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Abstract: Human papillomaviruses (HPVs) represent a diverse group of DNA viruses that infect
epithelial cells of mucosal and cutaneous tissues, leading to a wide spectrum of clinical outcomes.
Among various HPVs, alpha (α) and beta (β) types have garnered significant attention due to their
associations with human health. α-HPVs are primarily linked to infections of the mucosa, with
high-risk subtypes, such as HPV16 and HPV18, being the major etiological agents of cervical and
oropharyngeal cancers. In contrast, β-HPVs are predominantly associated with cutaneous infections
and are commonly found on healthy skin. However, certain β-types, notably HPV5 and HPV8,
have been implicated in the development of non-melanoma skin cancers in immunocompromised
individuals, highlighting their potential role in pathogenicity. In this review, we comprehensively
analyze the similarities and differences between α- and β-HPV E6 oncoproteins, one of the major
drivers of viral replication and cellular transformation, and how these impact viral fitness and the
capacity to induce malignancy. In particular, we compare the mechanisms these oncoproteins use to
modulate common cellular processes—apoptosis, DNA damage repair, cell differentiation, and the
immune response—further shedding light on their shared and distinct features, which enable them
to replicate at divergent locations of the human body and cause different types of cancer.
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1. Introduction

Human papillomaviruses (HPVs) are a family of small DNA viruses that infect epithe-
lial cells at various anatomical sites of the human body. It is a large and diverse group of
viruses, divided into five genera (alpha (α), beta (β), gamma (γ), mu (µ), and nu (ν)) based
on the open reading frame sequence coding for the L1 capsid protein. Thus far, 451 different
HPVs have been discovered [1–3]. Among the five genera, α and β have received the most
comprehensive attention, largely because of their capacity to pose health risks to humans.

Based on the ability to cause cancer, α-HPVs can be classified as low-risk (LR) and
high-risk (HR) types. Infections with LR types, like HPV-6 and -11, result in benign
anogenital warts, while HR types, such as HPV-16 and -18, contribute to HPV-induced
carcinogenesis in a subset of infected individuals [4–6]. HPV-16 and -18 alone account
for roughly 80% of cervical cancer (CC) cases, with other HR types being associated with
the remaining 20% [4,5]. HR mucosal α-HPVs are also implicated in approximately 70%
of other anogenital cancers and up to 50% of head-and-neck squamous cell carcinomas
(HNSCC), where HPV-16 is the most prevalent cancer-causing type [7]. The malignant
cellular transformation driven by HR-HPV oncoproteins is predominantly caused by the
process of integration of viral genomes into the host genome, leading to the deregulation of
oncoprotein expression and the abrogation of the productive viral life cycle [8].

Unlike α-HPVs, HPVs of the β genus are not carcinogenic in themselves but can
contribute to the development of skin cancer in specific cases, such as in patients with the
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genetic disorder Epidermodysplasia verruciformis (EV) or those who are immunocompro-
mised [9,10]. β-HPV types, such as HPV-5 and HPV-8, have been found in EV patient skin
lesions and squamous cell carcinoma (SCC) samples; however, subsequent analyses have
shown that β-HPVs do not cause cancer but facilitate its occurrence by inhibiting apoptosis
in response to UV damage [11,12]. Additionally, and importantly, β-HPV oncoproteins do
not integrate into the host genome.

Most of the current knowledge about the virus was acquired from either tissue samples
or various cellular and transgenic animal models of HPV-associated disease. Clinical
samples are mostly used in epidemiological studies and biomarker discovery and validation
but cannot be propagated indefinitely in vitro. For this reason, as well as for consistency
and reproducibility, HPV-expressing keratinocytes are frequently used in monolayer and
3D organotypic raft cultures [13]. This approach is particularly useful for investigating the
process of early infection, the viral life cycle of HR-HPVs, and malignant transformation,
in addition to allowing the expression of individual viral proteins and evaluating their
interactome [14,15]. For LR and cutaneous HPVs, which seem to persist less efficiently
in organotypic raft culture systems, animal mouse models are used as an efficient way
to circumvent this [13]. A good example is MmuPV1, the recently discovered murine
naturally occurring papillomavirus. Since infected mice with this virus can carry the
complete viral productive life cycle in both cutaneous and mucosal tissues, eventually
resulting in malignant development, it is considered an excellent model for studying
various viral aspects [16]. Furthermore, another commonly used transgenic mouse model is
based on genetically engineered mice expressing individual or combined HPV genes under
keratin promoters, such as HPV8 early genes or HPV16 oncoproteins, being expressed
under a human keratin 14 promoter [17–19]. In this way, various HPV protein functions
can be dissected. In addition, recent reports indicate that a direct, anatomically local
transfection with HPV-gene-expressing plasmids can be used to obtain a spontaneous
model of cervical carcinogenesis [20,21]. Such mouse models can be used to examine the
progression of infection in vivo, to evaluate the role of cellular factors in HPV-associated
disease, and to determine the individual impacts of each HPV oncoprotein.

E6 and E7 oncoproteins are essential for supporting persistent infection and viral
propagation of both α- and β-HPVs, with α-HPVs coding for an auxiliary pseudo onco-
protein E5 that is also involved in this process [22]. Specifically, E6 and E7, two major
HPV oncoproteins, are required for cellular reprogramming needed for optimizing the
environment, which is necessary for undisturbed viral replication, but importantly, they
also play crucial roles in HPV-driven malignancies (Figure 1) [23]. E6 oncoproteins of both
α- and β-HPVs target some of the same cellular pathways, but usually in unique ways. A
good example of this would be various ways of targeting p53 by α and β-E6s, ultimately
resulting in disruption of p53 normal activities [24]. Furthermore, E6 oncoproteins from
both genera aim to disrupt the normal processes of apoptosis and cell differentiation, as
well as the DNA repair system, in order to ensure the continuous proliferation of cells,
the replication of the viral genome, and cell survival [25]. However, these E6 activities are
not solely sufficient to immediately drive cellular transformation; rather, all of the new
traits’ cells acquire as a consequence of E6 oncoprotein long-term expression, together
with other HPV-dependent modulations, are later likely to contribute to the malignant
phenotype [26,27]. In α-HPV-induced cancers, E6 was shown to be indispensable for the
maintenance of this phenotype. This was supported by previous studies, which have
shown that interfering with E6 at either RNA or protein levels can be an efficient way
of pushing HPV-positive (HPV+) cells into senescence or apoptosis [28,29]. Therefore,
understanding the disparities in E6 functions is crucial for developing targeted prevention
and direct treatment strategies, which are currently still not available.
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Figure 1. Differences in genome organization, viral life cycle, and malignant progression between 
α- and β-HPVs. (A) HR-HPVs infect mucosal epithelia via micro-wounds, and they manipulate dif-
ferentiating cells to efficiently propagate new virions, with viral gene expression (light blue—onco-
proteins, orange—other early proteins and capsid proteins) coinciding with the stages of keratino-
cyte maturation (middle panel). As basal cells become dysplastic, the viral gene expression becomes 
more disordered, while E6/E7 acquire the primacy in expression over other proteins. This process 
leads to a reduced productive infection, resulting in the release of fewer virions (right panel). 
Premalignant stages are also indicated (LSIL—low-grade squamous interepithelial lesion; HSIL—
high-grade squamous interepithelial lesion). (B) The natural reservoir for HPV8 and many other β-
types is considered to be cutaneous epithelia, including hair follicles. Their life cycle is also depend-
ent on keratinocyte differentiation, with orchestrated expression of viral genes delaying keratino-
cyte maturation and enabling the production of new virions (middle panel). β-HPV genomes do not 
integrate into the host genome and are considered to act as cofactors in tumor initiation but are not 
necessary for tumor maintenance. The viral load is higher in premalignant states than in cSCC, and 
it is currently unknown whether β-HPVs can complete their life cycle in transformed cells (right 
panel). Expanded and adapted from [23]. 
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the late (L) region, and the upstream regulatory region (URR), where the origin of DNA 
replication is located. The E region typically contains six open reading frames (ORFs): E1, 
E2, E4, E5, E6, and E7, while the L region contains two: L1 and L2 (Figure 1A) [30,31]. The 
early genes, E1 and E2, and the late genes, L1 and L2, are well conserved between the 
genera. The E1 gene encodes a virus-specific DNA helicase, which is crucial for the repli-
cation and amplification of the viral genome. Additionally, it can trigger breaks in the host 
DNA and activate the ATM (Ataxia–Telangiectasia Mutated) damage response pathway, 
which is important for HPV DNA replication [32]. The E2 protein serves as a viral tran-
scription factor and binds to sites in both the host and viral DNA. Additionally, E2 en-

Figure 1. Differences in genome organization, viral life cycle, and malignant progression between α-
and β-HPVs. (A) HR-HPVs infect mucosal epithelia via micro-wounds, and they manipulate differen-
tiating cells to efficiently propagate new virions, with viral gene expression (light blue—oncoproteins,
orange—other early proteins and capsid proteins) coinciding with the stages of keratinocyte mat-
uration (middle panel). As basal cells become dysplastic, the viral gene expression becomes more
disordered, while E6/E7 acquire the primacy in expression over other proteins. This process leads to
a reduced productive infection, resulting in the release of fewer virions (right panel). Premalignant
stages are also indicated (LSIL—low-grade squamous interepithelial lesion; HSIL—high-grade squa-
mous interepithelial lesion). (B) The natural reservoir for HPV8 and many other β-types is considered
to be cutaneous epithelia, including hair follicles. Their life cycle is also dependent on keratinocyte
differentiation, with orchestrated expression of viral genes delaying keratinocyte maturation and
enabling the production of new virions (middle panel). β-HPV genomes do not integrate into the
host genome and are considered to act as cofactors in tumor initiation but are not necessary for
tumor maintenance. The viral load is higher in premalignant states than in cSCC, and it is currently
unknown whether β-HPVs can complete their life cycle in transformed cells (right panel). Expanded
and adapted from [23].

2. Differences in Genome Organization

The HPV genome is approximately 8 kb long and organized into the early (E) region,
the late (L) region, and the upstream regulatory region (URR), where the origin of DNA
replication is located. The E region typically contains six open reading frames (ORFs): E1,
E2, E4, E5, E6, and E7, while the L region contains two: L1 and L2 (Figure 1A) [30,31].
The early genes, E1 and E2, and the late genes, L1 and L2, are well conserved between
the genera. The E1 gene encodes a virus-specific DNA helicase, which is crucial for the
replication and amplification of the viral genome. Additionally, it can trigger breaks in
the host DNA and activate the ATM (Ataxia–Telangiectasia Mutated) damage response
pathway, which is important for HPV DNA replication [32]. The E2 protein serves as a
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viral transcription factor and binds to sites in both the host and viral DNA. Additionally,
E2 enhances the binding of E1 to the origin of replication [33]. It also regulates E6 and E7
expressions at the transcriptional level, keeping these viral transcripts at low copy numbers
until the infected keratinocytes undergo differentiation [34]. L1 and L2 are major and minor
capsid proteins whose conservation is important for proper virion assembly and proper
encapsidation of the viral genomes.

In comparison to L1/L2 and E1/E2, there are many more variations present among
the other early genes. The E4 protein, involved in viral maturation and escape from the
cell surface, can be found in all HPV genera, but interestingly, it is poorly conserved [35].
This variability is thought to reflect the adaptation of individual species to the tissue they
preferentially infect. The heterogeneity of viral genes also extends to E6 and E7, even
though there is considerable conservation of important functional domains, especially
concerning the E7 oncoprotein [36–38]. It is important to note that the variations in the
viral genome sequence exist below the level of HPV type. These genomic nucleotide
differences of 1–10% are called variants, and they have a specific geographic and ethnic
distribution [31,39–41]. Several studies have addressed the differences in functional abilities
between different HR E6 variants, and some of them were indeed found to be more efficient
in target degradation or interaction [42,43]. What is also interesting is that some variants
were found to be present in higher frequencies in particular sites of infection. For example,
16 E6 variant R10G is rarely detected in CC but was found to be relatively frequent (19%)
in tonsillar SCC [44]. Detailed structural and functional analyses still have not completely
elucidated this phenomenon, but it seems that even minute changes in the E6 gene sequence
could be critical [45].

One important difference between α- and β-HPV genomes is that β-types lack the
ORF for the E5 oncoprotein (Figure 1). E5 is a small (between 40 and 93 amino acids
(aa) long), triple-pass, hydrophobic transmembrane protein, which can oligomerize to
create transmembrane channels [46,47]. Interestingly, β-HPVs, γ-, and µ-genera also lack
E5. Even within the α-genus, the E5 gene seems to be highly variable and can thus be
phylogenetically classified into four separate families, termed α to δ [48]. All HR-HPVs
share the E5α protein, which has a variety of roles within infected keratinocytes [48]. It
ensures the replication of differentiating keratinocytes by enhancing growth pathways [49].
It can alter signal transcription and transduction by binding hub-proteins [22], modulate the
immune response by manipulating the transcription of MHC I (Major Histocompatibility
Complex I) molecules [50], and apoptosis by reducing receptor transcription [22,51]. Notably,
several studies have found that E5 can induce the transformation of fibroblasts and epithelial
cells, probably by enhancing EGFR (Epidermal Growth Factor Receptor) signaling [52–54].
Nevertheless, the E5 protein of mucosal α-HPVs is considered to be lost during viral
genome integration and cellular transformation, even though E5 gene transcripts have
been found in high-grade lesions and CC samples. This could be due to a heterogeneous
population of cancer cells in some of which the viral genome integration was not complete,
and in this case, E5 could potentially contribute to cell transformation [55–57]. This could
be of importance in HNSCC, where the HPV genome was found to be integrated in only
50–60% of cases [58].

E5 plays a major role in adapting the cellular environment for viral replication in the
cases of mucosal HPV infections. It is possible that its role is indispensable for viral replica-
tion in this specific type of tissue and that it was lost in cutaneous species because it did not
provide an evolutionary advantage. Even though it clearly is not crucial for all HPV genera,
its functions definitely contribute to the initial stages of HR-HPV-induced carcinogenesis.

3. Tissue Tropism

In addition to their host and the sequence of the L1 ORF, papillomaviruses can also be
classified based on their infection preference for a particular anatomical site. The α-HPV
genus contains species that infect both mucosal and cutaneous epithelia. Interestingly,
LR α-HPVs are capable of infecting both mucosal and cutaneous tissues, while all HR
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α-HPVs exclusively infect and replicate in mucosal epithelia. β-types, on the other hand,
are considered cutaneous; the infection is usually subclinical, and papillomas appear only
in immunocompromised individuals [59,60].

What is particularly interesting is that even different HR α- types show varying
capabilities for infecting keratinocytes of different anatomical sites. For example, 70% of
CC cases are caused by HPV16 and HPV18, while nearly all HPV+ HNSCC are caused by
HPV16 [59,61]. Similarly, the LR α-HPV type HPV6 causes warts primarily in genital sites,
while a very similar HPV11 preferentially infects oral sites [59,62,63]. The preference for
a specific anatomical site depends on multiple factors, including viral genotype and host
immunity. Current research suggests that viral entry plays less of a part in tissue tropism
than viral gene expression and that regulatory elements within the LCR play a pivotal role
in determining the range of tissues that the virus can infect [59,64,65]. One additional factor
in tropism could also be the virion surface charge, as differences were reported between
cutaneous and mucosal species [66]. Recent advancements in detection methods have
facilitated the detection of even greater numbers of papillomaviruses isolated from hair
follicles, skin, and genital lesions, and this has put into question the strict division in tissue
preference between HR α-HPVs and β-HPVs [67]. Dual tropism has been confirmed for
the most common cutaneous β-HPV species, β-1 and β-2, which have been found in the
oral and anal mucosa, as well as the nasal cavity [68,69]. Additionally, the three HPV types
of the β-3 group, the group most similar to HR α-HPVs, have been found to be able to
immortalize or extend the life span of human foreskin keratinocytes [70]. The ability of
these different β-types to complete their life cycle in mucosal cells has not yet been proven,
and neither has the potential influence of their presence on cell behavior.

It is uncommon for diseases caused by specific HPV types to manifest at atypical sites,
such as HPV1, causing warts in sites other than hands and feet [71]. When such instances
do occur, they often present with non-standard characteristics in terms of morphology and
pathology. This indicates that while the anatomical site might accommodate viral infection,
it might not be adapted or adaptable to viral propagation. That being said, researchers
investigating viral tropism should take note and not limit themselves to a single body
region or anatomic site.

4. The HPV Life Cycle

The viral life cycle is perfectly coordinated with the process of keratinocyte differentia-
tion. This process begins in the basal layer of the epithelium, where stem cells reside. In
normal tissue development, when basal cells divide, one resulting daughter cell remains in
the basal layer, while the other begins the process of terminal differentiation and starts to
move toward the top layers of the stratified epithelium. As keratinocytes ascend, they enter
the spinous layer, where structural proteins such as involucrin, loricrin, and various cytok-
eratins critical for cellular cohesion and the development of the cornified envelope begin to
be produced. Following this, cells enter the granular layer, where intracellular lipids are
accumulated, making the skin impermeable to water. Finally, keratinocyte differentiation is
finalized in the stratum corneum [72].

HPV infection begins when the virus gains access to the basal cells, often via a micro
injury or, in some cases, as with cutaneous HPVs, via hair follicles (Figure 1) [73]. HPVs
gain entry into cells via endocytosis. The penetration of the cell, facilitated by L1 and
L2, involves interactions with various cellular components such as heparan sulfate and
proteoglycans; however, the precise cellular receptor responsible for this process remains
unidentified [60]. Once the infection occurs with a limited number of virions, HPVs begin
to replicate independently of the cell cycle, resulting in the production of approximately
50–100 viral copies within each cell, where they exist as episomal DNA. This autonomous
viral replication is driven by the expression E1 and E2 [32,34]. The relatively slow rate of
viral replication in basal cells serves to evade immune system detection and response [50].
This initial process of infection is thought to be the same for both α- and β-HPVs (Figure 1).
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After the autonomous genome replication during early infection, the viral life cycle becomes
completely dependent on keratinocyte differentiation (Figure 1).

The process of late HPV infection and its synchronization with keratinocyte differ-
entiation is fairly well-defined for α-HPVs but still somewhat unclear for β-HPV types.
As basal cells divide, commit to the keratinocyte lineage, and travel vertically through the
skin, they carry HPV genomes with them. E6 and E7 oncoproteins start being expressed at
this time, initially to ensure that the differentiating cells remain in the cell cycle (E7) and
that they do not succumb to apoptosis as a consequence of proliferation (E6). The ability
to force proliferation in terminally differentiating cells seems to be a key characteristic of
HR-HPVs, even though many other HPV types can drive cell cycle re-entry [9]. E1∧E4 also
starts to be expressed at this time. E4 contributes to genome amplification and disrupts
keratin filaments within the cell to mitigate virion release. For this reason, its expression
is increased toward the top layers of epithelia [35]. Finally, E2 is again expressed from
the late promoter, which leads to E6 and E7 downregulation, allowing for the terminal
differentiation of the cells and the expression of HPV capsid proteins. After this, the virions
are assembled and shed with the dead keratinocytes (Figure 1A) [74].

HPV infections are usually asymptomatic and cleared by the immune system but can
also result in neoplasia. In the case of HR α-HPVs, cellular transformation occurs as a
result of oncoproteins’ dysregulation (Figure 1A). This usually happens after the process of
integration of viral genomes into the host genome, which results in the loss of all genes
except E6 and E7 [75,76]. In the case of β-HPVs, the process is not nearly as clear. β-HPVs
are a part of the microbiota of 80–90% of individuals, but their role in skin carcinogenesis
is still being debated (Figure 1B). Most researchers agree that β-HPVs can act as cofactors
in carcinogenesis, an opinion supported by several meta-studies claiming that β-1 and
β-2 seropositivity in healthy individuals indicates a higher risk of developing cSCC, as
well as numerous studies about the impact of β-HPVs on skin carcinogenesis in immuno-
compromised individuals [77–79]. The currently suggested mechanism claims that the
expression of β-HPV oncoproteins in skin keratinocytes alters the local immune response,
prolongs the process of differentiation, interferes with DNA damage repair and apoptosis,
and that all of this makes the cell susceptible to UV damage [80–83]. Unlike α-HPVs, where
viral integration drives malignant transformation, β-HPVs are cofactors in the process
(Figure 1B). The UV damage induces mutations that accumulate and eventually lead to
cellular transformation [79]. Once the cell becomes malignant, β-HPV oncoproteins are no
longer needed to maintain the phenotype, unlike in α-HPV-induced cancers (Figure 1) [27].

5. E6 Oncoproteins and the Commonly Targeted Pathways

As described above, E6 is one of the two crucial HPV oncoproteins. It is about 150
amino acids (aa) long and has a mass of about 18 kDa. Structurally, it contains two zinc-
finger domains with two C-x-x-C motifs, each connected with a short linker helix [84]. The
two zinc-finger domains form a hydrophobic pocket that binds proteins containing an
acidic LXXLL motif [85]. Both of the zinc-binding domains are important for E6 structural
integrity, and they are both crucial for E6 function [86]. The two zinc-binding domains are
conserved between E6 oncoproteins of different genera. On the C-terminal of HR-α-E6
oncoproteins, there is a PDZ-binding motif (PBM) that enables the virus to interact with
PDZ domain-containing proteins (will be discussed later) [87]. Because the PBM can be
found only on E6 oncoproteins of cancer-causing HPVs, it is considered to be one of the
pivotal factors responsible for the malignant transformation of HPV-infected cells. As
previously noted, the E6 gene is poorly conserved and highly variable. The evolutionary
variability of E6 is demonstrated by the fact that not all papillomaviruses even code for E6;
the γ-HPVs HPV101 and HPV103, for example, code for the E10 protein instead [88,89].
The differences between α- and β-E6 oncoproteins are, therefore, expected. However, some
homology exists, and this is reflected among a subset of the commonly shared targets
between the oncoproteins (Figure 2). The more interesting fact is that there are several
other E6 targets, which are genus-exclusive, and thus affected in distinct and specific ways
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by each of the oncoproteins (Figure 2). The interplay between E6 oncoproteins and these
particular substrates is likely to be responsible for the differences among different HPVs in
their viral fitness and oncogenic potential.
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+ refers that the protein is a partner of the β3 species, and $ refers that the protein is the partner of
β4 species.

5.1. Apoptosis
5.1.1. p53

p53 is probably the most well-known and extensively researched tumor suppres-
sor protein. It serves as “the guardian of the genome”; that is, its main function is the
maintenance of the genome integrity of the cell, but it also plays a part in development, dif-
ferentiation, and aging [90]. As a response to DNA stress (replication stress, DNA damage,
or oncogene activation), p53 undergoes a post-translational modification, prolonging its
half-life and enabling it to bind to specific DNA sequences in the cell. This promotes the
transcription of genes involved in various biological processes, ultimately leading to cell
cycle arrest, senescence, DNA repair, or apoptosis [90]. Due to the importance of its roles,
it is clear why p53 is mutated or inactivated in over half of all human cancers, including
HPV-induced malignancies.

HR HPV E6 oncoproteins interact with the ubiquitin ligase E6-associated protein
(E6AP) of the host via the LXXLL motif, resulting in E6/E6AP complex, which ensures E6
protein stability in the cell [91,92]. This interaction then further enables the oncoprotein
to form a ternary complex with p53, leading to p53 proteasomal degradation and the
evasion of cell death (Figure 3) [93]. LR HPV E6 oncoproteins do not show this ability, even
though they can bind E6AP [94,95]. Additionally, α-HPV E6 oncoproteins have developed
several additional mechanisms for inhibiting p53 signaling. E6 can prevent p53 acetylation
via the binding of the CBP (CREB-Binding Protein)/p300 histone acetyltransferase and
the formation of a p53-E6-p300/CBP complex (Figure 3) [96–98]. p53 acetylation is also
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inhibited via the E6-mediated degradation of the transcriptional coactivator ADA3 (Alter-
ation/Deficiency in Activation 3) (Figure 3) [99]. Signaling via p53 can be inhibited by the
direct binding of E6 to p53, and both LR and HR HPVs show this ability [100,101]. Finally,
E6 has the ability to sequester p53 in the cytoplasm, thus disabling its effects (Figure 3) [102].
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As already mentioned, the ability of HR-HPV E6 to degrade p53 depends on its
interaction with E6AP. On the contrary, the vast majority of β-HPV E6 does not interact
with E6AP and degrade p53 even though they have the same LXXLL binding motif. Very
notable exceptions to this “rule” are β3 species types HPV49, HPV75, and HPV 76, which
bind E6AP and degrade p53, the β2 species HPV38 and β4 species HPV 92, which bind
E6AP but stabilize p53, and a β1 species HPV24 that binds E6AP, but its effect on p53
turnover has not been evaluated (Figure 3) [70,103–105]. However, it is broadly considered
that β-HPV E6 proteins convey resistance to apoptosis and interfere with p53 functions by
inhibiting its post-translational modifications [79]. Similar to α-E6 oncoproteins, β-HPV E6
oncoproteins can interact with p300/CBP and prevent the acetylation of p53 (Figure 3) [80].
They also have an additional mechanism for reducing p53 acetylation by p300/CBP—the
inhibition of p300 stabilization by AKT and its subsequent degradation in a proteasome-
dependent manner (Figure 3) [106]. This leads to a delayed accumulation of p53, increased
resistance to apoptosis, and the persistence of DNA damage induced by UVB radiation [107].
HPV38, again, seems to be an exception; the E6 oncoprotein of this HPV type weakly binds
p300 but does not induce its degradation. Nevertheless, this interaction seems to be
important for the inhibition of p53-dependent apoptosis [80]. Finally, β-HPV E6 prevents
the HIPK2 (Homeodomain-Interacting Protein Kinase 2)-mediated phosphorylation of
p53 in keratinocytes by binding the regulator and, possibly, inhibiting its interaction with
p53 (Figure 3) [108].

The role of p53 in the cell and its importance for maintaining cellular integrity has
long been known. In the context of viral infections, this is additionally demonstrated by
the fact that p53 is one of the rare common targets of HPVs, regardless of the genera. This
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suggests that abrogating p53 function is key for the virus to survive and thrive within the
host cell, which is commonly carried out by several different, genus-specific mechanisms.

5.1.2. BAK and BAX

BAK (Bcl-2 homologous Antagonist/Killer) and BAX (BCL2 Associated X, Apoptosis
Regulator) are members of the proapoptotic branch of the Bcl-2 family of proteins. As a
response to apoptotic stimuli, BAK and BAX are activated and accumulate in the outer mi-
tochondrial membrane. There, they oligomerize and mediate membrane permeabilization,
which leads to the release of other proapoptotic factors and the progression of apoptotic
signaling [109]. This event is considered a point of no return in programmed cell death,
and BAK and BAX are thought of as indispensable for the process.

α-HPV E6 oncoproteins degrade BAK in a manner similar to p53, i.e., by utilizing
the E6AP ubiquitin ligase [110]. This ability is not limited to only HR types but is also
found in LR ones, albeit to a lesser extent, corresponding to their reduced ability to prevent
apoptosis [111]. BAX was also found to be degraded and downregulated in keratinocytes
expressing E6 [112]. It was initially thought that BAX downregulation happened as a
consequence of p53 degradation by E6, but this does not necessarily seem to be the case, as
it was also found in cells lacking p53. Regardless, the precise mechanism of the inhibition
of BAX expression is still not clear [112,113]. In addition to BAK and BAX, E6 can stimulate
the degradation of the FADD (FAS-Associated Death Domain) receptor and downregu-
late procaspase 8, both of which are important for triggering and conducting apoptotic
pathways (Figure 2) [75].

BAK seems to be especially important when it comes to UVB-induced DNA damage in
the skin, which is why the ability of β-E6 to degrade BAK has extensive consequences [114].
All β-HPV types seem to have this ability and, like with α-E6 oncoproteins, the degrada-
tion is proteasome and ubiquitin ligase dependent, although there are some discrepancies
in regard to which ubiquitin ligase is needed [115,116]. β-HPV E6 oncoproteins also
seem to prevent the accumulation of BAK and BAX in infected skin keratinocytes after
UV irradiation [117,118]. Interestingly, not all β-E6 oncoproteins seem to be equally ca-
pable of preventing UV-induced apoptosis, but the specific reason for this is currently
unknown [117]. To corroborate the importance of these interactions, several reports note
that decreased levels of BAK have been found in HPV-associated skin cancers when com-
pared to HPV-negative ones [11,118,119]. It is worth noting that there is some indication
that HPV8 E6 also interacts with FADD, but not much is known about this [120].

Apoptosis resistance is clearly important for the successful viral replication in infected
cells, but what is particularly interesting in the case of HPV E6 oncoproteins is the fact
that both α and β-E6s target the same components of this vast apoptotic cascade. While
α-E6s have additional targets involved in programmed cell death, BAK and BAX degra-
dation are clearly central and universal in the process of viral replication and consequent
viral pathogenesis.

5.1.3. hTERT

Telomeres are repetitions of the 5′-TTAGGG-3′ sequence, 5000 to 15,000 nucleotides
in length, found on the ends of chromosomes. They are shortened by each cell division
and reaching the critical telomere length triggers programmed cell death. For this reason,
actively dividing cells employ the enzyme telomerase to extend their telomeres. Telomerase
is composed of the TERC (Telomerase RNA Component; a sequence template), hTERT
(Telomerase Reverse Transcriptase), and several auxiliary proteins (the dyskerin complex).
The TERT gene is upregulated or activated in 85–95% of all human cancers, and the same
can be postulated about HPV-induced malignancies [121].

HR-HPV E6 has multiple mechanisms for telomerase activation. Firstly, E6 directly in-
teracts with hTERT and telomeric DNA, and this activity appears to be E6AP-
dependent [86,122]. Secondly, it regulates the hTERT promoter and participates in epige-
netic and post-transcriptional hTERT regulation [123]. The E6/E6AP complex interacts
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with c-Myc, an hTERT expression regulator, and helps it displace the hTERT repressor
complex, resulting in increased hTERT gene transcription [122,124,125]. Additionally,
an hTERT repressor, NFX1-91 (Nuclear Transcription Factor, X-box Binding 1), under-
goes degradation in an E6AP-dependent manner, leading to an increase in HAT (Histone
Acetyltransferase) activity and a decrease in HDAC (Histone Deacetylase) activity, and ulti-
mately to additional hTERT transcription [126,127]. Interestingly, another splicing variant
of the same protein, NFX1-123, interacts with HR-HPV E6, and together, they bind and
stabilize hTERT mRNA, further amplifying the effect of hTERT upregulation [127–130].
The positive impact of NFX1-123 has also been corroborated in primary CC samples and
HPV+ HNSCC [129,131,132]. Furthermore, in vitro studies have revealed alterations in
DNA methylation patterns during HPV infection in HPV+ cells. These changes include hy-
permethylation of specific hTERT promoter regions and hypomethylation of other regions
in cells with HR-HPV oncoproteins [133]. This is at least partially due to the interaction
of HR-E6 with KDM5C (Lysine Demethylase 5C) demethylase of H3K4 histone and its
subsequent degradation [134].

Thus far, only HR α-HPVs have been definitely proven to activate hTERT, but, surpris-
ingly, some β-HPV E6 oncoproteins seem to also show this ability [135,136]. This appears
to be dependent on the strength of the interaction between the oncoproteins and E6AP
or NFX1-91 and is, therefore, found only in β-types that show the capacity for cellular
transformation, such as HPV38 and HPV49 [70,135,137].

Because telomerase shortening is a safeguard from uncontrolled cell division, and
HPVs induce physiologically unnecessary proliferation of keratinocytes, the virus had to
develop means to circumvent this mechanism. This appears to be the characteristic of the
virus types that exhibit a greater potential for cell transformation, and this is probably
at least in part due to hTERT activation. As a consequence, hTERT activation is also a
hallmark of HPV-induced cancers, as it is of many other human cancers.

5.2. DNA Damage Repair

To repair single- or double-strand breaks in the DNA, the cell utilizes several, often
overlapping, mechanisms. The mechanism used to repair single-strand breaks is called
single-strand break repair, while double-strand breaks are repaired by non-homologous
end joining and homologous recombination [138]. The most common proteins participating
in these processes belong to the phosphatidylinositol 3-kinase-like protein kinase (PIKK)
family. These are ATM, ATR (ATM- and Rad3-Related), DNA-PKca (DNA-dependent
Protein Kinase), and various members of the PARP (Poly (ADP-Ribose) Polymerase 1)
family of proteins. ATM and DNA-PKcs detect double-strand breaks caused by DNA-
damaging agents, while ATR detects long single strands of DNA [138]. After being recruited
to break sites on the DNA, the proteins are activated by phosphorylation, after which they
phosphorylate downstream targets [138].

Constitutively active DNA damage repair pathways have been found in cells ex-
pressing cancer-causing HPVs, even in the absence of DNA-damaging agents, and there
is evidence indicating that this is crucial for viral replication [76,139]. The activation of
DNA repair pathways, especially following treatment with chemotherapeutic drugs, has
an impact on HR-E6 binding preferences—the activation leads to E6 PBM phosphorylation
and a switch in binding partners (to be discussed later) [140,141]. HPV oncoproteins have
been found to co-localize with various members of the repair pathways on host and viral
genomes, and abrogating the pathways by either silencing or with inhibitors leads to a
decrease in differentiation-dependent viral genome amplification [142,143]. The hijacking
of DNA repair proteins by HPV and the preferential binding of these proteins to viral
DNA leads to enhanced levels and accumulation of DNA breaks, possibly resulting in
HPV genome integration and host genome instability [144]. The manipulation of DNA
repair mechanisms is usually attributed to the actions of HR-E7, but E6 also contributes
to the process. Epithelial cells expressing HR-E6 were found to have a reduced capacity for
repairing UV-induced thymidine dimers [145,146]. E6 also reduced the rate and fidelity of
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DNA end joining in both p53-dependent and independent ways [147]. One of the lesser-
known targets of HR-E6 is the protein MGMT (O-6-Methylguanine-DNA Methyltransferase)
(Figure 2). This protein is a methyltransferase that removes the alkyl group covalently bonded
to DNA, thereby preventing mutations, aberrations, and breaks [148]. E6 degrades MGMT in
an E6AP-dependent manner and, by doing this, disables another DNA repair pathway [149].
Finally, E6 binds XRCC1 (X-ray Repair Cross Complementing 1), a part of a multiprotein
complex necessary for repairing single-strand breaks, which leads to a decrease in DNA
repair efficiency [150,151]. α-E6s share this ability with their β counterparts, albeit to a
much greater extent [150].

The repairs of single and double-strand breaks are also significantly delayed in ker-
atinocytes infected with β-HPV, but β-oncoproteins manipulate these pathways in a distinct
way [82,107]. Both single and double-strand damage repair are thought to be disrupted
by the β-E6 degradation of p300 [152,153]. As mentioned, p300 degradation leads to
the reduction in ATR levels, indispensable for single-strand break repair, but also to the
downregulation of BRCA1 and BRCA2 (BRCA1 and BRCA2 DNA Repair Associated),
important for the homology repair of double-strand breaks [82,106,107]. It is tempting to
speculate that α-E6 could also modulate damage repair systems in the same manner by
their well-known degradation of p300, but, as to our knowledge, no proof of this seems
to exist. Furthermore, β1 HPV8 E6 attenuates the activity of DNA-PK, a protein kinase
indispensable for non-homologous break repair, and decreases the available amount of
ATM and ATR in infected keratinocytes [152,154]. These results are corroborated by in vivo
studies that demonstrate the physiological relevance of this inhibition [155].

5.3. Differentiation
5.3.1. Notch Signaling

The Notch signaling pathway is a conserved pathway involved in the development
of various tissues. It is dependent on direct contact, initiated by the interaction of Notch
receptors (NOTCH1-4) on one cell and ligands (JAGGED1, JAGGED2, DLL1, DLL3, and
DLL4) on another. The interaction induces proteolytic cleavages of the receptor, which
results in the release of the Notch intracellular domain (NICD). The NICD translocated to
the nucleus, associates with the DNA-binding protein RBPJκ, MAML1 (Mastermind-like
Transcriptional Coactivator 1), and other co-activators to form a Notch transcriptional
factor complex. The complex then binds to Notch-responsive elements and activates the
transcription of downstream target genes [156].

Notch signaling exerts multifaceted control over the developmental progression of
basal keratinocytes, safeguarding their undifferentiated state, preserving the compactness
of the proliferative skin compartment, and directing their commitment to the epidermal
lineage. It is unsurprising that HPV oncoproteins would interfere in this process. Acti-
vated Notch signaling exerts its influence on differentiating keratinocytes by inducing
the expression of early differentiation markers [157]. This intricate signaling cascade also
stimulates the expression of p21WAF1/CIP1 and caspase 3, leading to growth suppres-
sion and the cessation of proliferative signals in differentiating cells [158]. Consequently,
the activation of canonical Notch signaling in the suprabasal cell layers of the epidermis
becomes tantamount to a commitment to the epidermal lineage [159]. In the process of
differentiation, p63 works antithetically to Notch1. Elevated p63 expression counteracts
Notch1-induced growth suppression, while active Notch signaling leads to p63 down-
regulation, underscoring the significance of this equilibrium in epidermal maintenance
and control [160].

This pathway is one of the rare instances where the impact of α-HPV E6 oncopro-
teins is less clear than those of β-HPV, not for the lack of trying. HR E6 oncoproteins
induce elevated Notch signaling via the upregulation and post-transcriptional editing of
Notch components, as well as NOTCH1 protein localization [161,162]. The upregulation of
NOTCH1 expression is thought to occur via a p53- or p63-dependent mechanism or the
NFX1-123 splicing variant, as mentioned above (Figure 2) [163–166]. Interestingly, a recent
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study has shown that NFX1-123 could even impact keratinocyte differentiation indepen-
dently of Notch signaling (Levan 2020). The increased Notch activation translates to an
increase in proliferation as well as tumorigenicity of CC cells [161]. Nevertheless, there is
conflicting evidence pointing toward a completely different conclusion. Increased Notch1
activity was found to downregulate E6 expression, and overexpression of the NOTCH1
receptor in HPV18+ CC cell line HeLa leads to cell growth arrest [167–169]. To make things
even more confusing, both activated and suppressed Notch signaling have been found to be
a factor in CC progression, even though the evidence is stronger in favor of the oncogenic
function of Notch [162,170–172].

Unlike α-HPVs, the situation of Notch in β-HPV infections is straightforward. The
E6 oncoprotein of β-HPV types binds the MAML1 cofactor and inhibits its association
with NICD, thereby abrogating Notch signaling (Figure 2). As a consequence, p21 is not
transcribed, and the cell cycle continues [173–175]. β-E6 binds MAML1 via the LXXLL
motif—the same motif α-E6 utilizes to interact with E6AP [176]. This binding partner pref-
erence was even found to cluster different E6 proteins into genera, but it is not completely
exclusive [177]. The E6 oncoproteins of species in the β-3 group (HPV49, HPV75, and
HPV76) were previously found to bind both MAML1 and E6AP (Figure 2) [70], while our
group recently demonstrated that HR E6 oncoproteins from types 16, 18 and 33 can also
bind MAML1, which results in their protein stability (Figure 2). The consequence of this
interaction appears to result in increased proliferation and migration of HPV+ CC-derived
cell lines [178]. An additional way to abrogate keratinocyte differentiation is via the induc-
tion of ∆Np63α, a Notch antagonist. ∆Np63α is upregulated by the inhibition of miR-203,
its negative regulator. miR-203, on the other hand, is inhibited by the downregulation
of c/EBPα, which happens as a consequence of p300 degradation by β-E6 [179,180]. The
ultimate effect of all of this is the delayed differentiation and prolonged proliferation of
basal keratinocytes.

The Notch signaling pathway plays a pivotal role in the regulation of basal keratinocyte
development and epidermal maintenance, and its mechanisms are deeply intertwined with
the life cycle of HPVs. In the skin, the effect of E6 on Notch signaling and, subsequently, on
the differentiation of epithelial cells is obvious and unequivocal, while the precise effects in
the mucosa are yet to be delineated. Regardless, it is apparent that Notch is important for
the life cycles of both α and β-HPVs.

5.3.2. TGF-β

Transforming growth factor-β (TGF-β) is an evolutionarily conserved pathway con-
trolling tissue homeostasis. A variety of ligands can trigger its activation; the receptor
is a heterotetrameric molecule with serine/threonine kinase activity, TGF-β, consisting
of one TGFBR2 dimer and one TGFBR1 dimer. Receptor-associated SMAD (R-SMAD)
proteins are bound to the receptor, and downstream of them are located co-activator SMAD
proteins (co-SMAD). Different R-SMADs are activated and phosphorylated depending on
the ligand and receptor in question. The phosphorylated R-SMADs complex together with
the co-SMAD, enter the nucleus and act as transcription factors [181]. They can activate the
expression of proteins involved in cell cycle arrest, like p21 and p27, but also of proteins
active during epithelial-mesenchymal transition and cell invasion [181–183]. β-E6 oncopro-
teins have the ability to bind SMAD2, SMAD3 (R-SMADs), and SMAD4 (co-SMAD) but do
not destabilize them or induce their degradation. However, they do decrease the formation
of the SMAD2/3/4 complex and its binding to target DNA (Figure 2) [184]. In this manner,
β-E6s inhibit TGF-β signaling.

Interestingly, α-E6 oncoproteins do not seem to have this ability, but α-HPVs can
inhibit TGF-β signaling via the functions of E5 and E7 [185,186]. The mechanism of α-E7
signaling is, in fact, remarkably similar to that of β-E6 [187]. There is a limited amount
of evidence pointing toward the degradation of the PDZ domain-containing protein TIP-
2/GIPC by HPV18 E6, which leads to a modulation in the expression of TGF-β receptors
and an overall decrease in the cytostatic effect of TGF-β signaling (Figure 2) [188].
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Taking all of this together, TGF-β seems to be another well-conserved target of mucosal
and cutaneous HPVs. The fact that the mechanism of TGF-β inhibition is regulated by
different viral oncoproteins, depending on the genus, confirms the importance of this
function for the viral life cycle.

5.4. The Immune Response

In order to establish a successful infection and sustain viral production, HPVs employ
various evasion strategies to avoid immune detection. Firstly, the exposure of HPV antigens
to the immune system is limited because they are not present throughout the host system.
Secondly, genes regulated by the early promoter are expressed within basal epithelial cells
and in low copy numbers [189]. This restricts their visibility to the immune system. Further-
more, unlike many other viruses, HPV does not induce cell lysis, reducing the probability
of antigen-presenting cells (APCs) encountering virions and subsequently presenting them
to immune cells [189]. A noteworthy evasion tactic employed by HPV involves the expres-
sion of its highly immunogenic late proteins predominantly in the cornified epithelium,
where immune cell presence is sparse [190]. Nevertheless, it is important to recognize
that keratinocytes, which constitute the cornified epithelium, serve an essential role in
immune surveillance and are regarded as a type of non-specialized antigen-presenting
cells (APCs). These keratinocytes express pathogen recognition receptors (PRRs) that can
detect the presence of microbial agents, thereby initiating innate and adaptive immune
signaling cascades [191].

HPV oncoproteins have evolved to modulate several components important for im-
mune signaling. In α-HPV infections, the immune response is modulated mostly due to
the effects of E5 and E7, but E6 also plays a role. In antiviral immune responses, interferon
(IFN) plays an important part [192]. IFN expression can be initiated by the activation of
PRRs and their triggering of IFN regulatory factors (IRFs) [193]. HPV16 E6 binds IRF3 and
prevents its translocation to the nucleus, effectively blocking the expression of IFN-I [194].
The JAK-STAT (Janus Kinase/Signal Transduction and Transcription Activation) signaling
pathway is the central communication node of the immune system, and it can be triggered
by any member of the IFN family [195]. HR-HPV oncoproteins interfere with JAK-STAT
signaling in a number of ways, among which is the direct downregulation of STAT1 by
transcription inhibition [196]. This inhibition is thought to be important in early viral
replication [189]. Conversely, activated JAK-STAT signaling can be found in HPV-induced
malignancies. A probable reason for this is the positive influence of STAT3 and STAT5
on keratinocyte proliferation and the inhibition of their differentiation [197–199]. Indeed,
STAT3 expression was found to be crucial for the completion of the viral life cycle of HPV18,
and 18 E6 was shown to have the ability to induce STAT3 activation (Figure 2) [139,200].
The prolonged effects of HPV oncoproteins during persistent infection and the changes
in gene expression they cause do not only impact the infected cells themselves but the
entire microenvironment. Fewer APCs are recruited and retained, the amount of pro-
inflammatory cytokines increases, and there is a change in the number and type of immune
cells infiltrating the tumor. Taken together, all these changes create a pro-inflammatory
microenvironment that allows for tumor progression while simultaneously disabling the
proper immune response.

As described above, β-HPVs were first discovered in skin lesions of immunocom-
promised people, indicating that the immune system of a healthy individual keeps the
β-HPVs from exhibiting pathological effects and causing cellular transformation [201,202].
When this safeguard is removed, β-HPVs can act as cofactors in carcinogenesis. They
modulate cellular pathways to ensure their own propagation, and, as a consequence, they
make the cell more susceptible to UV damage (hit-and-run hypothesis) (Figure 1B) [203].
UB-B damage has even been found to stimulate the promoter activity of HPVs [204]. In
the case of HPV8, IRF7 was involved in this upregulation [205]. In opposition to this,
IRF3 was found to suppress HPV8, but unlike HPV16, HPV8 E6 only weakly antagonized
IRF3 by binding to its partner CBP (Figure 2) [205,206]. The inflammatory response of
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the skin was found to vary between HPV types—HPV5 oncoproteins were found to act
more pro-inflammatory than those of HPV38, a known transforming agent [207]. However,
HPV38 caused a much higher pro-inflammatory response in UVB-irradiated keratinocytes
when compared to non-infected cells [208]. NFκB (Nuclear Factor Kappa B) was also found
to be more activated in HPV38-infected UVB irradiated keratinocytes, contributing to their
survival [209]. UV irradiation can also stimulate the expression of Toll-like receptor 9, a
PRR involved in the defense against bacteria and viruses. HPV38 oncoproteins can block
the expression and activation of TLR9 [210,211].

Most of what is known about the interaction of the immune system and β-HPVs
is deduced from findings in EV patients. In fact, β-HPVs are the only pathogen typical
EV patients are more susceptible to [212]. These people carry the mutations for EVER1
and EVER2—transmembrane, channel-like proteins 6 and 8 expressed in the ER and are
suspected to be involved in the regulation of Zn levels in keratinocytes and possibly im-
mune cells [203,213]. The loss of EVER2 was found to impair NF-κB signaling and activate
the transcription of HPV5 via a JNK (c-Jun N-terminal Kinase)-dependent pathway [214].
Another candidate for the protein mediating keratinocyte immune resistance to β-HPVs is
CIB1 (Calcium and Integrin Binding 1) because this genus does not code for a protein to
neutralize it [212]. In addition, CIB1 is downregulated in EV patients. Moreover, severe
combined immune deficiency patients carrying a JAK3 mutation (JAK-STAT signaling),
or a mutation of the common gamma chain (subunit of 6 different interleukin receptors)
are also susceptible to β-HPV infections and EV-like disease (atypical EV). All of the afore-
mentioned indicates that β-HPV immunity must be conveyed via these proteins, but more
research is needed before any conclusions can be drawn. It also seems that β-HPV infection
causes a chronic inflammatory response, which may promote skin carcinogenesis.

6. α- and β-HPV E6 Specific Targets

The aforementioned processes and cellular targets are, of course, some of the ones that
are most important for the viral life cycle and the subsequent process of carcinogenesis, but
there are also a number of protein interactions unique for the HPV types of a particular
genus (Figure 2). Some of these may hide a key for revealing the differences in carcinogenic
potential of the different virus types.

There are several targets unique to the E6 oncoproteins of HR-HPVs, the most signif-
icant of which are probably PDZ domain-containing proteins (Figure 2). PDZ domains
are protein–protein interaction motifs, 80–110 aa in length, and found on about 150 dis-
tinct human proteins, most of which contain multiple copies of the motif [215]. The PDZ
(PSD95/Dlg/ZO-1) class I binding motif (PBM) is usually found on the C-terminus of
HR-HPV E6 proteins, and it can be highly variable, with 16 subtypes proposed [87,216].
All HR-HPV E6 proteins contain the X-S/T-X-ΦCOOH consensus site important for PDZ
binding, but they also display significant variation within the region. In some cases, the
subtle variations within the PBM can determine substrate preferences [36,217]. There
are currently 19 PDZ domain-containing proteins for which the E6 interaction has been
confirmed, and they participate in a variety of cellular processes [87]. Some of the most
prominent E6 binding partners are proteins involved in the regulation of cell–cell con-
tacts and cell polarity maintenance, such as SCRIB (Scribble Planar Cell Polarity Protein),
DLG1 (Discs Large MAGUK Scaffold Protein 1), and MAGI1/2/3 (Membrane Associated
Guanylate Kinase, WW and PDZ Domain Containing 1/2/3) [218,219]. E6 targets these
and other PDZ domain-containing proteins for proteasome-mediated degradation, thereby
disrupting cell polarity. Additionally, E6 can disrupt cellular homeostasis and proliferation
by targeting, for example, the proteins SNX27 (sorting nexin 27) and CAL (Golgi Associ-
ated PDZ and Coiled-coil Motif Containing), important for the trafficking of proteins, or
proteins NHERF1 and NHERF2, which act as protein scaffolds and negative regulators
of epithelial proliferation [87,95,220–222]. The interactions E6 achieves via the PBM are
indispensable for both the viral life cycle and for the tumorigenesis of the virus; mutating
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the PBM significantly reduces viral replicative potential, as well as abolishes the viruses’
potential for keratinocyte transformation [223–225].

In a surprising twist, a PDZ domain-containing protein, syntenin-2, was found to
be downregulated in HPV8 E6 expressing cells [226]. However, this finding was not at-
tributable to protein–protein interactions via the PBM but to syntenin-2 protein hypermethy-
lation [83]. Likewise, there is evidence that β2 HPV38-E6 binds the PDZ domain-containing
protein PTPN13 (Protein Tyrosine Phosphatase Non-receptor type 13), but there is little
known about this interaction and its significance [104,227].

Interestingly, HR-HPV E6 proteins utilize the same PBM motif for interacting with
the 14-3-3 family of proteins (Figure 2) [228,229]. The members of this protein family are
adapter proteins, which interact with a variety of cellular proteins involved in several
processes [230]. The switch between the PDZ domain-containing proteins and the 14-3-3-
family happens in a phosphorylation-dependent manner due to the actions of PKA (Protein
Kinase A) or AKT [231]. This directly links the DNA damage repair system and the ability
of E6 oncoproteins to modify p53 activity [141]. DNA damage pathways cause the CHK1-
and CHK2-(Checkpoint Kinase 1 and 2) dependent phosphorylation of the E6 PBM; E6 then
interacts with 14-3-3, and p53 transcriptional activity is abrogated [141]. This is particularly
intriguing when considering that p53 activity and cellular distribution are linked to and
dependent on particular 14-3-3 isoforms [232]. Because the members of 14-3-3 are versatile,
the possibilities of the interaction between E6 and 14-3-3 impacting cell behavior are vast
and could also be dependent on the phosphorylation and isoform of 14-3-3. For now, the
best described and seemingly preferred interaction is that between 14-3-3 ζ and E6, which
increases E6 stability in HeLa cells [228].

As previously mentioned, E6 oncoproteins interact with and execute their functions
via several ubiquitin ligases, with HECT domain-containing E3 ubiquitin ligase E6AP being
the most prominent one for α-E6s [233]. Furthermore, HR 18 E6 was shown to interact
with another HECT domain-containing E3 ubiquitin ligase EDD, independently of E6AP.
The alterations in EDD levels were shown to affect E6/E6AP complex proteolytic activities
and, in this way, impact the degradation of E6 cellular substrates, such as p53 [233]. HR-E6
also interacts with BRCA1 and BARD1 (BRCA1 Associated RING Domain 1) ubiquitin
ligases, which also serve as tumor suppressors (Figure 2) [234,235]. The details of these
interactions are not clear, but there is speculation that HR-E6 antagonizes BRCA1 [235].
Similarly, β2-E6 oncoproteins uniquely interact with ubiquitin ligases, as well. Notably,
β2-E6 interacts with members of a multiprotein complex CCR4 (C-C Motif Chemokine
Receptor 4)-Not an evolutionarily conserved complex involved in regulating mRNAs
(Figure 2) [104,219]. Its precise functions and the impact of its interaction with β2-E6 are
currently unknown [236]. As hinted previously, β-E6 oncoproteins use a ubiquitin ligase
to degrade BAK, but the specific ligase being used is still debated. First, reports claimed
that E6AP was needed for the degradation. Still, subsequent analysis showed that, at
least in the case of HPV5, a unique binding partner, the ligase HERC1 (HECT and RLD
Domain-containing E3 Ubiquitin Protein Ligase Family Member 1) specifically targets
BAK in the presence of HPV5-E6 (Figure 2) [115,116]. Another very interesting ubiquitin
ligase, p600, was also found to bind to the β2 HPV38 E6 [104,105]. This is particularly
fascinating when considering that p600 is a typical binding partner of HR and LR HPV
E7 proteins [237]. One particular β-HPV was found to have a number of unique binding
partners—HPV92 is the only member of the β4 species, and, likewise, its E6 protein is
particular in its interactions [104,238]. Notably, HPV92-E6 binds to both subunits of a HIF1
(Hypoxia Inducible Factor 1) heterodimer, a transcription factor composed of a constitutive
β subunit and a hypoxia-inducible α subunit. Additionally, HPV92 E6 binds components
of the centrosome (CEP131, CEP152, CEP63, and CEP44), several proteins involved in cell
adhesion (JUP, AAMP and Paxilin), the microtubule-binding protein KIAA1543, a negative
regulator of MAPK signaling (DUSP3) and a cation transporter involved in keratinocyte
proliferation (SLC12A8) (Figure 2) [104]. All of this corroborates the distinct phylogenic
development of the β4 species.
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This is not an exhaustive list of all unique interacting partners of α- and β-E6 oncopro-
teins, but it describes some of the more significant or interesting ones. A great deal more
information is available for α-E6 oncoproteins, and, in this regard, the authors took the
liberty to highlight the interactions that are described in the literature to a more detailed
extent. β-E6 oncoproteins, on the other hand, are much less researched, and the individual
species of the genera are much more distinct. β-HPV diversity is, again, evident from the
differences in E6 binding partners between species that can sometimes be more pronounced
than the differences between genera. For these reasons, and in the interest of fairness, the
interacting partners of different β-E6 oncoproteins were covered, even when they were
specific to the type or species.

7. Conclusions

Studies investigating α- and β-HPV E6 oncoproteins have provided valuable insights
into the complex mechanisms underlying viral oncogenesis and their role in the develop-
ment of cervical and cutaneous cancers, respectively. While E6 oncoproteins from both
mucosal and cutaneous types share some common features, such as their ability to target
p53, BAK, and interact with some components of the ubiquitin–proteasome system, they
also exhibit significant differences in their modes of action and biological functions. Never-
theless, both α- and β-HPV E6 proteins underscore the significance of viral oncoproteins in
modulating the key processes within the infected cells—apoptosis, DNA damage repair,
proliferation, and differentiation—and in their surroundings. All of the aforementioned
could be considered of vital importance for viral propagation and, as a consequence, for the
onset of carcinogenesis. Some unique interacting partners, on the other hand, could show
us what particular modifications are needed to achieve optimal viral replication at differ-
ent anatomical sites or what interactions bear a greater potential for cell transformation.
Comparing the E6 oncoproteins of the species in both genera helps in clarifying the hierar-
chy of the importance of their interactions and the role they pose in cell transformation.
Establishing this could lead to a better prioritization in developing potential therapeutics
and forming a more complete and direct approach to therapy, as well as broadening the
possibilities for the treatment of HPV+ cSCCs.
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10. Hufbauer, M.; Akgül, B.; AkgĂźl, B. Molecular Mechanisms of Human Papillomavirus Induced Skin Carcinogenesis. Viruses
2017, 9, 187. [CrossRef]

11. Jackson, S.; Storey, A. E6 Proteins from Diverse Cutaneons HPV Types Inhibit Apoptosis in Response to UV Damage. Oncogene
2000, 19, 592–598. [CrossRef]

12. Orth, G. Genetics of Epidermodysplasia Verruciformis: Insights into Host Defense against Papillomaviruses. Semin. Immunol.
2006, 18, 362–374. [CrossRef] [PubMed]

13. Doorbar, J. Model Systems of Human Papillomavirus-Associated Disease. J. Pathol. 2016, 238, 166–179. [CrossRef] [PubMed]
14. Anacker, D.; Moody, C. Generation of Organotypic Raft Cultures from Primary Human Keratinocytes. J. Vis. Exp. 2012, 60, e3668. [CrossRef]
15. Roberts, S.; Evans, D.; Mehanna, H.; Parish, J.L. Modelling Human Papillomavirus Biology in Oropharyngeal Keratinocytes.

Philos. Trans. R. Soc. B Biol. Sci. 2019, 374, 20180289. [CrossRef]
16. Romero-Masters, J.C.; Lambert, P.F.; Munger, K. Molecular Mechanisms of MmuPV1 E6 and E7 and Implications for Human

Disease. Viruses 2022, 14, 2138. [CrossRef]
17. Griep, A.E.; Herber, R.; Jeon, S.; Lohse, J.K.; Dubielzig, R.R.; Lambert, P.F. Tumorigenicity by Human Papillomavirus Type 16 E6 and E7

in Transgenic Mice Correlates with Alterations in Epithelial Cell Growth and Differentiation. J. Virol. 1993, 67, 1373–1384. [CrossRef]
18. Lambert, P.F. Transgenic Mouse Models of Tumor Virus Action. Annu. Rev. Virol. 2016, 3, 473–489. [CrossRef]
19. Dorfer, S.; Handisurya, A. Model Systems for Papillomavirus-Associated Skin Disease. Drug Discov. Today Dis. Models 2020,

32, 7–16. [CrossRef]
20. Henkle, T.R.; Lam, B.; Kung, Y.J.; Lin, J.; Tseng, S.-H.; Ferrall, L.; Xing, D.; Hung, C.-F.; Wu, T.-C. Development of a Novel Mouse Model

of Spontaneous High-Risk HPVE6/E7-Expressing Carcinoma in the Cervicovaginal Tract. Cancer Res. 2021, 81, 4560–4569. [CrossRef]
21. Tseng, S.-H.; Liu, L.; Peng, S.; Kim, J.; Ferrall, L.; Hung, C.-F.; Wu, T.-C. Control of Spontaneous HPV16 E6/E7 Expressing Oral

Cancer in HLA-A2 (AAD) Transgenic Mice with Therapeutic HPV DNA Vaccine. J. Biomed. Sci. 2021, 28, 63. [CrossRef]
22. Müller, M.; Prescott, E.L.; Wasson, C.W.; MacDonald, A. Human Papillomavirus E5 Oncoprotein: Function and Potential Target

for Antiviral Therapeutics. Future Virol. 2015, 10, 27–39. [CrossRef]
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36. Tomaić, V.; Gardiol, D.; Massimi, P.; Ozbun, M.; Myers, M.; Banks, L. Human and Primate Tumour Viruses Use PDZ Binding as

an Evolutionarily Conserved Mechanism of Targeting Cell Polarity Regulators. Oncogene 2009, 28, 1–8. [CrossRef] [PubMed]

https://doi.org/10.1038/nrc798
https://doi.org/10.1007/978-3-642-38965-8_8
https://doi.org/10.3390/cancers8100095
https://doi.org/10.1016/j.semradonc.2021.02.006
https://doi.org/10.1002/path.4425
https://doi.org/10.3390/v9070187
https://doi.org/10.1038/sj.onc.1203339
https://doi.org/10.1016/j.smim.2006.07.008
https://www.ncbi.nlm.nih.gov/pubmed/17011789
https://doi.org/10.1002/path.4656
https://www.ncbi.nlm.nih.gov/pubmed/26456009
https://doi.org/10.3791/3668
https://doi.org/10.1098/rstb.2018.0289
https://doi.org/10.3390/v14102138
https://doi.org/10.1128/jvi.67.3.1373-1384.1993
https://doi.org/10.1146/annurev-virology-100114-054908
https://doi.org/10.1016/j.ddmod.2020.10.002
https://doi.org/10.1158/0008-5472.CAN-21-0399
https://doi.org/10.1186/s12929-021-00759-x
https://doi.org/10.2217/fvl.14.99
https://doi.org/10.3390/v13112234
https://www.ncbi.nlm.nih.gov/pubmed/34835040
https://doi.org/10.1080/15384101.2016.1191257
https://doi.org/10.1016/j.virol.2013.04.026
https://www.ncbi.nlm.nih.gov/pubmed/23711382
https://doi.org/10.3390/v4123831
https://doi.org/10.1128/JVI.01003-18
https://doi.org/10.1016/j.antiviral.2020.104794
https://doi.org/10.3390/molecules26103004
https://doi.org/10.1002/rmv.1822
https://doi.org/10.1159/000355952
https://doi.org/10.1128/JVI.01943-12
https://doi.org/10.1128/jvi.71.4.2887-2896.1997
https://www.ncbi.nlm.nih.gov/pubmed/9060646
https://doi.org/10.1128/JVI.00502-16
https://www.ncbi.nlm.nih.gov/pubmed/27412596
https://doi.org/10.1016/j.virol.2013.07.008
https://www.ncbi.nlm.nih.gov/pubmed/24016539
https://doi.org/10.1038/onc.2008.365
https://www.ncbi.nlm.nih.gov/pubmed/18820705


Viruses 2023, 15, 2253 18 of 25

37. Zhao, J.; Zhan, Q.; Guo, J.; Liu, M.; Ruan, Y.; Zhu, T.; Han, L.; Li, F. Phylogeny and Polymorphism in the E6 and E7 of Human
Papillomavirus: Alpha-9 (HPV16, 31, 33, 52, 58), Alpha-5 (HPV51), Alpha-6 (HPV53, 66), Alpha-7 (HPV18, 39, 59, 68) and
Alpha-10 (HPV6, 44) in Women from Shanghai. Infect. Agent. Cancer 2019, 14, 38. [CrossRef]
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Is Required for Cellular Proliferation and Migration of Cervical Tumor-Derived Cells. J. Med. Virol. 2023, 95, e28624. [CrossRef]

179. Marthaler, A.M.; Podgorska, M.; Feld, P.; Fingerle, A.; Knerr-Rupp, K.; Grässer, F.; Smola, H.; Roemer, K.; Ebert, E.; Kim, Y.-J.; et al.
Identification of C/EBPα as a Novel Target of the HPV8 E6 Protein Regulating MiR-203 in Human Keratinocytes. PLoS Pathog.
2017, 13, e1006406. [CrossRef]

180. Yugawa, T.; Narisawa-Saito, M.; Yoshimatsu, Y.; Haga, K.; Ohno, S.; Egawa, N.; Fujita, M.; Kiyono, T. ∆Np63α Repression of the
Notch1 Gene Supports the Proliferative Capacity of Normal Human Keratinocytes and Cervical Cancer Cells. Cancer Res. 2010,
70, 4034–4044. [CrossRef]

181. Meyers, J.M.; Grace, M.; Uberoi, A.; Lambert, P.F.; Munger, K. Inhibition of TGF-β and NOTCH Signaling by Cutaneous
Papillomaviruses. Front. Microbiol. 2018, 9, 389. [CrossRef] [PubMed]

182. Datto, M.B.; Li, Y.; Panus, J.F.; Howe, D.J.; Xiong, Y.; Wang, X.F. Transforming Growth Factor Beta Induces the Cyclin-Dependent
Kinase Inhibitor P21 through a P53-Independent Mechanism. Proc. Natl. Acad. Sci. USA 1995, 92, 5545–5549. [CrossRef] [PubMed]

183. Bhowmick, N.A.; Ghiassi, M.; Bakin, A.; Aakre, M.; Lundquist, C.A.; Engel, M.E.; Arteaga, C.L.; Moses, H.L. Transforming
Growth Factor-B1 Mediates Epithelial to Mesenchymal Transdifferentiation through a RhoA-Dependent Mechanism. Mol. Biol.
Cell 2001, 12, 27–36. [CrossRef] [PubMed]

184. Meyers, J.M.; Uberoi, A.; Grace, M.; Lambert, P.F.; Munger, K. Cutaneous HPV8 and MmuPV1 E6 Proteins Target the NOTCH
and TGF-β Tumor Suppressors to Inhibit Differentiation and Sustain Keratinocyte Proliferation. PLoS Pathog. 2017, 13, e1006171.
[CrossRef] [PubMed]

185. Pietenpol, J.A.; Stein, R.W.; Moran, E.; Yaciuk, P.; Schlegel, R.; Lyons, R.M.; Pittelkow, M.R.; Münger, K.; Howley, P.M.; Moses, H.L.
TGF-B1 Inhibition of c-Myc Transcription and Growth in Keratinocytes Is Abrogated by Viral Transforming Proteins with PRB
Binding Domains. Cell 1990, 61, 777–785. [CrossRef]

186. French, D.; Belleudi, F.; Mauro, M.V.; Mazzetta, F.; Raffa, S.; Fabiano, V.; Frega, A.; Torrisi, M.R. Expression of HPV16 E5
Down-Modulates the TGFbeta Signaling Pathway. Mol. Cancer 2013, 12, 38. [CrossRef]

187. Lee, D.K.; Kim, B.-C.; Kim, I.Y.; Cho, E.; Satterwhite, D.J.; Kim, S.-J. The Human Papilloma Virus E7 Oncoprotein Inhibits
Transforming Growth Factor-β Signaling by Blocking Binding of the Smad Complex to Its Target Sequence. J. Biol. Chem. 2002,
277, 38557–38564. [CrossRef]

188. Favre-Bonvin, A.; Reynaud, C.; Kretz-Remy, C.; Jalinot, P. Human Papillomavirus Type 18 E6 Protein Binds the Cellular PDZ
Protein TIP-2/GIPC, Which Is Involved in Transforming Growth Factor Beta Signaling and Triggers Its Degradation by the
Proteasome. J. Virol. 2005, 79, 4229–4237. [CrossRef]

189. Stanley, M.A. Epithelial Cell Responses to Infection with Human Papillomavirus. Clin. Microbiol. Rev. 2012, 25, 215–222. [CrossRef]
190. Zhou, C.; Tuong, Z.K.; Frazer, I.H. Papillomavirus Immune Evasion Strategies Target the Infected Cell and the Local Immune

System. Front. Oncol. 2019, 9, 682. [CrossRef]
191. Ferreira, A.R.; Ramalho, A.C.; Marques, M.; Ribeiro, D. The Interplay between Antiviral Signalling and Carcinogenesis in Human

Papillomavirus Infections. Cancers 2020, 12, 646. [CrossRef] [PubMed]
192. Hopfner, K.P.; Hornung, V. Molecular Mechanisms and Cellular Functions of CGAS–STING Signalling. Nat. Rev. Mol. Cell Biol.

2020, 21, 501–521. [CrossRef] [PubMed]

https://doi.org/10.1111/j.1525-1438.2007.00872.x
https://doi.org/10.7150/jca.15274
https://doi.org/10.1016/j.ygyno.2006.08.054
https://doi.org/10.18632/oncotarget.24828
https://www.ncbi.nlm.nih.gov/pubmed/29721172
https://doi.org/10.1038/s41598-018-27699-1
https://www.ncbi.nlm.nih.gov/pubmed/29921897
https://doi.org/10.1128/JVI.02527-12
https://doi.org/10.1038/onc.2011.589
https://www.ncbi.nlm.nih.gov/pubmed/22249263
https://doi.org/10.1073/pnas.1205991109
https://doi.org/10.1074/jbc.273.22.13537
https://doi.org/10.1371/journal.ppat.1006781
https://doi.org/10.1002/jmv.28624
https://doi.org/10.1371/journal.ppat.1006406
https://doi.org/10.1158/0008-5472.CAN-09-4063
https://doi.org/10.3389/fmicb.2018.00389
https://www.ncbi.nlm.nih.gov/pubmed/29568286
https://doi.org/10.1073/pnas.92.12.5545
https://www.ncbi.nlm.nih.gov/pubmed/7777546
https://doi.org/10.1091/mbc.12.1.27
https://www.ncbi.nlm.nih.gov/pubmed/11160820
https://doi.org/10.1371/journal.ppat.1006171
https://www.ncbi.nlm.nih.gov/pubmed/28107544
https://doi.org/10.1016/0092-8674(90)90188-K
https://doi.org/10.1186/1476-4598-12-38
https://doi.org/10.1074/jbc.M206786200
https://doi.org/10.1128/JVI.79.7.4229-4237.2005
https://doi.org/10.1128/CMR.05028-11
https://doi.org/10.3389/fonc.2019.00682
https://doi.org/10.3390/cancers12030646
https://www.ncbi.nlm.nih.gov/pubmed/32164347
https://doi.org/10.1038/s41580-020-0244-x
https://www.ncbi.nlm.nih.gov/pubmed/32424334


Viruses 2023, 15, 2253 24 of 25

193. Mesev, E.V.; LeDesma, R.A.; Ploss, A. Decoding Type I and III Interferon Signalling during Viral Infection. Nat. Microbiol. 2019,
4, 914–924. [CrossRef] [PubMed]

194. Ronco, L.V.; Karpova, A.Y.; Vidal, M.; Howley, P.M. Human Papillomavirus 16 E6 Oncoprotein Binds to Interferon Regulatory
Factor-3 and Inhibits Its Transcriptional Activity. Genes Dev. 1998, 12, 2061–2072. [CrossRef] [PubMed]

195. Nan, Y.; Wu, C.; Zhang, Y.J. Interplay between Janus Kinase/Signal Transducer and Activator of Transcription Signaling Activated
by Type I Interferons and Viral Antagonism. Front. Immunol. 2017, 8, 1758. [CrossRef] [PubMed]

196. Hong, S.; Mehta, K.P.; Laimins, L.A. Suppression of STAT-1 Expression by Human Papillomaviruses Is Necessary for
Differentiation-Dependent Genome Amplification and Plasmid Maintenance. J. Virol. 2011, 85, 9486–9494. [CrossRef]

197. Yi, Y.; Fang, Y.; Wu, K.; Liu, Y.; Zhang, W. Comprehensive Gene and Pathway Analysis of Cervical Cancer Progression. Oncol.
Lett. 2020, 19, 3316–3332. [CrossRef]

198. Sobti, R.C.; Singh, N.; Hussain, S.; Suri, V.; Bharadwaj, M.; Das, B.C. Deregulation of STAT-5 Isoforms in the Development of
HPV-Mediated Cervical Carcinogenesis. J. Recept. Signal Transduct. 2010, 30, 178–188. [CrossRef]

199. Morgan, E.L.; Macdonald, A. JAK2 Inhibition Impairs Proliferation and Sensitises Cervical Cancer Cells to Cisplatin-Induced Cell
Death. Cancers 2019, 11, 1934. [CrossRef]

200. Morgan, E.L.; Wasson, C.W.; Hanson, L.; Kealy, D.; Pentland, I.; McGuire, V.; Scarpini, C.; Coleman, N.; Arthur, J.S.C.; Parish, J.L.; et al.
STAT3 Activation by E6 Is Essential for the Differentiation-Dependent HPV18 Life Cycle. PLoS Pathog. 2018, 14, e1006975. [CrossRef]

201. Garcovich, S.; Colloca, G.; Sollena, P.; Bellieni, A.; Balducci, L.; Cho, W.C.; Bernabei, R.; Peris, K. Skin Cancer Epidemics in the
Elderly as an Emerging Issue in Geriatric Oncology. Aging Dis. 2017, 8, 643–661. [CrossRef] [PubMed]

202. Proby, C.M.; Harwood, C.A.; Neale, R.E.; Green, A.C.; Euvrard, S.; Naldi, L.; Tessari, G.; Feltkamp, M.C.W.; de Koning, M.N.C.;
Quint, W.G.V.; et al. A Case–Control Study of Betapapillomavirus Infection and Cutaneous Squamous Cell Carcinoma in Organ
Transplant Recipients. Am. J. Transplant. 2011, 11, 1498–1508. [CrossRef] [PubMed]

203. Ferreira, D.A.; Tayyar, Y.; Idris, A.; McMillan, N.A.J. A “Hit-and-Run” Affair—A Possible Link for Cancer Progression in Virally
Driven Cancers. Biochim. Biophys. Acta (BBA)—Rev. Cancer 2021, 1875, 188476. [CrossRef] [PubMed]

204. Akgül, B.; Lemme, W.; García-Escudero, R.; Storey, A.; Pfister, H.J. UV-B Irradiation Stimulates the Promoter Activity of the High-Risk,
Cutaneous Human Papillomavirus 5 and 8 in Primary Keratinocytes. Arch. Virol. 2005, 150, 145–151. [CrossRef] [PubMed]

205. Monika, O.; Liv, T.; Artur, W.; Justyna, P.M.; Steffi, S.; Rongtuan, L.; John, H.; Lissi, M.C.S.; Thomas, V.; Hans, S.; et al. Differential
Regulation of Human Papillomavirus Type 8 by Interferon Regulatory Factors 3 and 7. J. Virol. 2011, 85, 178–188. [CrossRef]

206. Poirson, J.; Suarez, I.P.; Straub, M.-L.; Cousido-Siah, A.; Peixoto, P.; Hervouet, E.; Foster, A.; Mitschler, A.; Mukobo, N.; Chebaro,
Y.; et al. High-Risk Mucosal Human Papillomavirus 16 (HPV16) E6 Protein and Cutaneous HPV5 and HPV8 E6 Proteins
Employ Distinct Strategies to Interfere with Interferon Regulatory Factor 3-Mediated Beta Interferon Expression. J. Virol. 2022,
96, e0187521. [CrossRef]

207. De Andrea, M.; Mondini, M.; Azzimonti, B.; Dell’Oste, V.; Germano, S.; Gaudino, G.; Musso, T.; Landolfo, S.; Gariglio, M. Alpha- and
Betapapillomavirus E6/E7 Genes Differentially Modulate Pro-Inflammatory Gene Expression. Virus Res. 2007, 124, 220–225. [CrossRef]

208. Dell’Oste, V.; Azzimonti, B.; De Andrea, M.; Mondini, M.; Zavattaro, E.; Leigheb, G.; Weissenborn, S.J.; Pfister, H.; Michael,
K.M.; Waterboer, T.; et al. High β-HPV DNA Loads and Strong Seroreactivity Are Present in Epidermodysplasia Verruciformis.
J. Investig. Dermatol. 2009, 129, 1026–1034. [CrossRef]

209. Ishraq, H.; Ikbal, F.; Rosita, A.; Jiping, Y.; Djamel, S.; Ruchi, S.; Uzma, H.; Tarik, G.; Yamei, N.; Massimo, T.; et al. NF-KB
Protects Human Papillomavirus Type 38 E6/E7-Immortalized Human Keratinocytes against Tumor Necrosis Factor Alpha and
UV-Mediated Apoptosis. J. Virol. 2011, 85, 9013–9022. [CrossRef]

210. Pacini, L.; Savini, C.; Ghittoni, R.; Saidj, D.; Lamartine, J.; Hasan, U.A.; Accardi, R.; Tommasino, M. Downregulation of Toll-Like Receptor
9 Expression by Beta Human Papillomavirus 38 and Implications for Cell Cycle Control. J. Virol. 2015, 89, 11396–11405. [CrossRef]

211. Pacini, L.; Ceraolo, M.G.; Venuti, A.; Melita, G.; Hasan, U.A.; Accardi, R.; Tommasino, M. UV Radiation Activates Toll-Like
Receptor 9 Expression in Primary Human Keratinocytes, an Event Inhibited by Human Papillomavirus 38 E6 and E7 Oncoproteins.
J. Virol. 2017, 91, e01123-17. [CrossRef] [PubMed]

212. de Jong, S.J.; Créquer, A.; Matos, I.; Hum, D.; Gunasekharan, V.; Lorenzo, L.; Jabot-Hanin, F.; Imahorn, E.; Arias, A.A.; Vahid-
nezhad, H.; et al. The Human CIB1–EVER1–EVER2 Complex Governs Keratinocyte-Intrinsic Immunity to β-Papillomaviruses.
J. Exp. Med. 2018, 215, 2289–2310. [CrossRef] [PubMed]

213. Lazarczyk, M.; Dalard, C.; Hayder, M.; Dupre, L.; Pignolet, B.; Majewski, S.; Vuillier, F.; Favre, M.; Liblau, R.S. EVER Proteins, Key
Elements of the Natural Anti-Human Papillomavirus Barrier, Are Regulated upon T-Cell Activation. PLoS ONE 2012, 7, e39995.
[CrossRef] [PubMed]

214. Vuillier, F.; Gaud, G.; Guillemot, D.; Commere, P.-H.; Pons, C.; Favre, M. Loss of the HPV-Infection Resistance EVER2 Protein
Impairs NF-KB Signaling Pathways in Keratinocytes. PLoS ONE 2014, 9, e89479. [CrossRef] [PubMed]
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