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ARTICLE INFO ABSTRACT

Keywords: Decades of research on the human papillomavirus oncogenes, E6 and E7, have given us huge amounts of data on
HPV their expression, functions and structures. We know much about the very many cellular proteins and pathways
Eg that they influence in one way or another. However, much of this information is quite discrete, referring to one

activity examined under one condition. It is now time to join the dots to try to understand a larger picture: how,

where and when do all these interactions occur... and why? Examining these questions will also show how many
of the yet obscure cellular processes work together for cellular and tissue homeostasis in health and disease.

1. Introduction

Papillomavirus-induced cancers are addicted to the expression of the
major viral oncogenes, E6 and E7, whose combined effect is required for
the development and maintenance of the transformed phenotype
(reviewed in Ref. [1]). Abrogation of E6 and E7 expression in tumours,
or in cell-lines derived from tumours, results in growth arrest and the
rapid death of the tumour cell by apoptosis or senescence, making E6
and E7 ideal potential targets for therapeutic intervention in
HPV-induced cancers.

Although E6 and E7 have been the subjects of intense research over
the past few decades, there are still some surprising gaps in our under-
standing of how they work, both to facilitate the normal life-cycle of the
virus and in their contribution to malignancy. Interactome analyses have
shown that they potentially interact with a very wide range of cellular
proteins and affect a wide range of cellular processes [2-5]. In some
cases the biochemistry is precisely known, but the biological signifi-
cance is still unclear: in other cases the biochemistry underlying an
obvious biological effect is still unknown.

2. HPV life-cycle, cell cycle dysregulation and cell
transformation

The papillomavirus life-cycle depends on the differentiation of the
infected epithelium. The virus infects cells in the basal layer of stratified
epithelium, probably through microtraumas and establishes a stable
infection with genome replication occurring in tandem with cellular
replication, potentially during the wound healing of the microtrauma
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[6]. Upon reaching confluence the cells are subject to contact inhibition
and may enter terminal differentiation [7]: the differentiating infected
daughter cell leaves the basement membrane and enters the
mid-epithelial layers, where it would normally exit the cell cycle and
cease DNA replication. To prevent this, and to facilitate HPV DNA
amplification, E6 and E7 combine their activities to create a pseudo-S
phase. This occurs, at least partly, through the LXCXE motif of E7
binding to the pRb tumour suppressor and, in the case of high-risk virus,
inducing pRb degradation. This releases E2F from the E2F/pRb
repressor complex, allowing transcriptional activation of
E2F-responsive promoters and stimulating the transition of the cell from
GO to G1, and then into S-phase [8-10]. E7 also binds to the other
pRb-related pocket proteins, p107 and p130 [11]. The consequences
include increased cellular (and hence viral) DNA replication and
increased symmetrical cell division, expanding the number of
HPV-infected cells. The LXCXE motif is highly conserved between
different HPV types and thus a major challenge in E7 studies is to
distinguish between the multiple functions of the LXCXE motif
(reviewed in Ref. [12]) - which are the results of its effects on the pocket
proteins, which are the results of other interactions and which are a
combination of both?

The amplification of the viral genome at this stage appears to require
a functional viral E1 protein and also the downregulation of the Notch
signalling pathway [6]. Cutaneous HPVs from the beta, delta and mu
groups interact with and inhibit the Notch transactivator MAML1 [13,
14], while the alphapapillomaviruses appear to downregulate Notch
signalling through degradation of p53. High-risk types do this in an
E6AP-dependent manner, while low risk types probably do it
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independently of E6AP [6,15], although some evidence suggests that
E6AP might be involved [16]. A consequence of unscheduled DNA
replication in normal differentiating epithelium is the triggering of
p53-dependent apoptosis [17]. However, since the alpha type HPV E6s
can target p53 for degradation this cellular response is circumvented,
thereby promoting cell survival and completion of the viral life cycle. It
is not yet clear how the beta, delta and mu HPV types overcome the p53
response, but different types of epithelia may have diverse means of
responding to this particular stress, since p53 is expressed at higher
levels in cervical epithelium than in dermal epithelium [18]; further
investigation is needed to clarify how dermal epithelium responds.
Clearly, however, blocking apoptosis and promoting proliferation by the
high-risk HPV types also has the potential to cause cellular damage that
could lead to the development of malignancy.

Besides the region of E7 that binds pRb and the associated pocket
protein family members, many other regions, including a Casein kinase
2 (CKII) phosphorylation site and regions in the extreme N-terminus,
together with large stretches of the C-terminus, are also necessary for an
effective viral life cycle and for the ability to bring about cell immor-
talisation and cancer. While many of the biochemical factors that
contribute to these biological features are known, we still have major
gaps in our understanding of how their combined activities facilitate the
viral life cycle and, occasionally, result in transformation.

A further important factor that determines the outcome of an
infection is the permissiveness of the infected cell type for the comple-
tion of the viral life cycle. It is becoming clearer, at least in the case of
cervical infections, that ectocervical cells are permissive and can support
a relatively straightforward viral life cycle and resolution of the infec-
tion, whereas cells of the transformation zone or endocervix are non-
permissive, leading to abortive or persistent infection and a higher
risk of carcinogenesis. In addition, the originally infected cell type also
appears to determine the type of cancer that ensues (reviewed in
Ref. [19]). E6 and E7 proteins from diverse HPV types interact differ-
ently with the signalling pathways of the cell: these in turn are subject to
changing control signals through the various stages of epithelial differ-
entiation. It is clear that much is yet unknown or unclear.

Several cellular targets are defined as tumour suppressors or onco-
genes. For example, E7 binds UBR4/p600, a protein essential for
membrane morphogenesis and cell survival [20], which is thought to be
required for cell transformation [21]. UBR4/p600 indeed remains an
enigma. It is a critical interacting partner of all E7 proteins analysed,
including high- and low-risk, as well as Rhesus PV E7 [3,21,22]. In all
cases, the interaction requires an intact E7 N-terminus, and hence a
simple HA tagging of E7 will destroy the interaction and block E7
transformation activity. Whether this loss of transforming activity is the
consequence of said tagging is unknown, but it seems highly likely,
which is itself intriguing, as low-risk E7 also interacts with p600. This
raises a couple of important points. First, as is the case with E6, great
care must be taken with how these viral proteins are tagged - E6 on the
N-terminus and E7 on the C-terminus; even so, whether these tagged
proteins are truly wild-type remains to be determined. Secondly, and
most importantly, which p600 function is so critical in the viral life
cycle? and what is the function that appears to be so fundamental for
transforming ability? It seems likely that these two may well not be the
same. The p600 protein is very large and its biology is still only poorly
understood; it was identified as a pRb interactor in the nuclear matrix,
and in the cytoplasm it may contribute to membrane morphology
through interaction with clathrin at the leading edge of the plasma
membrane; it appears to have a role in Ca" signalling through
calmodulin and to protect against apoptosis [20]. It has recently been
shown that its UBR activity is required for cell surface protein homeo-
stasis and cell adhesion [23]. Using E7 as a tool, we have a unique op-
portunity to further understand this intriguing target protein.

The accelerated proliferation promoted by E7 increases the accu-
mulation of genetic aberrations, and E7 has been suggested to generate
genome instability [24,25]: its interaction with gamma-tubulin, a
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crucial centrosome regulator, can induce centrosome duplication [26];
in addition, abnormal centriole multiplication correlates with the sta-
bilization of Polo-like kinase 4 and the high levels of Cdk2 activity in E7
expressing cells [27,28]. The genomic alterations induced by E7 might
contribute to the acquisition of further cellular mutations, contributing
to cancer progression. It has been suggested that E7’s stimulation of
cellular DNA damage [29-31] ensures the availability of replicative
building blocks and enzymes close to sites of viral DNA replication, and
this appears to be a common strategy amongst DNA tumour viruses [32,
33]. This, however, can also lead to the formation of aberrant mitoses,
through E6’s impairment of dsDNA break repair [34]. In Fig. 1 we
summarise some of the remaining questions in cell transformation.

3. Apoptosis

The response of the normal cell to unscheduled DNA replication is to
induce either growth arrest or apoptosis, largely through the activation
of p53 [17]. E6 from high-risk HPVs, in complex with the E3
ubiquitin-protein ligase, E6AP, binds to p53 and targets it for degrada-
tion via the proteasome. Interestingly, not all the p53 in the cell is
degraded [35] and it is possible that E6/E6AP only targets cellular pools
of p53 destined to activate the transcription of downstream
pro-apoptotic factors, such as Bax, Fas, PUMA@, Apaf-1 and PIG [36],
which are all part of the intrinsic apoptotic pathway.

These cellular pools may well be differentiated by the diverse and
extensive modifications that p53 undergoes in response to many cellular
stresses (reviewed in Ref. [37]) and this may alter its ‘visibility’ to the
E6/E6AP complex. For example, it has long been known that CKII
phosphorylation of its C-terminus increases p53 DNA binding activity
[38]; while, in response to DNA damage or unscheduled DNA replica-
tion, such as that induced by activation of E2F, the DDR kinases ATM
and Chk1/2 phosphorylate p53 at S15 and S20, respectively, thus
blocking p53’s interaction with mdm2 and increasing p53 stability [39,
40]. Further stress induces further phosphorylation, allowing the
transactivation of proapototic factors, but not of growth suppressing
factors [41,42], and it could well be these modified forms of p53 that are
specifically targeted, although this has not been conclusively shown.
Interestingly, p53 is also acetylated to selectively induce proapototic
(PUMA and Bax), rather than growth arrest-related (p21) genes [43,44],
the agent in this case being TIP60, another E6 degradatory target [45].
Furthermore CBP/p300, again, targets of E6 and E7 [46,47], also acet-
ylate p53 to promote its transcriptional activity [48]; interestingly this
may also block ubiquitination of the same residues, increasing p53
stability [49,50], all of which is abrogated by E6 and E7 targeting of
CBP/p300.

In addition to p53, E6 targets a number of other cellular proteins to
prevent the induction of apoptosis: the proapoptotic Bak protein is tar-
geted for degradation by E6 proteins from high and low risk mucosal
HPVs, using the ubiquitin-ligase activity of E6AP [51,52], and also by
cutaneous HPV E6 [53], using the HERCI1 ubiquitin ligase [54]. Bak
levels are also reduced in laryngeal cells expressing HPV16, while levels
of the antiapoptotic Bcl2 - an inhibitory partner of Bak and Bax - are
increased, and Bax mRNA levels are also reduced, suggesting that this
antiapoptotic activity can also contribute to oropharyngeal cancers [55,
56].

Other apoptosis-related targets of E6 have also been identified:
MAGI-1 is one of the most susceptible degradation targets of PBM-
containing E6 proteins, (i.e. those from high-risk mucosal HPV types
—16, —18 and —31) [57-59], and the release of the MAGI-1c isoform
from tight junctions (TJ), its Fas-dependent cleavage, and subsequent
trafficking to the nucleus is thought to be one of the earliest effector
feedback signals in apoptosis [60,61], and it is specifically targeted by
HPV-16 and -18 E6s [57,59,62]. Indeed, the exogenous expression in
HeLa cells of a MAGI-1 mutant resistant to E6 targeting can induce
apoptosis in those highly transformed cells [63].
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Fig. 1. Schematic representation of HPV E6/E7-mediated cellular transformation, indicating the key missing links in the contexts of both viral life-cycle and HPV-

mediated tumorigenesis.

4. Maintenance of the cancer phenotype

Once the cervical cells become malignant, both E6 and E7 are
required to maintain the phenotype and promote cell survival [64,65],
but it is still not clear which, of all the pathways targeted by the two
oncoproteins, are essential in doing this. However, the CKII
phospho-acceptor site in HPV-18 E7 does seem to be required [66]. CKIL
phosphorylation of E7 is needed for the induction of cell transformation
[67], and increases E7’s affinity for several targets [68-70]; cervical
cancer cells with gene-edited abolition of E7’s CKII recognition site are
severely compromised in proliferation in low-nutrient conditions and in
invasion ability [66]. These data suggest the potential of therapeutically
targeting this CKII phospho-acceptor site, and, CKII inhibitors appear
promising in clinical trials [71,72]. Furthermore, variants of E7 that
have an additional phospho-acceptor site are also linked with increased
transforming potential [73]. A major question that remains, however, is
whether these variants have a more efficient viral life cycle (i.e. they
produce more progeny virions per infectious cycle), or they have a more
permissive host range and thus each virion has a greater chance of
initiating a successful replication cycle. In addition, whilst there are
known to be major changes in E7 phosphorylation through the different
phases of the cell cycle, there is very little information on how the
phosphorylation may change during the viral life cycle or in different
phases of malignant progression.

Other phosphorylation sites in E7 have also been reported: in HPV-
16 the S71 residue is phosphorylated, mainly in S-phase by an as yet
unidentified kinase [74]; while the T5 and T7 residues are phosphory-
lated by DYRK1A [75], increasing the steady-state levels of E7. Since
HPV E7 phosphorylation appears to play a fundamental role in E7
functions and stability, it is important to elucidate whether other kinases
are involved during HPV infection and malignancy, how they are
regulated, and which pathways and cellular targets are implicated. This
information could help to design novel therapies based on kinase in-
hibitors [76,77]. An unexplored area of E7 phospho-regulation is the
role of phosphatases: E7 interacts with cellular phosphatases PTPN14,
PTPN21 and PP2A [78-80], but whether these phosphatases or others
can regulate E7 phosphorylation is unknown. Interestingly, PP2A dys-
regulation has been linked to the tumorigenic activity of several small
tumour viruses, suggesting combination therapy of PP2A activators with

other inhibitors as a strategy for cancer therapy [81].

In addition to disrupting pRb/E2F, HPV-16 E7 interacts with E2F1 to
enhance E2F1-mediated transcription, promoting the transition into S-
phase independently of pRb, and this appears to correlate with carci-
nogenic potential [82]. Further, E7 promotes cell cycle progression by
regulating cyclin dependent kinases (CDKs), binding directly to cyclin
A/CDK2 and indirectly to cyclin E/CDK2 complexes [83,84]; however,
the biological function of these interactions is not well understood.
High-risk, but not low-risk, HPV E7 can block the cell cycle arrest
induced by the p21 and p27 cyclin-dependent kinase inhibitors [85,86],
and the region of E7 required to bypass these growth arrest signals
correlates with its transforming activity [87], suggesting that the two
processes may be related.

Much is known about HPV E7 biochemistry, but the biological roles
of many of these associations are still unclear [3,5,88-90]. However, it is
almost certain that the function of some HPV E7 targets is
context-dependent: when basal and suprabasal cells are proliferating, E7
may modulate certain targets, different from those modulated when
cells are differentiating. Studies to investigate the targeting of different
substrates in the specific environments of differentiation and cancer
progression are long overdue. Indeed, most studies are performed either
at the very beginning (in monolayers) or the very end (in cancer cell
lines or animal tumours) of the process of transformation and tumour
progression. Even raft cultures, lasting around 14 days, are only
short-term models for an infectious cycle that may take 6 months to
complete.

Long-term, organotypic mixed culture systems that include dermal
fibroblasts and immune-modulating cells, would reflect more accurately
the conditions in which the viral life-cycle occurs. In addition, the
importance of the stroma and extracellular matrix in HPV infection and
cancer development have long been understood [91-96], but it is only
now becoming technically possible to include them in model systems
[97-100]. It is also important that models are developed to reflect the
tissues of origin of various different HPV-induced diseases [101]; the
growth, differentiation characteristics, and tissue architecture of the
ectocervix differ from those from the endocervix, or anus, and those of
the tonsil are even more markedly different [19,102]. The mouse models
for HPV-induced carcinogenesis (reviewed in Refs. [103-107]), in which
HPV-16 E6 and E7 are stably expressed in specific tissues, have provided
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a wealth of information about the relative roles of E6 and E7 in carci-
nogenesis, however they provide little information about the virus life
cycle. Considering animal models for HPV infection and carcinogenesis,
the major problem is the species-specificity of papillomaviruses.
Although some natural infection models, such as the canine oral papil-
lomavirus model [108] and the murine papillomavirus 1 tail wart model
[109], have given some interesting insights into low-risk mucosal [110,
111], and cutaneous [112] HPV infections, respectively, they do not
appear to be effective models for high-risk mucosal HPV life-cycle or
carcinogenesis [113]. Recently, certain rodent PV models have shown
promise [114,115], as have certain genetically modified mouse models
[116], but animal models that accurately reflect high-risk mucosal HPV
life cycles, and carcinogenesis in humans, are still lacking.

Recent interactome analyses including other HPV types have enor-
mously increased the number of potential binding partners of E6 and E7
[2-5], while the number of known and potential post-translational
modifications of both viral and cellular proteins has similarly
increased (reviewed in Ref. [70]). In addition to stimulating the
degradation of p53 and pRb, E6 and E7 drive cellular proliferation
through other pathways, including the HIPPO signalling pathway [117]:
E6 through targeting PAR3, DLGI1, Scrib and MAGI proteins [62,
118-120], and E7 through PTPN14 [121], all of which increases YAP1
activation. E6 and E7 manipulate JAK/STAT signalling through a
number of routes (reviewed in Ref. [122] and summarised in Fig. 5), and
E7 has been reported to inhibit the interferon response through down-
regulation of the cGAS/STING response [123], although this is not yet
clear and different HPV types may employ different means to do this
[124-126]. E7 also recruits the TRIM21 ubiquitin ligase to degrade the
IFI16 inflammasome, thereby contributing to the evasion of immune
surveillance [127]. The contribution of insulin-activated transcription
has recently come to the fore; stimulation of the insulin receptor leads to
transactivation of a number of genes via recruitment of p300 (a target of
E7 - [47]) and TIP60 (an E6 target - [45]) leading to chromatin modi-
fication and upregulated transcription of genes involved in glucose
metabolism [128]. The role of nutrients in the tumour and cancer
environment is very relevant: for example, mutation of the E7 CKII site
has no deleterious effect in a nutrient-rich environment, and the effects
are only seen when cancer cells are starved of nutrient [66]. In addition,
HPV-18 E6’s PBM-dependent binding to Sorting Nexin 27 (SNX27)
modulates SNX27’s interaction with its cargoes, including the GLUT1
glucose transporter, and leads to increased cellular glucose uptake
[129]. So, it seems that E6 and E7 functions may have become
fine-tuned to work in less than optimal conditions. This, of course makes
sense, considering that viral genome amplification and progeny virion
production (both energy-dependent processes) take place in the upper
epithelial layers where nutrients diffusing from the basement membrane
are scarce. Whether an undersupply of nutrients might alter cell
morphology and functions in ways that affect the completion of the viral
life-cycle is still unknown, and how the low-risk HPVs are able to
overcome this restrictive environment is less well understood. Indeed,
some early studies looked at the effects of nutrient levels with reference
to E7 interactions [130-132], but the many reported interactions and
biological effects thereof have not been pursued in conditions of nutrient
deficiency or hypoxia.

5. Epigenetic regulation and microRNAs

It is becoming clear that epigenetic modifications are an important
factor for the development of HPV-associated cancers (reviewed in Refs.
[133-135]) and during the life cycle of the virus [136]. Like other
tumour virus oncoproteins E1A and SV40 LT [137-139], E6 and E7
regulate the activity of histone acetyltransferases (HATs), p300 and CBP
[46,47,140,141], reducing E2F- and p53-driven transcription and
lowering pRb levels. E7 also decreases the activity of the HATs pCAF
[142], and SRC1 [143]. Thus p300/CBP may have
tumour-suppressor-like activity, although, this function seems to be
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context-dependent, since in tumour cells, inhibitors of p300 or
p300/CBP reduce E6/E7 transcription, leading to p53 accumulation and
apoptosis [144,145].

High-risk E7 interacts indirectly with class I histone deacetylases
(HDACs) [146,147] to promote transcription and cell growth in differ-
entiating epithelial cells [148]. Interestingly, mutation of the
HDAC-binding domain of HPV-31 E7 reduces the episomal maintenance
of the viral genome in undifferentiated cells [147], while HDAC1 and
HDAC2 expression are increased in invasive carcinoma and cervical
dysplasia [149], suggesting that the transcriptional regulation function
of E7-HDACs may be relevant during carcinogenesis.

Dysregulation of DNA methylation is also associated with carcino-
genesis [150], and several DNA tumour viruses target the methylation
machinery, altering cellular and viral gene expression to override
cell-cycle arrest [151]. HPV16 E7 binds and stimulates the DNA meth-
yltransferase activity of DNMT1 and may also activate its transcription
through the pRb/E2F pathway [133,152]. Like other viral oncogenes, E7
represses E-cadherin through DNMT1 activity [153,154], possibly as a
means of immune evasion, preventing the migration of Langerhans cells
into infected epithelium [153]. HPV E7 also induces expression of the
histone lysine demethylases (KDM) KDM6A and KDM6B, leading to a
global reduction of the repressive mark H3K27me3 [155,156], and a
consequent increase in the levels of the cervical carcinoma biomarker
p16INK4A. Paradoxically, increased p16INK4A causes Gl arrest and
senescence via pRb activation [157]; however, since E7 targets pRb, this
p16INK4A upregulation in HPV-infected cells cannot block cell prolif-
eration. However, cervical cell lines seem to be dependent on the
expression of KDM6A, KMD6B and p16INK4A [156,158], suggesting the
possible use of KDM inhibitors to treat cervical cancer.

Recently attention has been directed at the contribution of micro-
RNAs (miRs) to the HPV life-cycle and HPV-induced carcinogenesis. A
wide range of miRs have been found to have altered expression in the
presence of HPV E6/E7, affecting a wide range of centrally important
cellular signalling pathways [159,160], including those involved in
control of cell growth [161-164] and apoptosis [165,166].

It is very clear how many of these modifications and miRNAs in
combination, and expressed over a long period, might drive malignancy,
but it is not so clear how they contribute to the virus life-cycle in the
short term - which leads to the question - do some of these players have
other functions that contribute to a successful life-cycle? and if so, what
are they?

6. HPV E6 and E7: DNA damage response and genetic instability

The DNA damage response (DDR) pathways safeguards the integrity
of cellular genomes. Therefore, any defects or misregulation in the DDR
leads to accumulation of mutations in the cells, causing genetic insta-
bility that can contribute to cancer development. HPV activates the DDR
to facilitate efficient viral replication [31,167,168], and, indeed, so do
many other DNA tumour viruses [169]: in HPV infection these are
regulated by E6 and E7 to coordinate productive infection, but errors in
doing this risk the development of malignancy. Fig. 2 illustrates some of
the remaining questions related to E6 and E7’s response to, and
manipulation of, the DDR.

HPV E7 and E6 hijack and activate the DDR pathways by targeting
PRB and p53, the two main tumour suppressors of the cells involved in
controlling a plethora of DDR responsive genes. E7 targeting the pocket
proteins leads to uncontrolled cell proliferation and activation of DDR
responsive pathways, which in turn leads to sustained p53 activation,
and the activation of cell cycle checkpoint regulators and apoptotic
proteins.

The partial inactivation of DNA repair pathways and cell-cycle
checkpoints by high-risk E6/E7 results in HPVs’ dependence on the
remaining DDR responsive pathways for their survival after DNA dam-
age induction. Several proteins from the ATM and ATR pathways,
including pCHK2, pCHK1, FANCD2 and BRCA1, which are essential for
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HPV-mediated carcinogenesis.

maintaining cellular genomic stability, are upregulated in HPV-positive
cervical cancers and in precursor lesions, and they are crucial for
completing viral DNA replication and the life-cycle [170].

E6 modulates the activity of DDR kinases, CHK1 and CHK2 through
PKA, to phosphorylate itself by perturbing the transcriptional trans-
activation of p53-responsive genes [171]. This may suggest how E6,
utilizing the cell cycle regulatory kinases, presumably to enhance the
virus life-cycle, can, in turn, enhance the survival of HPV-transformed
cancer cells. However, the underlying molecular mechanism is un-
known, and its elucidation could be crucial in determining the possible
role of phosphorylated E6 in maintaining the integrity of the cancer cell.
So far, we know that E6 is phosphorylated by exogenous DNA-damaging
agents, but the question arises: is E6 phosphorylated without inducing
the DDR in cervical cancer cells? - if it does, then in response to what,
and in what scenario, does E6 use the same kinases that it uses under
DNA damage conditions? If phosphorylation of E6 is dependent on DNA
damage, then does DNA damage caused by the E7 oncoprotein, in the
initial setting of viral propagation, induce E6 phosphorylation? What are
the other biological consequences of this phosphorylated form of E6 in
cancer progression? It will also be interesting to explore the question of
whether E7 undergoes post-translational modifications, as E6 does,
upon inducing DNA damage in cervical cancer.

All these observations support the premise that the survival of HPV-
transformed cells depends on the preservation of a basal level of DNA
repair activity, mediated by cellular machinery, to maintain a minimal
genomic stability. The fact that HPV-positive cancers display no obvious
mutations in the DNA damage checkpoint-responsive genes makes them
potential therapeutic targets. In fact, HPV-positive cervical and head-
and-neck cancers are recognised as being more radio-sensitive than
HPV-negative lesions, but resistance to DNA damaging therapy still
exists, as evidenced by poor survival outcomes in advanced HPV-
positive cervical cancer. Therefore, therapeutic modulation of the DDR
is an attractive strategy to increase the treatment response.

Increased radio-resistance in cervical cancer cells was associated
with amplified activity of DNA-PKcs, the key NHEJ (non-homologous
end-joining) protein [172], while DNA-PKcs inhibition correlates with
enhanced chemo- and radio-sensitivity of cervical cell lines [173,174],
and selective inhibitors of DNA-PKcs [175] enhance tumour cell death
when used in combination with DNA damage-inducing chemothera-
peutic agents and ionizing radiation [176]. However, the biochemical
basis of this sensitivity is not yet clear and clinical studies are lacking. A
phase I clinical trial of a DNA-PK inhibitor in combination with radio-
therapy is ongoing in advanced solid tumours (Identifier number:
NCT02516813), but not in HPV-positive cervical cancer, where this data

suggests it might be effective.

Similarly, ATM inhibitors used with dsDNA break-stimulating agents
appear promising in xenograft mouse tumour models [177-179] and
one, AZD0156, is in phase I trial (Identifier no. NCT02588105). Obser-
vations have shown that p53-deficient cells are sensitive to ATR inhi-
bition, as there is an increased dependence on ATR-mediated checkpoint
control after the loss of p53 [180,181], and it is possible this might apply
to cells with abrogated p53 due to HPV infection. Several phase I trials of
ATR and ATM inhibitors are underway, however none specifically in
cervical cancer. An inhibitor of Chk1 (a downstream kinase of ATR) has
also been developed and a phase I trial in squamous cell cancers suggests
it has low toxicity [182]. Thus, the strategic combination of CKII inhi-
bition with DDR regulators, either within themselves, or with chemo-
therapy and radiotherapy, may offer therapeutic potential for
HPV-mediated carcinogenesis. However, we need to be aware of
possible long-term adverse effects of such treatments, and hence, an
improved knowledge of the mechanism of action of these inhibitors,
both biochemical and clinical, is needed.

7. Angiogenesis

Angiogenesis is required for invasive tumour growth and metastasis
and plays an important role in the development and progression of
cancer. HPV oncoproteins activate the angiogenic switch, promoting
vessel formation: HPV16 E6 and E7 oncoproteins upregulate pro-
angiogenic HIF-lo and VEGF, and reduce expression of anti-
angiogenic prolyl 4-hydroxylase PHD2 in cervical carcinoma cells,
together correlating with increased angiogenesis [44,183-185]. Block-
ing PI3K/Akt and ERK1/2 signalling pathways leads to inhibition of
HPV-16 E6 and E7-induced HIF-1a protein accumulation, and VEGF
protein secretion [44], summarised in Fig. 5. However, the precise
molecular mechanism by which HPV oncoproteins disrupt the balance
between pro- and anti-angiogenic factors remain unclear. E6 upregu-
lates the VEGF promoter by binding to a region of four SP-1 sites in the
VEGF proximal promoter region [186], while E7 exerts its upregulatory
effect on VEGF expression through hTERT and telomerase activity
[1871, although whether their stimulation of VEGF expression is direct
or indirect is not yet clear. This tightly controlled upregulation of VEGF
indicates its importance for the HPV lifecycle, but it is obviously also
important in the later stages of HPV-induced cancer and is a potential
target for therapeutic approaches. Evidence suggests that the inhibition
of VEGF in viral oncogenesis and viral diseases could be a promising
therapeutic approach [188,189] to treating cervical intraepithelial
neoplasia 3 (CIN 3) [190], or, in combination with radiotherapy,
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carcinoma in situ [191]. Furthermore, anti-VEGF monoclonal antibody
treatment in combination with chemotherapy and radiation treatment
apparently delayed metastatic progression of a number of different solid
tumours [192-195].

However, a clearer understanding of whether these anti-angiogenic
agents normalize or disrupt the vascular structure will permit their
optimal clinical use. Most clinical trials are designed to measure changes
in tumour size and may not shed light on changes in their vascular
biology. It would also be interesting to determine if these drugs have any
effects on the functions of HPV E6/E7 oncoproteins per se, since these
drugs target their downstream effector proteins.

8. Evading the immune response

Most virus infections trigger a variety of immune responses that must
be suppressed to allow the virus to replicate and generate viral progeny.
Therefore, viruses have evolved many strategies to manipulate and
circumvent the immune system by targeting different cellular pathways
that would lead to its clearance from the host cell [196], see also Fig. 5.
As part of the innate immune response, interferon release is an early line
of defence to fight viral infection, and papillomaviruses have developed
ways to disrupt this by targeting several genes involved in its activation
[197]. Some of the remaining questions about how E6 and E7 do this are
illustrated in Fig. 3.

HPV-16 E6 was reported to interact with Interferon response factor-3
(IRF-3), a transcriptional regulator of type I IFN (IFN-a/p). This inter-
action may attenuate IRF3 transcriptional activity, reducing the induc-
tion of IFN f, although this has not been confirmed [198]. In addition,
HPV-18 E6 acts more strongly than HPV-11 E6 to prevent the activa-
tion of Tyk-2 kinase, thus reducing its activation of STAT1 and STAT2
and preventing the activation of INF-a stimulated JAK-STAT signalling
[199]. Over-expression of high-risk HPV-16 E6 in cervical keratinocytes
leads to reduced production of IFN-o and-f mRNAs and diminished
intracellular expression of IFN-a, while re-localising STAT1 from the
nucleus, thus preventing its transactivation of interferon-responsive
genes [200].

The cGAS/STING pathway also activates type I interferon signalling
and may induce cell death through apoptosis, pyroptosis and necroptosis
[201]. During the initial stages of HPV infection, the virus uses the
cellular vesicular trafficking system for the HPV genome to gain entry to
the nucleus, and it is possible that this also allows it to evade GAS/STING
surveillance, at that stage of the life cycle, at least [202]. However,
HPV-18 E7 was reported to bind and inhibit the STING protein [123],
via the LXCXE motif, thereby reducing the production of
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proinflammatory cytokines.

E7 also recruits the TRIM21 ubiquitin ligase to degrade IFI16, a viral
DNA sensor, thus inhibiting inflammasome-induced pyroptosis [127].
Another DNA-detection protein, Toll-like receptor 9 (TLR9), is also
suppressed in keratinocytes expressing E6/E7 [203], although in this
case the downregulation seems to be at the transcriptional level [204,
205]. Interestingly, there are differences between high-risk HPV types in
their downregulation of TLR9: HPV-16 reduces the levels of TLR9 more
efficiently than HPV-18 [203], while the low-risk HPV-6 does not affect
TLR9 transcription, suggesting that HPV’s ability to subvert this aspect
of the immune response might correlate with its carcinogenic potential,
with a more immunosuppressive microenvironment in mucosal
epithelia favouring a persistent infection and progression of the
cancerous phenotype.

Thus, interferon responses are targeted by HPV at multiple points,
highlighting the importance of interferon signalling in antiviral immune
responses and how HPV counteracts that response. It is interesting to
note that the E6 and E7 proteins of the high-risk viruses — but not the
low-risk viruses — can selectively inhibit the interferon response. This
raises the interesting question of what makes high-risk HPV types more
efficient in counteracting immune surveillance. Are they more predis-
posed to evolve this ability owing to differential selective pressure to
avoid their clearance, which allows them to accumulate genetic muta-
tions giving additional opportunities to evade and target the immune
response pathways, further correlating with their increased oncoge-
nicity? Do these genetic alterations in the high-risk viruses coincide with
regions of the proteins that are important for immune function?

Finally, it is worth remembering that all viruses, whether HPV or
others, such as EBV MCPyV and HTLV-1, that induce cancer in the host
must persist for many years. Thus, whilst overcoming the immune
response is an essential weapon in a virus’s armoury, needed to com-
plete the life cycle, it is also a critical part of the ability to cause cancer. A
major unanswered question is, undoubtedly: which immune pathways
are critical only for productive viral infection, and which others play a
fundamental role in HPV-driven tumorigenesis?

HPV E6 and E7 oncoproteins are also known to downregulate the NF-
kB pathway [206-209], which plays a crucial role in eliciting immune
responses by stimulating the expression of the genes involved in the
production of cytokines, cytokines receptors and antigen presentation
[200]. NF-kB activates the interleukin-8 (IL-8) promotor, a chemo-
attractant for T lymphocytes and neutrophils, and HPV E6 and E7 can
repress IL-8 mRNA in keratinocytes [210]. In the case of E7, binding to
pCAF protein is required for IL-8 downregulation, and cervical cells
expressing wild type HPV-16 E7 have reduced NF-kB activity [289],
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Fig. 3. Schematic diagram representing the unanswered questions about how E6 and E7 contribute to evasion of the host cell immune responses to enable the viral

life-cycle, but also contributing to virus-induced carcinogenesis.
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whilst cells expressing an E7 mutant in pRb binding do not [208].
Various HPV E7 mutants show a reduced ability to prevent NF-«xB
transactivation, suggesting that multiple regions of E7 are required.
Controversially, the NF-xB pathway is highly activated in cervical can-
cers and some studies suggest that E6/E7 oncoproteins promote this

activation [200,289,212]. It is therefore possible that NF-kB signalling
pathways play an inhibitory role during HPV infection, or in the initial
stages of the viral infection, however, once the epithelial cells are
transformed, NF-kB activation might promote tumorigenesis. In agree-
ment with this hypothesis, there appears to be a significant association
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between NF-kB activation, tumour progression and poor prognosis in
cervical cancer [213], and studies in other carcinomas have shown that
NF-kB is dispensable during early premalignant phases, but is essential
for subsequent tumour promotion [214]. Interestingly, both high-and
low-risk E7 proteins can counteract imiquimod-induced NF-kB activa-
tion, preventing IL-6 production [209], suggesting again that E7’s
inactivation of this transcription factor may be more related to the HPV
life cycle than to malignancy.

Activation of NF-kB changes the tumour microenvironment,
favouring the progression of inflammatory associated cancers. There-
fore, it is likely that the HPV mediated activation of NF-kB in cervical
cancer and HSILs is likely to be partially in response to the signals or
chemokines released by the tumour microenvironment [214]. Hence, it
will be very interesting to determine whether the tumour microenvi-
ronment plays any role in HPV-induced regulation of NF-kB activity and
the progression to carcinogenesis. Taken together, NFkB modulation
seems to first facilitate viral persistence and immune evasion, and later
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to drive tumour progression, but because of the many conflicting results
and the complexity of its signalling networks, great caution is required
in interpreting the role of NFxB in HPV-induced carcinogenesis, and
further work is still required, particularly at different stages of tumour
development.

9. PDZ-binding motifs and cellular polarity

The cancer-associated HPV types characteristically have a PDZ
binding motif (PBM) at the extreme C-terminus of E6, through which
they target a number of cellular proteins containing PDZ domains -
80-90 amino acid domains that form binding pockets involved in mul-
tiple protein-protein interactions. Deletion of the HPV-16 E6 PBM pre-
vents deregulation of the cell cycle, cell immortalisation, and the
formation of cancer in transgenic mice [215-218], at least in part
through its enhancement of the nuclear localisation of YAP1 [219].
However, the PBM is also required for a number of activities that prevent

Table 1
HPV-16 and HPV-18 E6s bind the same target proteins with different affinities and through different PDZ domains.
HPV-16
PDZ domain Result Alias Reference

degradation Glaunsinger, Lee et al. 2000

MAGI-2 P2 degradation Thomas, Laura et al. 2002
degradation Thomas, Laura et al. 2002

SCRIB P3 degradation Nakagawa and Huibregtse 2000

MAST2

SCRIB P1 degradation Nakagawa and Huibregtse 2000

PDZK1 P1 NHERF3

PDZRN3 P1 degradation LNX3
degradation Gardiol, Kuhne et al. 1999

DLG2 P3 PSDS3

DLG3 P3 SAP102
degradation Gardiol, Kuhne et al. 1999
degradation ling, Bohl et al. 2007

MAST1

PDZD7

SYNJ2BP

TIP-1 stabilisation TAX1BP3 Hampson, Li et al. 2004

PTPN4

ARHGEF12

DLG4 P3 degradation PSD95 Handa, Yugawa et al. 2007

DLG4 P1 Handa, Yugawa et al. 2007

SNTB2 stabilisation Thomas, Myers et al. 2016

DLG3 P2 SAP102

DLG4 P2 PSD95 Handa, Yugawa et al. 2007

DLG2 P1 PDS93

LIN7C

DLG2 P2 PDS93

MPP5 Stardust

MPP6 PALS2

RGS12

_degradation Gardiol, Kuhne et al. 1999

SNTA1

PDZRN4 P1 redirects targeting  LNX4 Poirson, Biquand et al. 2017
redirects targeting Pim, Broniarczyk et al. 2015

LIN7A

SCRIB P2 degradation Nakagawa and Huibregtse 2000

MAGI-2 P6 degradation

MPDZ P5 degradation MUPP1 Lee, Glaunsinger et al. 2000
degradation PAT) Storrs and Silverstein 2007

HPV-18
PDZ domain Result Alias Reference
MAGI-2 P2 degradation Thomas, Laura et al. 2002
degradation Thomas, Laura et al. 2002
degradation Glaunsinger, Lee et al. 2000
degradation
DLG4 P2 degradation PSD95 Handa, Yugawa et al. 2007
degradation Gardiol, Kuhne et al. 1999
DLG2 P2 PSD93
DLG3 P2 SAP102
DLG3 P3 SAP102
DLG2 P3 PSD93
degradation PATJ Storrs and Silverstein 2007
DLG2 P1 PSD93
MAST2
LIN7C
PDZRN3 P1 degradation LNX3 Thomas and Banks 2015
SCRIB P3 degradation Nakagawa and Huibregtse 2000
SNTB1
TIP-1 stabilisation TAX1BP3 Hampson, Li et al. 2004
degradation Jing, Bohl et al. 2007
SNTB2 stabilisation Thomas, Myers et al. 2016
DLG3 P1 SAP102
PTPN4
LIN7A
_degradation Glaunsinger, Lee et al. 2000
MAST1
SCRIB P1 degradation Nakagawa and Huibregtse 2000
degradation Glaunsinger, Lee et al. 2000
SCRIB P2 degradation Nakagawa and Huibregtse 2000
SNTA1
FRMPD2 P1
degradation Glaunsinger, Lee et al. 2000
MAGI-2 P6 degradation Thomas, Laura et al. 2002
RGS12
MPP6 PALS2
MPP5 stardust
MAGI2 P4 degradation Thomas, Laura et al. 2002
MAGI-2 P3 degradation Thomas, Laura et al. 2002
degradation Thomas, Laura et al. 2002
PDZK1 NHERF3

It has been shown in a number of studies that the E6 oncoproteins of different HPV types differ in their binding affinities for their various cellular target proteins [4,
227,284]. This was demonstrated particularly clearly by Ref. [4]; who measured the binding affinities of HPV-16 and HPV-18 E6 for a huge array of different PDZ
domains and in Table 1 we show the most strongly-bound PDZ domains of the two E6s in order, starting with the highest affinity, and with the previously confirmed
interacting proteins defined in different colours.

It is immediately clear that the order of the most-favoured binding partners differs between the two E6s, although the second PDZ domains of the MAGI protein
family members are confirmed as the highest binders of both [62,63,285], while SCRIB and DLG1 are, respectively, the second-favoured proteins of HPV-16 and
HPV-18, as would be expected from previous results [226] and that HPV-16, but not HPV-18, binds to PDZRN4 [5].

Interestingly, however, the specific PDZ domain of a given protein also seems to differ: DLG1 binding was initially determined using HPV-18 and PDZ2 was defined
as the binding domain, however HPV-16 appears to favour PDZ3; given the sequence differences between the two PBMs (16E6 is -SSRTRRETQL; 18E6 is
-RLQRRRETQV) this may reflect the binding capacity of each PDZ domain for either a Leu (16E6) or Val (18E6) as the final residue, and there may well be a
contribution from the upstream serines to 16E6 binding [229,286]. Thus, although the high-risk E6 proteins target a common set of PDZ-containing cellular
proteins, it is clear that they may not all target them through the same PDZ domain and thus may compete with the binding of different cellular PDZ-binding
proteins, with potentially differing secondary downstream effects within the infected cell.

It is also clear from this list that although many of these cellular proteins have been previously defined as E6 targets [5,59,118,119,227,287,288,290-292,294,295],
nearly half of the PDZ domains bound in this assay are from proteins that have not been so defined, and it might well be worth examining more closely their
potential as targets, under various cellular conditions such as differentiation, hypoxia, or low nutrients.
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the cellular changes that lead to malignancy - lack of the PBM in the
context of the whole HPV-18 genome leads to an increase in the fre-
quency of abnormal mitoses [220] - and for the episomal maintenance of
the viral genome [221-223].

The most well-known PDZ domain-containing targets of the high-risk
E6 PBM are proteins involved in cellular polarity, including core com-
ponents of the polarity control pathways - DLG1, hScrib, PATJ, PAR3, as
well as the tight junction protein MAGI-1 (mentioned above), all of
which are targeted for ubiquitin-mediated degradation at the protea-
some, thus disrupting cellular polarity control (reviewed in Refs. [154,
224,225]) However, the diverse sequences of the E6 PBMs from different
HPV types leads to their quite distinct target selectivity profiles [226,
227], -illustrated in Table 1, with DLG1 being almost the only target
consistently bound by all E6 PBMs, suggesting that it may have been the
original PDZ target in the adaptation to replication in the
muco-cutaneous evolutionary niche [228,229]. Interestingly, stronger
binding to Scrib by the E6 PBM appears to correlate with stronger cancer
association of the HPV type [227,230], as does the degree of flexibility of
binding, exemplified by the number of polarity proteins targeted. It is
also interesting to note that while E6 induces Scrib degradation, it has
also been shown to cooperate with Scrib in maintaining active mTORC
signalling in HeLa cells [231], thus confirming yet again that many of
the E6 interactions are context-dependent. However, a key element
appears to be the multifunctionality of HPV-16 and HPV-18 E6s tar-
geting multiple different PDZ-containing proteins and pathways. It is
intriguing that the most prominent high-risk types - HPV-16 and -18 - are
also the most multifunctional; does this multifunctionality associate
with increased fitness of the virus? Certainly, targeting multiple path-
ways would seem to increase cancer-causing ability. However, a major
question remains as to which PDZ interactions are relevant at different
stages of the life-cycle and at different stages of malignancy (Fig. 4).
Indeed, in low-grade lesions Scrib and DLG1 are very highly expressed
and mislocalised [232], which could be indicative of an oncogenic
function, which later is no longer needed and ultimately both proteins
are absent from late-stage cancers. Finally, how the targeting of PDZ
proteins cooperates with other biochemical targets still remains to be
defined.

Although E6 induces degradation of the AJ proteins DLG1 and Scrib,
and the tight junction MAGI-1, it also stabilises the ZO-2 TJ protein to
increase cell proliferation [227,233], while E6 and E7 together down-
regulate the AJ protein E-cadherin through cdc6 induction to increase
proliferative signalling.

The E6 PBM is regulated by phosphorylation: upon phosphorylation
the binding affinity switches completely from PDZ domains to members
of the 14-3-3 family [234-236], although the kinases involved differ
between different HPV types [171,236,237]. Interestingly, this PDZ to
14-3-3 phospho-switch has also been demonstrated in a number of
cellular protein PBMs [238], suggesting that this may be a common
method of specificity control, and also that there are contexts in which
PDZ protein-dependent and 14-3-3 protein-dependent signalling are
inversely linked in the cell. Indeed, 14-3-3 remains an enigma and it is
still unclear whether specific isoforms are more relevant than others.
There are also major open questions about whether the phosphorylation
of E6 might also confer the ability to interact with other cellular targets.

10. Interactions with ubiquitin ligases

E6 and E7 co-opt cellular E3 ubiquitin-protein ligases to label their
cellular target proteins (reviewed in Refs. [5,239,240]). The best known
of these interactions are the E6/E6AP interaction with p53 [241] and the
E7/CUL2 interaction with pRb [242], but a number of other partner-
ships have been identified. Determining the relevance of these in-
teractions is complicated by the fact that E6 requires E6AP for its
stability [243], and thus the presence of E6AP is necessary for the
development of cancers in transgenic mice [215]. It is clear that in
several cases more than one ligase can be used, for example p53, MAGI-1
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and Scrib can be degraded in E6AP-dependent and -independent man-
ners [58,119,244-249]. It would be interesting to know if the cellular
pools of the target proteins are the same in each case, since it has been
clearly shown by proteasome inhibition of HPV-positive and
HPV-negative tumour cell lines that E6 can discriminate between
different pools of its target proteins [250], with high levels of nuclear
DLG1 being rescued in inhibitor-treated HPV-positive cells only. In
addition, E6 preferentially targets the MAGI-1c isoform [57], which is
the only isoform with a nuclear localisation sequence [251].

Interestingly, E6 uses the ligase EDD to induce the degradation of
TIP-60 [252], but also enhances EDD’s activity in inducing the degra-
dation of E6AP itself [253], which in turn leads to a reduction in E6
levels. This type of negative feedback is also seen when E6 induces the
degradation of Scrib [119], while Scrib enhances the expression of E6
[231]. This suggests that these interactions may be involved in main-
taining the correct levels of the HPV oncoproteins to further the virus
life-cycle while not pushing the cell dangerously close to immortal-
isation, in which case the life-cycle would cease.

11. Proliferative and differentiation-inducing signalling

HPV E6 targets NOTCH, a signalling pathway that has both tumour
suppressor and oncogenic outcomes depending on context [254,255],
and which is important in keratinocyte differentiation [256,257].
NOTCH signalling is repressed by E6 proteins from non-alpha types,
through binding to MAML-1 transcriptional coactivators [14,16],
repressing MAML-1’s enhancement of NOTCH signalling and thus
delaying keratinocyte differentiation [13,258]. MAML-1 binding occurs
through a motif similar to that used by alpha-HPV E6 proteins to bind
E6AP [259,260]; alpha-HPV E6s have not been shown to bind MAML-1
in this way, and this may be a defining difference between mucosal and
cutaneous HPVs, reflecting potential differences in keratinocyte
differentiation-inducing signalling in the respective host cell types.
Nonetheless high-risk alpha HPVs do target NOTCH signalling: NOTCH
downregulation is required to maintain E6/E7 expression in cervical
cancer cell lines [261,262] and loss of NOTCH function stimulates
HPV-16-driven head and neck carcinogenesis [263].

E6AP is required for E6 to induce degradation of NHERF1 [264,265],
thus relieving NHERF1 inhibition of canonical Wnt/p-catenin signalling
and allowing nuclear accumulation of p-catenin [266]. However, since
E6AP alone can enhance f-catenin nuclear accumulation [267], the role
of the E6-E6AP interaction is not yet entirely clear, and different HPV
types may vary in their methods of achieving the same effects. It has
been suggested that the E6 PBM is also required [268], but since low-risk
HPV E6 also appears to induce NHERF1 degradation [269], this may not
be necessary. NHERF1 targeting by both high- and low-risk E6s suggests
that, like the similarly targeted Bak [52], the downstream effects of the
interaction are essential for the virus life cycle. However, E6’s targeting
of the related NHERF2 [270], leading to upregulated p27 and Cyclin D,
is PBM-dependent and may enhance tumorigenic potential. This sug-
gests the potential danger for the high-risk viruses in targeting multiple
proliferative signalling pathways at the same time.

12. Telomerase activation

A key feature of E6-induced malignancy appears to be activation of
Telomerase [271,272], and indeed it is a feature of the majority, if not
all, human cancers (reviewed in Ref. [273]). HPV E6s activate telome-
rase through pathways that are still controversial: with various studies
suggesting or refuting the requirements for cooperation with myc
[274-278], NFX1 [279,280], or E6AP [280,281,211,282,283]. It is
entirely possible that, as with other HPV oncogene activities, different
virus types employ different mechanisms to achieve the same end. In
addition, it is not clear to what extent the potential involvement of EGAP
may be related to E6AP’s stabilising effect upon E6 [243], rather to than
its ubiquitin ligase activity. By whatever means the activation is
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effected, a major question is why this interaction arose in the first place?
Clearly in its classical function, the activation of telomerase is irrelevant
for the viral life-cycle, but can play a role in tumorigenesis. This brings
us to the wider question of multifunctional proteins, and whether the
activities targeted by E6 and E7 to enhance the viral life-cycle differ
from those that play a role in tumour development, and the latter are
unfortunate by-products or mistakes.

13. Conclusion

It is clear that identification of a potential interaction between an
HPV oncoprotein and a cellular target is only the start; the context-
dependence must be clarified. Determining whether the interaction is
place-specific: i.e. where in the cell, or where in the epithelium: whether
it is time specific: i.e what phase of the cell cycle, or when in the life
cycle. The target’s context is also vitally important - certain HPV targets
can have both tumour suppressive and oncogenic characteristics, e.g.
DLG1, Scrib, MAGI-1, p53. So not only is it necessary to determine what
is targeted, but also, when, where, how...and why.

In the case of many target proteins, for example Telomerase, or PDZ
proteins, it may well be that we don’t yet understand all their biological
effects and, as a corollary, such unknown functions may be what the
virus is aiming to target or manipulate. Hence, the great power of
virology lies in using uniquely evolved viral interactions to unpick the
mechanisms regulating cellular homeostasis in life and death.
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