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Abstract

Human Papillomavirus (HPV) infections are a leading cause of viral-induced malignancies worldwide,
with a prominent association with cervical and head and neck cancers. The pivotal role of HPV
oncoproteins, E5, E6, and E7, in manipulating cellular events, which contribute to viral pathogenesis in
various ways, has been extensively documented. This article reviews the influence of HPV oncoproteins
on cellular signaling pathways within the host cell, shedding light on the underlying molecular
mechanisms. A comprehensive understanding of these molecular alterations is essential for the
development of targeted therapies and strategies to combat HPV-induced premalignancies and
prevent their progress to cancer. Furthermore, this review underscores the intricate interplay between
HPV oncoproteins and some of the most important cellular signaling pathways: Notch, Wnt/B-catenin,
MAPK, JAK/STAT, and PI3K AKT/mTOR. The treatment efficacies of the currently available inhibitors on
these pathways in an HPV-positive context are also discussed. This review also highlights the
importance of continued research to advance our knowledge and enhance therapeutic interventions

for HPV-associated diseases.

Introduction

Human papillomaviruses (HPV) are ubiquitously present, small double-stranded DNA viruses
responsible for several malignancies that arise at different anatomical sites. Virtually all individuals are
susceptible to HPV infection at some point in their lifetimel. HPV infection does not necessarily lead
to cancer. Among over 450 different HPV types identified, only a small proportion of them have been
demonstrated to play a role in promoting the development of cancer?3. HPV infection can be cleared
by the host immune system. However, persistent infection with certain HPV subtypes is considered the
major risk factor for the development of HPV-induced cancers **. Among HPV-induced cancers, cervical
cancer (CC) stands out as of particular importance. It ranks the fourth most common cancer among
women, affecting more than 600,000 individuals worldwide across all age groups®. Even though
extensive efforts from governments and non-governmental organizations (NGOs) to promote HPV

screening and vaccination programs, CC remains a major global health concern.

In addition to CC, there is a growing global alarm over the increasing incidence of head and neck
cancers (HNCs). Most HNCs are categorized as squamous cell carcinomas, a type of cancer that arises
in squamous cells lining the oral cavity. HNC ranks the seventh most common cancer globally,
responsible for more than 660,000 new cases and 330,000 deaths. Interestingly, the increasing rate of
HNC in developed countriesis attributed to a rise in oropharyngeal cancer, which is a subtype of HNC”#2.
Unlike the common cancer risk factors, such as excessive tobacco and alcohol consumption, HPV-

positive (HPV+) oropharyngeal cancers are often diagnosed in young adults, non or light smokers, with
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low alcohol consumption and multiple sexual partners®. Patients with HPV+ oropharyngeal cancers
have higher survival rates and better therapeutic responses®!°. In the future, it would be important to
distinguish between HPV+ and HPV-negative (HPV-) HNCs, during diagnosis to reduce side effects and

treatment toxicities.

HPVs are classified into five distinct genera based on the DNA sequence homology in the L1 gene. The
five genera are alpha (a), beta (B), gamma (y), mu (u), and nu (v), with the a types being the most
extensively studied due to their significant clinical implication*2. This review focuses mainly on the
a-HPV types due to their ability to cause significant ailments in humans. The a-HPVs infect human
mucosal epithelia and, depending on their potential to cause malignant transformation, are divided
into low-risk (LR) and high-risk (HR) types. Infections with LR-HPV types, including 6, 11, 40, 42, 43, 44,
54, 61, 70, 72, and 81, result in self-limiting, benign anogenital warts. In contrast, cancer-causing or
the so-called “HR”-HPVs, including 16, 18, 31, 33, 35, 39, 45, 51, 52, 56, 58, 59, 68, 73 and 82 are
involved in malignant transformation?3. Nearly all CCs are caused by HPV infections, notably, HPV-16
and -18 are highly involved in approximately 70% of all cases. In addition, HR mucosal a-HPVs were
reported to cause approximately 70% of other anogenital cancers and nearly half of HNC, especially

HPV-16, which is detected in over 80% of oropharyngeal cancer specimens*¢.

Itis now generally accepted that a-HPV infection takes place when the virus penetrates the squamous
epithelium via microinjuries, subsequently infecting the basal cells. The viral life cycle is entirely
dependent on keratinocyte differentiation in the stratified epithelium, making it the primary target for
the virus. In normal differentiating epithelium, the cells undergo division in the basal layer, in which
the basal cells are the only proliferating cells. After the division, these cells then move to the suprabasal
layers, where they achieve terminal differentiation and exit the cell cycle!’. In the scenario of HPV
infections, the thickness of suprabasal layers is increased. The cell cycle of this population of cells is
perturbed by HPV E6 and E7 oncoproteins, which target the major cell cycle regulators p53 and pRB,
respectively®*®, E7 interacts with and degrades the retinoblastoma (RB) protein family, including pRB,
p130, and p107, leading to the release and activation of the E2F transcription factor, which then signals
the transactivation of genes involved in regulating the S-phase of the cell cycle®. Additionally, the E7
oncoprotein can stabilize p53 and activate the p53 tumor suppressor pathway resulting in
apoptosis?>?2, To evade this, E6 has evolved to efficiently degrade p53 in a proteasome-dependent
manner!®, All these events lead to shortened G1/S transit, prolonged S-phase that favors viral gene
transcription and replication, and delayed G2/M exit!’. The collaborative effect of E6 and E7
oncoproteins is a well-defined process, however in certain circumstances, mostly during persistent
infection, viral DNA gets randomly integrated into the host genome. Most viral genes are lost during

this process, while E6 and E7 become continuously and uncontrollably upregulated, driving cellular
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immortalization and transformation, and, ultimately, resulting in HPV-induced malignancies'’?*°, This

viral integration is an exclusive feature of a-HPVs.

To date, there are four HPV prophylactic vaccines available on the pharmaceutical market: Cervarix,
Gardasil, Gardasil-9, and Cecolin?®. Many reports have shown the high effectiveness of these vaccines
against the development of HPV-associated cancers. Unfortunately, it is important to note that access
to these HPV vaccines remains limited, for various logistic and economic reasons, in low- and middle-
income countries, where the burden of HPV-associated cancers, particularly cervical cancer, remains
high. Additionally, as the name indicates, these vaccines are merely prophylactic and have no
therapeutic potential. Currently, there are no specific therapies for treating HPV-mediated cancers
available, except the commonly used clinical approaches and procedures for cancer treatment. Hence,
a better understanding of underlying molecular mechanisms on how E6 and E7 contribute to disease
progression is a pressing need. Uncovering these mechanistic details and host signaling pathways
altered by HPV oncoproteins could be of significant aid in developing antiviral therapies against
HPV-induced malignancies, as well as more accurate markers that could predict disease development
at early stages at atypical sites of viral infection. Taken together, these factors are likely to result in a

positive impact on patient survival rates and quality of life.

Whnt/B-catenin signaling

Whnt signaling pathways are divided into canonical and non-canonical pathways. The canonical Wnt
pathway plays a pivotal role in controlling cell proliferation, self-renewal, migration, and
differentiation, whereas the non-canonical Wnt pathway is important for regulating cell polarity and
migration?”28, The major difference between canonical and non-canonical Wnt signaling is that the
activation of the non-canonical pathway occurs in a B-catenin-independent manner?, whilst the
canonical Wnt signaling pathway involves B-catenin. The activation of Wnt is regulated by Dickkopf-1
(DDK1) and Axin. DDK1 binds to low-density lipoprotein receptor-related proteins (LRP) 5/6, signaling
for the Wnt pathway to be switched off. Another mode of negative Wnt regulation is when Axin forms
a complex with glycogen synthase kinase-3 (GSK-3B) and adenomatous polyposis coli (APC) proteins,
which then lower the level of B-catenin?®. Upon activation of the canonical Wnt pathway, or designated
as Wnt/B-catenin (WBC), the Wnt ligand binds to the Frizzled (FZD) and low-density lipoprotein (LRP)
5/6 receptors. This, then, activates Disheveled (DVL), allowing the recruitment of the Axin, GSK-38,
CK1, APC, and phosphorylated B-catenin to form a complex®°. This, in turn, prevents proteomic
degradation of B-catenin. The accumulation of phosphorylated B-catenin signals the translocation of
B-catenin into the nucleus, leading to transcriptional activation of the Wnt target genes, which are

mostly tissue or developmental stage-specific, modulated by T-cell factor/lymphoid enhancer-binding
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factor (TCF/LEF)*! (Figure 1A). The cytoplasmic-nuclear trafficking of B-catenin links to the Hippo
pathway. When this pathway is activated, cytoplasmic phosphorylated Yes-associated protein (YAP) of
the Hippo pathway binds to B-catenin, impeding the nuclear translocation of B-catenin and its
subsequent transcriptional transactivation of Wnt target genes>2. In contrast, when the Hippo pathway
is inactivated, WBC is active. Therefore, the Hippo pathway is a negative regulator of the canonical

WBC pathway.

HPV and Wnt/B-catenin

Wnt genes are aberrantly expressed in cancers, including HPV-associated cervical and head and neck
cancers®3*, FzZD, DVL, Wnt4, and Wnt8A genes are upregulated in HPV16+ CC compared to normal
epithelia®>%¢. The upregulation of WBC genes can occur even in the absence of active HPV infection®’.
This, perhaps, indicates that the upregulation of the WBC pathway is a sequential and accumulative
effect exerted by E6 and E7. These two HPV oncoproteins collaboratively target WBC to enhance cell
proliferation and transformation, as shown in in vitro and in vivo studies. In a double transgenic mouse
model, expression of 16E7 and B-catenin constitutively (K14-E7/AN87Bcat) drives E6AP-mediated®
degradation of Na(+)/(H+) exchange regulatory factor 1 (NHERF1), thereby withdrawing inhibition on
WBC* and promoting cervical carcinogenesis®®. Another mechanism of how E7 instigates the
degradation of NHERF1 is that E7 activates cyclin-dependent kinase (CDK) complexes to promote
phosphorylation of NHERF1, which then stimulates the degradation of NHERF1 by E6. The degradation
of NHERF1 mediated by E6/E7 in an E6AP-dependent manner is a common feature shared by both LR-
and HR-HPV types*.

E7 also strategies to target WBC through PTPN14 and the Hippo signaling pathway. Tumor suppressor
PTPN14 associates with YAP and negatively regulates YAP function by keeping YAP in the cytoplasm*>*3,
E7 binds and degrades PTPN14 in a proteasome-dependent manner****, This abolishes PTPN14 control
over YAP, allowing the trafficking of YAP*® and B-catenin into the nucleus. In synergy with E7, E6 can
also target the Wnt-Hippo pathway*’*%. HR-HPV E6, through its PDZ binding motif (PBM), retains
nuclear YAP/B-catenin®’. This can also occur through the degradation of NHERF1 by E6*!. E6 encoded
by cutaneous HPVs, albeit at a lower strength than HR HPVs, can interact with YAP and Transcriptional
Enhanced Associated Domain 1 (TEAD1)*, and enhance Wnt/B-catenin/TCF transcription®’. In the
nucleus, YAP/B-catenin forms a complex with TCF. The YAP/B-catenin/TCF transcriptional complex then
mediates the transcription of genes linked to cell proliferation and apoptosis®t. Meanwhile, E6 can also
bind to and activate B-catenin. The activation of B-catenin stabilizes TCF-4 protein, thereby activating
TCF-4 transcriptional activity®2. The activation of WBC directly or through the Hippo pathway, leads to
the enhancement of cell proliferation®®>? (Figure 1A) and migration, displacement of neighboring

normal cells, overriding contact inhibition and differentiation into the suprabasal layer®'>3,
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E6 also bridges cross-talk between Wnt and epidermal growth factor-like receptor (EGFR) pathway.
Activation of EGFR by E6 incites nuclear localization of B-catenin®® (Figure 1A). Despite the connection
between E6/E7 in augmenting WBC appears to be plausible, other studies show that WBC genes and
proteins are upregulated in both HPV+, including those HPV+ CCs that do not express HPV transcripts,
and HPV- formalin-fixed paraffin-embedded (FFPE) HNC samples®. Indeed, the root of cancer
formation and progression is multifactorial, and the augmentation of WBC signaling is unexclusive for
HPV-associated cancers. This may depend on the epigenetic modification and mutation of members of
the WBC signaling pathway. For instance, epigenetic silencing of DKK1 can result in activation of Wnt,

as observed in CC cells®>.

Whnt/B-catenin inhibitors in therapy

To date, numerous Wnt-receptor complex inhibitors are undergoing clinical trials, mainly to test their
safety,immunogenicity, and anti-tumor efficacy. These inhibitors target Porcupine, FZD, R-spondin, and
TCF-CBP protein complexes. However, none of these trials are specifically for HPV-associated cancers,
but a few of them were designed for CC and HNC treatment. Porcupine-specific inhibitor, LGK974 or
Wnt974, was in clinical trials for both cancers. Porcupine is a membrane-bound O-acyltransferase
(MBOAT) that plays a crucial role in palmitoylation of Wnt during Wnt ligand secretion®®. The preclinical
findings showed that LGK974 is effective in reducing cancer formation of the HNCHPV mouse xenograft
model*’. There were 3 clinical trials on Wnt974 (NCT02278133, NCT02649530, NCT01351103).
Wnt974 mono-treatment is well-tolerated, and specifically downregulates the Axin2 gene, revealing
its target specificity. Nonetheless, Grade 1/2 adverse effects were inevitable and treatment-related
death was also reported®®. The lipophilic properties of Wnt974 may render its poor absorption and
limit its anti-tumor efficacy. Moreover, the cross-talks of Wnt with other tumor-related signaling
pathways may suggest that a combination of Wnt974 with other anti-tumor agents could pose a better
treatment modality. Another Phase | trial on the use of Wnt974, encorafenib (MAP/ERK kinase
inhibitor), and cetuximab (EGFR inhibitor) was conducted. However, the safety and anti-tumor efficacy
of the treatment regimen is of concern. Grade 3/4 adverse effects were reported among 80% of the

subjects®.

Besides Wnt974, other Wnt inhibitors used in Phase | or Il clinical trials include *°y-OTSA-101,
Ipafricept, Vantictumab, OMP-18R5 and OMP-54F28 (targeting FZD receptor); BC2059 or Tegavivint,
CWP232291 and E7386 (targeting B-catenin); PRI-724 (CBP/B-catenin antagonist); Rosmantuzumab
(R-spondin-3); BHQ880 and DKN-01 (Anti-DDK1 monoclonal antibody); and LY2090314 and 9-ING-41
(GSK-3 inhibitor)®%L, These therapeutics have not been on trial for CC and HNC. Drug repurposing has
become a fast-track mode to the discovery of novel and alternative therapeutic options. Intriguingly,

studies have been conducted to repurpose aspirin, celecoxib, and diclofenac (NSAIDs); niclosamide
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(anti-parasitic); curcumin and resveratrol (natural compounds), to target the Wnt signaling pathway in
clinical trials®®. Despite many studies suggesting that Wnt is a promising therapeutic target, many Wnt
inhibitors have not been in trials for HPV-associated cancers. Given the significant function of the Wnt
signaling pathway in maintaining self-renewal, differentiation, and proliferation of normal cells and
crosstalk with other cellular signaling pathways, the Wnt signaling pathway may not be an “easy”
target. The target specificity, bioavailability, anti-tumor efficacy, and treatment-related adverse effects
of the currently available Wnt inhibitors remain to be of concern. As far as HPV-associated cancers are
concerned, with the unique genotypic and phenotypic characteristics of the cancer cells, designing a
treatment modality targeting the presence of genes and proteins exclusive to HPV-containing cells

could be a better approach.

MAPK signaling
The Mitogen-activated protein kinase (MAPK) signaling pathway is another major cascade that
connects signals from the cell surface receptor to the nucleus to regulate diverse cellular events,

152. MAPK are serine-threonine

including cell proliferation, transformation, differentiation, and surviva
kinases that are activated by diverse extracellular and intracellular stimuli, including growth factors,
cytokines, hormones, and cellular stress. In mammalian cells, fourteen MAPK enzymes exist, the most
well-characterized being extracellular signal-regulated kinase 1 and 2(ERK1/2), c-Jun N-terminal
kinase/stress-activated protein kinase 1 to 3 (JNK1-3/ SAPK), p38 kinase (o, B, v, and 8) and ERK5. Each
cascade pathway consists of at least three enzymes that are activated in a series of binary interactions:
a MAPK kinase kinase (MAPKKK/MAP3K), a MAPK kinase (MAPKK/MAP2K), and a MAPK®*%, |n
addition, the signaling cascade can be guided by scaffolding proteins such as kinase suppressor of Ras
(KSR1/2), IQGAP1, B-arrestin 1/2, MORG1, MP1 (MEK partner-1), and paxillin®%. ERKs act as the core
kinase of the MAPK signaling pathway and are involved extensively in different cellular processes
(Figure 1B). ERK is also a serine-threonine protein kinase and acts as a signal transduction protein to
transmit mitogen signals. It generally locates in the cytoplasm and it migrates to the cell nucleus upon
activation by proteins like Ras or Raf. Once there, ERK binds to transcription factors to imitate gene
expression. Given its vital role, it is not surprising that the dysfunction of the ERK/MAPK pathway is
linked to numerous diseases, including autoimmune disorders, neurodegenerative diseases, and
particularly cancers®. In fact, activation of the mutant ERK cascades is the most common oncogenic
factor across all cancer types. For instance, Ras (mainly K-ras) mutations are detected in nearly 30% of
all cancer types and Ras mutations appear in 10% of all cancers, making them a significant oncogenic
factor®’. Activation of Ras increases p38y and PTPN3 expression®. PTPN3 can then stabilize the active
complex between p38y and itself to allow efficient dephosphorylation of p38y®, relaying the “off”
signal to MAPK.
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HPV and MAPK signaling

In the context of HPV infection, the virus targets the MEK/ERK signaling pathway to regulate its
productive replicative cycle. It does this by activating the epidermal growth factor receptor (EGFR), a
receptor tyrosine kinase (RTK) that is notably influential in the growth and differentiation of
keratinocytes, and the formation of epithelium. Keratinocytes dividing in the basal epithelial layer
exhibit the highest levels of EGFR expression and activity to sustain its proliferation. During epithelial
differentiation, EGFR activity is downregulated, leading to the blockage of proliferation and induction
of early termination of the epidermal keratinocytes’®. The interaction between HPV E6/E7
oncoproteins and the EGFR or the MAK/ERK is complicated and seems to differ across different cell
lines. For example, in HPV-16 positive CC cell line, SiHa, E6/E7 mRNA is induced by EGF treatment, in
the presence of AP-1 transcription factor’t. Controversially, EGF treatment reduces E6/E7 mRNA levels
in HPV-16 immortalized human keratinocyte cell line, PHK160b’2. Furthermore, both E6 and E7
oncoproteins from HPV16 markedly increase EGFR expression in transformed keratinocytes’®’4. The
E5 oncoprotein also enhances EGFR activity and upregulates ERK1/2 levels in both LR and HR-HPV
types’>”’ (Figure 1B). In addition, 16E6 oncoprotein expressed in primary human foreskin
keratinocytes (HFKs) can prolong EGFR internalization, leading to activation of the MAPK pathway’®.
The partners of the MAPK signaling pathway, including PTPN3, PTPN4, and PTPN13, which are tumor
suppressors and PDZ domain-containing proteins, can also be targeted by E6 to promote tumor
aggressiveness. E6 associates with and degrades these PDZ domain-containing proteins via E6-PBM in
a proteasome-dependent manner 798, Furthermore, hyperactivation of mutated H-Ras leads to the
loss of PTPN13 function and aberrant activation of the MAPK signaling, thereby promoting invasive

growth in vivo®2,

HPV variants may have a greater oncogenic potential. For instance, the HPV16 E6 L83V mutant, which
carries a nucleotide substitution of T to G at residue 350 of the E6 oncogene, was found to increase
MAPK signaling. This variant was shown to be notably associated with high-grade intraepithelial
lesions (HSIL)®. Another study suggested that papillomaviruses manipulate the MEK/ERK pathway to
control their own replication cycles. Moreover, there is a direct link between neoplastic progression
and levels of ERK and HPV E6/E7 oncogenes. During normal cellular differentiation, the activity of the
EGFR/MEK/ERK signal decreases. This suppresses E6 and E7 oncogene expression and promotes
epithelial differentiation, essential for late viral gene expression. However, when cervical
intraepithelial neoplasia (CIN) progresses from low- (LSIL) to HSIL, the EGFR level increases
concomitantly. Overexpressed EGFR leads to increased phospho-ERK levels and subsequently
increases HR-HPV E6 and E7 mRNA levels”. Seemingly, there is a direct linkage between the increase

of the MAPK pathway and HPV-mediated tumor progression.
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MAPK inhibitors in therapy

The MAPK signaling pathway plays a crucial role in cancer development, making pharmaceutical
interventions targeting this pathway attractive treatment options. Over 27 MAPK-based drug
compounds have been patented, and preclinical studies have yielded encouraging results®. For
example, a study evaluated the combination effects of a p38 inhibitor, BIRB796, and an Aurora kinase
inhibitor, VX680, on CC. The combination treatment synergistically inhibits CC cell growth in vitro and
in vivo®. Another study reported that an ERK5 inhibitor, MHJ-627, had anti-cancer and anti-metastatic
effects in CC cells®. Trametinib was the first MEK inhibitor approved by the FDA as a monotherapy or
in combination with dabrafenib, specifically for BRAF-mutated melanoma and NSCLC?’. A phase Il study
(NCT01958112) evaluated the effect of the combination of Tremetinib and GSK2141795, a pan-AKT
inhibitor in persistent or recurrent CC. Unfortunately, the results did not reveal a significant clinical
benefit from the treatment. The trial was halted due to the discontinuation of the clinical development
of GSK2141795%. Many other MAPK inhibitors also fail in HNC clinical trials, such as cobimetinib
(NCT00467779), selumetinib (NCT00085787), and AZD8330(NCT00454090)%°2°2, Conversely,
Tipifarnib, a farnesyltransferase (FT) inhibitor that disrupts HRAS function, demonstrated a promising
clinical result. A Phase 2 study (NCT03719690) revealed that tipifarnib treatment resulted in a 55%
overall response rate in HRAS-mutated HNC patients. Less than 10% of patients experienced grade 3
hematological-related adverse events®*°*. To conclude, past MAPK inhibitors showed low efficacy and
potency. The promising clinical outcomes of tipifarnib indicate precision drugging to target specific

MAPK mutations could be a good anti-cancer approach.

PI3K/AKT/mTOR signaling

The PI3K/Akt/mTOR cascade plays a pivotal role in the regulation of numerous cellular processes linked
to energy metabolism, cell survival and growth, proliferation, and migration®>°. External stimuli, such
as growth factors or cytokines, are required for the stimulation of AKT signaling. Under those
conditions, phosphoinositide 3-kinases (PI3Ks), which belong to lipid kinases, are under the control of
G protein-coupled receptors (GPCRs), GTPases or by receptor tyrosine kinases (RTKs), and activated by
phosphorylation. Firstly, after being activated, PI3K induces phosphorylation of the membrane lipid
phosphatidylinositol-4,5-bisphosphate (P14,5P,), so that phosphatidylinositol-3,4,5-trisphosphate
(PIP3) can be produced and additionally converted to phosphatidylinositol-3,4-bisphosphate
(P13,4P,)°"*8 (Figure 1C). As a consequence of this, AKT accumulates on the cell membrane where it
undergoes phosphorylation by the mammalian target of rapamycin complex 2 (mTORC2), which results
in its active form. Once activated, AKT phosphorylates several substrates which regulate various
processes, such as cell proliferation, cell cycle control, angiogenesis, cell survival, and anti-apoptotic

signaling®®®°. One of these substrates is tuberous sclerosis complex 2 (TSC2), which gets inhibited by
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AKT, consequently resulting in rapamycin complex 1 (mTORC1) activation. This activity is important for
ensuring substantial amounts of oxygen, growth factors, amino acids, and other nutrients important
for activating downstream cellular processes®. PI13K-induced activation of AKT is negatively regulated
by the phosphoinositide phosphatase PTEN (phosphatase and tensin homolog) that dephosphorylates
PIP3, or by PP2A and PHLPP1/PHLPP2 that dephosphorylate AKT. Furthermore, AKT can also be
regulated by feedback inhibition which is mediated by a subset of its downstream substrates, such as

mTORC1¥ (Figure 1C).

HPV and PI3K/AKT/mTOR

The PI3K/AKT/mTOR signaling pathway is very complex and involves various components which form
a network, that is subject to a plethora of stimuli. In this way, this pathway affects numerous cellular
key processes, which when unfunctional, might lead to malignant development®. In fact, the
PI3K/AKT/mTOR cascade is often deregulated in various tumors, which drives malignant progression
and stimulates resistance to therapy®®%2, CC is one of the tumors where PKI3CA mutations are most
commonly detected'®. In addition to this, there are other modulations, such as the loss of PTEN or
genomic amplifications in PIK3CA, detected in this type of cancer®®%, Furthermore, modulations in
the PI3K/AKT/mTOR axis have also been shown to be linked with CC patient prognosis. In particular, a
worse patient prognosis and shorter survival period after clinical treatments were demonstrated to be
associated with PIK3CA mutations, elevated levels of phosphorylated AKT, and induced mTOR®6/105-107,
As previously mentioned, HPVs are also causative agents of several head and neck squamous cell
carcinomas (HNSCCs), in particular oropharyngeal squamous cell carcinomas (OPSCCs). As in CC, the
PI3K/AKT/mTOR signaling cascade is one of the most commonly modified signaling pathways in
HNCs'%®, Getting a better understanding of alterations in this pathway could provide important

information about HPV-mediated pathologies and help in designing potential novel therapies.

The importance of this cascade in HPV-mediated pathogenesis was further supported by the fact that
HPV oncoproteins were shown to be involved in the PI3K/AKT/mTOR signaling pathway activation,
while modulations in this signaling axis were demonstrated to be critical for cellular
transformation'®11°, HPV E5 was shown to induce expression of VEGF via activation of EGFR and
phosphorylation of AKT and ERK1/2. This has a crucial role in stimulating angiogenesis during the early
stages of cervical tumorigenesis’'*!'2 |n addition, a study has demonstrated that E5 expression
significantly impacts the expression of numerous genes including the increase of PI3K and PKC& and
the decrease of lamin A/C protein. This appears to be important for blocking apoptosis and the
establishment of persistent infection in epithelial cells!*?'13, HPV E6 and its spliced product E6*| also
interfere with various components of the PI3K/AKT/mTOR signaling pathway. In particular, it was

demonstrated for 18 E6 that mediated degradation of a PDZ domain-containing protein hDIg, the

10
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homolog of disc-large tumor suppressor, reflected in increased levels of activated PTEN and Akt.
Furthermore, 18 E6 also upregulated p-PI3K, which greatly corresponds with activated MAPKs and cell
proliferation?'*. HPV18 E6*| was shown to be able to downregulate the expression levels of hDIg and
AKT independently of full-length E6°. As already mentioned, HPV16 E6 also targets a PDZ domain-
containing protein NHERF1. E6 binds NHERF1 via its C-terminus PDZ-binding motif (PBM) and, together
in complex with E6AP, targets NHERF-1 for proteasomal degradation3>!1®, NHERF-1 is associated with
the activation of the PI3K/AKT signaling pathway>°. Interestingly, E6 can also directly activate AKT, or
interact with TSC2, which drives its degradation and results in activation of mTORC1%%!Y”, HPV E7 was
also shown to impact the PI3K/AKT/mTOR pathway. By inactivating pRb and the other pocket proteins
p107 and p130, HPV E7 upregulates AKT activity in differentiating keratinocytes!'®. E7 can also directly
activate AKT by inducing its phosphorylation at threonine 308 and serine 473, leading to the
phosphorylation of BAD, which is a downstream substrate of AKT'®. Furthermore, to keep AKT active,
E7 binds to protein phosphatase 2A (PP2A) subunits, blocking their interaction with p-AKT'% (Figure
1C).

PI3K/AKT/mTOR inhibitors in therapy

Since the fact that the PI3K/AKT/mTOR signaling pathway is altered in many different cancer types,
there are possibilities of examining this pathway for potential therapeutic approaches. Unfortunately,
so far there is only a limited number of inhibitors available for targeting this pathway since the majority
of them exhibit a limited impact and bear a certain level of toxicity for patients®®. Therefore, there is a
great urge to discover new and more reliable inhibitors, especially for cancers that still lack directed
therapies, as is the case with HPV-driven malignancies!*!°. There are ongoing clinical trials for CC
patients with PI3K/AKT/mTOR pathway inhibitors, such as NCT01958112, NCT01217177,
NCT01026792, or NCT01226316'%°. Importantly, it has been shown that mutations in PIK3CA were
associated with better response to the treatment with PI3K/AKT/mTOR cascade inhibitors. This opens
new avenues for developing specific approaches for treating patients with this genetic phenotype,
which could overall improve their quality of life and survival rates'?!. Interestingly, mutations in PIK3CA
and PTEN are more frequently detected in HPV+ than in HPV- HNCs, which could also be of benefit for
applying available inhibitors®®'?2, Currently, there are clinical trials on HNC patients that involve the
application of PI3K/AKT/mTOR inhibitors and they most commonly include rapamycin analogs, which
target mTORC1, and some of them have shown potentially promising results®®?3, In addition, a recent
study demonstrated that AKT inhibitors inhibit the cell proliferation of HPV+ cells regardless of
unaffected E6/E7 expression levels®. Finally, PI3K inhibitors have been shown to likely be a promising
approach for acting upon the PI3K/AKT/mTOR signaling pathway. In particular, these inhibitors seem

to prevent resistance to the immune checkpoint barrier in transgenic mice, and currently, clinical trials
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are being undertaken in which PI3K inhibitors are used as combined therapy with immune checkpoint

inhibitors!4-126,

Notch signaling

The Notch signaling pathway is an evolutionarily conserved pathway important for the development
and homeostasis of many tissues. Its molecular details vary in different cell types and contexts, but the
basic mechanism is the same??’. Signaling is initiated by the direct interaction between Notch receptors
(NOTCH1-4) located on one cell and Notch ligands (JAGGED1, JAGGED2, DLL1, DLL3, and DLL4) present
on the surface of an adjacent cell (Figure 2A). The ligand-receptor interaction induces two successive
proteolytic cleavages of the Notch receptor. The first cleavage occurs by a metalloprotease, such as
ADAM10 or ADAM17, and results in the release of the extracellular domain of the Notch receptor from
the plasma membrane. The remaining membrane-bound fragment of the Notch receptor called the
transmembrane fragment or Notch intracellular domain (NICD), then gets engulfed inside of an
endocytic vesicle where it undergoes proteolytic cleavage by the y-secretase complex. This cleavage
releases NICD from the membrane and allows its translocation to the nucleus. In the nucleus, NICD
associates with the DNA-binding protein RBPJk, Mastermind-like protein (MAML1), and other co-
activators to form a Notch transcriptional factor complex (Figure 2A). The complex binds to Notch-
responsive elements within the promoters of target genes, which leads to the recruitment of

additional co-activators, chromatin remodeling complexes, and the initiation of gene transcription'?.

Within keratinocytes, Notch signaling plays a crucial role in spinous differentiation - a process known
as keratinocyte stratification or epidermal maturation. Firstly, Notch expression helps in maintaining
the undifferentiated state of basal keratinocytes, and ensures the compactness of the proliferative
compartment of the skin. Localized expression of the Delta ligand on basal cells can induce a transit-
amplifying state in the neighboring cells, ultimately leading to cell differentiation. For this reason, DLL1
is expressed on stem cells bordering the proliferative compartment!?. Furthermore, activated Notch
signaling also induces the expression of early differentiation markers in differentiating keratinocytes®*,
as well as stimulates p21"WA™/P1 and caspase 3 expression, through which it causes growth suppression
and abrogates proliferative signals in differentiating cells!3l. Therefore, the activation of canonical
Notch signaling in the suprabasal cell layers of the epidermis is considered to be a commitment to the
epidermal lineage. Interestingly, skin keratinocytes show a layer-specific expression of Notch receptors
and ligands!32. This suggests there are differences in signaling pathway activation based on the
receptors and ligands involved and that these differences have biological consequences. Additionally,
there is evidence that asymmetric cell division is at least partially responsible for epithelial cell

differentiation and that Notch signaling is involved in this process!*3. Activated Notch signaling leads
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to target gene expression, the best described of which are the HES and HEY family of genes. One of
the proteins that is most important for keratinocyte cell faith, and also a prominent Notch1 antagonist,
is p63. Elevated p63 expression counteracts Notchl growth suppression, while activated Notch
signaling leads to p63 downregulation, suggesting that this balance is important for epidermal

maintenance and control*3*.

Overall, Notch signaling in the spinous differentiation of basal keratinocytes acts as a crucial regulator,
which maintains the undifferentiated state of basal keratinocytes, in this way suppressing premature
differentiation, while also committing cells to the epidermal lineage. The proper balance of Notch
signaling ensures the progression of basal keratinocytes through the epidermal layers, leading to the

formation of a fully stratified and differentiated epidermis.

HPV and Notch

With a somewhat delineated role in skin development, the impact of Notch signaling on the cellular
transformation of keratinocytes would be expected to be well-defined, but this is not the case. While
it is clear that HPV modulates Notch signaling, the details of this process are still being explored. The
interference of HPV oncoproteins with the pathway was initially demonstrated for cutaneous B-HPV
types, whose E6 oncoprotein binds the MAML1 coactivator and impedes its interaction with NICD,

resulting in the abrogation of Notch signaling®*™%

. The inhibition of Notch signaling delays
differentiation and keeps the immature cells proliferating in the basal layer. Interestingly, it was
recently demonstrated that a number of a-HPV E6 oncoproteins also bind MAML1 and that this
interaction has a positive impact on E6 protein stability and subsequently impacts cell proliferation
and migration!®, but it is currently unknown whether this interaction affects Notch signaling.
Nevertheless, it has long been known that HPV oncoproteins induce elevated Notch signaling through
transcriptional and post-transcriptional mechanisms which has a positive impact on cell proliferation
and tumorigenicity!*®. Some studies have indicated that HR-HPV E6 regulates NOTCH1 expression
through a mechanism dependent on p53 or on p63*3°%!, HPV16 E6 was found to interact with the
protein NFX1-123, together with which it upregulates NOTCH1 expression. NFX-123 was found to be
highly expressed in primary cervical cancer cells!*2. Surprisingly, increased NOTCH1 activity could
downregulate E6 expression, while overexpression of active NOTCH1 leads to cell growth arrest of
HPV18-positive Hela CC cells***24>, Conversely, HR-HPV E7 has been found to induce the expression

of p63 — the aforementioned NOTCH1 antagonist — in order to improve DNA damage repair

efficiency*®%” (Figure 2A).

In patient samples, Notch was found to be dysregulated in both HNC and CC. Notch is frequently

148-150

mutated in HNC with 40% of mutations being gene-inactivating . As HPV- HNCs carry a larger
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mutational burden, NOTCH1 was also more likely to be inactivated in HPV- HNC®?, but gene-activating
mutations were also found in some premalignant lesions in oral cavities!*2. The higher activation of
Notch was linked to elevated expression of FGF1 and an increased invasion in oral squamous cell
carcinomas (OSCCs)**3. This indicates the dual nature of Notch in HNC — it can act both as a tumor
suppressor and as an oncogene. Nevertheless, early research of Notch abrogation via gamma-
secretase inhibition in HNC cell lines shows anti-proliferative, anti-migratory, anti-clonogenic, and pro-

154,155

apoptotic effects , so it would be interesting to see how this research could be expanded further.

The role of Notch in CC is even more confounding, as both activated and suppressed signaling was
found to be an important factor in CC progression'**>°, |ts pathway components were found to be

137180 "and the increase in nuclear NOTCH1

upregulated with cervical lesions progression to cancer
expression was associated with a poorer patient prognosis'®®. As it is usually the case with Notch, the
exact opposite has also been found®17263, Stable overexpression of Notch intracellular domains in Hela
cells suppressed their growth and induced cell cycle arrest through the upregulation of nuclear
receptor NR4A2 and somatostatin, and a decreased NF-kB p50 activation4#14>1¢4 Even though there
is some doubt about Notch expression in CC, a significant amount of evidence points out the oncogenic
role of Notch. Notch abrogation can lead to a partial annulation of the epithelial-mesenchymal
transition phenotype, as well as to overcome chemotherapy resistance in paclitaxel-resistant Hela cell
line®®. Similarly, inhibition or downregulation of Notch, as well as upregulation of negative Notch

modulators, in the HPV16-positive CaSki cell line had anti-proliferative and apoptotic effects!6®-168,

As is the case with HNC, Notch signaling in CC could also be contextual and depend on the specific
combination of receptors and ligands. High expression of DLL4, as opposed to DLL1, was found to mark
a proliferative phenotype even before HPV infection and metaplasia. This proliferative phenotype
seems to continue through cell transformation and cancer progression, as high DLL4 was associated
with pelvic lymph node metastasis, cancer-related death, and an overall poorer prognosis for CC

169,170 | ijkewise, NOTCH3 expression was significantly higher in cervical squamous cell

patients
carcinomas compared with adenocarcinomas, normal tissues, and CIN, and the expression of nuclear

NOTCH3 in squamous cell carcinomas was an indicator of an overall shorter survival*’* (Figure 2A).

Determining the significance of a particular pathway based on its expression in cancer tissue samples
is always a useful tool and a great starting point, but, in the case of Notch at least, it seems to be highly
dependent on the patient cohort and tissue in question. In regards to the impact of Notch on the
development and maintenance of HPV-related cancers, there seem to be underlying mechanisms and

additional factors that have not been uncovered
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Notch inhibitors in therapy

Because Notch signaling is important for the development of several different cancers, great efforts
have been expended on utilizing this fact for cancer therapy. There are two main strategies for
targeting Notch signaling currently being tested. One of them includes monoclonal antibodies which
target various ligands or receptors participating in Notch signaling, and the other is based on small
molecule inhibitors that target either y-secretase, preventing the release of NICD, or the formation of
Notch transcription factor complex'’2. The downside of small molecular inhibitors is the non-selective
systemic inhibition of Notch signaling which, while having promising anti-proliferative effects on
cancers, also has significant side effects, primarily gut toxicity!’>'’4, Nevertheless, malighancy-specific
inhibitors are being created and tested which will, hopefully, yield better results'’>. In regards to this,
the inhibitor of the Notch transcriptional complex CB-103 is currently being evaluated and, so far, has

176

shown promising results and better tolerability for patients*’°. Monoclonal antibodies for a number of

ligands and receptors are also being tested but these, unfortunately, also bear similar problems for

patients as the y-secretase inhibitors and also demonstrate very limited or inconsistent results'’%77

While the impactful and ubiquitous nature of Notch signaling, as well as its common involvement in
malignancies, made it a compelling target for cancer therapy, Notch has again proved to be more
complex than initially expected. It seems that more research and a deeper understanding of this

pathway are necessary to successfully utilize it for our means.

JAK/STAT signaling

The JAK/STAT pathway is a critical signaling cascade involved in various cellular processes, including
cell growth, differentiation, immune response, and inflammation. Janus kinases (JAK1-3 and TYK2) are
a family of intracellular enzymes that play a crucial role in the signaling pathways of various cytokines
and growth factors. These enzymes are associated with cell surface receptors, typically growth factor
or cytokine receptors. Upon ligand binding, the receptors dimerize, leading to the activation of the
associated JAK enzymes. Once activated, JAKs phosphorylate themselves and their associated
receptors, creating docking sites for STAT proteins (STAT1-4, STAT5a, STAT5b, and STAT6). The STATs
bind to the receptors and are themselves phosphorylated by JAKs. Phosphorylated STATs form dimers
and translocate to the nucleus, regulating gene expression and mediating cellular responses to

cytokines and growth factors'’® (Figure 2B).

In keratinocytes, JAK/STAT signaling is involved in the regulation of epidermal differentiation, immune
responses, inflammation, and wound healing. JAK/STAT signaling contributes to the regulation of
keratinocyte differentiation. Activation of JAK/STAT signaling promotes the expression of late

differentiation markers, such as involucrin, filaggrin, and loricrin, crucial in the terminal differentiation
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of keratinocytes and the development of the cornified envelope, with STAT3 being particularly
important 7918, JAK/STAT signaling also plays a role in the wound-healing process in the skin. Various
cytokines and growth factors released upon tissue injury activate JAK/STAT signaling, promoting cell

proliferation and migration to facilitate wound closure!®!

. Additionally, the release of pro-inflammatory
cytokines activates JAK/STAT signaling in immune cells and keratinocytes, promoting the additional
release of cytokines and chemokines and the recruitment of immune cells. Thus, JAK/STAT signaling
helps regulate the inflammatory response, facilitating the clearance of pathogens and debris from the

wound*®2.

HPV and JAK/STAT

JAK/STAT activation through interferon signaling triggers an immune response to viral infections. This
occurs through IFN-I, IFN-II, and IFN-III type receptors, with the downstream STAT molecules typically
being STAT1 and STAT2, although STAT4 can also be involved in IFN-I responses®®. IFN-I signaling is
known to be downregulated through a variety of mechanisms in keratinocytes expressing HR-HPV
oncogenes®®*. The E7 oncoprotein interacts with IRF9, an IFN regulatory factor that can cause IFN
expression after PRR activation, and inhibits its binding to the STAT dimer!®>. The E6 oncoprotein
directly impairs STAT1 expression, thereby contributing to the downmodulation of anti-viral
signaling®. In addition to STAT1, the other members of the ISGF3 complex - STAT2 and IRF9 - are also
downregulated and, consequentially, so are several interferon-stimulated genes (I1SGs), which happens
as a consequence of the loss of IFNk expression and attenuates the innate immune response®”. IFNk
and other members of the IFN-I group are downregulated by the E6-mediated promoter
methylation'®1%, Finally, HR-HPV E6 inhibits STAT1/2 signaling by binding to TYK2, a non-receptor
tyrosine kinase member of the JAK family. This binding inhibits the interaction of TYK2 with IFNAR1

and, through this, the activation of the ISGF3 complex and the expression of ISGs*®? (Figure 2B).

Interestingly, some members of the JAK/STAT signaling pathway were found to be crucial for HR-HPV
genome amplification. STAT3 and STAT5 are associated with the development of several malignancies
and are considered oncogenes. Importantly, STAT3 is also involved in the proliferation and inhibition
of differentiation of keratinocytes!®21%*, E6 mediates STAT3 activation and activated STAT3, in turn,
induces the expression of proliferative and anti-apoptotic genes. Active STAT3 was found to be
essential for the life cycle of HPV18, as the loss of STAT3 impairs genome maintenance and
amplification?®®. STATS is also thought to be involved in keratinocyte differentiation and, in accordance
with this, is also activated during HR-HPV infection!®. STAT5 phosphorylation and activation were
found to be a consequence of E7 expression and found to amplify the viral genome in HR-HPV-infected

cells?”1%8 (Figure 2B).
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Unfortunately, the roles of JAK/STAT protein components in HPV-related tumor samples are not as
clear as they are in in vitro studies. STAT1 expression was found to be positively correlated with the
viral load and lesion progression in cervical lesions'®®. Conversely, Hela samples show decreased
proliferation and increased apoptosis when STAT1 is expressed?®. CC samples show increased
radiosensitivity as a consequence of STAT1 expression?®. There is research describing STAT1 expression
in HNC but, to our knowledge, no connection has been established with HPV presence in these patient
samples. On the other hand, the in vitro findings on the abrogation of IFNk signaling have been
confirmed in cervical lesion samples?°22%3, The importance of STAT3 for viral genome maintenance and
amplification is demonstrated by the findings that the activation status of STAT3 correlated with viral
load and integration in cervical precancer and cancer lesions?®*. Accordingly, STAT3 was confirmed to
be activated in CC samples, with the level of activation correlating to the histopathological grade?®.
Surprisingly, HPV- HNC shows higher levels of STAT3 activation than HPV+ HNC2%>2%¢_ This suggests that
there might be mechanistic differences in the way that E6 impacts STAT3 based on the tissue in
qguestion. STATS5 was also found to be constitutively expressed in CC samples, but there is also research
suggesting that STATS expression correlates with better survival in cervical cancer patients*®*%%7, In this
case, as in the case of HNC, STATSb, not STAT5a, was found to be activated?®>2%. STAT5S in HPV-related
cancers is activated by both JAK2 and JAK3 and inhibiting either of these kinases leads to a decrease
in cell proliferation'®2% (Figure 2B). Like with most signaling pathways, the expression and activation

of JAK/STAT is more complex than could be extrapolated from in vitro findings.

JAK/STAT inhibitors in therapy

With over 50 upstream cytokines, roughly the same number of receptors, and 19 genes coding for
intracellular JAK/STAT components, there is ample opportunity to find inhibitors of individual
molecules or interacting partners involved in the progression of malignancies?'®. One approach is to
block cytokine signaling through engineered or fusion cytokines. This was, for the most part, found to
be insufficiently selective and toxic, but there are still ongoing and promising trials, such as the
preclinical trial with recombinant I1-2211, Similar to this, various cytokine antibodies, such as those for
IL-2, IL-12, IL-17, and TNF, are currently being tested and clinical trials are underway'’®. Several small
molecular inhibitors have also been evaluated in pre-clinical and clinical trials. STAT3 inhibitors seemed
like a logical course of action, but they have shown high toxicity, which stalled their development and
testing?!2. Some JAK inhibitors, like ruxolitinib, are currently being tested for the treatment of a number
of diseases, including malignancies'’®%!3, Promising new drugs called proteolysis targeting chimeras,
which induce targeted protein degradation, are currently being developed for several oncogenes,
including STAT32%, Another approach to JAK/STAT inhibition is small decoy oligonucleotides which
would sponge the activated STAT or directly bind to STAT mRNA?'>21®_ |t is worth noting that JAK/STAT
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inhibitors have shown therapeutic benefits in various diseases, and they have tremendous potential
for several others. While JAK/STAT inhibitors have shown potential in cancer treatment, their use in
specific cancer types and settings is still being investigated, and clinical trials are ongoing to assess

their safety and efficacy.

Conclusions

The influence of HPV oncoproteins on signaling pathways within the host cell is multifaceted and
intricate, underpinning the pathogenesis of HPV-associated diseases. The critical roles played by the
three HPV oncoproteins are central to cellular reprogramming. Each of the signaling pathways
discussed in this review serves crucial cellular functions during tissue development and homeostasis.
All of these pathways regulate differentiation and proliferation. Additionally, JAK/STAT is crucial for cell
growth and immune response and, together with Notch and Wnt/B-catenin, for keratinocyte
differentiation. For these reasons, they are particularly important for viral replication and are,
consequentially, often found to be dysregulated in HPV-induced tumors. The knowledge gained from
analyzing the signaling pathway modulation of HPV-infected cells illuminates the comprehensive
strategies employed by HPV oncoproteins and opens new therapeutic directions for HPV-associated
cancers. The implications of these molecular interactions are profound, in which the association
between the virus-host results in the dysregulation of cellular signaling pathways, and in this way,
provides a foundation for developing targeted therapeutic strategies to mitigate the deleterious effects
of HPV infection. They underscore the importance of ongoing research efforts in elucidating the
mechanisms underlying viral oncogenesis. To date, the treatment of HPV-induced malignancies
remains a formidable challenge, and the emergence of specific inhibitors targeting signaling pathways
offers a glimmer of hope. Most kinase inhibitors are small molecules that often display off-target
properties, while the biological therapeutic agents might have low cell permeability. The use of
antibody/peptide-conjugated drugs/nanoparticles as avant-garde therapeutics, which combine the
benefits of small and biologic molecule inhibitors, in demonstrating high cell permeability and target
specificity, could be an avenue in the invention of innovative and target-specific directed therapeutics.
In addition, repurposing FDA-approved drugs, and incorporating machine learning and computer-
aided tools could be cost-effective to fast-track the drug discovery path. These innovative strategies
hold the potential to mitigate the oncogenic influence of HPV oncoproteins, offering new directions
for precision medicine in the management of HPV-associated cancers. Continued research, clinical
trials, and interdisciplinary collaborations are essential to further advance the field and improve the

prognosis and quality of life for individuals affected by these challenging malignancies.
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Figure legends

Fig 1. Cellular signaling pathways and their perturbation by HPV oncoproteins. A) Wnt pathway - The
activity of this pathway is increased by HPV oncoproteins, but it is still not completely clear whether
the upregulation of its components is due to E6/E7 (yellow and light blue) overexpression.
Nevertheless, Wnt is activated by the binding of E6 (yellow) to 3-catenin, which leads to its activation
and the stabilization of TCF-4. B) MAPK pathway -The pseudooncoprotein E5 (pink) increases the
expression and activation of EGFR, one of the most important receptors of the pathway, while E6
(yellow) oncoprotein prolongs the receptor’s activity. Additionally, E5 (pink) upregulates the expression
ERK1/2, an executive kinase of the pathway. C) PI3K/AKT/mTOR pathway - HPV oncoproteins increase
the activity of this pathway by either upregulating the expression of pathway members such as PI3K
and PKCy, or by directly activating other components such as AKT, ERK1/2, or mTOR. PTEN, a negative
regulator of the pathway, was also found to be activated in the presence of HPV. Figure was created

using Servier Medical Art and MS Office Power Point.

Fig 2. The modulations of cellular signaling pathways by HPV oncoproteins. A) Notch pathway - HR
a-HPV E6 (yellow) oncoproteins form a complex with MAML1, a Notch co-activator, resulting in E6
(yellow) protein stability. The expression of NOTCH1 was found to be upregulated as a consequence of
NFX1-123 and E6 (yellow) interaction. Interestingly, the expression of p63, a NOTCH1 antagonist, was
also found to be increased. In addition, the upregulation of other receptors and ligands was detected
in HPV-associated cancers, but the mechanistic details of this have not yet been resolved. B) JAK/STAT
pathway - The oncoproteins inhibit IFN-I signaling and, through it, the immune response by interacting
with IRF9 and inhibiting its co-factor activity. Additionally, E6 (yellow) downregulates STAT1, STAT2, and
STAT9, as well as IFNk expression, also attenuating innate immunity. E6 (yellow) also binds TYK2, a
member of JAK, thereby inhibiting the signaling. Conversely, signaling through STAT3 and STATS5 is
essential for HPV genome amplification, which is why they are activated as a consequence of HPV

infection. Figure was created using Servier Medical Art and MS Office Power Point.
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