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Abstract: Human papillomaviruses (HPVs) infect the dividing cells of human epithelia and hijack
the cellular replication machinery to ensure their own propagation. In the effort to adapt the cell
to suit their own reproductive needs, the virus changes a number of processes, amongst which is
the ability of the cell to undergo programmed cell death. Viral infections, forced cell divisions and
mutations, which accumulate as a result of uncontrolled proliferation, all trigger one of several cell
death pathways. Here, we examine the mechanisms employed by HPVs to ensure the survival of
infected cells manipulated into cell cycle progression and proliferation.
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1. Introduction

Papillomaviruses (Papillomaviridae) are a large group of double-stranded small DNA
viruses composed of over 400 different species which infect the epithelia of a wide range
of hosts, including mammals, birds, reptiles and fish. Of those 400, more than 200 types
have been reported to infect humans [1]. Human papillomaviruses (HPVs) are divided into
five genera (α, β, γ, µ and ν), based on the open reading frame sequence coding for the L1
capsid protein [2]. The α and β genera are known to cause health problems in humans and,
therefore, are the most extensively studied [3,4].

α-HPVs infect the basal layer of actively dividing mucosal epithelia, which can be
found surrounding various cavities of the human body. Based on their ability to cause
cancer, α-HPVs are classified either as high-risk (HR), which have oncogenic potential,
or as low-risk (LR), which mostly cause self-limiting benign warts [5]. Infection by HR
HPVs can lead to the malignant transformation of infected cells during prolonged infection,
while LR HPVs, such as HPV-6 and -11, cannot lead to this [6]. The International Agency
for Research on Cancer (IARC) classified 14 HPV types as class 1 carcinogens, the most
prevalent being HPV-16 and HPV-18, with six other types (HPV-31, -33, -35, -45, -52 and
-58) occurring at significant frequencies, depending on the geographical regions [5]. HR
HPVs are responsible for 99% of all cervical cancer (CC) cases, as well as 30–90% of other
anogenital cancers and 40–60% head-and-neck squamous cell carcinomas (HNSCC) [7–9].

HPV replication and virion production depend exclusively on the differentiation
processes of keratinocytes, which are the primary target cells of HPVs. The virus intervenes
in this process in order to prolong the proliferation of infected cells, and this inevitably
triggers the signaling cascade that leads to apoptosis. Likewise, uncontrolled cell division
leads to contact inhibition and senescence, i.e., anoikis, while the viral infection itself
triggers autophagy. For these reasons, HPVs have evolved various strategies to evade
programmed cell death and ensure the continued progression of HPV infection, resulting
in the propagation of new virions. In this review, we will explore the intricacies of these
strategies and all the ways that HPVs use their limited number of proteins to modify cell
death signaling pathways to their benefit.

2. HPV Genome Organization and Life Cycle

HPV genome is organized into the early (E) region, the late (L) region and the long
control region (LCR), where the origin of DNA replication is located. The proteins encoded
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by the E genes are expressed from the early promoter and they include E1, E2, E4, E5, E6
and E7. E1 and E2 serve to initiate and regulate viral DNA replication and transcription; E4
facilitates viral gene amplification, viral particle assembly, and release; while E5, E6 and E7
are oncogenes. E5 is considered to be the minor oncoprotein in humans as it is unable to
cause cellular transformation; it usually serves non-essential, but pro-carcinogenic roles
in HR HPVs. E6 and E7 are the two major oncoproteins, whose joint action promotes the
uncontrolled cell cycle progression and proliferation of infected cells. The precise roles
and functions of the three aforementioned viral oncoproteins will be discussed later in this
review. L1 and L2, which are expressed under the control of the late promoter, are the
major and minor capsid proteins, respectively, which form the icosahedral capsid of the
virus, ensuring proper viral packaging and assembly [10,11].

In the cervix, the principal and most thoroughly studied anatomical site of infection,
HPV seems to invade the epithelium through micro traumas. After entering, it infects
undifferentiated and actively dividing cells in the basal layer at the squamo-columnar
junction, as these are the only replicatively active cells [12]. HPV does not encode the genes
required for DNA replication, so E1 and E2 hijack the host DNA replication machinery
and quickly amplify the viral genome to about 50–100 copies per cell [13]. As the basal
cells divide under the control of E6 and E7, viral genomes are equally distributed between
daughter cells. E2 keeps the expression of E6 and E7 low by binding to their promoter
and thus blocking the access to transcription factors until the cells begin the process of
differentiation and migration up through the suprabasal layers of the epithelium [14].
As this occurs, E6 and E7 expression is upregulated in order to keep the infected cells
in a proliferative state, to expand the replicative compartment and to delay the terminal
differentiation of the infected keratinocytes. All this ensures a suitable cellular milieu
for viral genome amplification. E5 supports this process, particularly in DNA synthesis
and viral genome amplification [15]. In the late phase of the viral life cycle, viral gene
expression is amplified and many thousands of viral genomes are produced, supported by
the actions of E4 [16]. The minor coat protein (L2) is then produced in the topmost layers of
the epithelium, just before the keratinocytes exit the cell cycle. E2 recruits L2 proteins to
the regions of replication, after which the major coat protein (L1) is synthesized. Because
keratinocytes in the topmost layer are now allowed to enter terminal differentiation, they
lose mitochondrial oxidative phosphorylation and convert from a reducing to an oxidizing
environment, which allows the formation of disulfide bonds between L1 proteins. Viral
DNA is packaged into virions, which are then released without cell lysis, as the cells are
shed from the cornified epithelium [17].

HPV infection usually resolves within two years, but around 10% of infected women
develop a persistent infection [18] and, of these, a portion will develop cancer. Cellular
transformation is caused by increased E6 and E7 activities, which are, in turn, mostly
caused by HPV genome integration into the host genome. HPV integration was found in
83% of cervical cancers, 69% of HPV-positive head-and-neck cancers, and 45% of HPV-
positive anal cancers, with integration correlating with increased cancer invasiveness [19].
The viral genome can integrate as a single genome into cellular DNA or as multiple
head-to-tail (concatemeric) repeats [18]. Although, the majority of HPV-induced cancers
contain integrated viral DNA, a minority carry only episomal viral DNA, or a mix of
both. Interestingly, even in the cases where the genome is not integrated, HPV DNA was
found to have acquired genetic or epigenetic changes that result in dysregulated E6/E7
expression [18]. The circumstances that lead to viral genome integration are still mostly
unknown. It occurs at random places in the host genome and leads to the loss of all viral
genes, except E6 and E7. With integration, the expression of E6 and E7 falls under the
control of cellular promoters and it becomes dependent on the cell cycle as the E2 gene is
lost. The E5 gene is, accordingly, mostly lost in this process, but in some cases E5 was found
to be expressed in high grade cervical lesions and HPV-driven cancers, most likely due to the
presence of an episomal form of the virus or concatameric viral genome integration [20–22].
Viral genome integration is not a part of the normal viral life cycle, as it causes the loss of
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genes needed for completion of the synthesis of viral particles. Once the HPV genome is
integrated, the infection becomes abortive and no more virions are created or released [11].

3. Apoptosis

Apoptosis is a distinct form of programmed cell death and a highly controlled process
involved in maintaining homeostasis during a variety of events, such as differentiation,
tissue development, infection and injury [23]. Cells that undergo apoptosis cease to grow
and divide. Instead of normal functions they start a series of molecular events that lead
to their deaths without the spillage of cellular contents into the surrounding area. We can
differentiate between two different apoptosis pathways–the intrinsic, dependent on the
release of cytochrome C from the mitochondria, and the extrinsic, which is initiated by the
binding of the appropriate ligands to the receptors on the cell surface [23].

The intrinsic or mitochondrial pathway of apoptosis is usually triggered when the cell
has suffered damage or when the pro-survival signals from its environment are ablated.
In these cases, the mitochondrial permeability transition pore opens and pro-apoptotic
proteins leak into the cytoplasm [24]. Cytochrome C then induces conformational changes
in the APAF1 protein, which exposes its caspase recruitment domain (CARD domain) and
oligomerization domains. This allows APAF1 to oligomerize, forming an apoptosome,
which has multiple caspase 9-binding sites (CARD domains) [25]. Binding to procaspase 9
leads to its activation, and activated caspase 9 can then activate procaspase 3 and, with it,
the caspase signaling cascade [23].

The external or death receptor pathway of apoptosis is activated when death lig-
ands bind to their appropriate receptors on the cell surface. The most comprehensively
characterized death receptors are APO-1/Fas (CD95), TRAIL-R1 and TRAIL-R2, as well
as TNFR1, all of which are members of the tumor necrosis factor (TNF) receptor gene
superfamily [26]. When their corresponding ligands CD95L, TNFα, lymphotoxin-α and
TRAIL bind to the receptors, they initiate receptor trimerization, which brings their death
domains into close proximity [27]. This allows the recruitment of adaptor molecules, such
as FAS-associated death domain (FADD) or TNF receptor (TNFR)-associated death domain
(TRADD) and procaspase-8, resulting in the formation of the death-inducing signaling
complex (DISC) [28]. Caspase-8 is activated within the DISC and it is able to activate down-
stream caspases and initiate the caspase cascade [29]. The internal and external pathways
of apoptosis are depicted in Figure 1.

A viral infection can also trigger apoptotic signaling within the cell, which is why
various viruses have developed different mechanisms to prevent this, HPV being one of
them. The inhibition of apoptosis has some particularly long-term consequences in the case
of oncogenic viruses, whose transforming properties are amplified by their modulation
of programmed cell death pathways. Interestingly, cancers that arise from these viral
actions are more resistant to therapies, and therefore uncovering the precise mechanisms of
resistance could open potentially very important avenues for therapeutic actions.

p53, the guardian of the genome, is the principal cellular target of HR HPV E6 onco-
proteins (Figure 1). Its role is to respond to cellular stress or DNA damage and trigger cell
cycle arrest or apoptosis, which it induces mostly by the transcriptional activation of the
pro-apoptotic proteins PUMA and NOXA. These proteins then activate other pro-apoptotic
proteins in the Bcl2 family, such as Bax and Bak, to induce mitochondrial instability and
caspase activation [30]. In normal cells, p53 expression is kept at low levels by the actions
of the E3 ubiquitin ligase MDM2. Upon the activation of the DNA damage response,
p53 is phosphorylated, which inhibits its binding to MDM2. This leads to p53 accumula-
tion in cells where it acts as a transcription factor for genes involved in cell cycle arrest
or cell death [31]. In HPV-infected cells, E6 forms a ternary complex with p53 and the
ubiquitin-ligase E6AP (E6-associated protein), which results in the ubiquitination and
subsequent degradation of p53 at the proteasome [32,33]. Interestingly, E6/E6AP com-
plex formation is also crucial for E6 protein stability, as E6 by itself quickly undergoes
proteasomal degradation [34,35]. Even though p53 is principally inactivated and degraded
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by the E6/E6AP complex, its function can also be subdued independently of E6AP in a
number of ways [36]. The interaction of E6 and p53 inhibits its binding to DNA, possibly
due to the changes in protein conformation [37]. By interacting with p53 and its binding
partners BCP/p300, hADA3 and TIP60, E6 abrogates the transactivation of p53-responsive
genes [38–40]. Furthermore, E6 sequesters p53 in the cytoplasm, where p53 cannot exert
its influence [37]. Other, often overlooked, tactics for p53 abrogation are post-translational
protein and epigenetic modifications. E6 inhibits the p300-mediated acetylation of both
p53 and histones, in this way repressing the activation of p53 target genes, among which is
p53 itself [37,38,41]. E6 also blocks p53 phosphorylation, which prevents its binding to the
p21 promoter, further restraining its function [42]. Conversely, overexpression of p53 was
found to be a predictive marker for cisplatin therapy resistance in cases of cervical cancer
and mutations in the p53 gene were shown to be connected to radiotherapy resistance in
HNSCC [43,44]. In addition, the presence of p53 in the cell is impacted by the upregulation
of the YY1 transcription factor [45]. The overexpression of YY1 increases p53 ubiquitination
and degradation, and YY1 is upregulated in cervical cancer tissues, which makes it a possi-
ble biomarker and a new drug target [45,46]. While the precise mechanism behind this is
unknown, YY1 can protect cells from apoptosis, as its inhibition induces p53 activation and
cell death in HPV-18 expressing HeLa cells [45]. Mediated by p53 degradation, E6 affects
the expression of survivin—a member of the inhibitors of apoptosis (IAP) gene family. E6
was shown to transactivate the survivin promoter, thereby increasing the cell’s resistance to
apoptosis [47]. Accordingly, survivin was found to be upregulated in in cervical lesions and
could potentially be used as an early marker of cervical carcinogenesis [48]. Surprisingly,
in a rare example of an anti-apoptotic effect, E6-mediated p53 degradation leads to the
upregulation of Cdc2 and the sensitization of HPV E6-expressing keratinocytes to apoptosis
in response to therapeutic agents [49].

Pathogens 2022, 11, x FOR PEER REVIEW 4 of 17 
 

 

 
Figure 1. HPV oncoproteins interfere with apoptosis through a variety of mechanisms. E6 (yellow) 
induces the proteasomal inactivation of p53, the internal detector of cellular stress, and by this ac-
tivity, it impacts the expression of survivin, YY1 and Cdc2. E6 also degrades the pro-apoptotic pro-
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hibiting TNF-triggered apoptosis, E6 effectively abrogates the external apoptotic pathway and by 
blocking procaspase activation, it stops the downstream signaling. E6 also utilizes its PDZ-binding 
motif (PBM) to degrade PDZ domain-containing proteins, leading to the disruption of the apoptotic 
cascade. E7 (blue) abrogates the binding of SIVA-1 to BCL-XL and thereby prevents the neutraliza-
tion of anti-apoptotic effects of BCL-XL. E5 (pink) impacts the internal and external apoptotic path-
ways by inducing the degradation of the pro-apoptotic protein BAK, and impairing the signaling 
from FAS- and TRAIL-ligands. 
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Figure 1. HPV oncoproteins interfere with apoptosis through a variety of mechanisms. E6 (yellow)
induces the proteasomal inactivation of p53, the internal detector of cellular stress, and by this activity,
it impacts the expression of survivin, YY1 and Cdc2. E6 also degrades the pro-apoptotic proteins
BAK, AIF and c-MYC, and cooperates with E5 in inhibiting FAS-mediated apoptosis. By inhibiting
TNF-triggered apoptosis, E6 effectively abrogates the external apoptotic pathway and by blocking
procaspase activation, it stops the downstream signaling. E6 also utilizes its PDZ-binding motif
(PBM) to degrade PDZ domain-containing proteins, leading to the disruption of the apoptotic cascade.
E7 (blue) abrogates the binding of SIVA-1 to BCL-XL and thereby prevents the neutralization of
anti-apoptotic effects of BCL-XL. E5 (pink) impacts the internal and external apoptotic pathways by
inducing the degradation of the pro-apoptotic protein BAK, and impairing the signaling from FAS-
and TRAIL-ligands.
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In a manner similar to its effect on p53, E6 stimulates E6AP-mediated degradation of
BAK and c-MYC proteins (Figure 1). BAK is a pro-apoptotic protein which activates the
intrinsic apoptotic program, while c-MYC can trigger the extrinsic and amplify the intrinsic
apoptotic pathways [4,50,51]. Interestingly, the c-MYC gene is found in the chromosomal
region most commonly impacted by HPV genome integration (8q24), and c-myc overex-
pression was found to correlate with HPV amplification, making it a potential biomarker
for cervical cancer [52,53] Another E6 substrate is the apoptosis-inducing factor (AIF), a
pro-apoptotic flavoprotein involved in the mitochondrial apoptotic pathway, which E6 also
binds and targets for degradation [54]. E6 also abrogates the extrinsic apoptotic pathway
by subverting FADD signaling. By binding to the death effector domains of the FADD
receptor, E6 accelerates its degradation and inhibits FAS- and TRAIL-mediated apoptosis
(Figure 1). There is also evidence that this pathway is additionally inhibited in keratinocytes
expressing HPV-16 oncoproteins, as a result of the downregulation and cytoplasmic seques-
tration of the TNF receptor 1, combined with a shift towards the expression of a type 2 TNF
receptor, which has a weaker response to TNF-α stimuli [55]. Additionally, E6 was recently
found to interact with DAXX, another protein involved in FAS-mediated apoptosis, and,
in this manner, to decrease the rate of apoptosis. E6 also inhibits TNF-triggered extrinsic
apoptosis by binding TNF R1 [56–59]. In addition to directly inhibiting cell death, E6 can
also activate pro-survival pathways. External stimuli, such as pro-inflammatory cytokines,
can activate the signal transducer and activator of transcription 3 (STAT3) transcription
factor, which has been found to be essential for the survival of cervical cancer cells. E6
activates STAT3 by inducing the expression of the pro-inflammatory cytokine interleukin-6
via the Rac1-NF-kappaB pathway. STAT3 and NF-kappaB co-activation is a specific marker
of HPV-positive HNSCC, while STAT3 mRNA detection can be used for cervical lesion
screening with great specificity [60,61]. The activation of STAT3 determines the sensitivity
of cervical cancer cells to TRAIL-induced apoptosis and can be abrogated by inhibiting the
Janus kinase 2 (JAK2), which phosphorylates STAT3 [62,63].

PDZ (PSD95/Dlg/ZO-1) domains are protein–protein interaction modules,
80–90 amino acids in length, that can be found on a large number of proteins. Some of
these PDZ domain-containing proteins are well-described targets of the E6/E6AP complex,
while some are degraded by E6 independently of E6AP [64]. At its extreme C-terminus,
HR HPV E6 contains a Class I PDZ-binding motif (x-T/S-x-L/V) (PBM) through which it
interacts with PDZ domain-containing proteins and modulates their functions [65,66]. One
of these proteins is MAGI-1, whose degradation facilitates the disruption of tight junctions.
Interestingly, restoring MAGI-1 expression in E6-containing cells results in the induction of
apoptosis and repression of cell proliferation [66,67]. E6 also utilizes its PBM in NF-kappaB
activation, which leads to the accumulation of cellular inhibitor of apoptosis protein 2
(cIAP-2) and subsequently to cellular resistance to TNF-induced apoptosis [68].

The impact of E6 on cell death can also be exerted through DNA methylation. Death-
associated protein kinase 1 (DAPK1) is a component of the endoplasmic reticulum (ER)
stress-response pathway and a regulator of apoptosis and autophagy [69]. E6 downreg-
ulates its expression by inducing the methylation of its promoter, which could be the
possible reason behind its inactivation in cervical cancer cells [70,71]. The precise mecha-
nism for this is unknown, but one possible way could be through the upregulation of DNA
methyltransferases (DNMTs) [72]. p53 and SP1 bind the DNMT1 promoter and suppress
the transcription of the gene. Thus, when E6 degrades and inactivates p53, it effectively
increases the expression of DNMT1 [72]. Nevertheless, DNMT1 was found not to have
an impact on DAPK1 promoter methylation in lymphoma cells, but a similar mechanism
involving other DNMTs is likely to be involved [73]. DAPK1 promoter hypermethylation
was found to be correlated with the increasing severity of neoplasia in cervical biopsies
and it could potentially be used as a biomarker [74,75]. Furthermore, E6 can bind to the
death effector domain of procaspase-8, inhibit its activation and also induce its degradation
(Figure 1). Through acting on both receptors and effectors, E6 decreases the activation of
both caspase 3 and 8 [56,58]. The two major HPV oncoproteins, E6 and E7, have also been
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found to upregulate the UHRF1 protein (ubiquitin-like containing PHD and RING finger
domain 1) in cells isolated from the early stages of cervical cancer [76]. This protein has
been found to bind and regulate DNA methylation in order to regulate gene expression.
UHRF1 upregulation by E6/E7 leads to downregulation of gelsolin and UbcH8, which
results in inhibition of cell death [76,77].

The role of E7 in apoptosis resistance is much less clearly defined than that of E6.
The main cellular target of E7 is the tumor suppressor retinoblastoma protein (pRb). It is
normally bound to E2F and this repression complex blocks G1/S cell cycle progression.
E7 hijacks the cullin-2 ubiquitin ligase complex and uses it to induce the proteasomal
degradation of pRb. The E2F transcription factor is then released and cell cycle progression
is ensured [78]. In a similar manner, E7 also degrades the other two pocket proteins, p107
and p130, leading to E2F4 and E2F5 release, respectively, and in this way also further
promotes cell cycle progression [3]. Unregulated cell cycle progression would normally
trigger apoptosis through a p53-dependent pathway, but, considering that p53 is degraded
or inactivated by E6, apoptosis is prevented in cells expressing both oncogenes [79].

Interestingly, E7 was found to sensitize cells to apoptosis, when the Fas receptor was
stimulated [80]. Additionally, keratinocytes expressing E7 were found to be more prone to
TNF-α and TRAIL-mediated apoptosis, possibly due to the lack of E6 expression, although
this is contested by research showing that E7 expression in normal fibroblasts protects
the cells from TNF-α and FAS-induced cell death [81,82]. E7 was also found to inhibit
apoptosis by enhancing the degradation of a pro-apoptotic protein, insulin-like growth
factor-binding protein-3 (IGFBP-3) [83]. In addition, E7 upregulates the expression of
catalase and NF-kappaB, through which it conveys the resistance to H2O2-induced cell
death [84]. The expression of the cancerous inhibitor of protein phosphatase 2A (CIP2A), an
oncoprotein previously implicated in cell proliferation, senescence and apoptosis resistance,
was also found to be upregulated by E7 and this upregulation can be used for screening
and diagnosis [85]. Furthermore, E7 associates with the pro-apoptotic protein SIVA-1 and
disrupts its binding to BCL-XL. The interaction between SIVA-1 and BCL-XL is important
for neutralizing the anti-apoptotic effects of BCL-XL, so E7 effectively decreases the rate
of apoptosis by abrogating this interaction (Figure 1) [86]. Among other binding partners,
E7 also binds histone deacetylases (HDACs) and this interaction was found to contribute
to apoptosis resistance, as inhibiting HDACs in E7-expressing cells sensitizes cells to
apoptosis and even causes apoptosis by disrupting the mitochondrial transmembrane
potential [87–89].

E5 has also been implicated in apoptosis modulation and, similarly to E6, it has been
found to induce degradation of a pro-apoptotic Bcl-2 family member, in this case Bax,
through increased ubiquitination (Figure 1) [90]. During HPV infection, E5 enhances the
activation of EGFR, and the PI3K-AKT and ERK1/2 MAPK signaling pathways, all of
which have been found to be major survival components [91]. E5 also prevents the external
pathway of apoptosis by impairing the formation of DISC via the FAS or TRAIL ligands
(Figure 1) [92]. E5 also represses the expression of 179 components of the endoplasmic
reticulum that are involved in stress-response pathways [93]. Taking all this together, E5
does not seem to have a decisive role in the evasion of apoptosis, but certainly has an impact
on it through several different mechanisms. As E5 expression is found only in a small
portion of HPV-induced cancers, its significance for apoptosis evasion in malignancies is
not yet clear [94,95].

Since apoptosis is the principal method of programed cell death, HPVs have developed
a number of different ways to evade it and ensure the survival of infected cells, the
most important of which are summarized in Figure 1. The three viral oncoproteins each
control different aspects of this process in order to secure the completion of the viral life
cycle and the release of viral progeny. Of the three, and based on the sheer number of
interacting partners and signaling pathways it impacts, E6 seems to be the most important
for subverting apoptosis. In the general scheme of HPV infections and carcinogenesis, E6
ensures the survival of infected cells, while E7 promotes proliferation and E5 is thought to
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play a supportive role. Nevertheless, in regards to cell death evasion, HPV oncoproteins
sometimes overlap in function. Unfortunately, after the integration of the viral genome into
the host cell DNA, which leads to the uncontrolled expression of viral E6 and E7 oncoproteins,
these evasion strategies become the major drivers of cancer resistance to therapy.

4. Autophagy

Autophagy is a conserved catabolic process during which a cell degrades its intracel-
lular components as a response to stress, degeneration, infection or carcinogenic changes.
During autophagy, materials that are destined for degradation, such as long-lived pro-
teins, organelles or pathogens, are encapsulated in a compartment which is then fused
with a lysosome and its contents degraded [96]. Based on the way the materials are en-
capsulated and delivered for degradation, we recognize chaperone-mediated autophagy,
microautophagy, and macroautophagy (Figure 2). Chaperone-mediated autophagy utilizes
molecular chaperones which recognize specific sequences in unfolded cytosolic proteins.
They then bind to these proteins and shuttle them to the lysosome by interacting with a
lysosome-associated membrane protein (LAMP) type 2A [97]. Microautophagy is a process
used by cells to digest small volumes of cytosol. During microautophagy, the membrane of
the lysosome invaginates and encapsulates the material that needs to be degraded [98]. The
most common and well-studied form of autophagy is macroautophagy, during which large
portions of cytoplasm and its contents are engulfed in an organelle called the autophago-
some. This fuses with the lysosome to form an autolysosome, in which degradation occurs
and useful macromolecules are recycled. Overall, autophagy is an incredibly complex
mechanism involved in various physiological processes and its detailed mechanisms are
comprehensively reviewed in Khandia et al., 2019 [96].

During viral infections, autophagy is crucial for mounting an innate defense against
invaders, as the process recognizes and aims to degrade viral particles within the cell,
as well as inducing the innate immune response by promoting inflammation, antigen
presentation and cytokine response [99]. As a result of the constant host–pathogen co-
evolution, some viruses have developed mechanisms to evade autophagy or even to use
it to their advantage, with HPV belonging to the former group [100]. The inhibition of
autophagy begins immediately after the binding of the viral particle to the heparan sulfate
proteoglycans on the keratinocyte surface [101]. This binding activates the PI3K-Akt-mTOR
signaling pathway and, with mTOR being a negative regulator of autophagy, it inhibits
the cellular process, ensuring the uninterrupted trafficking of viral particles into the cell
(Figure 2) [101]. Similarly, small molecule inhibition of autophagy at different steps has been
shown to increase the infectivity of HPV-16 [102]. Inhibition of autophagy during early viral
infection is dependent on the activity of the L1 and L2 capsid proteins rather than the HPV
oncoproteins, but this nevertheless highlights the importance of inhibiting autophagy to
allow successful viral infection. However, as HPV oncoproteins are successively expressed,
they become involved in autophagy inhibition and sustain this activity throughout the
infection. Indeed, a microarray analysis has shown that silencing E6/E7 induces autophagy
in keratinocyte cell lines containing either episomal or integrated HPV genomes [103]. HPV
16 oncoproteins expressed in primary human keratinocytes have been found to inhibit
autophagy by inhibiting the fusion of autophagosomes and lysosomes, thereby effectively
preventing the degradation of encapsulated targets (Figure 2). This effect was found to be
mostly due to E6/E6AP complex-dependent degradation of p53 [104]. Considering that
E6 stability mostly depends on its interacting partner E6AP [34,105], and that chaperone-
mediated autophagy could be the possible mechanism for E6 protein turnover in the
absence of E6AP, it would be interesting to further investigate the role of autophagy in E6
oncoprotein stability.
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Figure 2. HPV oncoproteins impact different aspects of autophagy. HPV binding to the cell surface
induces PI3K activation, which leads to mTOR expression and autophagy inhibition. E7 (blue) also
activates PI3K and increases Akt stability. Conversely, E7 also causes degradation of AMBRA1, a neg-
ative regulator of autophagy. E6 (yellow) and E5 (pink) inhibit autophagy through p53 degradation.
E6 also inhibits the fusion of the autophagosome to the lysosome and E5 downregulates the genes
necessary for autophagosome turnover and assembly.

There is contradictory evidence regarding the role of HPV E7 oncoproteins in eva-
sion of autophagy. E7 contributes to autophagy inhibition by mediating the degradation
of AMBRA1, a positive regulator of autophagy and a negative regulator of proliferation
(Figure 2) [106]. Nevertheless, there is also evidence of E7’s pro-autophagic effects. Ex-
pressing E7 alone in normal human keratinocytes leads to the increased formation of
autophagosomes and sensitizes cells to cell death in response to growth-factor depriva-
tion [107]. Furthermore, E7 also activates the aforementioned PI3K-Akt-mTOR signaling
pathway through pRb degradation and prolongs signaling through the PI3K-Akt axis
by binding PP2A, a phosphatase important for Akt dephosphorylation. Inhibiting Akt
dephosphorylation prevents the inactivation of the pathway and ensures the expression
of the negative regulator of autophagy, mTOR (Figure 2) [108,109]. High levels of phos-
phorylated m-TOR expression in HPV-related cancers can serve as a prognostic marker
for poor chemotherapy response and overall patient survival, and mTOR inhibitors, such
as rapamycin, are currently being tested as potential therapeutic targets [110–112]. E7-
mediated degradation of pRb and p130 also results in a release of E2F5, which leads to the
activation of DRP1. The activated DRP1 translocates to the mitochondria, where it causes
mitochondrial fission and subsequent lethal mitophagy, a form of macroautophagy caused
by mitochondrial degradation [113].
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E5 attenuates autophagy by down-regulation of the genes important for the assembly
and turn-over of autophagosomes in keratinocyte growth factor- and serum-deprived cells
(Figure 2) [114]. This process is p53-dependent, as it is essential for the transcription of
the genes in question (BECLIN 1, ATG5, LC3, ULK2, ATG4a, and ATG7) [114]. E5 seems to
use independent mechanisms to abrogate p53 function, but the details of this mechanism
are currently unknown [114]. As E5 is mostly expressed in the basal and suprabasal
layers of infected epithelia, where cells start their differentiation process, this indicates
the importance of auxiliary mechanisms of autophagy resistance in this crucial period
of infection.

Little is still known about the influence of HPV oncoproteins on autophagy and
about the mechanistic details of this process (Figure 2), but more is continuously being
discovered. HPVs terminate different modes of autophagy within cells in order to ensure
their own survival, since autophagy could be detrimental during early infection. However,
during persistent infection this inhibition inadvertently has consequences that promote
cell transformation and tumorigenesis. Autophagy contributes to the ability of the cell
and the organism to limit viral replication, enhance the immune response and eliminate
transformed cells; thereby protecting the organism from infection. Unfortunately, the same
processes can also help cancer cells recover from metabolic stresses caused by chemotherapy
and, as a consequence, can contribute to chemotherapy resistance and cancer recurrence.
In the case of cervical cancer, autophagy seems to have an anticarcinogenic role. The
expression of autophagy-related markers was found to be reduced in cervical and anal
cancers, but the precise significance and prognostic value of this is not yet clear [115–117].

5. Anoikis and Pyroptosis

Anoikis is a form of orderly cell death induced by detachment of cells from the ex-
tracellular matrix. It is a crucial mechanism that serves to prevent adherent-independent
cell growth and is, therefore, critical for preventing metastatic colonization [118]. Notch1
activation in HPV E6/E7-expressing immortalized epithelial cells was found to convey
resistance to cell death in response to matrix withdrawal, and this resistance is mediated
through PKB/Akt signaling [119]. HPV E6/E7 was also shown to induce Nurr-1 expres-
sion, which promotes anchorage-independent growth, cell proliferation and migration
of HPV-positive cervical cancer cells and cell lines [120]. Furthermore, PIK3CA was also
demonstrated to be upregulated in cervical carcinomas and frequently mutated in HPV-
associated oropharyngeal squamous cell carcinoma [121,122]. This protein is a positive
regulator of the PI3K/Akt pathway, and blocking its activity reduced cell viability and
anchorage-independent growth in HPV immortalized cells [121]. HPV oncoproteins do not
interact directly with PIK3CA: neither with its promoters nor with its interacting partners;
but are thought to promote activating mutagenesis of the PIK3CA gene. Due to their
mechanisms of action, HPV oncoproteins are thought to drive cell mutagenesis and a
number of genes, such as PIK3CA, PTEN, HLA-A/B and TGF-β, are commonly found to
be somatically mutated in HPV-positive cancers [123]. Another potentially important gene
dysregulated in HPV-associated cancers is SORBS2, which was revealed by microarray
analysis to be downregulated in cervical premalignant lesions and HNSCCs [124,125]. The
expression of SORBS2 suppresses the metastasis of a number of cancers, and its ectopic
expression in cells in vitro results in a significant reduction in anchorage-independent
growth and colony formation [124,126,127]. Similarly, to PIK3CA, no direct interaction
between HPV oncoproteins and SORBS2 has been found, so the mechanism by which HPV
impacts SORBS2 expression still remains to be elucidated. Caveolin-1, a component of
caveolae, whose role in tumor progression depends on the cellular context, is consistently
found to be downregulated in cervical cancer-derived cell lines, and this reduction is
dependent on E6-induced p53 degradation. In HNSCCs, the lack of Calveolin-1 leads to
increased epithelial-mesenchymal transition [128], while restoring expression of calveolin-1
abrogates anoikis resistance [129]. Interestingly, E5 was found to upregulate caveolin-1,
and this upregulation is considered to be a possible mechanism for immune evasion during
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productive viral infections [130]. Nevertheless, considering that HPV-induced cancers pre-
dominantly express E6/E7 oncoproteins, this upregulation is most probably not significant
in the context of carcinogenesis. In addition, HPV E6 PBM-PDZ interactions appear to
be also significant for viral regulation of anoikis. E6 utilizes its PBM to interact with and
induce the degradation of a PDZ-domain containing protein PTPN13, which is implicated
in several cell survival pathways. This ablation results anchorage-independent growth and
in resistance to anoikis, mediated through Ras signaling [131]. In addition, E7-mediated
degradation of tyrosine phosphatase PTPN14, a potential tumor suppressor, was also
shown to influence anoikis resistance. The ubiquitin ligase UBR4/p600 was found to be
required for this process, although the precise mechanism is still unknown [78,132,133]. The
interaction between E7 and UBR4/p600 has been shown to cause anchorage-independent
growth, but whether this is due solely to PTPN14, or if there are other proteins involved in
the process, remains to be elucidated. Anchorage-independent growth is a prerequisite for
metastatic progression of HPV-related cancers and uncovering details about this process is,
therefore, the key to stopping it.

Pyroptosis or caspase-1-dependent cell death, is an inflammatory cell death process
usually triggered by microbial infections or pathological stimuli. Pyroptotic cell death
results in the controlled rupture of the plasma-membrane and the release of cellular contents,
which then triggers a rapid immune response [134]. HPV-infected cervical cancer cells were
shown to evade pyroptosis by upregulating SIRT1, which represses the transcription of
the AIM2 gene, important for the recruitment of procaspase-1 to the inflammasome [135].
Decreased procaspase recruitment to the inflammasome means that less procaspase is
activated to caspase and that, consequently, the pyroptotic response is reduced. This SIRT1
overexpression was found to be correlated with the progression of cervical lesions towards
development of SCC, which makes it a potential biomarker [136]. Interestingly, inhibiting
SIRT1 expression restores pyroptosis, not only in SIRT1 silenced cells, but also in their
neighboring cells, and this process is mediated by extracellular vesicles carrying AIM2
proteins [135]. HPV E7 can also inhibit pyroptosis caused by the presence of dsDNA,
by utilizing the E3 ubiquitin ligase TRIM21 to degrade the IFI16 inflammasome [137].
Pyroptotic cell death can trigger auxiliary inflammatory processes and immune responses,
particularly in response to intracellular pathogens such as HPV, which is why HPVs have
developed mechanisms for pyroptosis evasion. Likewise, finding novel ways to restart the
process could circumvent the HPV-induced blockade of the immune response and thereby
facilitate viral clearance.

6. Conclusions

Programmed cell death serves to maintain cellular and tissue homeostasis, and to
protect the organism from transformed or infected cells. A number of pathogens, including
HPVs, have therefore developed ways to subvert these mechanisms to ensure their own
survival. Unfortunately for the infected individual, cell death evasion also allows the
continual propagation of damaged or transformed cells. As described here, the primary
mediators of HPV-induced cell death resistance are its oncogenes E5, E6 and E7, whose dif-
ferent mechanisms complement and support each other in this process. These oncoproteins
impact several signaling pathways indispensable for programmed cell death. They degrade
members of the Bcl2 pro-apoptotic family and PDZ-domain containing proteins, while
they upregulate anti-apoptotic proteins, such as BAK, c-MYC and SIRT1. Importantly, E6
degrades the principal tumor suppressor p53 and, through this process, it impacts a number
of targets crucial for cell death and survival. Additionally, HPV oncoproteins enhance the
activity of the survival pathways such as PI3K/PKB/AKT and ERK1/2 MAPK, while they
inhibit the external pathways of apoptosis mediated by FAS- and TRAIL-ligands. It is clear
that there are still many unknown aspects and contrasting findings in the field of HPV
cell death inhibition, but analyzing and elucidating these mechanisms could potentially
uncover new protein targets, or avenues that could create a basis for therapeutic action
against HPV-driven malignancies.
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Human Papillomavirus E6 PDZ Binding Motif: From Life Cycle to Malignancy. Viruses 2015, 7, 3530–3551. [CrossRef]

67. Kranjec, C.; Massimi, P.; Banks, L. Restoration of MAGI-1 Expression in Human Papillomavirus-Positive Tumor Cells Induces
Cell Growth Arrest and Apoptosis. J. Virol. 2014, 88, 7155–7169. [CrossRef]

68. James, M.A.; Lee, J.H.; Klingelhutz, A.J. Human Papillomavirus Type 16 E6 Activates NF-KappaB, Induces CIAP-2 Expression,
and Protects against Apoptosis in a PDZ Binding Motif-Dependent Manner. J. Virol. 2006, 80, 5301–5307. [CrossRef]

69. Singh, P.; Ravanan, P.; Talwar, P. Death Associated Protein Kinase 1 (DAPK1): A Regulator of Apoptosis and Autophagy. Front.
Mol. Neurosci. 2016, 9, 46. [CrossRef]

70. Banzai, C.; Nishino, K.; Quan, J.; Yoshihara, K.; Sekine, M.; Yahata, T.; Tanaka, K. Promoter Methylation of DAPK1, FHIT, MGMT,
and CDKN2A Genes in Cervical Carcinoma. Int. J. Clin. Oncol. 2014, 19, 127–132. [CrossRef]

71. Yanatatsaneejit, P.; Chalertpet, K.; Sukbhattee, J.; Nuchcharoen, I.; Phumcharoen, P.; Mutirangura, A. Promoter Methylation of
Tumor Suppressor Genes Induced by Human Papillomavirus in Cervical Cancer. Oncol. Lett. 2020, 20, 955–961. [CrossRef]

72. Ekanayake Weeramange, C.; Tang, K.D.; Vasani, S.; Langton-Lockton, J.; Kenny, L.; Punyadeera, C. DNA Methylation Changes in
Human Papillomavirus-Driven Head and Neck Cancers. Cells 2020, 9, 1359. [CrossRef] [PubMed]

73. Frazzi, R.; Cusenza Ylenia, V.; Pistoni, M.; Canovi, L.; Cascione, L.; Bertoni, F.; Merli, F. KLF4, DAPK1 and SPG20 Promoter
Methylation Is Not Affected by DNMT1 Silencing and Hypomethylating Drugs in Lymphoma Cells. Oncol Rep 2022, 47, 10.
[CrossRef] [PubMed]

74. Feng, Q.; Balasubramanian, A.; Hawes, S.E.; Toure, P.; Sow, P.S.; Dem, A.; Dembele, B.; Critchlow, C.W.; Xi, L.; Lu, H.; et al.
Detection of Hypermethylated Genes in Women with and without Cervical Neoplasia. J. Natl. Cancer Inst. 2005, 97, 273–282.
[CrossRef] [PubMed]

75. Zhang, L.; Tan, W.; Yang, H.; Zhang, S.; Dai, Y. Detection of Host Cell Gene/HPV DNA Methylation Markers: A Promising Triage
Approach for Cervical Cancer. Front. Oncol. 2022, 12, 831949. [CrossRef]

http://doi.org/10.1073/pnas.95.14.8058
http://doi.org/10.1038/sj.onc.1202223
http://doi.org/10.18632/oncotarget.2706
http://www.ncbi.nlm.nih.gov/pubmed/25596731
http://doi.org/10.3892/ol.2018.9825
http://www.ncbi.nlm.nih.gov/pubmed/30675277
http://doi.org/10.1038/s41598-020-71134-3
http://www.ncbi.nlm.nih.gov/pubmed/32848167
http://doi.org/10.3390/ijms20010198
http://doi.org/10.1074/jbc.M200113200
http://doi.org/10.1074/jbc.M401172200
http://doi.org/10.1038/sj.cdd.4401886
http://doi.org/10.1186/s11658-020-00230-z
http://doi.org/10.1002/ijc.29558
http://doi.org/10.1016/j.prp.2018.02.003
http://www.ncbi.nlm.nih.gov/pubmed/29655523
http://doi.org/10.1371/journal.ppat.1007835
http://www.ncbi.nlm.nih.gov/pubmed/31226168
http://doi.org/10.1371/journal.ppat.1006975
http://www.ncbi.nlm.nih.gov/pubmed/29630659
http://doi.org/10.1038/onc.2008.351
http://www.ncbi.nlm.nih.gov/pubmed/19029942
http://doi.org/10.1111/j.1742-4658.2012.08709.x
http://doi.org/10.3390/v7072785
http://doi.org/10.1128/JVI.03247-13
http://doi.org/10.1128/JVI.01942-05
http://doi.org/10.3389/fnmol.2016.00046
http://doi.org/10.1007/s10147-013-0530-0
http://doi.org/10.3892/ol.2020.11625
http://doi.org/10.3390/cells9061359
http://www.ncbi.nlm.nih.gov/pubmed/32486347
http://doi.org/10.3892/or.2021.8221
http://www.ncbi.nlm.nih.gov/pubmed/34751409
http://doi.org/10.1093/jnci/dji041
http://www.ncbi.nlm.nih.gov/pubmed/15713962
http://doi.org/10.3389/fonc.2022.831949


Pathogens 2022, 11, 1027 14 of 16

76. Lee, H.J.; Kim, M.J.; Kim, Y.S.; Choi, M.Y.; Cho, G.J.; Choi, W.S. UHRF1 Silences Gelsolin to Inhibit Cell Death in Early Stage
Cervical Cancer. Biochem. Biophys. Res. Commun. 2020, 526, 1061–1068. [CrossRef] [PubMed]

77. Zhang, Q.; Qiao, L.; Wang, X.; Ding, C.; Chen, J.J. UHRF1 Epigenetically Down-Regulates UbcH8 to Inhibit Apoptosis in Cervical
Cancer Cells. Cell Cycle 2018, 17, 300–308. [CrossRef]

78. Huh, K.; Zhou, X.; Hayakawa, H.; Cho, J.-Y.; Libermann, T.A.; Jin, J.; Harper, J.W.; Munger, K. Human Papillomavirus Type 16 E7
Oncoprotein Associates with the Cullin 2 Ubiquitin Ligase Complex, Which Contributes to Degradation of the Retinoblastoma
Tumor Suppressor. J. Virol. 2007, 81, 9737–9747. [CrossRef]

79. Alunni-Fabbroni, M.; Littlewood, T.; Deleu, L.; Caldeira, S.; Giarrè, M.; Dell’ Orco, M.; Tommasino, M. Induction of S Phase and
Apoptosis by the Human Papillomavirus Type 16 E7 Protein Are Separable Events in Immortalized Rodent Fibroblasts. Oncogene
2000, 19, 2277–2285. [CrossRef]

80. Aguilar-Lemarroy, A.; Gariglio, P.; Whitaker, N.J.; Eichhorst, S.T.; Hausen, H.z.; Krammer, P.H.; Rösl, F. Restoration of P53 Expres-
sion Sensitizes Human Papillomavirus Type 16 Immortalized Human Keratinocytes to CD95-Mediated Apoptosis. Oncogene
2002, 21, 165–175. [CrossRef]

81. Basile, J.R.; Zacny, V.; Münger, K. The Cytokines Tumor Necrosis Factor-α (TNF-α) and TNF-Related Apoptosis-Inducing Ligand
Differentially Modulate Proliferation and Apoptotic Pathways in Human Keratinocytes Expressing the Human Papillomavirus-16
E7 Oncoprotein. J. Biol. Chem. 2001, 276, 22522–22528. [CrossRef]

82. Thompson, D.A.; Zacny, V.; Belinsky, G.S.; Classon, M.; Jones, D.L.; Schlegel, R.; Münger, K. The HPV E7 Oncoprotein Inhibits
Tumor Necrosis Factor α-Mediated Apoptosis in Normal Human Fibroblasts. Oncogene 2001, 20, 3629–3640. [CrossRef]

83. Santer, F.R.; Moser, B.; Spoden, G.A.; Jansen-Dürr, P.; Zwerschke, W. Human Papillomavirus Type 16 E7 Oncoprotein Inhibits
Apoptosis Mediated by Nuclear Insulin-like Growth Factor-Binding Protein-3 by Enhancing Its Ubiquitin/Proteasome-Dependent
Degradation. Carcinogenesis 2007, 28, 2511–2520. [CrossRef]

84. Shim, J.-H.; Cho, K.-J.; Lee, K.-A.; Kim, S.-H.; Myung, P.-K.; Choe, Y.-K.; Yoon, D.-Y. E7-Expressing HaCaT Keratinocyte Cells Are
Resistant to Oxidative Stress-Induced Cell Death via the Induction of Catalase. Proteomics 2005, 5, 2112–2122. [CrossRef]

85. Zhang, W.; Chen, H.; Chen, Y.; Liu, J.; Wang, X.; Yu, X.; Chen, J.J.; Zhao, W. Cancerous Inhibitor of Protein Phosphatase 2A
Contributes to Human Papillomavirus Oncoprotein E7-Induced Cell Proliferation via E2F1. Oncotarget 2015, 6, 5253–5262.
[CrossRef]

86. Severino, A.; Abbruzzese, C.; Manente, L.; Valderas, Á.A.; Mattarocci, S.; Federico, A.; Starace, G.; Chersi, A.; Mileo, A.M.;
Paggi, M.G. Human Papillomavirus-16 E7 Interacts with Siva-1 and Modulates Apoptosis in HaCaT Human Immortalized
Keratinocytes. J. Cell. Physiol. 2007, 212, 118–125. [CrossRef]

87. Longworth, M.S.; Laimins, L.A. The Binding of Histone Deacetylases and the Integrity of Zinc Finger-like Motifs of the E7 Protein
Are Essential for the Life Cycle of Human Papillomavirus Type 31. J. Virol. 2004, 78, 3533–3541. [CrossRef]

88. Finzer, P.; Krueger, A.; Stöhr, M.; Brenner, D.; Soto, U.; Kuntzen, C.; Krammer, P.H.; Rösl, F. HDAC Inhibitors Trigger Apoptosis in
HPV-Positive Cells by Inducing the E2F-P73 Pathway. Oncogene 2004, 23, 4807–4817. [CrossRef]

89. Darvas, K.; Rosenberger, S.; Brenner, D.; Fritsch, C.; Gmelin, N.; Krammer, P.H.; Rösl, F. Histone Deacetylase Inhibitor-Induced
Sensitization to TNFalpha/TRAIL-Mediated Apoptosis in Cervical Carcinoma Cells Is Dependent on HPV Oncogene Expression.
Int. J. Cancer 2010, 127, 1384–1392. [CrossRef]

90. Oh, J.-M.; Kim, S.-H.; Cho, E.-A.; Song, Y.-S.; Kim, W.-H.; Juhnn, Y.-S. Human Papillomavirus Type 16 E5 Protein Inhibits
Hydrogen-Peroxide-Induced Apoptosis by Stimulating Ubiquitin-Proteasome-Mediated Degradation of Bax in Human Cervical
Cancer Cells. Carcinogenesis 2010, 31, 402–410. [CrossRef]

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

92. Kabsch, K.; Mossadegh, N.; Kohl, A.; Komposch, G.; Schenkel, J.; Alonso, A.; Tomakidi, P. The HPV-16 E5 Protein Inhibits TRAIL-
and FasL-Mediated Apoptosis in Human Keratinocyte Raft Cultures. Intervirology 2004, 47, 48–56. [CrossRef] [PubMed]

93. Sudarshan, S.R.; Schlegel, R.; Liu, X. The HPV-16 E5 Protein Represses Expression of Stress Pathway Genes XBP-1 and COX-2 in
Genital Keratinocytes. Biochem. Biophys. Res. Commun. 2010, 399, 617–622. [CrossRef]

94. Chang, J.L.; Tsao, Y.P.; Liu, D.W.; Huang, S.J.; Lee, W.H.; Chen, S.L. The Expression of HPV-16 E5 Protein in Squamous Neoplastic
Changes in the Uterine Cervix. J. Biomed. Sci. 2001, 8, 206–213. [CrossRef] [PubMed]

95. Um, S.H.; Mundi, N.; Yoo, J.; Palma, D.A.; Fung, K.; MacNeil, D.; Wehrli, B.; Mymryk, J.S.; Barrett, J.W.; Nichols, A.C. Variable
Expression of the Forgotten Oncogene E5 in HPV-Positive Oropharyngeal Cancer. J. Clin. Virol. 2014, 61, 94–100. [CrossRef]

96. Khandia, R.; Dadar, M.; Munjal, A.; Dhama, K.; Karthik, K.; Tiwari, R.; Yatoo, M.I.; Iqbal, H.M.N.; Singh, K.P.; Joshi, S.K.; et al.
A Comprehensive Review of Autophagy and Its Various Roles in Infectious, Non-Infectious, and Lifestyle Diseases: Current
Knowledge and Prospects for Disease Prevention, Novel Drug Design, and Therapy. Cells 2019, 8, 674. [CrossRef]

97. Kaushik, S.; Cuervo, A.M. The Coming of Age of Chaperone-Mediated Autophagy. Nat. Rev. Mol. Cell Biol. 2018, 19, 365–381.
[CrossRef]

98. Li, W.; Li, J.; Bao, J. Microautophagy: Lesser-Known Self-Eating. Cell. Mol. Life Sci. 2012, 69, 1125–1136. [CrossRef]
99. Vescovo, T.; Pagni, B.; Piacentini, M.; Fimia, G.M.; Antonioli, M. Regulation of Autophagy in Cells Infected With Oncogenic

Human Viruses and Its Impact on Cancer Development. Front. Cell Dev. Biol. 2020, 8, 47. [CrossRef] [PubMed]
100. Ahmad, L.; Mostowy, S.; Sancho-Shimizu, V. Autophagy-Virus Interplay: From Cell Biology to Human Disease. Front. Cell Dev.

Biol. 2018, 6, 155. [CrossRef]

http://doi.org/10.1016/j.bbrc.2020.03.185
http://www.ncbi.nlm.nih.gov/pubmed/32312517
http://doi.org/10.1080/15384101.2017.1403686
http://doi.org/10.1128/JVI.00881-07
http://doi.org/10.1038/sj.onc.1203570
http://doi.org/10.1038/sj.onc.1204979
http://doi.org/10.1074/jbc.M010505200
http://doi.org/10.1038/sj.onc.1204483
http://doi.org/10.1093/carcin/bgm199
http://doi.org/10.1002/pmic.200401106
http://doi.org/10.18632/oncotarget.2867
http://doi.org/10.1002/jcp.21011
http://doi.org/10.1128/JVI.78.7.3533-3541.2004
http://doi.org/10.1038/sj.onc.1207620
http://doi.org/10.1002/ijc.25170
http://doi.org/10.1093/carcin/bgp318
http://doi.org/10.1128/JVI.76.1.220-231.2002
http://doi.org/10.1159/000076642
http://www.ncbi.nlm.nih.gov/pubmed/15044836
http://doi.org/10.1016/j.bbrc.2010.07.125
http://doi.org/10.1007/BF02256414
http://www.ncbi.nlm.nih.gov/pubmed/11287752
http://doi.org/10.1016/j.jcv.2014.06.019
http://doi.org/10.3390/cells8070674
http://doi.org/10.1038/s41580-018-0001-6
http://doi.org/10.1007/s00018-011-0865-5
http://doi.org/10.3389/fcell.2020.00047
http://www.ncbi.nlm.nih.gov/pubmed/32181249
http://doi.org/10.3389/fcell.2018.00155


Pathogens 2022, 11, 1027 15 of 16

101. Surviladze, Z.; Sterk, R.T.; DeHaro, S.A.; Ozbun, M.A. Cellular Entry of Human Papillomavirus Type 16 Involves Activation of
the Phosphatidylinositol 3-Kinase/Akt/MTOR Pathway and Inhibition of Autophagy. J. Virol. 2013, 87, 2508–2517. [CrossRef]

102. Griffin, L.M.; Cicchini, L.; Pyeon, D. Human Papillomavirus Infection Is Inhibited by Host Autophagy in Primary Human
Keratinocytes. Virology 2013, 437, 12–19. [CrossRef]

103. Hanning, J.E.; Saini, H.K.; Murray, M.J.; Caffarel, M.M.; van Dongen, S.; Ward, D.; Barker, E.M.; Scarpini, C.G.; Groves, I.J.;
Stanley, M.A.; et al. Depletion of HPV16 Early Genes Induces Autophagy and Senescence in a Cervical Carcinogenesis Model,
Regardless of Viral Physical State. J. Pathol. 2013, 231, 354–366. [CrossRef] [PubMed]

104. Mattoscio, D.; Medda, A.; Chiocca, S. Human Papilloma Virus and Autophagy. Int. J. Mol. Sci. 2018, 19, 1775. [CrossRef]
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