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Abstract: Human papillomavirus (HPV) is a group of alpha papillomaviruses that cause various
illnesses, including cancer. There are more than 160 types of HPV, with many being “high-risk” types
that have been clinically linked to cervical and other types of cancer. “Low-risk” types of HPV cause
less severe conditions, such as genital warts. Over the past few decades, numerous studies have shed
light on how HPV induces carcinogenesis. The HPV genome is a circular double-stranded DNA
molecule that is approximately 8 kilobases in size. Replication of this genome is strictly regulated
and requires two virus-encoded proteins, E1 and E2. E1 is a DNA helicase that is necessary for
replisome assembly and replication of the HPV genome. On the other hand, E2 is responsible for
initiating DNA replication and regulating the transcription of HPV-encoded genes, most importantly
the E6 and E7 oncogenes. This article explores the genetic characteristics of high-risk HPV types, the
roles of HPV-encoded proteins in HPV DNA replication, the regulation of transcription of E6 and E7
oncogenes, and the development of oncogenesis.
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1. Introduction

Human papillomavirus (HPV) is one of the most common sexually transmitted in-
fections, affecting millions worldwide annually. Human papillomaviruses belong to the
papillomaviridae family of small, non-enveloped, double-stranded DNA viruses [1], which
includes a large number of species-specific genotypes that predominantly infect the cu-
taneous and mucosal epithelium in various organisms [2,3]. The host’s immune system
quickly clears most HPV infections within a couple of years. However, some HPV types
cause persistent infections and become the causative agents of various genital and oropha-
ryngeal cancers [4]. Currently, ~160 HPV strains, commonly called “types”, have been
identified. These types are often classified into low- and high-risk types based on their
propensity to induce cancer. Three vaccines against HPV are available, but no more than
nine HPV types are covered by the latest vaccine: 6, 11, 16, 18, 31, 33, 45, 52, and 58.
Of note, there are currently no treatments available for HPV infection. HPV accounts for
approximately half a million deaths per year around the world. It is a silent viral epidemic.

2. The HPV Genome

The HPVs have double-stranded circular DNA genomes (~8 kb) containing eight
open reading frames (ORFs) that encode viral proteins [5]. There is a noncoding region
in the HPV genome called the long control region (LCR), which contains the origin of
DNA replication and transcriptional regulatory elements (Figure 1A) [5]. The genome
is divided into three main sections: the early region, containing the early genes; the late
region, containing the late genes; and the long control region (LCR) [6]. The first six genes
encode the early viral proteins and are expressed at the beginning of the viral life cycle.
Of these viral proteins, E1 and E2 are the major replication proteins, E4 and E5 aid in
genome amplification, and the E6 and E7 proteins are the oncoproteins (Figure 1). The late
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genes, L1 and L2, encode the L1 major and L2 minor capsid proteins. The L1 and L2
proteins together form the capsid. They are expressed in the later stages of the viral life
cycle. The LCR is the only noncoding region of the genome. It contains the early viral
promoters, enhancers, and the origin of viral DNA replication [7,8].
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Figure 1. (A). A genetic map of the HPV genome. The HPV genome is ~8 kb in length and encodes
eight major genes separated by their expression order during the life cycle. (B). List depicting the
major functions of each of the HPV proteins.

The E2 protein can be considered the most pivotal protein in the HPV genome due to
its role in the viral life cycle and oncogenesis. The HPV viral life cycle is tightly controlled
by the E2 protein, which is also involved in transcriptional regulation, the expression of the
E6 and E7 oncogenes, partitioning, and the maintenance of the viral genome, in addition to
its role in the initiation of DNA replication [4].
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3. Evolution and Diversity of HPV Types

Papillomaviruses are ancient DNA viruses spanning ~400 million years and have been
identified in humans, nonhuman primates, bovines, and other animals such as dolphins [9].
HPVs have significantly diverged and evolved genetically and phenotypically over time.
In the early 1900s, papillomaviruses were discovered in humans (HPV) and subsequently
associated with cervical cancer by zur Hausen in 1975 [10].

There are five major known HPV genera: « (alpha), § (beta), y (gamma), 1 (mu), and v
(nu) [11]. Carcinogenic HPV types belong to the alpha or beta genus and infect the mucosal
epithelium [12,13]. Recent studies have also shown the association of gamma HPV types
with various oropharyngeal cancers [14,15].

The IARC working groups have classified many of the HPV types into three categories,
low-risk, high-risk, and probable high-risk (Figure 2), leaving many HPV types unclassified.
Low-risk HPV types commonly refer to the HPV types that cause anogenital warts and
benign lesions. These types are generally non-lethal. High-risk HPV types commonly refer
to the HPV types that have greater oncogenic potential and cause carcinomas [12,16,17].
Overall, 90% of cervical cancers are due to high-risk HPV infection. HPV16 and 18 are the
most common high-risk HPV types and account for 70% of all cervical cancer cases [16].

Low-risk types

BS1 BS2 BS3 BS4

HPV6 ACCG
HPV11 ACCG
HPV40 ACCG
HPV42 ACCG
HPV43 ACCG
HPV44 ACCG

CGGT
CGGT
CGGT
CGGT
CGGT
CGGT

High-risk types

HPV16 ’CG >CG >GGT-————— ACCG
HPV18 ’CG CGG >CG “GGT-————— ACCG
HPV31 ’CG GG >CG GGT--———-. ACCG
HPV33 ----ACCG
HPV35 --—-ACCG
HPV39 --—-ACCG
HPV45 --—-ACCG
HPVS51 --—-ACCG
HPV56 --—-ACCG
HPV58 -———ACCG
HPV59 'CG G AAAA CGGT-————— ACCG

CGGT
CGGT
CGGT
CGGT
CGGT
CGGT
CGGT
CGGT
CGGT
CGGT
CGGT

Probable high-risk types

HPV26 ACCG GG 2CG GGT——————

HPV30 ACCG & -———-ACCG
HPV34 ACCG --—-ACCG
HPV53 > —-———ACCG
HPV66
HPV67
HPV68
HPV69
HPV70
HPV73
HPV82
HPVI7

Figure 2. Sequence variations of E2 binding sites correlate with cancer risks. E2 binding sites and
detection of SNVs in the consensus sequence associated with clinically well-characterized HPV types.
Variant nucleotides in the consensus sequence are indicated in red.

Yilmaz et al. discovered nucleotide variations in the E2 binding site consensus se-
quences (ACCGNNNNCGGT) of at least one of the three binding sites in all established
high-risk HPV types (Figure 2) [18]. All HPV types classified as low-risk on the Papil-
lomavirus database (PaVe) have intact consensus sequences. However, all high-risk or
probable high-risk HPV types had at least one nucleotide variation in their consensus
sequence (Figure 2). Using in vitro DNA binding assays with oligonucleotides containing
normal and variant consensus sequences, this study established the attenuation of E2-DNA
complex formation upon consensus sequence variations. Thus, the nucleotide variations
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affected HPV E2 binding to its binding sites, affecting the biological functions of E2 in HPV.
This model can potentially be used to predict the oncogenic potential of all HPV types
based on the DNA sequence of HPV.

As the Yilmaz classification of HPV types is based on the DNA sequence, any HPV
type can be classified based on the consensus sequence mutation(s), without requiring
clinical data on the potential to cause cancer, as shown in Figure 2 [18]. For example,
HPV97, 102, and 114 are currently unclassified in terms of oncogenicity, but these HPV
types contain variant E2 binding sites, making them high-risk.

4. Regulation of DNA Replication, Transcription, and Oncogenesis by E2 Protein

The HPV E2 protein is a DNA-binding protein with two conserved functional domains.
The N-terminal has the transactivation domain, and the C-terminal has the DNA-binding
domain. The two domains are connected by a flexible linker known as the “hinge re-
gion” (Figure 3A) [18,19].

A
1 201 284 367
DNA binding
Hinge domain domain
N Terminal C Terminal
B
D

Figure 3. (A). Schematic structure of the HPV16 E2 protein and its respective domains: transactivation,
hinge, and DNA binding. (B). Ribbon representation of the HPV16 E2 transactivation domain crystal
structure (PDB: 1DTO). (C). Ribbon representation of the crystal structure of HPV18 E2 DNA-binding
domain as a dimer bound to E2 binding site 4 with a helix from each monomer interfaced with
ACCG/CGGT motif (PDB: 1JJ4). (D). Homology model of the full-length HPV11 E2 protein monomer
using Robetta Structure Prediction software from the University of Washington (25 April 2023).

The transactivation domain is the largest, with approximately 200 amino acids, and is
required for its replication, transactivation, and segregation functions (Figure 3B). The hinge
region is serine—arginine-rich and serves as a linker between the two domains. Finally, the
DNA-binding domain interacts with sequence-specific binding sites within the long control
region (LCR) and binds as a dimer (Figure 3C) [20,21]. To date, the crystal structure of the
full-length HPV E2 protein has yet to be determined.

Various papillomaviruses have shorter, truncated E2 proteins, known as isoforms.
In the bovine papillomavirus, truncated E2 isoforms were observed and determined to
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be repressors of transcription and replication [22]. In HPV, several types, such as HPV16,
have isoforms predicted to have been generated through alternative splicing: E1"E2 and
E8"E2. These E2 isoforms have a domain whose parts are either missing or misplaced.
These alterations of E2 may result in similar protein functions but at a reduced capacity.
For example, the E2/E8"E2 dimer has a truncated transactivation domain. While this might
indicate regular E2 DNA binding, the recruitment of E1 might not occur [6]. Other studies
have shown that, as in BPV, HPV16 E8"E2 can repress early transcription and replication [23].
All isoforms observed to date still maintain their replicational or transcriptional functions
but not the partitioning of the viral genome. This could indicate that the partitioning
function always requires a full-length E2 protein.

4.1. E2 Binding Sites in the HPV Genomes
4.1.1. E2 Binding to Four Binding Sites (BS1-4) of the LCR

The HPV E2 protein recognizes a consensus 12 bp palindromic sequence, and a
sequence of four such binding sites is located in the long control region (LCR), sometimes
referred to as the upstream regulatory region (URR). The LCR is the noncoding region of
the HPV genome, and within it lie various binding sites, the origin of replication, and a
few other cis elements. These four E2 binding sites (BS1—4) are highly conserved across
papillomaviruses and are spatially arranged and characterized by the 12 bp palindromic
sequence ACCG (N4)CGGT, where N denotes any nucleotide (Figure 4) [24].

7502 7603 7892 7903 35 46 50 61
LCR

NV N E2BS2 ) E2BS1

AL NN N7

288bp 64bp

o NEROEDEIIN 5 Y = QOWEEON

Figure 4. Illustration showing the location and structure of the viral DNA replication origin in
the HPV genome. The enlargement of the LCR indicates the locations of the four E2 binding sites
(BS1-4) (not drawn to scale).

The DNA-binding domain located at the C-terminus of the E2 protein (Figure 3B)
recognizes and binds to these four palindromic binding site sequences but with varying
affinities (Table 1). Specifically, the low-risk HPV11 E2 protein has the strongest binding
affinity for the BS4 site in HPV11, with a dissociation constant (KD) of 3.9 £ 0.5 nM;
somewhat weaker binding affinities to binding sites 1 and 2, with KD around 5.8 + 0.7 nM
and 5.3 £ 0.4 nM, respectively; and the lowest binding affinity is observed with binding
site 3, with a KD of 8.9 + 0.9 nM (Table 1) [18,25-27].

Table 1. Binding affinities of HPV E2 protein with low-risk and high-risk binding sites as well as
binding site sequence variants. Yilmaz et al. [18] analyzed by EMSA and reported the binding
affinities of all E2 binding sites of HPV11 and HPV16 and variant binding site sequences of all
HPVs reported in Figure 2 with full-length HPV11 E2 (low-risk) or HPV16 E2 (high-risk) ¥. Variant
nucleotides are indicated in red and lowercase.

HPV Type Binding Site (BS) E2 Protein Binding Site Sequence Kd (nM)
A. E2 Binding Affinities for HPV11 and HPV16 Binding Sites

HPV11 BS1 HPV11 E2 ACCG AAAA CGGT 58 £0.7

HPV11 BS2 HPV11 E2 ACCG AAAA CGGT 53+04

HPV11 BS3 HPV11 E2 ACCG GTTT CGGT 89+09
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Table 1. Cont.

HPV Type Binding Site (BS) E2 Protein Binding Site Sequence Kd (nM)
A. E2 Binding Affinities for HPV11 and HPV16 Binding Sites

HPV11 BS4 HPV11 E2 ACCG TTTT CGGT 39+05
HPV16 BS1 HPV16 E2 ACCG AAAC CGGT 77+07
HPV16 BS2 HPV16 E2 ACCG AAAT CGGT 42+04

HPV16, 66 BS3 HPV16 E2 ACCG TTTT gGGT >18
HPV16 BS4 HPV16 E2 ACCG AATT CGGT 3.8+04
HPV16 BS3 (reversed) HPV16 E2 ACCG TTTT CGGT 70403
HPV16 BS3 HPV11 E2 ACCG TTTT gGGT >21

B. E2 Binding Affinities for Variant Binding Sites

* HPV18, 30, 33, 39, 45, 51, 53,

59, 68, 70, 97 Various HPV16 E2 ACCG TTTT aGGT 27 £2
HPV31 BS2 HPV16 E2 ACCG TTTT aGGT 30+3
* HPV34, 35, 56, 58, 73 Various HPV16 E2 ACCG TTTT gGaT 67+5
t
HPY26,6 BS3 HPV16 E2 ACCG TTTT giGT No binding
* HPV16, 66, 67, 82 (BS2) Various HPV16 E2 ACCG TTTT gGGT >18
HPV69 (BS2) BS2 HPV16 E2 ACCG AAG CGGT No binding

T Possible evolutionarily linked high-risk types. ¥ Taken from the data published by Yilmaz et al. [18].

4.1.2. E2 Binding to Its Binding Sites at the LCR Modulates DNA Replication Initiation

The interaction between the HPV E2 protein and these binding sites is essential for
E2 to regulate several functions in the genome. The E2 protein initiates DNA replication
by binding to its sites, represses transcription of the oncogenes, and consequently halts
oncogenesis. It's been demonstrated that a single nucleotide variation in the consensus
sequences can play a role in the fate of HPV-infected cells and help determine whether they
will become a high or low risk for cancer. This interaction between the E2 protein and its
binding sites plays an important role in the oncogenicity of high-risk HPVs. The E2 protein
binds to all four binding sites but with different affinities [18]. As demonstrated in a
binding study, a single nucleotide variation (SNV) in any of these binding sites can lead
to reduced binding affinity to no binding at all. Using in vitro DNA binding assays with
oligonucleotides containing normal and variant consensus sequences, this study established
attenuation of E2-DNA complex formation upon consensus sequence variations. Thus, the
nucleotide variations affected HPV E2 binding to its binding sites affecting the biological
functions of E2 in HPV.

Based on these binding studies, Yilmaz et al. have proposed a potential model for the
E2 protein binding and activation at the low-risk and high-risk origins [18]. According to the
model (Figure 5), an SNV in BS2 and/or BS3, observed in high-risk HPV types exclusively,
can lead to inefficient binding of the E2 protein (Table 1), thereby causing inefficient DNA
replication. The low-risk HPVs, with no SNV, replicate better than the high-risk virus [18].

4.2. HPV Life Cycle and Regulation of DNA Replication

The replication and life cycle of HPV are initiated and controlled by epithelial cell
differentiation [28]. HPV enters the stratified epithelium through a cut, abrasion, or wound,
where it integrates into cells at the basal layer.

Exposure of the basement membrane allows the L1 capsid protein of virions to bind
to the heparin sulphate proteoglycans (HSPGs) present on the surface of the basal ker-
atinocytes for initial attachment [29,30]. This causes conformational changes in the capsid
structure, causing the minor capsid protein L2 to become exposed and bind to unde-
fined secondary receptors [31,32]. Subsequently, virions are internalized into basal cells
to transfer the viral genome to their nucleus through endocytosis, which happens via a
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mechanism similar to micropinocytosis independent of clatharin, caveolin, lipid rafts, and

dynamin [33,34].
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Figure 5. Putative models for HPV E2 DNA binding and activation of the low-risk and high-risk
replication origins. The E2 protein in low-risk HPV binds to its specific sequence and creates a loop
formation to initiate DNA replication. The E2 protein in high-risk HPV binds the sequence with
weaker affinity, thus decreasing the loop formation and inactive origin, which leads to no replication
of viral DNA.

The initiation of DNA replication in HPV relies on the early E2 and E1 genes. The HPV
viral genome begins to replicate immediately upon entry into epithelial cell [35]. The initial
rounds of replication occur upon cell entry with a low copy number (50-100 copies).
The viral genome is maintained in these low copy numbers as an episome. The maintenance
of low episomal copy number occurs in basal cells, where the low expression of viral protein
is caused by E2-mediated suppression of the p97/p105 early promoter, assisting in evading



Int. ]. Mol. Sci. 2023, 24, 8493

8 of 16

the immune response [36]. E2 inhibits transcription factors” access to the p97 and p105
promoters and modifies chromatin structure to suppress HPV gene expression [37,38].

4.3. E2 Protein-Mediated Assembly of the Replication Initiation Complex

As the cell division cycle progresses, the episomal HPV DNA replicates along with the
host cell chromosome. Viral genome DNA replication relies mostly on the host replication
machinery. The initial replication that occurs is shown only to utilize E1 and E2 proteins,
and studies have indicated that the function of E1 and E2 in promoting DNA replication is
conserved across the papillomavirus family [39-41].

The replication mechanisms in HPV are similar to the replication mechanisms in the
E. coli system. In E. coli, DnaA protein binds to specific binding sites in the origin of DNA
replication, oriC and utilizes ATP to form a complex and recruit the DnaB helicase for
initiation of DNA replication [42,43]. Similarly in HPV, the E2 protein binds to its binding
sites located at the origin of replication. When the replication initiator protein E2 binds
to the origin and forms a higher-order complex during the initiation of DNA replication,
this complex formation leads to the development of a multi-protein-DNA complex or
“Replisome”. By coincidence, the eukaryotic origin recognition complex and the lambda
bacteriophage O protein both recognize and activate their respective origins in a similar
manner [44,45].

An electron microscopy analysis of the HPV replication initiation complex found that
during HPV DNA replication initiation, two E2 dimers bind to two closely spaced E2
binding sites [45]. The E2-DNA complex instantly transforms into a disk-shaped particle
with the addition of the third site in the cluster of three sites, suggesting the presence of
a trimer of E2 dimers with DNA looped around the ring (Figure 6A). The inclusion of E2
binding site 4 may lead to the formation of a larger loop, where E2 dimers are bound to all
four binding sites (Figure 6B). In either case, additional E2 dimers may join this complex,
creating a larger protein-DNA assembly. In order to assist the E1 DNA helicase loading
onto the origin and denaturing the origin sequence, the DNA helix may be forced to bend
into a tight loop as a result of the loop formation by the E2 dimers.
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Figure 6. Loop formation at the origin engineered by the E2 protein. (A) Small loop formation.
The E2 protein binds to its binding sites at the origin in dimeric form, and this complex formation
leads to a loop structure’s formation at the origin of DNA replication. A disk-shaped loop is formed
when binding sites 1, 2, and 3 are bound to the E2 protein. (B) Large loop formation. When E2 is
bound to all four binding sites, it attracts more E2 dimers to the complex and larger loop formation
occurs.

It is believed that the E2 protein recruits the helicase E1, possibly by interacting with
the E1 via its transactivation domain, which enables activation of the origin of replication.
The priming and elongation stages of the replication are carried out by the E1 protein and
other cellular replication factors such as DNA polymerases, topoisomerase, and replication
protein A (RPA) [18,40,46].

The viral life cycle’s completion occurs in the uppermost epithelial layer after the
terminal differentiation of keratinocytes. During this stage, the HPV L1 and L2 genes are
expressed and the import of the L1 and L2 capsid proteins triggers virion assembly in
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the nucleus, which is followed by the release of newly produced virus particles from the
epithelial cell surface [47-49].

4.4. HPV Genome Maintenance and Regulation

The E1-E2 interaction that mediates replication is sufficient for transient replication in
epithelial cells. When cellular division continues, the viral episomes need to be maintained
within the daughter cells to avoid degradation [40]. Several viruses use a DNA-binding
protein that binds a specific site in the viral DNA and then integrates the genome to host
chromosomes. In HPV, the function is performed by the E2 protein [50].

Shortly following the initial replication rounds, the HPV E2 protein uses its trans-
activation domain to tether the viral DNA to the host chromatin [50,51]. Studies have
shown that the E2 protein may need to colocalize with different cellular proteins on the
chromosomes for effective maintenance. The most extensively researched anchor for HPV
genomes to cellular chromosomes is the human bromodomain protein 4 (Brd4), via E2 [52].
Other than Brd4, Rad50-interacting protein 1 (Rint1), Mitotic kinesin-like protein 2 (MKlp2),
DNA topoisomerase 2-binding protein 1 (TopBP1), and cellular DNA helicase ChIR1 have
also been shown to interact with the E2 protein as anchors between the viral genome and
host cell chromosomes [50,53,54].

4.5. Transcriptional Regulation

The replication and transcription mechanisms in HPV are tightly linked because of the
E2 protein. HPV E2 functions as a repressor of viral oncogenes. It has been shown to repress
E6 and E7 oncogene expression via blockage of the viral promoters p97 and p105 in high-risk
HPYV types such as 16 and 18 [8,35,55]. This repression is achieved by inhibiting the access of
several transcription factors to these promoters. The binding sites for the E2 protein overlap
with the early promoter region, and when E2 is bound to its binding sites, BS1 and BS2, the
promoter region becomes inaccessible to transcription factors such as Sp1, TFIID, and TFIIB,
which ultimately results in silencing of the promoters (Figures 7 and 8A) [56-59]. The
binding site of Sp1, a ubiquitous transcription factor, partially overlaps with one of the E2
binding sites [60,61]. This process is very similar to that of the Lac repressor, which inhibits
the transcription of the lac operon genes [62,63]. The E2 protein further influences viral
transcription by recruiting and interacting with various cellular host factors. For example,
the interaction between E2 and Brd4 could affect E2-mediated transcriptional activation
and repression [4].

Host DNA

E2 - E2
= L1 = LCR --- E1

Host DNA
HPV DNA

Figure 7. An illustration of an integrated HPV16 DNA within the host genome. The integration
leads to disruption of the E2 ORF, eliminating the expression of the E2 protein.

Furthermore, repression or activation of transcription by E2 can depend on the relative
positions of E2 binding sites. Studies have shown that interaction with at least two of
the binding sites can modulate transcription; however, the configuration of the HPV E2
binding sites is crucial for the successful modulation of transcription. Altering the binding
site configuration may lead to altered promoter function [64,65].
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Figure 8. Pivotal role of E2 protein and the mechanisms of viral oncogenesis. (A). Transcription
repression mechanism of E2. The promoter p105 of the oncoproteins E6 and E7 lies adjacent to the E2
protein binding sites 1 and 2. When the E2 protein dimer binds at its binding sites, it displaces several
transcription factors, such as Sp1 and TFIID, thus preventing transcription of E6/E7. (B). HPV E6 and
E7 targeted degradation of p53 and pRb tumor suppressor genes. E6 protein binds to the cellular
ubiquitin-ligase, E6AP, and causes the ubiquitinylated degradation of the p53 protein. This forces
the cells through uncontrolled cellular division, evading the preventive checkpoints. (C). HPV E7
protein binds to the pRB-E2F complex. An essential checkpoint for the cells to travel through the
G1-S phase transition. E7 binds to this complex, leading to the ubiquitinylated degradation of the
pRb tumor suppressor protein. Degradation of pRb sets the E2F transcription factor free, leading to
the unregulated transcription of S-phase cyclin genes and, ultimately, to an unregulated cell cycle.

4.6. HPV Infection Leading to Oncogenesis

Cervical cancer is the fourth most common cancer in women, and ~95% of all cervical
cancer cases are HPV-associated [66]. Over the years, the incidence of HPV-associated
cervical cancer death has been declining due to cervical cancer screening in the United
States and European Union, but not in the developing countries in Asia, Africa, Latin Amer-
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ica, and the Caribbean [67]. HPV is the causative agent of several other cancers, such
as vulvar, vaginal, anal, penile, and oropharyngeal [68,69]. Most HPV infections may
clear spontaneously between 12 and 24 months after the initial infection in the younger
population. However, persistent HPV infections, particularly genomic integration, may
lead to oncogenesis. It should be noted that the genomic integration of the HPV virus could
remain undetectable, and it may cause carcinogenesis years after the original infection.
In recent years, studies have found an increasing link between head and neck squamous
cell carcinomas and HPV infections [4]. However, how can an HPV infection lead to these
various cancers?

During the carcinogenesis of various virus-associated cancers, viral DNA is integrated
into the host cell genome [70]. In HPV infection, HPV could integrate into the host genome
in a process disrupting the E2 gene sequence as shown in Figure 7. Being the negative
regulator of E6/E7 oncogene expression, disruption, truncation, or even silencing of the
E2 gene leads to the activation of the oncoproteins [55,71]. HPV-associated cancers are
often characterized by the destruction of the p53 and pRb tumor suppressors. In the normal
cells, p53 regulates cellular responses to DNA damage and other forms of stress, and pRb
is associated with controls of cell division and inhibits unregulated growth [72].

HPYV integration sites are also randomly distributed across the human genome. There-
fore, further research is required to determine possible patterns for HPV integration in
the human genome. In recent years, scientists have begun using Next-Generation Se-
quencing (NGS) to determine integration signatures [73]. NGS studies found five such
signatures. NGS results showed that integration led to truncated forms of the integrated
virus, where HPV—chromosome junctions were colinear (2J-COL), nonlinear (2J-NL), mul-
tiple hybrid junctions clustering in a single chromosomal region (M]J-CL), scattered over
different chromosomal regions (M]-SC), and episomal (EPI) [73-75].

4.7. Roles of HPV-Encoded E5, E6, and E7 Proteins

HPV encodes two oncogenes, E6 and E7, which are primarily responsible for inducing
carcinogenesis. The E2 protein regulates the expression of both the E6 and E7 genes, as
shown in Figure 8A, and actually attenuates or suppresses oncogenesis. The promoters of
the overlapping E6 and E7 genes are juxtaposed with the E2BS1 and E2BS2 elements. E2 has
high affinity for these two binding sites, as well as E2BS3. Consequently, if sufficient E2 is
available, these binding sites remain occupied and hinder the binding of the transcription
factors, such as TFIID, from binding to the promoter region. If there is a mutation(s)
in BS2 or BS3, E2 binding is inefficient, which allows transcription factors to bind the
E6/E7 promoter and induce the transcription of these two oncogenes. In addition, a lack of
sufficient E2 protein in the cell, which is the case in the event of genomic integration of the
virus and apparent loss of episomal viral DNA, the E2 binding sites remain unoccupied,
leading to the expression of the E6 and E7 genes.

The HPV E6 protein is a potent oncogene and functions through the efficient destruc-
tion of P53. E6-associated protein (E6AP), which is a ubiquitin protein-ligase also known
as UBE3A, has been identified to work with the HPV E6 to degrade p53 by ubiquitination
(Figure 8B) [76,77]. The E6 protein binds to a consensus sequence, LxxLL, in the conserved
domain of E6AP, creating a heterodimeric complex of E6/E6AP /p53. This complex leads
to the ubiquitinylated degradation of the tumor suppressor protein p53. As a result, cells
are forced to undergo uncontrolled cellular division and bypass the cell cycle checkpoints.
Many in vivo studies demonstrated that interaction with E6AP is essential for developing
tumorigenicity in various tumor types [78,79].

Similarly, the HPV E7 protein degrades another tumor suppressor protein, the retinoblas-
toma protein (pRb). For cells to pass through the G1-S cell cycle boundary, pRb-E2F interaction
is a necessary checkpoint. The E2F family of transcription factors remains bound to the pRb
protein when cells are not ready to transition to the S-phase of the cell cycle. The E7 protein tar-
gets pRb for ubiquitination in HPV-infected cells, releasing the E2F transcription factors, which
start transcribing the proteins required in the S-phase (cyclin E, cyclin A, and p16INK4A, an
inhibitor of CDK4/6), which causes the cells to enter the S-phase prematurely (Figure 8C) [80].
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In addition to causing p53 and pRb degradation, the E6 and E7 proteins can target
various host cellular factors and disrupt host signaling pathways. E6 targets other apoptosis-
related proteins in addition to p53. These events involve interaction with the host protein
Bcl-2 homologous antagonist/killer (BAK), which inhibits intrinsic apoptosis signaling.
E6 combines with E6-AP to target BAK for degradation, similar to p53 [80-82]. Furthermore,
E6 interacts with FADD and caspase-8 to dysregulate the extrinsic apoptosis pathway,
which transmits extracellular apoptotic signals from the cell surface [83,84]. It enables
the virus to simultaneously block extrinsic signaling from many receptors because these
proteins are necessary to enhance signaling from all death recep-tors. Moreover, it has been
demonstrated that HPV16 E6 directly binds to the tumor necrosis factor receptor 1, further
compromising pro-apoptotic signaling [83,85]. Similar to E6, the E7 oncoprotein is reported
to interact with multiple host proteins. The E7 protein has been reported to dysregulate
the G1/S-phase checkpoint through several mechanisms, in addition to pRb degradation.
E7 binding inhibits the actions of the CDK inhibitors p21CIP1 and p27KIP1, which are
reported to play a role in regulating keratinocyte differentiation by causing G1 cell cycle
arrest [86—88]. Similar to E6, the E7 oncoprotein is reported to interact with multiple host
proteins. The E7 protein has been reported to dysregulate the G1/S-phase checkpoint
through several mechanisms, in addition to pRb degradation. E7 binding inhibits the
actions of the CDK inhibitors p21CIP1 and p27KIP1, which are reported to play a role in
regulating keratinocyte differentiation by causing G1 cell cycle arrest [86-88].

Furthermore, the HPV E5 protein has also been reported to play a role in oncoge-
nesis. While HPV E5 has relatively limited transforming activity and, consequently;, its
role throughout the transformation process is not well understood [86-89], there is solid
evidence that it plays a role in the transformation process during infection with bovine
papillomaviruses (BPV). E5 regulates cellular signaling in keratinocytes by activating the
epidermal growth factor receptor (EGFR)-induced cell proliferation. It stimulates the
growth of basal epithelial cells [90,91]. E5 also interferes with keratinocyte growth factor
receptor signaling to prevent autophagy and reduce supra-basal keratinocyte prolifer-
ation and differentiation [92,93]. All these transformation events lead to uncontrolled
proliferation in epithelial cells, which may be an early step in the development of a tumor.

5. Summary

HPV is one of the oldest viruses in the world, allowing it to evolve into a large family
of viruses. It is generally a silent virus that spreads its infection without major symptoms,
potentially leading to various cancers in both men and women.

Despite significant advancements in our understanding of the host pathways that
HPV affects, new mechanisms are still being discovered. Therefore, it will be easier to
create novel therapeutic drugs if we fully understand the cellular proteins and pathways
that HPV disrupts during infection, particularly during carcinogenesis.

The HPV E2 protein plays a significant role in controlling oncogenesis through two
mechanisms: (i) regulating viral DNA replication and transcription via binding to its spe-
cific binding sites, and (ii) via transcriptionally repressing the E6/E7 oncogene expression,
preventing oncogenesis. Therefore, the loss or attenuation of E2 function is pivotal for
viral oncogenesis in HPV infection. The loss of expression of the E2 protein occurs due to
insertional gene disruption during chromosomal integration of the virus. It can then lead
to unregulated expression of the E6 and E7 oncogenes, a preamble to carcinogenesis.

In summary, HPV is a virus that needs further study due to its silent nature and the lack
of treatments or a cure. In addition, it is the causative agent of several anogenital cancers
and, in recent years, has been linked to other mucosal cancers and head-and-neck cancers.
The lack of treatment, combined with the high prevalence in the US and particularly in
developing countries with less-than-ideal healthcare systems, calls for a broad-spectrum
antiviral drug or vaccine against most high-risk strains of HPV.
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