as nucleotide insufficiency, irregular DNA structures, loss
of open chromatin, or clashing transcription and replication forks [92]. The persisting
single-stranded DNA, which is coated by the protein RPA, recruits ATR and its interacting
partner ATRIP, as well as the 9-1-1 complex composed of RAD9, RAD1, and HUS1 [93].
The 9-1-1 complex recruits the topoisomerase TOPBP1 while activated ATR phosphorylates
CHK1, and these proteins coordinate with downstream processes to repair the damage and
restart the stalled replication fork [93].

Although p53 is not able to activate the DDR in HPV-infected cells, the ATM and
ATR DNA damage sensing pathways are constitutively activated by the virus during HPV
infection and are recruited to HPV episomes, resulting in high-fidelity viral replication and
amplification [94]. Additionally, the expression of DDR proteins significantly increases as
CIN progresses [95]. Viral episomes are transcribed and replicated at high levels, leading
to replication stress that needs to be relieved by ATR-mediated repair [96]. DNA repair
genes, including downstream mediators of the ATR pathways, were found to be specifically
upregulated in HPV-positive HNSCCs when compared to their HPV-negative counter-
parts [97,98]. Studies have shown that as HPV-infected keratinocytes differentiate and
the viral life cycle completes, the ATM pathway becomes upregulated and is necessary
for productive episomal amplification [99,100]. This reliance is dependent on the stage of
the viral life cycle: stable maintenance of episomes in undifferentiated keratinocytes can
occur through low-level replication independently of ATM signalling, but differentiated
keratinocytes in the productive stage of infection cannot form replication foci or amplify
the HPV genome in the absence of the ATM response or HR effector proteins [99]. Since
the DDR is essential for the HPV life cycle, several of the HPV proteins have direct and
indirect interactions with DDR proteins. E7 is the main mediator for recruiting the DDR,
which occurs through direct interactions with MRN complex members ABS1 and RAD51
(Figure 3) [100]. Additionally, E1 facilitates the recruitment of DDR proteins to the replica-
tion foci of amplifying episomes, while E2 can induce the ATM signalling response [29,101].
The E1/E2 initiation of episome replication through HR was found to be stabilised by the
helicase WRN, specifically when WRN is deacetylated by SIRT1 [102]. However, WRN
and SIRT1 mRNA levels have an inverse relationship in CIN and cervical cancer; WRN
levels reduce with increasing CIN grades while SIRT1 increases [103]. Accordingly, the
knockdown of WRN results in increased DNA damage in the HPV16+ cells [103]. In addi-
tion, E6 and E7 both cooperate to increase the protein levels of HR mediators by increasing
gene expression and mediating protein stabilization [104,105]. E7 has also been shown to
indirectly induce the DDR in response to endogenous and exogenous mutagens through an
upregulation of TP63 (Figure 3) [106]. Modulation and recruitment of the DDR, particularly
homology-directed repair, is necessary for the continuation of the HPV life cycle [107].

Activation of the innate immune response can also trigger a DDR, which HPV can use
to its advantage for viral genome replication [108]. As a first line of defence, Toll-like recep-
tors (TLR) recognise pathogen-associated molecular patterns (PAMPs) for pathogen defence,
but TLRs also can recognise damage-associated molecular patterns (DAMPs) created from
DNA damaging events such as genotoxic stress and viral infection and subsequently ac-
tivate the DDR pathways [109]. Similarly, the persistence of cytosolic DNA indicative of
microbial infection or DNA damage can activate the STING pathway [110]. HPV-driven
cancers have increased expression of these innate immunity pathways [111,112]. This
upregulation can be owed in part to an increased immunogenicity of the tumour due to the
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viral presence, but direct interactions between HPV genes and TLRs and other immune
effectors have also been reported [108,112]. HPV targeting of the innate immune response
thus may aid in promoting DDR-mediated viral replication.

While HPV infection leads to a constitutively active DDR, this appears to come at
the cost of host genome integrity. This is evident in HPV-driven cancer genomes, which
generally show a high rate of HR deficiency and structural variants resulting from double-
stranded breaks [113,114]. The viral genome in its episomal form, on the other hand,
accumulates double stranded breaks less frequently than the host genome due to preferen-
tial recruitment of HR effector proteins to the viral episomes [115]. While the ATR pathway
remains activated due to the replication stress generated from the virally-induced high
replication rate [96], the recruitment of DDR proteins specifically to HPV foci can lead to
host genome instability due to the insufficient availability of repair proteins. For example,
Sitz et al. showed that E7 directly interacts with RNF168 (Figure 3), an E3 ubiquitin ligase
that ubiquitinates the H2A histone tail on chromatin surrounding a double stranded break,
which is important for recruiting downstream DDR effector proteins [116]. In HPV-infected
cells, RNF168 and the downstream effectors are hijacked by the viral replication foci, which
the authors hypothesize restricts DNA repair on the host genome [116]. Although HR path-
way genes are upregulated in cervical cancer cells compared to healthy controls, Wallace
et al. showed that E6 and E7 transduction reduces cells’ ability to repair double-stranded
breaks on host DNA by about 50% [104]. The authors speculated that this reduction was
due to the HR response being initiated during the G1 phase of the cell cycle when there is
no homologous template available instead of during the G2/S phase following replication,
and to RAD51 foci, which normally coat DNA breaks, being re-directed away from DNA
breaks in the cell genome towards the viral episomes [104]. Altogether, the expression
of high-risk HPV proteins, mainly E6 and E7, modulates the expression and localization
of DDR genes and their products, respectively, to favour the HPV episomes, resulting in
increased vulnerability of the host genome to double-stranded breaks.

3.3. Generation of Oxidative Stress

A byproduct of normal aerobic metabolism is the generation of highly reactive free
radicals known collectively as reactive oxygen species (ROS). Cells attempt to balance these
oxidative species with antioxidant enzymes and molecules to keep a balanced reduction-
oxidation (redox) state [117]. The overproduction of ROS can occur when cells are in
a state of stress, such as during infection, inflammation, chemical exposure, injury, and
cancer [117]. The imbalance of oxidant to antioxidant molecules can cause oxidative and
nitrative stress [118]. In addition to interfering with redox-sensitive proteins in the cell,
unneutralized ROS can interact with DNA and leave oxidised guanine derivatives known as
8-Oxo-2’-deoxyguanosine (8-oxo-dG) [119], which can serve as a biomarker for increasing
amounts of oxidative stress within a cell. The most common result of ROS damage to
the genome are G→T transversions [120]. This can cause SNVs in the genome and also
greatly affect the epigenome if CpG dinucleotides that are targeted by DNA methylation
are mutated [121].

An unbalanced redox state has been shown to affect the integrity of the genomes of
HPV-associated cancers. In cervical cancer, levels of 8-nitroguanine (resulting from reactive
nitrogen species) and 8-oxodG were correlated with an increased cervical intraepithelial
neoplasia (CIN) grade (grades 1–3) in HPV-infected cervical tissue [122,123]; the increasing
oxidative and nitrative stress could either be due to the general presence of infection and
cancer or a direct consequence of the HPV proteins. Cruz-Gregorio et al. showed that the
early genes E1, E2, E6, and E7 all have different individual effects on the redox state and that,
in some cases, the combinatorial effect of multiple genes together can act synergistically
or antagonistically [124]. The authors found that when E6 alone was introduced in HPV-
negative cervical cancer cells, ROS levels increased as well as DNA damage; however,
transducing both E6 and E7 did not significantly alter the ROS levels [124]. E1 and E2,
when co-expressed, increased both ROS levels and γH2AX deposition [124]. The splice
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variant of E6 that is most highly expressed in cancers, E6*I, may be specifically responsible
for ROS induction and the resultant DNA damage [125,126]. High-risk HPV types have E6
and E7 transcribed from the same promoter on a bicistronic transcript; the E6 open reading
frame also contains an intron that can be alternatively spliced to produce different E6 splice
forms [127,128]. Unspliced E6 produces an E6 protein capable of its key oncogenic functions,
while the E6*I splicing allows a more efficient translation of E7 because it provides space
between the E6 stop codon and E7 start codon [129,130]. Paget-Bailly et al. found that E6*I
transcriptionally upregulates genes involved in NOX-dependent ROS production (CCL2
and RAC2), while unspliced E6 downregulates these genes; as a result, unspliced E6 can
offset E6*I-mediated ROS induction when co-transfected (Figure 3) [125]. Interestingly, the
authors suggest that the E6*I mRNA may be responsible for these transcriptomic changes
rather than its protein product, though the mechanism remains unknown [125]. NOX-
induced oxidative stress and the resultant mutations were also observed in HPV-positive
HNSCC cell lines as a consequence of E6 and E7 expression [131].

3.4. Alteration of Telomeres

Chromosome ends are protected from shortening after DNA replication by telomeric
repeats, which naturally shorten with ageing [132]. The enzyme responsible for expanding
telomere repeats, telomerase (TERT), is commonly subjected to mutation or dysregula-
tion in cancer [133]. Telomere erosion and elongation can both have carcinogenic effects.
Expanding the telomere repeats allows cells to replicate indefinitely, thus immortalizing
them [134]. On the other hand, the erosion of telomeres can leave chromosomes vulnerable
to chromosomal rearrangements, such as anaphase bridges and breakage-fusion-bridge
cycles, since they may be interpreted as loose blunt ends by DDR machinery [135].

Telomere lengthening by HPV has generally been attributed to E6, while E7′s effect
on telomeres has been shown to shorten and lengthen telomeres in different instances.
One study found that low TERT expression and excessive telomere shortening in E6/E7-
transfected cells correlated with an increased frequency of anaphase bridges a marker of
unsuccessful chromosome segregation [136]. This effect was most prominent when E7
alone was expressed and the normal phenotype could be rescued by the introduction of
TERT [136]. However, contrasting evidence showed E7 restoring lost telomeres indepen-
dently of TERT through induction of the alternative lengthening of the telomeres (ALT)
pathway dependent on the protein FANCD2 (Figure 3) [137]. In this example, E7 stimulated
the formation of ALT-associated promyelocytic leukemia (PML) bodies subnuclear struc-
tures that can predict telomere lengthening by ALT-dependent mechanisms and that these
contained FANCD2 along with single-stranded DNA that co-localized with ATR-dependent
repair mediators [137].

Conversely, E6 promotes telomere elongation through the activation of the TERT
gene (Figure 3). Normally, TERT is not expressed or is expressed at low levels in ker-
atinocytes; however, one study found that 64% of cervical cancers displayed high TERT
expression [138]. In one study, when E6 was introduced, the repressor complex USF1/USF2
that usually occupies the TERT promoter was replaced by c-MYC and TERT expression
was induced [139]. However, others have suggested that TERT induction by E6 can occur
independently of c-MYC by E6AP-dependent degradation of the repressor NFX1-91 (Fig-
ure 3) [140–142]. Epigenetic modulation of the TERT promoter is also thought to play a
role in TERT induction; hypomethylation of the TERT transcription start site is a common
biomarker of cervical cancer, and has been shown to have a functional impact on TERT gene
expression [138,143–145]. Interestingly, the degree of TERT hypomethylation is dependent
on the HPV type, with types belonging to clade A7 (HPV18-containing) showing little
to no methylation, and types belonging to clade A9 (HPV16-containing) showing partial
methylation [146]. The HPV oncoproteins have several epigenetic functional partners
that may assist in TERT dysregulation, such as the DNA methyltransferase DNMT1, the
histone acetyltransferase p300, and several histone deacetylases (HDACs), among many
others [147,148].
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4. Indirect Effects of Viral Infection on Genome Instability
Genome Mutagenesis by APOBEC Enzymes

Genome-wide SNV patterns have been categorized into mutation signatures, many
of which can be related back to a particular causative enzyme, replication error, and/or
environmental mutagen [16]. Other than age-related mutations, the most prominent
single nucleotide mutation signature in cervical cancers and other HPV-driven cancers is
from the apolipoprotein B mRNA editing enzyme, catalytic polypeptide-like (APOBEC)
enzyme family, a group of proteins used as a host defence mechanism in response to
viral infection and endogenous retroviral activation [6,149]. APOBEC-family enzymes
induce a characteristic cytosine deamination, which is seen widely across HPV-driven
cancers including cervical cancer, HNSCCs, anal cancer, penile cancer and vulvar cancer,
and can account for up to 68% of mutations within affected tumours [149–154]. APOBEC
enzymes deaminate cytosine bases to uridine at single stranded DNA and RNA, which
subsequently results in a C > T transition when inflicted on the genome [155]. Since the
enzymes can only target single-stranded nucleotides, this mutagenesis usually occurs
during DNA replication or at transcriptional bubbles; consequently, highly expressed genic
regions are more prevalently targeted [156]. The APOBEC enzymes target the TC motif
or a more specific TCW motif, with W representing either A or T [149]. Some APOBEC
enzymes have gene-specific targets for their activity; for example, activation-induced
cytosine deaminase (AID) is the enzyme responsible for somatic hypermutation and class
switch recombination of the immunoglobulin genes on activated lymphocytes [157]. Other
APOBEC enzymes, namely the APOBEC3 members, can induce mutations randomly across
the genome; these are the enzymes responsible for APOBEC mutagenesis in most non-
lymphocytic cancers [157]. In normal cells, APOBEC3 proteins (APOBEC3A/B/C/G/H)
are important for host defence against exogenous retroviruses and DNA viruses (such as
HPV), endogenous retroviruses, and active transposons [158,159]. A characteristic feature
of APOBEC3 proteins is their tendency to alter the genome in strand-specific clusters, a
phenomenon termed kataegis [160].

Similarly to their function in the normal human genome, APOBEC3 proteins’ antiviral
activity as part of the host innate viral defence response also relies on their ability to induce
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viral hypermutation [161–165]. In fact, HPV genomes have evolved to limit the number
of CT dinucleotides in an attempt to avoid damage by host APOBEC3 proteins [166].
Analysis of intra-host HPV sequence variability, i.e., the extent of sequence alteration of
the HPV genome within a patient, has shown that HPV18 genomes are minimally af-
fected by APOBEC3 mutagenesis while HPV16 genomes contain more APOBEC3-inflicted
mutations, possibly indicating that HPV18 has evolved to better avoid APOBEC3 mutage-
nesis [167]. Introducing the HPV oncoproteins E6/E7 into keratinocyte cells can lead to
increased APOBEC3A, APOBEC3B, and APOBEC3H mRNA expression [168], and as p53
levels reduce due to E6-dependant degradation, APOBEC3B levels increase [169]. Across
cancers, the upregulation of APOBEC3A and APOBEC3B mRNA correlates with the level
of APOBEC-inflicted mutations [149]. However, APOBEC3A protein levels are decreased
in cervical tumour samples compared to precancerous samples, indicating that the antiviral
effects of APOBEC3 proteins are restricted during tumorigenesis through a mechanism
still unknown [170]. Although the APOBEC3 enzymes may lose their expression in cer-
vical tumours, the damage they inflict remains in the tumour genome [151]. Cervical
tumours also have strikingly different copy number profiles, in comparisons between
tumours exhibiting predominant *CpG mutations versus the APOBEC3-mediated Tp*C
mutations, which suggests that APOBEC3-mutagenesis may influence structural variants
as well as point mutations [171]. HPV-positive HNSCCs have a significant increase in
mRNA and protein expression of APOBEC3 members (3A, 3F, 3G, 3H) compared to their
HPV-negative counterparts, and the expression of these genes can be even further increased
upon interferon stimulation [172]. This differs from APOBEC3 expression in cervical cancer
because it appears that the expression of APOBEC3 members are maintained within the
established tumour, though HNSCCs do not have precancerous lesions that have been
recovered and analyzed to compare to. APOBEC-mediated mutagenesis was found to
be responsible for the PIK3CA-activating mutations E542K and E545K in HPV-positive
HNSCC [173]. APOBEC3 activity, whether stimulated during viral infection or maintained
within the established tumour, appears likely to play an important role in the mutagenesis
of HPV-driven cancers.

5. HPV-Independent Mutations That Cause Genome Instability
5.1. Mutation of DNA Repair Genes

HPV-driven cancers have recurrent mutations in DDR genes that may further promote
tumour genome instability. Recently, Halle et al. investigated genetic alterations in cervical
cancers and found a particularly high frequency of mutations in DDR proteins [171]. The
most frequently mutated DDR pathways were homology directed repair, the Fanconi
anaemia pathway, nucleotide excision repair, and non-homologous end joining, with the
most frequently mutated genes within these pathways including TP53BP1 (4.0%), POLQ
(4.0%), BRCA2 (4.0%), BRCA1 (3.7%), and PRKDC (7.4%) [171]. Germline small nucleotide
polymorphisms in the Fanconi anaemia gene, FANCA, were also found to increase a
person’s risk of developing CIN3 or cervical cancer by approximately 1.3–1.7 fold [174].
Mutations in DDR genes have also been reported in HNSCCs and are associated with
advanced disease and a poorer prognosis [175,176]. HPV-positive HNSCCs more commonly
harbored mutations in DNA repair mediators than HPV-negative HNSCCs, including in
the genes BRCA1, BRCA2, ATM, and FANCA [177]. Many of these genes have been shown
to be important for the episomal replication stage in the HPV life cycle, as discussed in
Section 3.1. The increased prevalence of DDR gene mutations in later-stage disease may
indicate that these somatic mutations are acquired after the tumour is established. After
HPV is integrated into cellular DNA, it no longer requires the DDR machinery to replicate
since it is replicated alongside chromosomal DNA. Thus, deregulation of these pathways
may promote tumour evolution by increasing tumour genome instability once it is no
longer dependent on the DDR for viral genome amplification.
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5.2. Activating TERT Mutations

Activation of TERT expression in cancer can be induced through non-coding point mu-
tations in the promoter sequence, leading to telomere lengthening [133]. Several cohorts of
HPV-driven cancers, namely cervical cancer [113,178–180], head and neck cancers [180,181],
vulvovaginal cancer [182], and penile cancer [183] have been reported to harbor hotspot
somatic mutations in the TERT promoter. TERT promoter mutations occurred more fre-
quently in the HPV-negative samples in cancer cohorts that included such cases (i.e.,
excluding cervical cancer). This is unsurprising since the genetic activation of TERT in an
HPV-driven tumour would often be a redundant event (see Section 3.4). However, 95.7%
of HPV-positive cervical cancers from an Indian cohort that had poor and moderately
differentiated histopathology harbored a TERT promoter mutation, and such mutations
also occurred at a higher frequency in cervical tumours from advanced-stage patients [180].
The genetic activation of TERT thus appears to more commonly allow HPV-negative cancer
cells to achieve immortality in an HPV-independent context, but nevertheless also occurs
in aggressive HPV-positive tumours.

6. Genomic of the Integrated HPV Genome
6.1. Mechanisms of HPV Integration

HPV integration into the host genome occurs as a consequence of increased genome
instability in HPV-infected cells. Upregulation of E6 and E7 through E2 binding site methy-
lation is thought to precede HPV integration [184,185]. These DNA methylation changes
in the viral genome may initiate changes in gene expression that are required to generate
genomic instability, which in turn increases the chances of HPV integration [186]. The
frequency of integration increases during malignant progression and also varies by HPV
type [187]. For instance, nearly all HPV18-infected tumours have evidence of HPV integra-
tion, while only 50–70% of HPV16-infected tumours display viral integration, indicating
that oncogenic transformation of HPV18-infected cells but not HPV16-infected cells requires
the viral genome to be integrated [20]. All high-risk HPV types have shown evidence of in-
tegration in cancers at varying frequencies [187]. Conversely, low-risk HPV types causative
of genital warts (e.g., HPV9 and HPV11) rarely have detected viral integration except in
cases of HPV-associated laryngeal papillomatosis, a rare and benign tumour affecting the
upper respiratory tract of children [188–190]. Though not required for cancer, high rates of
HPV integration is a defining attribute of high-risk HPV types and an important step in
HPV-associated tumorigenesis.

HPV integration is generally regarded as an early and clonal event in the evolution
of an HPV-driven tumour. In order for HPV to integrate, the virus must acquire double-
stranded breaks to linearize its circular genome. One HPV copy may integrate into the
host genome at a single location, or HPV genome segments may be distributed or dupli-
cated across multiple locations in the host genome; the latter are referred to as integration
events. The most common viral genome breakpoints found in tumours are within the
E2 or E1 genes [43]. Conversely the E6 and E7 genes are almost never interrupted by
breakpoints. E2, which is the main negative regulator of viral oncogene expression [21,44],
is thus commonly inactivated by these breakpoints. The viral long control region, which
precedes the early promoter and which is rich in transcription factor motifs that contribute
to activating transcription, is also frequently maintained [44]. Dysregulation of human
genes via HPV integration may also confer cancer-promoting properties; indeed, activating
HPV integrations near cervical cancer oncogenes (e.g., TP63 and MYC) and tumour sup-
pressors (e.g., RAD51) have been observed, indicating that integration can both amplify
and disrupt human gene expression [21,43,191,192]. HPV integration tends to be observed
in transcriptionally active regions of open chromatin rather than inactive heterochromatic
regions, as well as at or near fragile sites [192]. Integrations within repeat regions such
as telomeres and centromeres have also been observed, but these are more difficult to
characterise using short-read sequencing technology [193].



Cancers 2022, 14, 4623 12 of 24

The mechanism(s) by which the HPV genome is integrated into the host genome
and subsequently rearranged is unclear, but two models have emerged in the last few
years. The “looping” model postulates that HPV integrates to form a bridge between
non-contiguous human DNA at two sites with double-stranded breaks [19] (Figure 4a).
The region containing HPV then forms a transient loop structure that is amplified dur-
ing DNA replication [19,194]. Almost all HPV integrations seem to be associated with
two double stranded human breakpoints, between which the human DNA can be either
deleted or amplified. The second model proposes that HPV hijacks DDR mechanisms to
facilitate integration at regions of microhomology that acquire double-stranded breaks
(Figure 4b) [43]. Hu et al. found that human genomic regions that share ≥four base
pairs of microhomology with the HPV sequence had a significant enrichment of HPV
breakpoints [43]. They hypothesized that this meant that viral integration was the result
of cervical cells being reliant on error-prone DNA repair pathways such as fork stalling
and template switching and microhomology-mediated break-induced replication, which
caused accidental integration when repairing double-stranded DNA breaks [43]. The
microhomology-mediated end-joining pathway is an error-prone method for mending
double stranded breaks and often is only used as a backup if HR is not able to repair a
break [195]. As discussed previously (Section 3.1), HPV genomes use the HR machinery
in order to replicate and often sequester the repair machinery away from human genome
breaks. HR, although relied upon for episomal replication, has not yet been implicated
in HPV integration. However, the process by which the DDR pathway switches from
high-fidelity homology-directed repair to more error-prone methods that result in viral
integration has not been elucidated. Other factors can also affect the likelihood of HPV
integration. Increased levels of oxidative stress, either through E6-dependent induction
or nutrient depletion in the media, leads to an increased frequency of foreign DNA in-
tegration [196,197]. Additionally, APOBEC3 expression increases the likelihood of HPV
integration occurring in HNSCCs in vitro, though the mechanism by which this occurs is
not known [172]. HPV-infected cells require double-stranded breaks in both the human
and viral genomes for accidental viral integration to occur; therefore, it is plausible that
additional sources of DNA damage aid the integration process.

6.2. Genome Instability at Regions of HPV Integration

The whole-genome sequencing of HPV-integrated cancer cells has shown that struc-
tural alterations, including duplications, deletions, translocations, and inversions, are
often flanked or bridged by HPV integrants (Figure 4c) [19,21]. The entire loci surround-
ing HPV integration are often amplified on the integrated haplotype, though other copy
number changes such as loss of heterozygosity (LOH) have also been reported [198,199].
Haplotype-specific amplifications result in the high expression of human genes near the
integrated viral genome, thus potentially upregulating human oncogene expression [198].
Some samples contain multiple independent HPV integration events at different locations
across the tumour genome, which could hypothetically act as de novo regions of homology
that could promote non-allelic homologous recombination errors. During the integration
process, a human-HPV bridge may be excised and exist as self-replicating extrachromo-
somal circular DNA (ecDNA). Evidence of ecDNAs has been found in many other cancer
types and involves a genome fragment, often containing a small oncogene such as MYC,
which is excised and amplified [200–202]. In the case of HPV, two or more double-stranded
breaks excise a segment of the human genome, which is then bridged with the linearized
HPV genome, thus creating a hybrid human-HPV circular structure (Figure 4c) [202]. In
principle, the episome could incorporate human cis regulatory elements, which might help
drive viral oncogene expression.

The HPV genome may integrate as a single full copy, a portion of the genome, or as
multiple repeating or rearranged segments. Multiple neighbouring integration sites may
exist as a single locus. Kadaja et al. first showed that E1 and E2 drive a re-replication of
the HPV genome that leaves a heterologous population of intermediate integrant struc-
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tures [203]. This “onion-skin” type replication can leave the DNA in a linear, supercoiled, or
open circular structure (Figure 4c) [203]. The intermediates must then be resolved by DDR
machinery, which can be seen coating the E1-replicated integrant structures (both HR and
non-homologous end joining), and which often results in structural rearrangements once
resolved [203]. A recent study used Oxford Nanopore Technology long-read sequencing
to show HPV episomes that exist in multimer form; they consisted of repeating and/or
rearranged segments of the HPV genome concatenated together in extrachromosomal
DNA [204]. The authors hypothesized that the HPV multimers form as an intermediate
prior to integrating into the human genome. This study provides evidence that HPV
genome amplification and rearrangement could, at least in some cases, occur before it is in-
tegrated into the human genome [204]. Overall, integrated HPV genomes have been shown
to accumulate significant rearrangements before, during, and after the act of integration.
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Figure 4. Mechanisms and local consequences of HPV integration in cancer: (a) The looping model
proposes that HPV acts as a bridge between two pieces of non-contiguous DNA that have double-
stranded DNA breaks in the human genome. The looped bridge can then be successively amplified
upon DNA replication; (b) The microhomology model proposes that regions of microhomology
between the human genome and HPV mediate integration through DNA repair mistakes in the fork
stalling and template switching and microhomology-mediated break-induced replication pathways;
(c) The integrated HPV genome can induce types of local rearrangements at the site of integration.
Created with BioRender.com.

7. Targeting Genome Instability in HPV-Driven Cancer Treatment

Genome instability may drive tumour evolution, but too much genome instability
can lead to cell death. This double-edged sword can be exploited in cancer therapy by
driving mechanisms that induce genome instability in tumours that are unable to repair
the damage (such as HR deficiency). For instance, the DDR is important for both HPV
infection and carcinogenesis, and has been targeted by therapy to treat both contexts.
HPV infection was modelled in HPV18 organotypic raft cultures, and inhibition of the
ATR/Chk1 and ATM/Chk2 pathways was shown to inhibit re-entry into the cell cycle
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and reduce viral amplification by 90–99% [205]. The inhibition of DDR proteins in cervical
cancer and HPV-positive HNSCC has repeatedly been found to sensitize cells and tumours
to therapy. Within cervical cancer cells and xenografts, inhibition of the protein encoded
by the HR mediator gene RAD51 (which is recurrently targeted by HPV integration) can
reduce tumour growth, slow cell cycle progression, and sensitize the tumours to radiation
and cisplatin [206]. Targeting the base excision repair pathways was found to be effective in
sensitizing HPV-positive but not HPV-negative HNSCCs to radiation, while the inhibition
of nonhomologous end-joining and mismatch repair was effective for both [207]. Alsahafi
et al. found that HPV-positive HNSCC cell lines and tumour models with increased
sensitivity to radiotherapy had an overexpression of EGFR that correlated with down
regulation of E6 and the DDR [208]. Another study by Liu et al. attributed increased
therapeutic response to radiation and chemotherapeutics in HPV-positive HNSCCs to a
loss of TGF-β signalling [114]. The authors found that the TGF-β pathway repressed the
microRNA miR-182, which targets the HR effector genes BRCA1 and FOXO3; therefore,
loss or inhibition of TGF-β signalling led to the inhibition of HR and increased tumors’
reliance on other, error-prone repair methods [114]. A commonly targeted DDR enzyme
in HR-deficient tumours is PARP, which functions in the “backup” non-homologous end-
joining pathway [209]. In HNSCCs, HPV-negative tumour models have been found to
have a similar if not better response to PARP inhibition than HPV-positive tumours; thus,
PARP inhibitor sensitivity has not been concluded to be a consistent feature of HPV-positive
cancers [210,211]. Another therapeutic target in tumours is the WEE1 kinase. WEE1 inhibits
activity of both CDK1, which initiates the G2/M checkpoint, and CDK2, which mediates the
S phase checkpoint after checking for DNA damage, thus making it an attractive oncotarget
for tumours displaying enhanced or uncontrolled genome instability [212,213]. WEE1
kinase inhibitors have been used in combination to sensitize HNSCCs to other therapies
such as radiotherapy, chemotherapy, and immunotherapy [210,214,215]. Recently, Diab
et al. showed that the introduction of the E6 and E7 oncogenes into HNSCC cells also
induces sensitivity to WEE1 inhibition [216]. The authors found that E6/E7 promoted
an upregulation of the two cell cycle regulators FOXM1 and CDK1, which resulted in
a dependance on WEE1-mediated regulation. Thus, the inhibition of WEE1 resulted in
uncontrolled entry into mitosis and increased DNA damage that was detrimental to cell
survival. Targeting the increase in genome instability in HPV-driven cancers through
modulation of the DDR pathways as a means to increase sensitivity to radiation and
chemotherapy may be a promising avenue of cancer treatment.

8. Conclusions

Genome instability is one of the central hallmarks of cancer; however, the mechanism
by which cells generate genome instability varies between tumours and cancer types. HPV-
driven cancers have the element of a ubiquitous exogenous virus that creates a specific
mutagenic environment. The HPV genes are able to dysregulate human pathways that
are important for maintaining genome integrity; eventually, this leads to further genetic
mutations and the onset of cancer. A consequence of the increase in genome instability is
the integration of the HPV genome into the host genome. Once integrated, the HPV genome
and the region around it is prone to significant rearrangements. Targeting the pathways
that are commonly utilized for generating genome instability in HPV-driven cancers may
be a novel therapeutic avenue in this context. All together, the mechanisms in which
genome instability is initiated and maintained within HPV-driven cancers is multifaceted.
Identifying the DNA damage within the HPV-driven tumours and understanding the
mechanisms that lead to it will help in our understanding of how these cancers develop
and progress.



Cancers 2022, 14, 4623 15 of 24

Author Contributions: V.L.P. researched and wrote the initial draft of the manuscript. M.A.M.
supervised and provided guidance during the writing process, and edited the final draft. All authors
have read and agreed to the published version of the manuscript.

Funding: V.L.P. was supported by a Canadian Institutes of Health Research Doctoral Graduate
Scholarship (GSD-152374) and a University of British Columbia Four Year Fellowship. This research
was funded by a Canadian Institutes of Health Research Foundation Grant (FDN-143288) and a
Canadian Institutes of Health Research Project Grant (PJT-180410).

Data Availability Statement: Not Applicable.

Acknowledgments: V.L.P. is a graduate student in the Medical Genetics department at the University
of British Columbia. M.A.M. holds the University of British Columbia Canada Research Chair in
Genome Science. A special thanks to Sander Lambo, Veronique LeBlanc, Michelle Ng, and Signe
MacLennan for reading over the manuscript and providing helpful comments.

Conflicts of Interest: The authors declare that they have no conflict of interest.

References
1. Negrini, S.; Gorgoulis, V.G.; Halazonetis, T.D. Genomic instability—An evolving hallmark of cancer. Nat. Rev. Mol. Cell Biol. 2010,

11, 220–228. [CrossRef] [PubMed]
2. Hanahan, D.; Weinberg, R.A. Hallmarks of cancer: The next generation. Cell 2011, 144, 646–674. [CrossRef] [PubMed]
3. Hanahan, D. Hallmarks of Cancer: New Dimensions. Cancer Discov. 2022, 12, 31–46. [CrossRef] [PubMed]
4. McBride, A.A.; Warburton, A. The role of integration in oncogenic progression of HPV-associated cancers. PLoS Pathog. 2017, 13,

e1006211. [CrossRef]
5. Plummer, M.; de Martel, C.; Vignat, J.; Ferlay, J.; Bray, F.; Franceschi, S. Global burden of cancers attributable to infections in 2012:

A synthetic analysis. Lancet Glob. Health 2016, 4, e609–e616. [CrossRef]
6. Zapatka, M.; Pathogens, P.; Borozan, I.; Brewer, D.S.; Iskar, M.; Grundhoff, A.; Alawi, M.; Desai, N.; Sültmann, H.; Moch, H.; et al.

The landscape of viral associations in human cancers. Nat. Genet. 2020, 52, 320–330. [CrossRef]
7. de Sanjosé, S.; Serrano, B.; Tous, S.; Alejo, M.; Lloveras, B.; Quirós, B.; Clavero, O.; Vidal, A.; Ferrándiz-Pulido, C.; Pavón, M.A.

Burden of human papillomavirus (HPV)-related cancers attributable to HPVs 6/11/16/18/31/33/45/52 and 58. JNCI Cancer
Spectr. 2018, 2, ky045. [CrossRef]

8. Berman, T.A.; Schiller, J.T. Human papillomavirus in cervical cancer and oropharyngeal cancer: One cause, two diseases. Cancer
2017, 123, 2219–2229. [CrossRef]

9. Falcaro, M.; Castañon, A.; Ndlela, B.; Checchi, M.; Soldan, K.; Lopez-Bernal, J.; Elliss-Brookes, L.; Sasieni, P. The effects of the
national HPV vaccination programme in England, UK, on cervical cancer and grade 3 cervical intraepithelial neoplasia incidence:
A register-based observational study. Lancet 2021, 398, 2084–2092. [CrossRef]

10. Bruni, L.; Diaz, M.; Barrionuevo-Rosas, L.; Herrero, R.; Bray, F.; Bosch, F.X.; de Sanjosé, S.; Castellsagué, X. Global estimates of
human papillomavirus vaccination coverage by region and income level: A pooled analysis. Lancet Glob. Health 2016, 4, e453–e463.
[CrossRef]

11. Saraiya, M.; Unger, E.; Thompson, T.D.; Lynch, C.F.; Hernandez, B.Y.; Lyu, C.W.; Steinau, M.; Watson, M.; Wilkinson, E.J.;
Hopenhayn, C.; et al. US Assessment of HPV Types in Cancers: Implications for Current and 9-Valent HPV Vaccines. JNCI J. Natl.
Cancer Inst. 2015, 107, djv086. [CrossRef]

12. De Martel, C.; Plummer, M.; Vignat, J.; Franceschi, S. Worldwide burden of cancer attributable to HPV by site, country and HPV
type. Int. J. Cancer 2017, 141, 664–670. [CrossRef]

13. Jeggo, P.A.; Pearl, L.H.; Carr, A.M. DNA repair, genome stability and cancer: A historical perspective. Nat. Cancer 2015, 16, 35–42.
[CrossRef]

14. Knijnenburg, T.A.; Wang, L.; Zimmermann, M.T.; Chambwe, N.; Gao, G.F.; Cherniack, A.D.; Fan, H.; Shen, H.; Way, G.P.; Greene,
C.S.; et al. Genomic and Molecular Landscape of DNA Damage Repair Deficiency across The Cancer Genome Atlas. Cell Rep.
2018, 23, 239–254.e6. [CrossRef]

15. Pleasance, E.; Titmuss, E.; Williamson, L.; Kwan, H.; Culibrk, L.; Zhao, E.Y.; Dixon, K.; Fan, K.; Bowlby, R.; Jones, M.R.; et al.
Pan-cancer analysis of advanced patient tumors reveals interactions between therapy and genomic landscapes. Nat. Cancer 2020,
1, 452–468. [CrossRef]

16. Alexandrov, L.B.; Kim, J.; Haradhvala, N.J.; Huang, M.N.; Ng, A.W.T.; Wu, Y.; Boot, A.; Covington, K.R.; Gordenin, D.A.;
Bergstrom, E.N.; et al. The repertoire of mutational signatures in human cancer. Nature 2020, 578, 94–101. [CrossRef]

17. Alexandrov, L.B.; Nik-Zainal, S.; Wedge, D.C.; Aparicio, S.A.J.R.; Behjati, S.; Biankin, A.V.; Bignell, G.R.; Bolli, N.; Borg, A.;
Børresen-Dale, A.-L.; et al. Signatures of mutational processes in human cancer. Nature 2013, 500, 415–421. [CrossRef]

18. Koh, G.; Degasperi, A.; Zou, X.; Momen, S.; Nik-Zainal, S. Mutational signatures: Emerging concepts, caveats and clinical
applications. Nat. Cancer 2021, 21, 619–637. [CrossRef]

http://doi.org/10.1038/nrm2858
http://www.ncbi.nlm.nih.gov/pubmed/20177397
http://doi.org/10.1016/j.cell.2011.02.013
http://www.ncbi.nlm.nih.gov/pubmed/21376230
http://doi.org/10.1158/2159-8290.CD-21-1059
http://www.ncbi.nlm.nih.gov/pubmed/35022204
http://doi.org/10.1371/journal.ppat.1006211
http://doi.org/10.1016/S2214-109X(16)30143-7
http://doi.org/10.1038/s41588-019-0558-9
http://doi.org/10.1093/jncics/pky045
http://doi.org/10.1002/cncr.30588
http://doi.org/10.1016/S0140-6736(21)02178-4
http://doi.org/10.1016/S2214-109X(16)30099-7
http://doi.org/10.1093/jnci/djv086
http://doi.org/10.1002/ijc.30716
http://doi.org/10.1038/nrc.2015.4
http://doi.org/10.1016/j.celrep.2018.03.076
http://doi.org/10.1038/s43018-020-0050-6
http://doi.org/10.1038/s41586-020-1943-3
http://doi.org/10.1038/nature12477
http://doi.org/10.1038/s41568-021-00377-7


Cancers 2022, 14, 4623 16 of 24

19. Akagi, K.; Li, J.; Broutian, T.R.; Padilla-Nash, H.; Xiao, W.; Jiang, B.; Rocco, J.W.; Teknos, T.N.; Kumar, B.; Wangsa, D.; et al.
Genome-wide analysis of HPV integration in human cancers reveals recurrent, focal genomic instability. Genome Res. 2013, 24,
185–199. [CrossRef]

20. Cancer Genome Atlas Research Network; Albert Einstein College of Medicine; Analytical Biological Services; Barretos Cancer
Hospital; Baylor College of Medicine; Beckman Research Institute of City of Hope; Buck Institute for Research on Aging; Canada’s
Michael Smith Genome Sciences Centre; Harvard Medical School; Helen F. Graham Cancer Center & Research Institute at
Christiana Care Health Services; et al. Integrated genomic and molecular characterization of cervical cancer. Nature 2017, 543,
378–384. [CrossRef]

21. Parfenov, M.; Pedamallu, C.S.; Gehlenborg, N.; Freeman, S.; Danilova, L.; Bristow, C.A.; Lee, S.; Hadjipanayis, A.G.; Ivanova, E.V.;
Wilkerson, M.D.; et al. Characterization of HPV and host genome interactions in primary head and neck cancers. Proc. Natl. Acad.
Sci. USA 2014, 111, 15544–15549. [CrossRef] [PubMed]

22. Nulton, T.J.; Olex, A.L.; Dozmorov, M.; Morgan, I.M.; Windle, B. Analysis of The Cancer Genome Atlas sequencing data reveals
novel properties of the human papillomavirus 16 genome in head and neck squamous cell carcinoma. Oncotarget 2017, 8,
17684–17699. [CrossRef] [PubMed]

23. Egawa, N.; Egawa, K.; Griffin, H.M.; Doorbar, J. Human Papillomaviruses; Epithelial Tropisms, and the Development of Neoplasia.
Viruses 2015, 7, 3863–3890. [CrossRef] [PubMed]

24. D'Souza, G.; Burk, R.D.; Zhong, Y.; Minkoff, H.; Massad, L.S.; Xue, X.; Watts, D.H.; Anastos, K.; Palefsky, J.M.; Levine, A.M.; et al.
Cervicovaginal human papillomavirus (HPV)-infection before and after hysterectomy: Evidence of different tissue tropism for
oncogenic and nononcogenic HPV types in a cohort of HIV-positive and HIV-negative women. Int. J. Cancer 2011, 131, 1472–1478.
[CrossRef]

25. Mattox, A.K.; Roelands, J.; Saal, T.M.; Cheng, Y.; Rinchai, D.; Hendrickx, W.; Young, G.D.; Diefenbach, T.J.; Berger, A.E.; Westra,
W.H.; et al. Myeloid Cells Are Enriched in Tonsillar Crypts, Providing Insight into the Viral Tropism of Human Papillomavirus.
Am. J. Pathol. 2021, 191, 1774–1786. [CrossRef]

26. Chen, Z.; Schiffman, M.; Herrero, R.; DeSalle, R.; Anastos, K.; Segondy, M.; Sahasrabuddhe, V.V.; Gravitt, P.E.; Hsing, A.W.;
Burk, R.D. Evolution and taxonomic classification of alphapapillomavirus 7 complete genomes: HPV18, HPV39, HPV45, HPV59,
HPV68 and HPV70. PLoS ONE 2013, 8, e72565. [CrossRef]

27. Strati, K. Changing Stem Cell Dynamics during Papillomavirus Infection: Potential Roles for Cellular Plasticity in the Viral
Lifecycle and Disease. Viruses 2017, 9, 221. [CrossRef]

28. Hong, S.; Laimins, L.A. Regulation of the life cycle of HPVs by differentiation and the DNA damage response. Futur. Microbiol.
2013, 8, 1547–1557. [CrossRef]

29. Parish, J.; Bean, A.M.; Park, R.B.; Androphy, E.J. ChlR1 Is Required for Loading Papillomavirus E2 onto Mitotic Chromosomes
and Viral Genome Maintenance. Mol. Cell 2006, 24, 867–876. [CrossRef]

30. King, L.E.; Fisk, J.C.; Dornan, E.S.; Donaldson, M.M.; Melendy, T.; Morgan, I.M. Human papillomavirus E1 and E2 mediated
DNA replication is not arrested by DNA damage signalling. Virology 2010, 406, 95–102. [CrossRef]

31. Sakakibara, N.; Chen, D.; McBride, A.A. Papillomaviruses Use Recombination-Dependent Replication to Vegetatively Amplify
Their Genomes in Differentiated Cells. PLoS Pathog. 2013, 9, e1003321. [CrossRef] [PubMed]

32. Estêvão, D.; Costa, N.R.; Gil da Costa, R.M.; Medeiros, R. Hallmarks of HPV carcinogenesis: The role of E6, E7 and E5 oncoproteins
in cellular malignancy. Biochim. Biophys. Acta (BBA)-Gene Regul. Mech. 2019, 1862, 153–162. [CrossRef] [PubMed]

33. Klingelhutz, A.J.; Roman, A. Cellular transformation by human papillomaviruses: Lessons learned by comparing high- and
low-risk viruses. Virology 2012, 424, 77–98. [CrossRef] [PubMed]

34. Chaiwongkot, A.; Vinokurova, S.; Pientong, C.; Ekalaksananan, T.; Kongyingyoes, B.; Kleebkaow, P.; Chumworathayi, B.;
Patarapadungkit, N.; Reuschenbach, M.; von Knebel Doeberitz, M. Differential methylation of E2 binding sites in episomal and
integrated HPV 16 genomes in preinvasive and invasive cervical lesions. Int. J. Cancer 2013, 132, 2087–2094. [CrossRef]

35. Graham, S.V.; Faizo, A.A.A. Control of human papillomavirus gene expression by alternative splicing. Virus Res. 2016, 231, 83–95.
[CrossRef]

36. Zhou, J.; Sun, X.Y.; Stenzel, D.J.; Frazer, I. Expression of vaccinia recombinant HPV 16 L1 and L2 ORF proteins in epithelial cells is
sufficient for assembly of HPV virion-like particles. Virology 1991, 185, 251–257. [CrossRef]

37. Johansson, C.; Somberg, M.; Li, X.; Winquist, E.B.; Fay, J.; Ryan, F.; Pim, D.; Banks, L.; Schwartz, S. HPV-16 E2 contributes to
induction of HPV-16 late gene expression by inhibiting early polyadenylation. EMBO J. 2012, 31, 3212–3227. [CrossRef]

38. Doorbar, J.; Egawa, N.; Griffin, H.; Kranjec, C.; Murakami, I. Human papillomavirus molecular biology and disease association.
Rev. Med. Virol. 2015, 25 (Suppl. 1), 2–23. [CrossRef]

39. Doorbar, J.; Quint, W.; Banks, L.; Bravo, I.G.; Stoler, M.; Broker, T.R.; Stanley, M.A. The Biology and Life-Cycle of Human
Papillomaviruses. Vaccine 2012, 30 (Suppl. 5), F55–F70. [CrossRef]

40. Kreimer, A.R.; Chaturvedi, A.K. HPV-associated Oropharyngeal Cancers—Are They Preventable? Cancer Prev. Res. 2011, 4,
1346–1349. [CrossRef]

41. Safaeian, M.; Solomon, D.; Castle, P.E. Cervical Cancer Prevention—Cervical Screening: Science in Evolution. Obstet. Gynecol.
Clin. N. Am. 2007, 34, 739–760. [CrossRef]

42. Wilting, S.; Steenbergen, R.D. Molecular events leading to HPV-induced high grade neoplasia. Papillomavirus Res. 2016, 2, 85–88.
[CrossRef]

http://doi.org/10.1101/gr.164806.113
http://doi.org/10.1038/nature21386
http://doi.org/10.1073/pnas.1416074111
http://www.ncbi.nlm.nih.gov/pubmed/25313082
http://doi.org/10.18632/oncotarget.15179
http://www.ncbi.nlm.nih.gov/pubmed/28187443
http://doi.org/10.3390/v7072802
http://www.ncbi.nlm.nih.gov/pubmed/26193301
http://doi.org/10.1002/ijc.27363
http://doi.org/10.1016/j.ajpath.2021.06.012
http://doi.org/10.1371/journal.pone.0072565
http://doi.org/10.3390/v9080221
http://doi.org/10.2217/fmb.13.127
http://doi.org/10.1016/j.molcel.2006.11.005
http://doi.org/10.1016/j.virol.2010.06.033
http://doi.org/10.1371/journal.ppat.1003321
http://www.ncbi.nlm.nih.gov/pubmed/23853576
http://doi.org/10.1016/j.bbagrm.2019.01.001
http://www.ncbi.nlm.nih.gov/pubmed/30707946
http://doi.org/10.1016/j.virol.2011.12.018
http://www.ncbi.nlm.nih.gov/pubmed/22284986
http://doi.org/10.1002/ijc.27906
http://doi.org/10.1016/j.virusres.2016.11.016
http://doi.org/10.1016/0042-6822(91)90772-4
http://doi.org/10.1038/emboj.2012.147
http://doi.org/10.1002/rmv.1822
http://doi.org/10.1016/j.vaccine.2012.06.083
http://doi.org/10.1158/1940-6207.CAPR-11-0379
http://doi.org/10.1016/j.ogc.2007.09.004
http://doi.org/10.1016/j.pvr.2016.04.003


Cancers 2022, 14, 4623 17 of 24

43. Hu, Z.; Zhu, D.; Wang, W.; Li, W.; Jia, W.; Zeng, X.; Ding, W.; Yu, L.; Wang, X.; Wang, L.; et al. Genome-wide profiling of
HPV integration in cervical cancer identifies clustered genomic hot spots and a potential microhomology-mediated integration
mechanism. Nat. Genet. 2015, 47, 158–163. [CrossRef]

44. Choo, K.-B.; Pan, C.-C.; Han, S.-H. Integration of human papillomavirus type 16 into cellular DNA of cervical carcinoma:
Preferential deletion of the E2 gene and invariable retention of the long control region and the E6/E7 open reading frames.
Virology 1987, 161, 259–261. [CrossRef]

45. Scarth, J.A.; Patterson, M.R.; Morgan, E.L.; Macdonald, A. The human papillomavirus oncoproteins: A review of the host
pathways targeted on the road to transformation. J. Gen. Virol. 2021, 102, 001540. [CrossRef]

46. Kalliala, I.; Dyba, T.; Nieminen, P.; Hakulinen, T.; Anttila, A. Mortality in a long-term follow-up after treatment of CIN. Int. J.
Cancer 2009, 126, 224–231. [CrossRef]

47. Thomas, M.; Pim, D.; Banks, L. The role of the E6-p53 interaction in the molecular pathogenesis of HPV. Oncogene 1999, 18,
7690–7700. [CrossRef]

48. Jones, D.; Thompson, D.; Munger, K. Destabilization of the RB Tumor Suppressor Protein and Stabilization of p53 Contribute to
HPV Type 16 E7-Induced Apoptosis. Virology 1997, 239, 97–107. [CrossRef]

49. Hawley-Nelson, P.; Vousden, K.; Hubbert, N.; Lowy, D.; Schiller, J. HPV16 E6 and E7 proteins cooperate to immortalize human
foreskin keratinocytes. EMBO J. 1989, 8, 3905–3910. [CrossRef]

50. Hudson, J.B.; Bedell, M.A.; McCance, D.J.; Laiminis, L.A. Immortalization and altered differentiation of human keratinocytes
in vitro by the E6 and E7 open reading frames of human papillomavirus type. J. Virol. 1990, 64, 519–526. [CrossRef]

51. Sedman, S.A.; Barbosa, M.S.; Vass, W.C.; Hubbert, N.L.; Haas, J.A.; Lowy, D.R.; Schiller, J.T. The full-length E6 protein of human
papillomavirus type 16 has transforming and trans-activating activities and cooperates with E7 to immortalize keratinocytes in
culture. J. Virol. 1991, 65, 4860–4866. [CrossRef] [PubMed]

52. Sashiyama, H.; Shino, Y.; Kawamata, Y.; Tomita, Y.; Ogawa, N.; Shimada, H.; Kobayashi, S.; Asano, T.; Ochiai, T.; Shirasawa,
H. Immortalization of human esophageal keratinocytes by E6 and E7 of human papillomavirus type 16. Int. J. Oncol. 2001, 19,
97–103. [CrossRef] [PubMed]

53. Halbert, C.L.; Demers, G.W.; Galloway, D.A. The E7 gene of human papillomavirus type 16 is sufficient for immortalization of
human epithelial cells. J. Virol. 1991, 65, 473–478. [CrossRef]

54. Reznikoff, C.A.; Belair, C.; Savelieva, E.; Zhai, Y.; Pfeifer, K.; Yeager, T.; Thompson, K.J.; De Vries, S.; Bindley, C.; Newton, M.A.
Long-term genome stability and minimal genotypic and phenotypic alterations in HPV16 E7-, but not E6-, immortalized human
uroepithelial cells. Genes Dev. 1994, 8, 2227–2240. [CrossRef] [PubMed]

55. Smith, M.L.; Chen, I.T.; Zhan, Q.; O’Connor, P.M.; Fornace, A.J., Jr. Involvement of the p53 tumor suppressor in repair of u.v.-type
DNA damage. Oncogene 1995, 10, 1053–1059.

56. Beaudenon, S.; Huibregtse, J.M. HPV E6, E6AP and cervical cancer. BMC Biochem. 2008, 9, S4. [CrossRef]
57. Martinez-Zapien, D.; Ruiz, F.X.; Poirson, J.; Mitschler, A.; Ramirez, J.; Forster, A.; Cousido-Siah, A.; Masson, M.; Pol, S.V.; Podjarny,

A.; et al. Structure of the E6/E6AP/p53 complex required for HPV-mediated degradation of p53. Nature 2016, 529, 541–545.
[CrossRef]

58. Fu, L.; Van Doorslaer, K.; Chen, Z.; Ristriani, T.; Masson, M.; Travé, G.; Burk, R.D. Degradation of p53 by Human Alphapapillo-
mavirus E6 Proteins Shows a Stronger Correlation with Phylogeny than Oncogenicity. PLoS ONE 2010, 5, e12816. [CrossRef]

59. Willemsen, A.; Bravo, I.G. Origin and evolution of papillomavirus (onco)genes and genomes. Philos. Trans. R. Soc. B Biol. Sci.
2019, 374, 20180303. [CrossRef]

60. Li, S.; Hong, X.; Wei, Z.; Xie, M.; Li, W.; Liu, G.; Guo, H.; Yang, J.; Wei, W.; Zhang, S. Ubiquitination of the HPV Oncoprotein E6 Is
Critical for E6/E6AP-Mediated p53 Degradation. Front. Microbiol. 2019, 10, 2483. [CrossRef]

61. Gu, Z.; Pim, D.; Labrecque, S.; Banks, L.; Matlashewski, G. DNA damage induced p53 mediated transcription is inhibited by
human papillomavirus type 18 E6. Oncogene 1994, 9, 629–633.

62. Zhou, G.; Liu, Z.; Myers, J.N. TP53 Mutations in Head and Neck Squamous Cell Carcinoma and Their Impact on Disease
Progression and Treatment Response. J. Cell. Biochem. 2016, 117, 2682–2692. [CrossRef]

63. Muller, P.A.J.; Vousden, K.H. p53 mutations in cancer. Nat. Cell Biol. 2013, 15, 2–8. [CrossRef]
64. Barrow-Laing, L.; Chen, W.; Roman, A. Low- and high-risk human papillomavirus E7 proteins regulate p130 differently. Virology

2010, 400, 233–239. [CrossRef]
65. Jones, D.L.; Alani, R.M.; Münger, K. The human papillomavirus E7 oncoprotein can uncouple cellular differentiation and

proliferation in human keratinocytes by abrogating p21Cip1-mediated inhibition of cdk2. Genes Dev. 1997, 11, 2101–2111.
[CrossRef]

66. Hwang, S.G.; Lee, D.; Kim, J.; Seo, T.; Choe, J. Human Papillomavirus Type 16 E7 Binds to E2F1 and Activates E2F1-driven
Transcription in a Retinoblastoma Protein-independent Manner. J. Biol. Chem. 2002, 277, 2923–2930. [CrossRef]

67. McLaughlin-Drubin, M.E.; Huh, K.-W.; Münger, K. Human Papillomavirus Type 16 E7 Oncoprotein Associates with E2F6. J. Virol.
2008, 82, 8695–8705. [CrossRef]

68. Bertoli, C.; Skotheim, J.M.; de Bruin, R.A.M. Control of cell cycle transcription during G1 and S phases. Nat. Rev. Mol. Cell Biol.
2013, 14, 518–528. [CrossRef]

http://doi.org/10.1038/ng.3178
http://doi.org/10.1016/0042-6822(87)90195-4
http://doi.org/10.1099/jgv.0.001540
http://doi.org/10.1002/ijc.24713
http://doi.org/10.1038/sj.onc.1202953
http://doi.org/10.1006/viro.1997.8851
http://doi.org/10.1002/j.1460-2075.1989.tb08570.x
http://doi.org/10.1128/jvi.64.2.519-526.1990
http://doi.org/10.1128/jvi.65.9.4860-4866.1991
http://www.ncbi.nlm.nih.gov/pubmed/1651408
http://doi.org/10.3892/ijo.19.1.97
http://www.ncbi.nlm.nih.gov/pubmed/11408928
http://doi.org/10.1128/jvi.65.1.473-478.1991
http://doi.org/10.1101/gad.8.18.2227
http://www.ncbi.nlm.nih.gov/pubmed/7958891
http://doi.org/10.1186/1471-2091-9-S1-S4
http://doi.org/10.1038/nature16481
http://doi.org/10.1371/journal.pone.0012816
http://doi.org/10.1098/rstb.2018.0303
http://doi.org/10.3389/fmicb.2019.02483
http://doi.org/10.1002/jcb.25592
http://doi.org/10.1038/ncb2641
http://doi.org/10.1016/j.virol.2010.01.034
http://doi.org/10.1101/gad.11.16.2101
http://doi.org/10.1074/jbc.M109113200
http://doi.org/10.1128/JVI.00579-08
http://doi.org/10.1038/nrm3629


Cancers 2022, 14, 4623 18 of 24

69. Zerfass, K.; Schulze, A.; Spitkovsky, D.; Friedman, V.; Henglein, B.; Jansen-Dürr, P. Sequential activation of cyclin E and cyclin
A gene expression by human papillomavirus type 16 E7 through sequences necessary for transformation. J. Virol. 1995, 69,
6389–6399. [CrossRef]

70. Martin, L.G.; Demers, G.W.; Galloway, D.A. Disruption of the G1/S transition in human papillomavirus type 16 E7-expressing
human cells is associated with altered regulation of cyclin E. J. Virol. 1998, 72, 975–985. [CrossRef]

71. He, W.; Staples, D.; Smith, C.; Fisher, C. Direct Activation of Cyclin-Dependent Kinase 2 by Human Papillomavirus E7. J. Virol.
2003, 77, 10566–10574. [CrossRef] [PubMed]

72. McIntyre, M.C.; Ruesch, M.N.; Laimins, L.A. Human papillomavirus E7 oncoproteins bind a single form of cyclin E in a complex
with cdk2 and p107. Virology 1996, 215, 73–82. [CrossRef] [PubMed]

73. Fan, X.; Chen, J.J. Role of Cdk1 in DNA damage-induced G1 checkpoint abrogation by the human papillomavirus E7 oncogene.
Cell Cycle 2014, 13, 3249–3259. [CrossRef] [PubMed]

74. Qiao, L.; Zheng, J.; Tian, Y.; Zhang, Q.; Wang, X.; Chen, J.J.; Zhang, W. Regulator of chromatin condensation 1 abrogates the G1
cell cycle checkpoint via Cdk1 in human papillomavirus E7-expressing epithelium and cervical cancer cells. Cell Death Dis. 2018,
9, 583. [CrossRef] [PubMed]

75. Hou, X.; Qiao, L.; Liu, R.; Han, X.; Zhang, W. Phosphorylation of RCC1 on Serine 11 Facilitates G1/S Transition in HPV
E7-Expressing Cells. Biomolecules 2021, 11, 995. [CrossRef]

76. Stöppler, M.C.; Straight, S.W.; Tsao, G.; Schlegel, R.; Mccance, D.J. The E5 Gene of HPV-16 Enhances Keratinocyte Immortalization
by Full-Length DNA. Virology 1996, 223, 251–254. Available online: https://www.sciencedirect.com/science/article/pii/S00426
822 (accessed on 15 September 2022). [CrossRef]

77. Maufort, J.P.; Shai, A.; Pitot, H.C.; Lambert, P.F. A Role for HPV16 E5 in Cervical CarcinogenesisHPV16 E5 in Cervical Cancer.
Cancer Res. 2010, 70, 2924–2931. Available online: https://aacrjournals.org/cancerres/article-abstract/70/7/2924/561812
(accessed on 15 September 2022). [CrossRef]

78. Straight, S.W.; Hinkle, P.M.; Jewers, R.J.; McCance, D.J. The E5 oncoprotein of human papillomavirus type 16 transforms
fibroblasts and effects the downregulation of the epidermal growth factor receptor in keratinocytes. J. Virol. 1993, 67, 4521–4532.
[CrossRef]

79. Straight, S.W.; Herman, B.; McCance, D.J. The E5 oncoprotein of human papillomavirus type 16 inhibits the acidification of
endosomes in human keratinocytes. J. Virol. 1995, 69, 3185–3192. [CrossRef]

80. Deane, R.; Schäfer, W.; Zimmermann, H.P.; Mueller, L.; Görlich, D.; Prehn, S.; Ponstingl, H.; Bischoff, F.R. Ran-binding protein 5
(RanBP5) is related to the nuclear transport factor importin-beta but interacts differently with RanBP1. Mol. Cell. Biol. 1997, 17,
5087–5096. [CrossRef]

81. Crusius, K.; Rodriguez, I.; Alonso, A. The human papillomavirus type 16 E5 protein modulates ERK1/2 and p38 MAP kinase
activation by an EGFR-independent process in stressed human keratinocytes. Virus Genes 2000, 20, 65–69. [CrossRef]

82. Crusius, K.; Auvinen, E.; Alonso, A. Enhancement of EGF- and PMA-mediated MAP kinase activation in cells expressing the
human papillomavirus type 16 E5 protein. Oncogene 1997, 15, 1437–1444. [CrossRef]

83. Williams, S.M.G.; Disbrow, G.L.; Schlegel, R.; Lee, D.; Threadgill, D.W.; Lambert, P.F. Requirement of Epidermal Growth Factor
Receptor for Hyperplasia Induced by E5, a High-Risk Human Papillomavirus Oncogene. Cancer Res. 2005, 65, 6534–6542.
[CrossRef]

84. Zhang, B.; Spandau, D.F.; Roman, A. E5 Protein of Human Papillomavirus Type 16 Protects Human Foreskin Keratinocytes from
UV B-Irradiation-Induced Apoptosis. J. Virol. 2002, 76, 220–231. [CrossRef]

85. Um, S.H.; Mundi, N.; Yoo, J.; Palma, D.A.; Fung, K.; MacNeil, D.; Wehrli, B.; Mymryk, J.S.; Barrett, J.W.; Nichols, A.C. Variable
expression of the forgotten oncogene E5 in HPV-positive oropharyngeal cancer. J. Clin. Virol. 2014, 61, 94–100. [CrossRef]

86. Chang, J.L.; Tsao, Y.P.; Liu, D.W.; Huang, S.J.; Lee, W.H.; Chen, S.L. The expression of HPV-16 E5 protein in squamous neoplastic
changes in the uterine cervix. J. Biomed. Sci. 2001, 8, 206–213. [CrossRef]

87. Duensing, S.; Münger, K. The human papillomavirus type 16 E6 and E7 oncoproteins independently induce numerical and
structural chromosome instability. Cancer Res. 2002, 62, 7075–7082.

88. Duensing, S.; Duensing, A.; Flores, E.R.; Do, A.; Lambert, P.F.; Münger, K. Centrosome Abnormalities and Genomic Instability by
Episomal Expression of Human Papillomavirus Type 16 in Raft Cultures of Human Keratinocytes. J. Virol. 2001, 75, 7712–7716.
[CrossRef]

89. Krejci, L.; Altmannova, V.; Spirek, M.; Zhao, X. Homologous recombination and its regulation. Nucleic Acids Res. 2012, 40,
5795–5818. [CrossRef]

90. Lavin, M.F.; Kozlov, S.; Gatei, M.; Kijas, A.W. ATM-Dependent Phosphorylation of All Three Members of the MRN Complex:
From Sensor to Adaptor. Biomolecules 2015, 5, 2877–2902. [CrossRef]

91. Cannavo, E.; Cejka, P. Sae2 promotes dsDNA endonuclease activity within Mre11-Rad50-Xrs2 to resect DNA breaks. Nature 2014,
514, 122–125. [CrossRef] [PubMed]

92. López-Contreras, A.J.; Fernandez-Capetillo, O. The ATR barrier to replication-born DNA damage. DNA Repair 2010, 9, 1249–1255.
[CrossRef] [PubMed]

93. Choi, J.-H.; Lindsey-Boltz, L.A.; Kemp, M.; Mason, A.C.; Wold, M.S.; Sancar, A. Reconstitution of RPA-covered single-stranded
DNA-activated ATR-Chk1 signaling. Proc. Natl. Acad. Sci. USA 2010, 107, 13660–13665. [CrossRef] [PubMed]

http://doi.org/10.1128/jvi.69.10.6389-6399.1995
http://doi.org/10.1128/JVI.72.2.975-985.1998
http://doi.org/10.1128/JVI.77.19.10566-10574.2003
http://www.ncbi.nlm.nih.gov/pubmed/12970441
http://doi.org/10.1006/viro.1996.0008
http://www.ncbi.nlm.nih.gov/pubmed/8553588
http://doi.org/10.4161/15384101.2014.953879
http://www.ncbi.nlm.nih.gov/pubmed/25485505
http://doi.org/10.1038/s41419-018-0584-z
http://www.ncbi.nlm.nih.gov/pubmed/29789527
http://doi.org/10.3390/biom11070995
https://www.sciencedirect.com/science/article/pii/S00426822
https://www.sciencedirect.com/science/article/pii/S00426822
http://doi.org/10.1006/viro.1996.0475
https://aacrjournals.org/cancerres/article-abstract/70/7/2924/561812
http://doi.org/10.1158/0008-5472.CAN-09-3436
http://doi.org/10.1128/jvi.67.8.4521-4532.1993
http://doi.org/10.1128/jvi.69.5.3185-3192.1995
http://doi.org/10.1128/MCB.17.9.5087
http://doi.org/10.1023/A:1008112207824
http://doi.org/10.1038/sj.onc.1201312
http://doi.org/10.1158/0008-5472.CAN-05-0083
http://doi.org/10.1128/JVI.76.1.220-231.2002
http://doi.org/10.1016/j.jcv.2014.06.019
http://doi.org/10.1007/BF02256414
http://doi.org/10.1128/JVI.75.16.7712-7716.2001
http://doi.org/10.1093/nar/gks270
http://doi.org/10.3390/biom5042877
http://doi.org/10.1038/nature13771
http://www.ncbi.nlm.nih.gov/pubmed/25231868
http://doi.org/10.1016/j.dnarep.2010.09.012
http://www.ncbi.nlm.nih.gov/pubmed/21036674
http://doi.org/10.1073/pnas.1007856107
http://www.ncbi.nlm.nih.gov/pubmed/20616048


Cancers 2022, 14, 4623 19 of 24

94. Spriggs, C.C.; Laimins, L.A. Human Papillomavirus and the DNA Damage Response: Exploiting Host Repair Pathways for Viral
Replication. Viruses 2017, 9, 232. [CrossRef] [PubMed]

95. Spriggs, C.C.; Blanco, L.Z.; Maniar, K.P.; Laimins, L.A. Expression of HPV-induced DNA Damage Repair Factors Correlates with
CIN Progression. Int. J. Gynecol. Pathol. 2019, 38, 1–10. [CrossRef]

96. Hong, S.; Cheng, S.; Iovane, A.; Laimins, L.A. STAT-5 Regulates Transcription of the Topoisomerase IIβ-Binding Protein 1 (TopBP1)
Gene to Activate the ATR Pathway and Promote Human Papillomavirus Replication. mBio 2015, 6, e02006-15. [CrossRef]

97. Kono, T.; Hoover, P.; Poropatich, K.; Paunesku, T.; Mittal, B.B.; Samant, S.; Laimins, L.A. Activation of DNA damage repair factors
in HPV positive oropharyngeal cancers. Virology 2020, 547, 27–34. [CrossRef]

98. Holcomb, A.J.; Brown, L.; Tawfik, O.; Madan, R.; Shnayder, Y.; Thomas, S.M.; Wallace, N.A. DNA repair gene expression is
increased in HPV positive head and neck squamous cell carcinomas. Virology 2020, 548, 174–181. [CrossRef]

99. Moody, C.A.; Laimins, L.A. Human Papillomaviruses Activate the ATM DNA Damage Pathway for Viral Genome Amplification
upon Differentiation. PLoS Pathog. 2009, 5, e1000605. [CrossRef]

100. Anacker, D.C.; Gautam, D.; Gillespie, K.A.; Chappell, W.H.; Moody, C.A. Productive Replication of Human Papillomavirus 31
Requires DNA Repair Factor Nbs1. J. Virol. 2014, 88, 8528–8544. [CrossRef]

101. Sakakibara, N.; Mitra, R.; McBride, A.A. The Papillomavirus E1 Helicase Activates a Cellular DNA Damage Response in Viral
Replication Foci. J. Virol. 2011, 85, 8981–8995. [CrossRef]

102. Das, D.; Bristol, M.L.; Smith, N.W.; James, C.D.; Wang, X.; Pichierri, P.; Morgan, I.M. Werner Helicase Control of Human
Papillomavirus 16 E1-E2 DNA Replication Is Regulated by SIRT1 Deacetylation. mBio 2019, 10, e00263-19. [CrossRef]

103. James, C.D.; Das, D.; Morgan, E.L.; Otoa, R.; Macdonald, A.; Morgan, I.M. Werner Syndrome Protein (WRN) Regulates Cell
Proliferation and the Human Papillomavirus 16 Life Cycle during Epithelial Differentiation. mSphere 2020, 5, e00858-20. [CrossRef]

104. Wallace, N.A.; Khanal, S.; Robinson, K.L.; Wendel, S.O.; Messer, J.J.; Galloway, D.A. High-Risk Alphapapillomavirus Oncogenes
Impair the Homologous Recombination Pathway. J. Virol. 2017, 91, e01084-17. [CrossRef]

105. Johnson, B.A.; Aloor, H.L.; Moody, C.A. The Rb binding domain of HPV31 E7 is required to maintain high levels of DNA repair
factors in infected cells. Virology 2017, 500, 22–34. [CrossRef]

106. Eldakhakhny, S.; Zhou, Q.; Crosbie, E.; Sayan, B.S. Human papillomavirus E7 induces p63 expression to modulate DNA damage
response. Cell Death Dis. 2018, 9, 127. [CrossRef]

107. Wallace, N.A. Catching HPV in the Homologous Recombination Cookie Jar. Trends Microbiol. 2019, 28, 191–201. [CrossRef]
108. Gusho, E.; Laimins, L. Human Papillomaviruses Target the DNA Damage Repair and Innate Immune Response Pathways to

Allow for Persistent Infection. Viruses 2021, 13, 1390. Available online: https://www.mdpi.com/1999-4915/13/7/1390 (accessed
on 15 September 2022). [CrossRef]

109. Harberts, E.; Gaspari, A.A. TLR Signaling and DNA Repair: Are They Associated? J. Investig. Dermatol. 2013, 133, 296–302.
Available online: https://www.sciencedirect.com/science/article/pii/S0022202X1536108X (accessed on 15 September 2022).
[CrossRef]

110. Li, T.; Chen, Z.J. The cGAS–cGAMP–STING pathway connects DNA damage to inflammation, senescence, and cancer. J. Exp. Med.
2018, 215, 1287–1299. Available online: https://rupress.org/jem/article-abstract/215/5/1287/42581 (accessed on 15 September
2022). [CrossRef]

111. Saulters, E.; Woolley, J.F.; Varadarajan, S.; Jones, T.M.; Dahal, L.N. STINGing Viral Tumors: What We Know from Head and Neck
Cancers. Cancer Res. 2021, 81, 3945–3952. Available online: https://aacrjournals.org/cancerres/article-abstract/81/15/3945/670
234 (accessed on 15 September 2022). [CrossRef] [PubMed]

112. Yang, X.; Cheng, Y.; Li, C. The role of TLRs in cervical cancer with HPV infection: A review. Signal Transduct. Target. Ther.
2017, 2, 17055. Available online: https://www.nature.com/articles/sigtrans201755 (accessed on 15 September 2022). [CrossRef]
[PubMed]

113. Gagliardi, A.; Porter, V.L.; Zong, Z.; Bowlby, R.; Titmuss, E.; Namirembe, C.; Griner, N.B.; Petrello, H.; Bowen, J.; Chan, S.K.;
et al. Analysis of Ugandan cervical carcinomas identifies human papillomavirus clade–specific epigenome and transcriptome
landscapes. Nat. Genet. 2020, 52, 800–810. [CrossRef] [PubMed]

114. Liu, Q.; Ma, L.; Jones, T.; Palomero, L.; Pujana, M.A.; Martinez-Ruiz, H.; Ha, P.K.; Murnane, J.; Cuartas, I.; Seoane, J.; et al.
Subjugation of TGFβ Signaling by Human Papilloma Virus in Head and Neck Squamous Cell Carcinoma Shifts DNA Repair
from Homologous Recombination to Alternative End Joining. Clin. Cancer Res. 2018, 24, 6001–6014. [CrossRef] [PubMed]

115. Mehta, K.; Laimins, L. Human Papillomaviruses Preferentially Recruit DNA Repair Factors to Viral Genomes for Rapid Repair
and Amplification. mBio 2018, 9, e00064-18. [CrossRef]

116. Sitz, J.; Blanchet, S.A.; Gameiro, S.F.; Biquand, E.; Morgan, T.M.; Galloy, M.; Dessapt, J.; Lavoie, E.G.; Blondeau, A.; Smith, B.C.;
et al. Human papillomavirus E7 oncoprotein targets RNF168 to hijack the host DNA damage response. Proc. Natl. Acad. Sci. USA
2019, 116, 19552–19562. [CrossRef]

117. Moloney, J.N.; Cotter, T.G. ROS signalling in the biology of cancer. Semin. Cell Dev. Biol. 2018, 80, 50–64. [CrossRef]
118. Thanan, R.; Oikawa, S.; Hiraku, Y.; Ohnishi, S.; Mariko, M.; Pinlaor, S.; Yongvanit, P.; Kawanishi, S.; Murata, M. Oxidative Stress

and Its Significant Roles in Neurodegenerative Diseases and Cancer. Int. J. Mol. Sci. 2014, 16, 193–217. [CrossRef]
119. Kawanishi, S.; Ohnishi, S.; Ma, N.; Hiraku, Y.; Oikawa, S.; Murata, M. Nitrative and oxidative DNA damage in infection-related

carcinogenesis in relation to cancer stem cells. Genes Environ. 2016, 38, 26. [CrossRef]

http://doi.org/10.3390/v9080232
http://www.ncbi.nlm.nih.gov/pubmed/28820495
http://doi.org/10.1097/PGP.0000000000000477
http://doi.org/10.1128/mBio.02006-15
http://doi.org/10.1016/j.virol.2020.05.003
http://doi.org/10.1016/j.virol.2020.07.004
http://doi.org/10.1371/journal.ppat.1000605
http://doi.org/10.1128/JVI.00517-14
http://doi.org/10.1128/JVI.00541-11
http://doi.org/10.1128/mBio.00263-19
http://doi.org/10.1128/mSphere.00858-20
http://doi.org/10.1128/JVI.01084-17
http://doi.org/10.1016/j.virol.2016.09.029
http://doi.org/10.1038/s41419-017-0149-6
http://doi.org/10.1016/j.tim.2019.10.008
https://www.mdpi.com/1999-4915/13/7/1390
http://doi.org/10.3390/v13071390
https://www.sciencedirect.com/science/article/pii/S0022202X1536108X
http://doi.org/10.1038/jid.2012.288
https://rupress.org/jem/article-abstract/215/5/1287/42581
http://doi.org/10.1084/jem.20180139
https://aacrjournals.org/cancerres/article-abstract/81/15/3945/670234
https://aacrjournals.org/cancerres/article-abstract/81/15/3945/670234
http://doi.org/10.1158/0008-5472.CAN-21-0785
http://www.ncbi.nlm.nih.gov/pubmed/33903123
https://www.nature.com/articles/sigtrans201755
http://doi.org/10.1038/sigtrans.2017.55
http://www.ncbi.nlm.nih.gov/pubmed/29263932
http://doi.org/10.1038/s41588-020-0673-7
http://www.ncbi.nlm.nih.gov/pubmed/32747824
http://doi.org/10.1158/1078-0432.CCR-18-1346
http://www.ncbi.nlm.nih.gov/pubmed/30087144
http://doi.org/10.1128/mBio.00064-18
http://doi.org/10.1073/pnas.1906102116
http://doi.org/10.1016/j.semcdb.2017.05.023
http://doi.org/10.3390/ijms16010193
http://doi.org/10.1186/s41021-016-0055-7


Cancers 2022, 14, 4623 20 of 24

120. Kuchino, Y.; Mori, F.; Kasai, H.; Inoue, H.; Iwai, S.; Miura, K.; Ohtsuka, E.; Nishimura, S. Misreading of DNA templates containing
8-hydroxydeoxyguanosine at the modified base and at adjacent residues. Nature 1987, 327, 77–79. [CrossRef]

121. Barciszewska, A.-M.; Giel-Pietraszuk, M.; Perrigue, P.M.; Naskręt-Barciszewska, M. Total DNA Methylation Changes Reflect
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