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Cervical cancer (CC) remains a major global health threat to women, with
persistent infection by high-risk human papillomavirus (HPV) being the primary
etiological factor. In recent years, the Hippo signaling pathway has emerged as a
critical regulator of CC pathogenesis and a promising therapeutic target.
Aberrant activation of its key effectors, Yes-associated protein (YAP, also
referred to as YAP1) and transcriptional coactivator with PDZ-binding motif
(TAZ), is closely linked to enhanced proliferation, migration, and invasion of CC
cells. This review provides a comprehensive analysis of the intricate crosstalk
between the Hippo pathway and HPV-driven oncogenesis. We detail specific
mechanisms, such as how HPV oncoproteins (e.g., E6/E7) directly stabilize YAP/
TAZ and disrupt the tumor-suppressive YAP1-LATS2 feedback loop, thereby
synergistically promoting carcinogenesis. Furthermore, we explore the
regulatory network involving non-coding RNAs (ncRNAs), including how
miRNAs and IncRNAs modulate Hippo components to influence CC
progression. Beyond mechanistic insights, this review critically evaluates the
therapeutic potential of targeting the Hippo pathway, discussing innovative
strategies such as small-molecule inhibitors, rational combinations with
immunotherapy or chemo/radiotherapy, and the pathway’s significant role in
mediating drug resistance. Ultimately, this work aims to consolidate a theoretical
foundation for developing novel, mechanism-based treatment strategies for CC,
offering new perspectives and actionable targets for future clinical intervention.
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1 Introduction

Cervical cancer (CC), a malignant tumor of the female
reproductive tract, ranks as the fourth leading cause of cancer-
related mortality among women worldwide (1). Global estimates
from 2022 reported approximately 660,000 new cases and 350,000
deaths attributable to CC (1). Although the widespread adoption of
cervical cytology screening and human papillomavirus (HPV)
vaccination has substantially reduced the incidence and mortality
of CC (2), the disease continues to pose a major threat to global
public health. Significant disparities remain in vaccine coverage and
screening accessibility, particularly in low- and middle-income
countries (3), where about 85% of CC-related deaths occur and
mortality rates are 18 times higher than those in high-income
nations (4). These inequalities underscore the urgent need to
deepen our understanding of the molecular mechanisms driving
cervical carcinogenesis and to develop novel treatment strategies,
especially those applicable in resource-limited settings.

HPV is established as a necessary but insufficient cause in the
pathogenesis of CC (5). The International Agency for Research on
Cancer (IARC) has identified 12 high-risk HPV (HR-HPV) types as
Group 1 carcinogens (6), among which persistent infection is the
most common precursors to CC development (7). Such persistent
can lead to high-grade cervical intraepithelial neoplasia (CIN),
including CIN2 and CIN3. It is estimated that nearly 30% of
CIN3 lesions progress to invasive CC over 30 years (8). Timely
intervention at this precancerous stage can profoundly alter the
disease course. Advances in cellular and molecular biology have
highlighted the central role of signaling pathway dysregulation in
driving uncontrolled proliferation and invasiveness of cancer cells
(9). Therefore, elucidating the molecular mechanisms of CC and
developing targeted therapeutic strategies represent critical
objectives in ongoing effort to combat this disease.

Beyond HR-HPV infection, genetic and epigenetic alterations in
host cells significantly contribute to the malignant transformation
of CC. In particular, dysregulation of the Hippo signaling pathway
has emerged as a crucial oncogenic driver. This pathway regulates
fundamental cellular processes such as proliferation, apoptosis,
invasion, migration, tissue repair, regeneration, and epithelial-
mesenchymal transition (EMT) (10, 11). In recent years, it has
attracted considerable attention as a promising therapeutic target in
oncology (12). Accumulating evidence emphasizes the importance
of Hippo pathway dysregulation in the development and
progression of multiple malignancies (8, 13, 14).

Reinforcing its relevance in CC, a comprehensive analysis of The
Cancer Genome Atlas (TCGA) data revealed significant amplification
of the 11q22 locus, a genetic alteration predominantly observed in
advanced squamous cell carcinomas and rarely in adenocarcinomas
(15). This amplification results in elevated mRNA and protein
expression of Yes-associated protein (YAP, also referred to as
YAPI1), a key transcriptional coactivator of the Hippo pathway
(15). To further validate this multi-omics effect of YAP1 gene
amplification at a pan-cancer level and specifically in CC, we
analyzed data from The Cancer Genome Atlas Cervical Squamous
Cell Carcinoma and Endocervical Adenocarcinoma (TCGA-CESC)
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cohort. As shown in Supplementary Figure 1A, YAPI mRNA
expression showed a strong positive correlation with its protein
abundance (Pearson r=0.85, p=1.24e-48), indicating that
transcriptional regulation is a primary determinant of YAPI
protein levels. More importantly, samples carrying YAP1 gene
amplification exhibited significantly higher YAP1 protein
expression compared to diploid samples (p=0.0007)
(Supplementary Figure 1B). These data confirm that YAP1 gene
amplification drives the overexpression of functional YAP1 protein
through upregulating its mRNA transcription. Moreover, multi-
omics studies incorporating TCGA data have uncovered critical
crosstalk between YAP activation and miR-200a/b downregulation
in promoting EMT and CC progression. YAP is markedly
upregulated in the EMT cluster and serves as a defining marker of
this subtype. Concurrently, miR-200a-3p expression is substantially
repressed, frequently due to promoter hypermethylation. Integrated
miR-mRNA/protein correlation analyses indicate that the miR-200
family negatively regulates EMT-related factors including ZEBI,
ZEB2, and YAP itself. The coordinated overexpression of YAP and
ZEB1, coupled with miR-200a/b silencing, creates a powerful pro-
EMT feedback loop that enhances tumor invasion and metastasis (15,
16). These findings establish the YAP-miR-200 axis as a central
mechanistic node in EMT-mediated cervical carcinogenesis, revealing
promising targets for future therapies.

The study by He et al. provides strong support for the role of
YAP in CC, demonstrating moderate-to-strong YAP protein
expression in 91% of tumor tissues (17). To evaluate the clinical
relevance of YAP upregulation, the authors performed a pan-cancer
analysis of YAP gene alterations using multidimensional genomic
datasets. Notably, CC showed the highest frequency of YAP genetic
alterations among all cancer types. Subsequent network analysis
revealed concomitant upregulation of multiple YAP-interacting
proliferation-related genes in CC cases, supporting the potential
of YAP as a prognostic biomarker (17). These results robustly
confirm that YAP genomic amplification and protein
overexpression contribute to the initiation and progression of CC.
Additionally, dysregulation of the Hippo pathway is implicated in
HPV-induced carcinogenesis. The HPV E6 protein stabilizes YAP
by inhibiting its proteasomal degradation, thereby establishing YAP
as a downstream target of HPV in CC cells (17).

Collectively, these findings strongly implicate YAP genomic
amplification in the pathogenesis and progression of CC. This
review summarizes the role of Hippo pathway-associated
molecules in CC and aims to provide a rationale for novel
therapeutic strategies. Given that direct Hippo-targeting agents
are still in early development in the context of CC, we focus on
the considerable potential of targeting its key interactors and
integrating these approaches with immunotherapy or
chemo/radiotherapy.

2 Hippo pathway proteins

The Hippo signaling pathway is a highly conserved regulatory
network that integrates diverse upstream cues, such as extracellular
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matrix (ECM) mechanics, cell polarity, cell-cell contact, and G-
protein-coupled receptor (GPCR) signaling, to govern organ size,
tissue homeostasis, and the balance between cell proliferation and
apoptosis (18-20). At its core, the mammalian kinase cascade,
comprising MST1/2 and LATS1/2, phosphorylates the
transcriptional co-activators YAP and TAZ to inhibit their
nuclear localization and activity (21, 22). Dysregulation of this
pathway, frequently observed in cancers, results in YAP/TAZ
hyperactivation, thereby driving tumorigenesis and progression
(23, 24). Prior to focusing on the cancer-specific mechanisms in
CC, this section first outlines the universal molecular architecture of
the Hippo pathway and its common regulatory patterns across

various cancers.

2.1 Upstream regulators of Hippo pathway

Upstream regulatory factors play a crucial role in regulating
various cellular processes, including cell-cell contact, ECM stiffness,
cell polarity, external mechanical forces, and GPCR signaling (21)
(Figure 1). Many of these regulators are key components of
adherens junctions, tight junctions, or apical-basal polarity
protein complexes, which collectively regulate the Hippo kinase
cascade (20, 25). When cells come into contact, adherens junction
proteins, such as Crb, PALS1, PATJ, and AMOT, bind to YAP and
TAZ (WWTRI1), sequestering them at the cell junctions. This
sequestration prevents nuclear translocation by maintaining YAP/

10.3389/fonc.2025.1662499

TAZ in their phosphorylated state, thereby inhibiting cell
proliferation (21). YAP and TAZ are homologous transcriptional
coactivators with overlapping functions and significant oncogenic
potential (26, 27). AMOT indirectly regulates YAP activity by
binding to large tumor suppressor (LATS) proteins, enhancing
their kinase activity, and modulating Hippo signaling (28, 29).
Crb3 further regulates YAP activity by promoting LATS-mediated
phosphorylation, thereby preventing YAP nuclear translocation
(30, 31). To investigate the expression pattern of CRB3 in CC, we
analyzed the TCGA dataset. The results showed that CRB3 mRNA
expression was significantly up-regulated in CC tissues compared to
normal cervical tissues (p=0.0015) (Supplementary Figure 2A).
Further genomic analysis revealed a positive association between
CRB3 gene copy number and its mRNA expression, which reached
statistical significance when comparing tumors with copy number
gain to those with a diploid copy number (p=0.045; Supplementary
Figure 2B). These findings suggest that CRB3 may act as a potential
oncogene in CC, and its overexpression is partly driven by somatic
copy number amplification. Among adherens junction-associated
factors, E-cadherin and the o/f-catenin complex negatively regulate
YAP by modulating mammalian sterile 20-like kinase (MST)
activity and sequestering the YAP/14-3-3 complex in the
cytoplasm (32, 33). Protein tyrosine phosphatase 14 (PTPN14)
reduces nuclear YAP/TAZ levels by binding to these coactivators,
promoting LATS-mediated phosphorylation, and inducing their
cytoplasmic retention and ubiquitin-mediated degradation (34).
Scrib, an important regulator of cell polarity and the Hippo
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Schematic diagram of the mammalian Hippo pathway. The cells are shown with a gray outline, and the nuclei are shown in orange. Upstream
regulatory proteins are in brown, intermediate core kinases are in purple, and downstream mediators are in red. Sharp arrows indicate activation,
blunt arrows indicate inhibition, and dashed lines indicate unclear mechanisms. AJ, Adherens Junction; TJ, Tight Junction; a.-Cat, a-Catenin; B-Cat,
B-Catenin; E-cad, E-cadherin; Scrib, Scribble; Lgl, Lethal giant larvae; Dlg, Disks large protein; Amot, Angiomotin; Crb3, Crumbs3; PALS1, Protein
associated with lin-7 1; PATJ, Palsl-associated tight junction protein; FAT, FAT atypical cadherin; PTPN14, Protein tyrosine phosphatase 14; Mer,
Merlin; Frmd6, Ferm domain containing 6; ECM, Extracellular matrix; GPCR, G-protein coupled receptor.
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pathway, further decreases nuclear YAP levels by initiating
phosphorylation cascades at the cell membrane (35). Apical
membrane-associated proteins, including the FERM domain-
containing proteins Merlin (Mer) and Frmd6, interact with the
WW and C2 domain-containing protein Kibra to form the Mer/
Frmdé6/Kibra complex (31). This complex exerts tumor-suppressive
effects by recruiting and activating Hippo pathway kinases at the
apical membrane (31). Mer is a well-characterized tumor
suppressor, and its loss in the mouse liver leads to hepatocellular
carcinoma and cholangiocarcinoma, underscoring its essential role
in cellular homeostasis and tumorigenesis prevention (36).

2.2 FAT cadherins and Hippo pathway
regulation

FAT cadherins (FAT1, FAT2, FAT3, and FAT4) are large
transmembrane proteins that regulate cytoskeletal dynamics and
various signaling pathways (37). Among them, FAT1 has gained
significant attention due to its complex role in the Hippo signaling
pathway (38). FAT1 promotes the formation of a multimeric Hippo
signaling complex. This complex activates core Hippo kinases via
thousand and one amino-acid protein kinases (TAOKs), leading to
YAPI1 inactivation (38). Notably, in cervical epithelium, multi-
omics analyses have identified TAOKI as the dominant TAOK
isoform, and its expression is significantly upregulated in CC,
suggesting a potentially important role for this specific kinase in
the context of FAT signaling in this cancer type (39). This suggests
that FAT1 is an upstream regulator of YAP1 in the Hippo pathway,
a process that is often disrupted during oncogenesis. Although the
functions of FAT2 and FAT3 are not fully understood, emerging
evidence suggests that FAT2 regulates cell polarity and tissue
architecture, which are essential for Hippo pathway activation
(40). Notably, FAT3 mRNA expression patterns mirror those of
FAT1 (41), and FAT3 shares functional similarities with FAT1 in its
interactions with the actin cytoskeleton (41). Comparative
proteomic analysis revealed a conserved C-terminal PDZ-binding
motif in FAT1 and FAT3 orthologs (41), supporting the hypothesis
that these proteins play complementary roles, particularly in
regulating the Hippo pathway. In contrast, FAT4 is implicated in
maintaining tissue integrity and may modulate Hippo signaling in a
context-dependent manner (41-43). Studies have suggested that
FAT2 and FAT4 may work synergistically with FAT1 to regulate the
Hippo pathway, potentially coordinating with other adhesion
molecules, such as the E-cadherin complex, to control the
localization and activity of Hippo components (38, 41). This
interplay is critical for regulating organ size and preventing
tumorigenesis (38). Although current evidence points to potential
functional redundancy between FAT1 and FAT3 in multiple cancer
types, isoform-specific CRISPR or combinatorial siRNA
experiments, especially in CC cell lines, are still lacking to
quantify their individual contributions to YAP1 nuclear-
cytoplasmic shuttling.

Dysregulation of FAT cadherins, particularly FATI1, is well-
documented in cancer biology. Mutations in FAT1 are commonly
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observed in cancers, including squamous cell carcinomas of the
head and neck, lungs, and cervix (38). These mutations often result
in the loss of FAT1 function, leading to unchecked YAP1 activation,
which promotes cell proliferation and survival and contributes to
tumorigenesis (38). The molecular mechanisms by which FAT
cadherins regulate the Hippo pathway are primarily mediated
through direct protein-protein interactions. For instance, FATI
interacts with the transcriptional corepressor atrophin and
proteins such as HOMER-1 to HOMER-3. These proteins
compete with Ena/VASP for binding to FAT1 and [-cadherin,
thereby modulating the Hippo-Wnt signaling cascade (41). In
contrast, FAT4 interacts with DCSHI, a ligand that may signal
back to FAT4, indicating a complex and dynamic regulatory
network (42, 44). Dysregulation of FAT cadherins and their
effects on the Hippo pathway presents promising therapeutic
opportunities. Restoring the tumor-suppressive function of FATI
or enhancing Hippo pathway activity could offer novel strategies for
treating cancers driven by YAP1 activation.

2.3 GPCRs and Hippo pathway regulation

GPCRs are important cell membrane signaling molecules that
mediate responses to external stimuli such as hormones,
chemokines, and mechanical forces (45). Upon activation, they
trigger distinct downstream cascades via different G protein
subtypes that regulate essential cellular processes (45) (Figure 2).
Notably, several GPCRs modulate the Hippo pathway by
controlling the activity of its core components, particularly the
transcriptional coactivators YAP and TAZ (46, 47).

For example, lysophosphatidic acid (LPA) binding to LPARI-6
(48) and sphingosine-1-phosphate (S1P) binding to SIPR1-5 (49)
trigger G12/13 and Gq/11-mediated signaling, respectively.
Activated G12/13 recruits Rho-specific guanine-nucleotide-
exchange factors (p115-RhoGEF, LARG) that switch RhoA to its
GTP-bound state (50). GTP-RhoA in turn activates Rho-kinase
(ROCK1/2) and formin-family proteins, driving actin
polymerization and stress-fiber formation (51, 52). These
cytoskeletal changes sequester the LATS1/2-MOBI complex at
adherens junctions and promote its de-phosphorylation by
protein phosphatase 1A (PP1A) (53), thereby blocking LATS1/2
kinase activity and permitting de-phosphorylated YAP/TAZ to
translocate into the nucleus and activate TEAD-dependent
transcription (54). Conversely, Gs-coupled receptors (e.g.,
glucagon or epinephrine receptors) elevate intracellular cAMP,
which activates protein kinase A (PKA). PKA phosphorylates
LATS1/2 directly at its (R/K)(R/K)xS/T motifs and indirectly via
NF2/Merlin, enhancing LATS1/2 kinase activity and resulting in
cytoplasmic retention and proteasomal degradation of YAP/TAZ
(55, 56). The ghrelin receptor (GHSR) selectively activates YAP via
Gq/11 independent of G12/13 signaling. Further studies have
shown that this effect is reversible with a Gq inhibitor, whereas
silencing G12/13 does not affect YAP activity (57). These findings
suggest that modulation of the GHSR fine-tunes YAP activity,
enhancing it upon activation and diminishing it when constitutive
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FIGURE 2

Regulation of the Hippo-YAP/TAZ Pathway by GPCRs. GPCRs regulate the activation of YAP and TAZ by initiating distinct downstream signaling
cascades via different G protein subtypes. The solid arrows represent activation, whereas the blunt arrows denote inhibition. Abbreviations: LPA,
lysophosphatidic acid; S1P, sphingosine 1-phosphate; GLUC, glucagon; EPI, epinephrine; Ghr, ghrelin; PE, phorbol ester; RA, retinoic acid.

signaling is inhibited (57). Although this GHSR-G axis has been
characterized only in HEK293T and colon-cancer cells to date, its
relevance in CC remains to be experimentally verified.
Additionally, GPRC5A, whose expression is induced by phorbol
ester and retinoic acid (58), disrupts the Hippo pathway by
modulating YAP transcription through the cAMP-CREB axis,
demonstrating the diversity of the GPCR-mediated regulation of
YAP/TAZ in cancer progression (59). We compared GPRC5A
expression levels between normal and CESC tissues. As shown in
Supplementary Figure 3A, no significant difference in GPRC5A
mRNA expression was observed between CC and normal tissues at
the overall level (p=0.544). However, our further analysis revealed
that its expression level is closely associated with specific genomic
events. Specifically, the tumor subgroup harboring GPRC5A
shallow deletion exhibited significantly lower mRNA expression
compared to diploid tumors (p=0.025; Supplementary Figure 3B).
This suggests that dysregulated GPRC5A expression is not
universally present in all CCs, but rather is primarily driven by
somatic copy number deletions. Finally, the involvement of G12/13,
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encoded by the GEP oncogene, in cancer progression has become
increasingly evident (60). Elevated G12/13 expression in ovarian
cancer promotes cell proliferation through YAP activation, whereas
its inhibition prevents cancer cell growth (60). These findings
highlight the intricate roles of GPCRs in Hippo pathway
modulation and their potential as therapeutic targets for cancers
characterized by the dysregulation of the Hippo pathway. The
Hippo signaling pathway, which is regulated by GPCRs, is shown
in Figure 2.

2.4 Kinase cascade in Hippo pathway
regulation

The central mechanism of the Hippo signaling pathway
involves a kinase-mediated cascade. This cascade begins when
MST1/2 kinases are activated by upstream regulators assisted by
Salvador homolog 1 (SAV1), a WW domain-containing protein
(61). Upon activation, MST1/2 phosphorylates and activates
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LATS1/2 and its adaptor protein MOB kinase activator 1 (MOB1)
(62). The activated LATS1/2 complex phosphorylates key residues
of YAP and TAZ. Specifically, YAP has five phosphorylation sites,
and TAZ has four phosphorylation sites. Phosphorylation of YAP at
Ser127 and Ser381, and TAZ at Ser89 and Ser311, is closely linked
to their nuclear import and degradation (63). After phosphorylation
at Ser127 (YAP) and Ser89 (TAZ), both proteins interacted with 14-
3-3 proteins, promoting their cytoplasmic retention.
Phosphorylation of YAP Ser381 primes it for further
phosphorylation by casein kinase 1 (CK18/e) in the
phosphodegron sequence, which then recruits SCF3-TRCP E3
ubiquitin ligase, leading to YAP ubiquitination and degradation
(64).
unphosphorylated YAP/TAZ translocates to the nucleus and
binds to TEA domain family members (TEADs) (65), activating
the expression of downstream target genes related to cell

Conversely, when upstream kinases are inactive,

proliferation, migration, and invasion (66). A description of the
mammalian Hippo pathway is presented in Figure 1.

The multifaceted regulators of the Hippo pathway, as detailed
above, present a rich repertoire of druggable targets. Future
therapeutic strategies could aim to restore tumor-suppressive
inputs (e.g., by targeting FAT1-mediated signaling or GPCRs that
activate LATS1/2) or directly inhibit the oncogenic YAP/TAZ-
TEAD axis. The clinical success of these approaches will hinge on
achieving context-specific modulation to selectively target cancer
cells while minimizing on-target toxicity in healthy tissues.

3 Synergistic promotion of cervical
epithelial carcinogenesis by HPV and
the Hippo pathway

Epidemiological studies have shown that approximately 70-
80% of women experience at least one HPV infection during their
lifetime (67). These infections are typically transient and resolve
without long-term consequences. However, a subset of women,
particularly those with persistent infections, may develop
precancerous cervical lesions that can ultimately progress to CC
(68, 69). This progression suggests that genetic predispositions may
play a significant role in the persistence of HPV infection and
subsequent development of CC (70).

3.1 YAP1 expression in cervical lesions

YAPI expression progressively increases across different grades
of CIN, from CIN 1 to high-grade CIN 2, CIN 3, and eventually to
cervical squamous cell carcinoma (CvSCC) (71). Notably, most CIN
3 and CvSCC samples are positive for either HR-HPV or YAP1
(71). Mouse model studies have shown that sustained
overactivation of YAP1 in the cervical epithelium for 6-8 months
is sufficient to induce invasive CC (72). These findings suggest that
HPV may promote CC development by increasing YAP1 activity
and expression.
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3.2 HPV oncoproteins and YAP1 interaction
in cervical carcinogenesis

HPV16 E6/E7 oncoproteins encoded by HR-HPV are critical
drivers of CC cell line proliferation (72, 73). In mouse cervical
epithelial cells, co-expression of YAP1 and these oncoproteins
induces invasive CC within four months (72). This progression is
driven by YAP1 overactivation, which disrupts immune responses,
increases HPV receptor expression, and enhances susceptibility to
infection (72). Furthermore, HR-HPV E6 protein prevents YAP1
from undergoing proteasome-mediated degradation, contributing
to its persistent activation (17, 74). Evidence from another study
revealed that HR-HPV E6/E7 proteins, in combination with YAP1
overactivation, can induce malignant transformation in primary
human cervical epithelial cells (HCVECs) (73). The interaction
between HR-HPV E6/E7 and YAPI is a crucial driver of cervical
carcinogenesis. The synergistic regulation of CC progression by the
Hippo signaling pathway and HPV is illustrated in Figure 3.

3.3 YAP1-LATS2 feedback in cervical
homeostasis

Mechanistic investigations have revealed that YAPI upregulates
LATS2, which is essential for cervical tissue homeostasis (73).
However, the expression of HR-HPV E6/E7 proteins disrupts this
feedback mechanism by inhibiting LATS2 expression, thereby
facilitating CC development (73). Overexpression of YAP1 has
been demonstrated to promote malignant transformation in
immortalized cervical epithelial cells (17) while inducing
senescence in HCVECs (73). Specifically, Huang et al. provided
phenotypic evidence of YAPI1-induced senescence in HCVECs,
showing significantly increased senescence-associated B-
galactosidase (SA-B-Gal) activity (approximately 50% positive
cells in HCVEC-YAPI vs. <15% in controls), elevated formation
of senescence-associated heterochromatic foci (SAHF, marked by
H3K9Me3; ~50% positivity vs. <20% in controls), and upregulation
of the senescence-associated secretory phenotype (SASP) marker
CDKNI1A (1.5-fold higher mRNA levels compared to controls)
(73). Interestingly, YAP1-induced upregulation of LATS2 in
HCVEC:s is a critical driver of this senescence process, which acts
as a potent tumor-suppressive mechanism in normal cervical
epithelial cells (75, 76). Genetic or environmental disruption of
this feedback loop can initiate carcinogenesis in the cervical
epithelium, highlighting the therapeutic potential of restoring the
YAPI1-LATS2 axis and its associated senescence pathways for
CC prevention.

The core of this strategy lies in reactivating tumor-suppressive
senescence by modulating the YAP1-LATS2 feedback loop. First,
small-molecule agents can be developed to enhance LATS2 activity
or inhibit YAP1, thereby promoting LATS2 phosphorylation and
reinstating its tumor-suppressive function. For instance, the FDA-
approved drug mitomycin C has been shown to upregulate LATS2
expression, induce cellular senescence, and suppress tumor
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progression in a mouse model of CC, demonstrating the feasibility
of restoring this feedback loop pharmacologically (73). Second,
remodeling the tumor microenvironment (TME), such as by
modulating ECM stiffness, may also positively influence YAP1-
LATS2 signaling. Finally, targeting upstream regulators such as
PTPN14 or Crb3 can prevent their degradation and help sustain
normal Hippo pathway activity (30, 34, 77). Together, these
approaches offer promising clinical avenues for restoring
homeostatic senescence and preventing CC development.

3.4 TANK-binding kinase 1 and YAP/TAZ in
HPV immune evasion

TANK-binding kinase 1 (TBKI), a serine/threonine kinase,
plays a central role in the cytoplasmic detection of viral nucleic
acids and the initiation of antiviral immune responses, acting as a
critical mediator between pathogens and the host immune system
(78). Upon entry into host cells, viral DNA activates TBKI,
triggering the production of type I interferons, which play a
pivotal role in innate antiviral immunity (79). However, YAP/
TAZ proteins act as endogenous TBK1 inhibitors by directly
binding to TBKI1 and preventing its activation, thereby
suppressing antiviral immunity and increasing susceptibility to
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HPV (80) (Figure 4). Further investigation revealed that YAP/
TAZ binds to TBKI and exerts an inhibitory effect through the
C-terminal transcriptional activation domain (a.a. 291-488) of
YAP. Targeting this interaction represents a novel therapeutic
strategy for HPV-induced carcinogenesis. In this context, the
selective TBK1 inhibitor Amlexanox, which exhibits an ICs, of
approximately 1-2 uM in in vitro MBP phosphorylation assays, has
attracted research interest (81). Although direct evidence regarding
its potency and in vivo efficacy in CC models is still lacking,
supportive data from other tumor types indicate its therapeutic
potential. For instance, in a breast cancer bone metastasis model,
Amlexanox (at around 35 mg/kg/day) combined with docetaxel
significantly suppressed metastasis and prolonged survival (82).
Furthermore, more potent TBK1 inhibitors such as Compound II
(ICso=13 nM) have shown efficacy in non-small cell lung cancer
models via inhibition of the AKT pathway (83). These findings
highlight the need to evaluate TBK1 inhibitors, both in CC cell
lines and in vivo models, to assess their applicability in
counteracting YAP/TAZ-mediated immune suppression and
HPV-induced tumorigenesis.

In summary, the synergistic interplay between HPV infection and
Hippo pathway dysregulation is a cornerstone of cervical
carcinogenesis. The key mechanisms include HR-HPV E6/E7
oncoproteins directly stabilizing YAP and disrupting the tumor-

invasion genes

\\\'\%

The synergistic effect of HPV and molecules in the Hippo signaling pathway. The overactivated oncogene YAP promotes the expression of HPV
receptors and disrupts innate immunity by suppressing the expression of transcription factors. HR-HPV E6/E7 proteins maintain high levels of YAP in

CC cells by inhibiting proteasome-mediated degradation or suppressing the expression of LATS2.
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YAP/TAZ enhances the body's susceptibility to HPV by weakening the host's innate immunity. HPV DNA utilizes TBK1 to phosphorylate IRF3/7 and
then triggers the transcription of type | IFNs. YAP/TAZ inhibits virus-induced TBK1 activation by directly binding to TBK1, thereby suppressing the
host cell’s innate immune response to the virus. Abbreviations: IRF3/7, Interferon regulatory factor 3/7; IFNs, Interferons.

suppressive YAP1-LATS2 senescence axis, thereby unlocking
proliferative potential. Concurrently, YAP/TAZ activation suppresses
intrinsic antiviral immunity (e.g, by inhibiting TBKI1), fostering a
permissive microenvironment for viral persistence and tumor
development. This vicious cycle establishes a compelling rationale for
dual-targeting strategies against both viral and host oncogenic drivers.

4 Hippo pathway in CC cell
proliferation and migration

Normal cell division is essential for tissue homeostasis and organ
function. During human development, a complex regulatory network
controls cell proliferation. However, disruptions in these networks
may lead to uncontrolled cell division, potentially driving cancer
initiation (84). The Hippo signaling pathway is a fundamental
regulator of this process, precisely controlling cell proliferation (18).

4.1 Genetic alterations in the Hippo
pathway

Recurrent genetic alterations in Hippo pathway-associated genes
have been observed in CC. Upstream tumor suppressors, including
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MST1, LATS1/2, and FAT1/2/3/4, frequently undergo deletions or
mutations, whereas downstream oncogenes such as YAP1, WWTRI,
and TEAD1/2/3/4 are upregulated (72). These genetic alterations are
closely associated with CIN and the progression to invasive cancer
(85). Notably, YAP1 overexpression in CC cells overcomes contact
inhibition, sustaining proliferation. In contrast, YAP1 silencing
markedly suppresses cell proliferation, induces cell cycle arrest via
upregulation of p21 and p27, and impairs cancer cell migration (86).
These findings identify nuclear YAP1 as a direct oncogenic
target of the 11q22 amplicon, highlighting its pivotal role in
CC carcinogenesis.

In terms of clinical relevance, immunohistochemical analysis
has shown that YAP1 expression is significantly associated with
lymph node metastasis in CvSCC (Odds Ratio [OR]=3.62, 95%
Confidence Interval [CI] 1.26-10.43) and is an independent
prognostic factor for overall survival (Hazard Ratio [HR]=1.21,
95% CI 1.00-2.21, p=0.048) (87). However, no significant
correlation has been observed between YAP1 expression and
International Federation ofGynecology and Obstetrics (FIGO)
staging (I: 73.3%, II: 80.9%; x’=0.738, p=0.39) (87). Moreover, a
meta-analysis that included various cancers showed that YAPI
positivity is significantly associated with poor overall survival (HR
=1.83,95% CI 1.47-2.28) and disease-free survival (HR = 2.11, 95%
CI 1.41-3.18) (88). This supports the prognostic value of YAP1 in
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multiple solid tumors. However, in the context of CC, there are only
a few small-scale studies that suggest a relationship between YAP1
and lymph node metastasis (87), and there is still a lack of large-
scale quantitative clinical studies linking YAP1 or 11q22
amplification to FIGO stage, lymph node metastasis, and long-
term patient outcomes. Future large-sample, multi-center clinical
cohort studies will be an important direction for bridging
mechanisms with clinical outcomes.

4.2 LATS1/2 tumor suppression in CC

LATSI] and LATS2 kinases are core components of the Hippo
pathway and important regulators of tumorigenesis (89). Loss of
LATS1/LATS2 function is frequently associated with multiple
malignancies, including gastric, non-small cell lung, breast, and
colorectal cancers (90-93). Immunohistochemical analysis of
LATSI expression in 80 tumor samples revealed that LATS1 was
downregulated in 45% of CvSCC cases (94). Furthermore, MTT and
Matrigel assays showed that LATSI overexpression inhibits cell
proliferation and invasion (94). Specifically, LATS1 exerts tumor-
suppressive functions by increasing p27 levels, decreasing cyclin E
and matrix metalloproteinase-9 (MMP-9), and promoting YAP
phosphorylation (94). These results suggest that LATS] acts as a
tumor suppressor in CC. Activation of YAPI or inactivation of
LATS1 enhances the proliferation and invasiveness of CC cells,
correlating with unfavorable prognostic factors such as low
histological grade, early recurrence, and lymph node metastasis (87).

4.3 PTPN14 regulation of the Hippo
pathway

PTPN14, an upstream regulator of the Hippo pathway,
functions as a tumor suppressor (77). It forms a tumor-
suppressive network with p53 and YAP, modulating Hippo
signaling (95). As a cytoplasmic phosphatase, PTPN14 retains
YAP in the cytoplasm in a phosphatase-independent manner
(96), effectively inhibiting tumor cell proliferation and migration
(21, 97). The HR-HPV E7 oncoprotein induces proteasomal
degradation of PTPNI14 (98, 99), promoting YAP nuclear
localization and driving cellular transformation and
tumorigenesis. The HPV E7-PTPN14 interaction represents a
pivotal molecular event in HPV-driven carcinogenesis.

4.4 TAZ expression in CC

TAZ, a transcriptional coactivator structurally and functionally
related to YAP, plays a critical role in multiple cancer types (100).
Elevated TAZ expression has been shown to induce EMT, inhibit
apoptosis, and expand the cancer stem cell population in vitro
(101). TAZ activation promotes tumorigenesis in ovarian, breast,
gastric, and oral cancers (102-105), with high TAZ levels,
particularly nuclear localization, associated with poor prognosis in
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these cancers (100). In CC, increased TAZ expression has been
observed in both tumor cells and the surrounding
microenvironment (106). TAZ expression is elevated in CC
tissues compared to normal tissues and promotes CD4+ T-cell
infiltration into the TME (107), which is associated with diminished
pathological complete response (pCR) rates (106). Analysis of the
Hippo pathway in 308 CC patients from TCGA database revealed
persistent TAZ amplification in CC cells, with high TAZ expression
correlating with poor prognosis (15). Immunohistochemical
analysis of TAZ in normal cervical tissue, high-grade squamous
intraepithelial lesions (HSILs), and CvSCC revealed a progressive
increase in TAZ expression, suggesting its role as a driver of CC
progression (108). Overexpression of TAZ in CC cells promotes
tumor growth and metastasis, and xenograft models have further
confirmed its enhanced tumorigenic potential (107, 108). However,
the molecular mechanisms underlying the role of TAZ in CC
remain unclear.

It is noteworthy that beyond common CvSCC, TAZ
dysregulation also plays a pivotal role in the rare variant, cervical
clear cell carcinoma (cCCC). cCCC, a rare and aggressive form of
HPV-negative CC (109, 110), is characterized by frequent
mutations in WWTRI, the gene encoding TAZ. The WWTRI
S89W mutation, commonly observed in cCCC, reduces the
binding of TAZ to 14-3-3 proteins, promotes TAZ nuclear
translocation, and inhibits the Hippo pathway (111). Expression
of the WWTRI1 S89W mutant leads to enhanced tumorigenesis in
vivo, an effect that can be reversed by targeting the TAZ/YAP1
complex with verteporfin (111). Furthermore, xenografts expressing
the WWTR1 S89W mutant exhibited a highly invasive and less
differentiated phenotype compared to untransformed controls
(111). These findings support the hypothesis that disrupted
Hippo signaling may drive cCCC rather than merely serving as a
downstream consequence of earlier mutations.

5 Other pathways involved in CC
regulation alongside Hippo

5.1 YAP-AREG-EGFR feedback in CC

A growing body of evidence suggests that the Hippo signaling
pathway interacts with multiple intracellular pathways in a complex
manner and plays a central role in regulating cancer cell
proliferation (17) (Figure 5). Amphiregulin (AREG), a protein
subjected to bidirectional regulation, is a downstream target of
YAP. In CC cell cultures, YAP activation markedly upregulates
AREG expression, whereas YAP knockout significantly reduces
AREG levels (17). Furthermore, YAP activation enhances the
expression of transforming growth factor-alpha (TGF-a)) and
epidermal growth factor receptor (EGFR). Depletion of EGFR
attenuates YAP-induced cell proliferation and AREG secretion,
highlighting the importance of EGFR in this regulatory
network (17).

TGF-o. and AREG suppress the Hippo pathway through EGFR
activation, facilitating YAP nuclear translocation and enhancing CC
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cell proliferation and migration. This cascade forms a positive
feedback loop in which activated YAP further upregulates TGF-a,
AREG, and EGFR, thereby driving CC cell malignancy (17). In a
three-dimensional culture system that mimics the TME knockdown
of LATS1/2 was found to activate YAP and significantly promote
CC cell proliferation as well as AREG secretion, indicating that the
Hippo pathway retains its oncogenic function in a context more
closely resembling in vivo conditions (17). Furthermore, combined
inhibition of YAP and EGFR signaling demonstrated a synergistic
anti-tumor effect in this model (17), thereby providing a
theoretical basis for subsequent validation using patient-derived
xenograft models.

5.2 Src and integrin signaling in CC

Src, a non-receptor tyrosine kinase, plays a critical role in
regulating tumor cell adhesion, migration, and proliferation
through various cellular signaling pathways (112). In CvSCC,
inhibition of Src family kinases in the ME180 cell line has been
shown to reduce cytoplasmic TAZ levels while increasing nuclear
TAZ levels, establishing a direct link between Src signaling and TAZ
subcellular localization (113). This finding highlights the
importance of Src in modulating the Hippo pathway effector TAZ
during CC progression.

Integrins (ITGs), transmembrane receptors that mediate cell
adhesion to the ECM, are central to tumor cell adhesion, migration,

10.3389/fonc.2025.1662499

and proliferation (114). Their intracellular domains interact with
the cytoskeleton and recruit focal adhesion kinase (FAK) upon
ECM ligand binding, which in turn activates Src kinases and
downstream effectors such as Racl (115). Elevated expression of
B1 integrin is associated with advanced clinical staging and
increased malignancy in various cancers, including CvSCC (116).
Notably, TAZ knockdown upregulates both B1 integrin and Src
expression in normal and CC cells, suggesting a synergistic
interaction between the ITG-Src axis and the Hippo pathway in
cervical tumorigenesis (113). These findings underscore the
complex interplay between integrin signaling, Src activation, and
Hippo pathway regulation in CC progression, offering potential
therapeutic targets for intervention.

Additionally, Src has been demonstrated to regulate the nuclear
accumulation of YAP1 under heat shock stress. In HeLa CC cells,
Src serves as the primary driver of heat shock-induced YAP1
nuclear translocation. Upon temperature elevation to 42°C, Src is
rapidly activated and facilitates the co-aggregation of LATS2 with
itself and the protein phosphatase PP1A in the cytoplasm, forming
reversible “inactivation condensates”. These structures physically
sequester LATS2, which normally phosphorylates YAP1, and
promote its dephosphorylation, thereby inactivating its kinase
function. As a result, YAPI escapes phosphorylation at Ser127
and is released from cytoplasmic retention. This enables rapid
nuclear translocation of YAP1 within a short timeframe, initiating
subsequent transcriptional programs. The entire process, from Src
activation to condensate formation, LATS2 inactivation, and
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Hippo pathway molecules collaborate with other pathway proteins in the regulation of CC. The Hippo/YAP signaling pathway interacts with various
intracellular pathways, including those mediated by Integrin (ITG), to participate in the occurrence and development of CC. NEK2, Never In Mitosis A
(NIMA)-related kinase 2; AREG, amphiregulin; TGF-a, Transforming growth factor alpha; SI00A7, S100 calcium-binding protein A7; ECM,
Extracellular matrix; FAK, Focal adhesion kinase; Racl, Ras-related C3 botulinum toxin substrate; Src, Src proto-oncogene, non-receptor tyrosine
kinase; NGF, Nerve growth factor; TrkA, Tropomyosin receptor kinase A; PNI, Perineural invasion; CSC, Cigarette smoke condensate; PI3K,
Phosphatidylinositol-3-kinase; HIF-1a, Hypoxia-inducible factor-1o; PD-L1, Programmed death ligand-1
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ultimately YAP1 nuclear entry, can be completely blocked by Src
inhibitors, confirming the causal sequence of this regulatory
axis (117).

5.3 Epigenetics and Hippo pathway in CC

DNA methylation and hydroxymethylation are fundamental
epigenetic mechanisms that play pivotal roles in CC initiation and
progression (118). Aberrant epigenetic modifications, particularly
cytosine methylation (5-mC) and hydroxymethylation (5-hmC),
can dysregulate gene expression and drive tumorigenesis (119).
Epigenomic analyses comparing normal cervical epithelium, CIN,
and CC samples have revealed a global decline in methylation and
hydroxymethylation during cancer progression. These studies have
identified specific genomic loci enriched in Hippo pathway-related
genes that undergo such alterations (120). Further corroboration
comes from studies on DNA methylation patterns in HPV-infected
tissues, highlighting the role of epigenetic changes in CC
development (121). These modifications not only accelerate
cancer progression but also represent potential prognostic
markers (120). The enrichment of these modifications in Hippo
pathway-related genes suggests a mechanistic link between
epigenetic dysregulation and Hippo pathway activation in CC.
These findings underscore the importance of epigenetic
mechanisms in CC and highlight their potential as therapeutic
targets and biomarkers for disease progression.

Beyond DNA-level modifications, RNA methylation, notably
N6-methyladenosine (m6A), also plays a critical role in post-
transcriptional regulation (122). In CC, the RNA
methyltransferase METTL3 is frequently overexpressed and
accelerates the degradation of target mRNAs through m6A
modification, thereby remodeling tumor-related transcriptional
networks (122). Meanwhile, Discs large homolog 2 (DLG2), a
member of the membrane-associated guanylate kinase family that
regulates cell polarity and interacts with the Hippo signaling
pathway, has been implicated as a potential tumor suppressor
(123, 124). A recent study integrating clinical samples, cellular
models, and xenograft mouse experiments revealed that METTL3
directly targets DLG2 mRNA via m6A modification, significantly
shortening its half-life and leading to consistently low DLG2
expression in CC tissues and cell lines (122).

Elevation of DLG2 levels, achieved either through METTL3
inhibition or exogenous overexpression, promoted LATSI
expression and enhanced YAP/TAZ phosphorylation, thereby
reactivating the Hippo pathway. This resulted in suppressed
transcriptional co-activation by YAP/TAZ, significantly reduced
cell proliferation, migration, and invasion, increased apoptosis, and
markedly inhibited tumor growth in vivo. Conversely, simultaneous
knockdown of DLG2 almost completely abolished the METTL3
depletion-induced reactivation of the Hippo pathway and its
antitumor effects (122). These findings demonstrate that the
METTL3-DLG2-Hippo/YAP axis is a critical regulatory cascade
driving malignant progression in CC, providing a novel theoretical
basis and potential therapeutic strategies for targeting METTL3 or
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activating DLG2 to restore the tumor-suppressive function of the
Hippo pathway.

5.4 Nerve growth factor/TrkA and Hippo
pathway in CC

Nerve growth factor (NGF), a neurotrophic factor, binds to
specific receptors such as TrkA (a tyrosine kinase) and regulates cell
proliferation, survival, and apoptosis (125). Emerging studies
highlight perineural invasion (PNI) as a key factor in malignant
tumor progression, contributing to local recurrence and reduced
postoperative survival (126, 127). In CC, PNI is associated with a
poor prognosis (128, 129). Compared to normal cervical tissue,
NGF and TrkA are significantly overexpressed in CC tissues, with
PNI detected in 27% of TrkA-positive tumors (130). This
overexpression of NGF and TrkA facilitates PNI (131) and is
closely linked to lymphatic invasion, a major risk factor for CC
recurrence and poor survival (132). Thus, NGF and TrkA
expression may serve as valuable prognostic biomarkers for
CC (131).

Mechanistically, NGF promotes CC progression by modulating
cellular signaling pathways, particularly the Hippo pathway. NGF
inhibits the Hippo pathway by inactivating LATS]1, leading to YAP
activation and subsequent enhancement of CC cell proliferation
and migration (133). This regulatory mechanism underscores the
critical role of the NGF-Hippo-YAP axis in CC progression and
highlights its potential as a therapeutic target. Notably, NGF
inhibitors, currently in clinical trials for pain treatment (134),
could be repurposed to target the Hippo pathway in CC, offering
a promising strategy for improving patient outcomes.

5.5 NEK2 modulation of YAP in CC

NEK?2, a conserved regulator of cell division, plays a critical role
in various cancers (135-137). Localized in centrioles, NEK2
facilitates their separation and regulates spindle formation,
ensuring proper cell cycle progression (135). Aberrant NEK2
expression disrupts these processes, leading to aneuploidy and
chromosomal instability during cell division (138). NEK2 is
overexpressed in multiple cancers, including breast, ovarian,
prostate, cervical cancer, and leukemia (139). In CC, NEK2
upregulation is associated with lymph node metastasis, advanced
tumor stage, and poor prognosis (140-142). Notably, targeting
NEK2 has been shown to inhibit cervical tumorigenesis and
enhance tumor sensitivity to radiotherapy, highlighting its
potential as a therapeutic target (140).

Mechanistically, NEK2 drives tumor progression by modulating
the Hippo pathway. It promotes YAP nuclear accumulation
through cytoplasmic dephosphorylation at Ser127, thereby
enhancing YAP activity (143). Additionally, NEK2 inactivates the
Hippo pathway by dephosphorylating MST1/2, further increasing
YAP levels and contributing to tumor progression (143). These
findings underscore the central role of NEK2 in CC progression and
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suggest that targeting NEK2 could provide a dual benefit by
inhibiting tumor growth and enhancing the efficacy of
existing therapies.

5.6 Hypoxia-induced YAP/TAZ in CC

Hypoxia, a hallmark of solid tumors, is closely associated with
poor clinical outcomes in various cancers (144-146). Adaptation to
oxygen fluctuations is critical for tumor progression, and hypoxia-
inducible factor-lo. (HIF-10) serves as a key transcription factor
mediating cellular responses to hypoxia (147). HIF-1o. promotes
angiogenesis and regulates genes essential for cell survival,
metabolism, and drug resistance, making it a significant
therapeutic target (148-150). It activates over 100 genes involved
in abnormal proliferation, metabolic reprogramming, invasion,
metastasis, and therapy resistance, with elevated HIF-lo
expression strongly correlated with tumor initiation, progression,
and poor prognosis (150-152).

In CvSCC, HIF-1a, YAP, and TAZ are highly expressed
compared to normal cervical and CIN tissues (153).
Mechanistically, HIF-1o drives CvSCC cell proliferation, invasion,
and migration by activating YAP/TAZ downstream of the Hippo
pathway (153). Additionally, upstream regulators of HIF-1a, such
as estrogen, cigarette smoke condensate, and PI3K hyperactivation,
enhance YAPI activity in HCvECs, further promoting cervical
tumorigenesis (74).

To bridge the gap between in vitro and in vivo findings and
further validate the role of HIF-1a: in tumor cell proliferation under
physiological conditions, the authors injected HIF-lo-
overexpressing C33a cells and HIF-1o-knockout SiHa cells into
nude mice. Tumors derived from HIF-1ca-overexpressing C33a cells
were significantly larger than those in control mice, whereas tumors
from HIF-1o-knockout SiHa cells were markedly smaller. In the
HIF-1o. overexpression group, increases in tumor volume and
weight were accompanied by elevated YAP/TAZ expression
within the tumors; conversely, the opposite effects were observed
following HIF-1a inhibition (153). These results underscore a
functional interplay between hypoxia, HIF-1o, and Hippo
pathway activation in CC progression, and suggest promising
therapeutic strategies targeting this axis.

5.7 Programmed cell death protein-1/
programmed death-ligand 1 in CC immune
evasion

Programmed cell death protein-1 (PD-1) and its ligand
Programmed Death-Ligand 1 (PD-L1)
proteins that play a critical role in tumor immune evasion (154).
The interaction between the Hippo pathway and PD-1/PD-L1 has
emerged as a key driver of immune evasion in various cancers,
including CC (107, 155). Within the Hippo pathway, MST1/2 and
LATS1/2 act as tumor suppressors by inhibiting PD-L1 expression,
whereas the downstream effectors YAP and TAZ promote PD-L1

are immunoregulatory
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upregulation, thereby impairing T-cell function and facilitating
immune escape (155). In CC, elevated TAZ levels are strongly
correlated with increased PD-L1 expression, driving tumor
proliferation, metastasis, and resistance to apoptosis (107). This
TAZ-driven PD-L1 modulation plays a pivotal role in CC
progression by enabling tumors to evade immune surveillance.
Clinical studies have demonstrated significantly elevated
expression of both TAZ and PD-L1 in CC tissues across different
stages, subtypes, and age groups compared to normal cervical tissue
(107). This upregulation is associated with enhanced immune cell
infiltration and suppression within the TME. Furthermore, in lung
cancer cells, the interaction between TAZ and TEAD has been
shown to be essential for PD-L1 activation (156), suggesting a
similar regulatory mechanism may operate in CC. These findings
underscore the central role of the Hippo pathway in CC immune
evasion and highlight the potential therapeutic value of targeting
both TAZ and PD-LI to enhance the efficacy of immunotherapy.

5.8 S100A7-mediated EMT in CC

S100A7, also known as psoriasin, is an EF-hand calcium-
binding protein implicated in tumorigenesis and cancer
progression (157-160). In CC, S100A7 is significantly upregulated
compared to normal cervical tissues, with immunohistochemical
analysis revealing high expression in high-grade CIN, suggesting its
role in early tumor progression (161). Overexpression of SI00A7
promotes migration, invasion, and metastasis in CC cells, partly
through the induction of EMT (161, 162). EMT enables epithelial
cells to acquire mesenchymal properties, as evidenced by increased
expression of mesenchymal markers (N-cadherin, vimentin, and
fibronectin) and decreased expression of the epithelial marker E-
cadherin (161). These changes enhance cell migration and invasion,
underscoring the critical role of SI00A7 in CC progression.

Furthermore, the relationship between SI00A7 and the Hippo
pathway effector YAP has been explored in CvSCC. In well-
differentiated CvSCC cells, SI00A7 expression positively
correlates with phosphorylated YAP (pYAP-S127) but inversely
with nuclear YAP, suggesting that nuclear YAP inhibits SI00A7
expression (163). Mechanistically, TEAD1 mediates the YAP-
induced transcriptional repression of SI00A7. Notably, SI00A7
expression is low and weakly inducible in poorly differentiated
CC cells, highlighting the context-dependent regulation of SI00A7
by YAP (163). These findings underscore the importance of YAP-
mediated regulation of S100A7 in CC progression and provide
insights into potential therapeutic targets. The regulatory proteins
of the Hippo pathway and their impact on the progression of CC are
summarized in Supplementary Table 1.

Collectively, this section underscores that the oncogenic power
of the Hippo pathway in CC is amplified through its extensive
integration with diverse signaling networks. Cross-talk with the
EGEFR, Src/Integrin, NGF/TrkA, HIF-10, and PD-L1/PD-1 axes, as
well as epigenetic regulators like METTL3, demonstrates that YAP/
TAZ serve as central hubs coordinating proliferation, metastasis,
immune evasion, and therapy resistance. This context-dependent
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regulation implies that therapeutic efficacy will likely hinge on
understanding and targeting these critical pathway interactions.

6 The clinical potential of targeting
Hippo pathway-interacting molecules
in CC

6.1 EGFR inhibitors

Although molecules interacting with the Hippo pathway
theoretically influence CC through this mechanism, very few have
progressed to clinical trials. Cetuximab, a chimeric monoclonal
antibody targeting EGFR, inhibits ligand binding and tyrosine
kinase activation (164-167). In an initial phase II monotherapy
trial (Santin et al., n=35), heavily pretreated patients received
cetuximab (400 mg/m’ loading dose, then 250 mg/m® weekly
until progression or intolerance). No objective responses were
observed (objective response rate [ORR], 0%); however, 5 patients
(14.3%) remained progression-free at 6 months, and median overall
survival (OS) was 6.7 months. Grade >3 toxicities, primarily rash,
fatigue, and gastrointestinal events, were manageable. There were
no grade 4 events or treatment-related deaths (168).

A subsequent phase II trial evaluated cetuximab combined with
cisplatin (Farley et al., n=69). Patients received the same cetuximab
regimen plus cisplatin (30 mg/m” on days 1 and 8 of a 21-day cycle).
Among 69 evaluable patients, 8 achieved partial responses (ORR
11.6%). Kaplan-Meier estimates showed a 6-month progression-free
survival (PFS) rate of 15-20% and median OS of 8.77 months (95%
CI 7.56-10.09). Comparison with historical cisplatin controls from
the Gynecologic Oncology Group (GOG) trials 169/179 yielded
hazard ratios near 1, indicating no synergistic benefit. Grade 23
adverse events included metabolic abnormalities, rash, fatigue, and
gastrointestinal effects; 4 patients (5.8%) had grade 4 events. No
treatment-related deaths occurred (169). Immunohistochemistry
revealed 98% EGFR positivity (median cellular expression: 81%),
but high EGFR expression (>81% positive cells) correlated with
shorter PFS (HR 1.76), suggesting a prognostic rather than
predictive role (169).

Notably, in Farley’s trial, all responders had squamous
histology. Similarly, in Santin’s cohort, the 6-month PFS rate was
21% (5/24) in squamous-cell carcinoma versus 0% in non-
squamous subtypes, indicating a modest but hypothesis-
generating signal within squamous populations (168, 169).
Despite limited clinical efficacy, cetuximab’s favorable tolerability
and modest PFS benefit in squamous subgroups support further
evaluation, particularly in combination with immuno-oncology
agents or next-generation EGFR-directed therapies.

In contrast, erlotinib, an EGFR tyrosine kinase inhibitor (TKI),
combined with cisplatin-based concurrent chemoradiation (E
+CRT) demonstrated notable efficacy in locally advanced CC
(170). In a phase II trial involving 41 previously untreated
patients (36 evaluable), the regimen consisted of erlotinib (150
mg/day, initiated one week before radiotherapy), weekly cisplatin
(40 mg/m? for 5 weeks), and radiotherapy (45 Gy in 25 fractions).
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The complete response rate was 94.4% (34/36). With a median
follow-up of 59.3 months, the 2-year PFS and OS rates were 80.6%
and 91.7%, respectively; at 3 years, these were 73.8% and 79.9%.
Treatment-related toxicities were primarily grade 1-2 rash,
diarrhea, and nausea. Grade 3 events included rash, diarrhea, and
hematologic or vascular adverse effects. There were no treatment-
related deaths or severe radiation toxicities, though three cases of
late grade 3 proctitis or fistula were reported. Thus, E+CRT
demonstrates compelling activity and acceptable safety in locally
advanced CC, warranting further validation (170).

The contrasting outcomes between cetuximab and erlotinib
highlight a key therapeutic principle: efficacy is context-
dependent. Cetuximab’s lack of benefit in pretreated advanced
disease diverges sharply from erlotinib’s success in previously
untreated, locally advanced settings. This difference may be
attributed to erlotinib’s mechanism as a radiosensitizing EGFR-
TKI, its integration into a curative-intent regimen, and its use in a
frontline population. Therefore, the future of EGFR inhibition in
CC may lie not with monoclonal antibodies in the salvage setting,
but with next-generation EGFR-TKIs strategically combined with
established radical modalities such as chemoradiation.

6.2 PD-1 inhibitors

6.2.1 Pembrolizumab

As a PD-1 inhibitor, pembrolizumab is a humanized IgG4
monoclonal antibody that acts through high-affinity binding to
the PD-1 receptor on T cells. By blocking the interaction between
PD-1 and its ligands PD-L1/PD-L2, it alleviates immune
suppression and enhances T cell-mediated antitumor activity
(171). This mechanism has demonstrated significant potential in
CC treatment, as evidenced by two pivotal clinical trials:
KEYNOTE-826, which established its role in recurrent/metastatic
CC, and KEYNOTE-A18, which explored its use in the upfront
treatment of locally advanced disease.

The KEYNOTE-826 clinical trial established pembrolizumab in
combination with chemotherapy (+ bevacizumab) as the first-line
standard treatment for recurrent or metastatic CC. This global,
multicenter, randomized, double-blind, placebo-controlled phase III
study included a total of 617 patients. The final analysis indicated that
in patients with persistent, recurrent, or metastatic CC who had not
received prior systemic chemotherapy and were not candidates for
curative treatment, both pembrolizumab in combination with
paclitaxel + cisplatin/carboplatin and the addition of bevacizumab
to this regimen significantly prolonged OS and PFS compared to the
placebo group, and this benefit was independent of bevacizumab use
(172). In the PD-L1 combined positive score (CPS) =1 population,
consistent benefits were observed regardless of bevacizumab use, with
HR indicating significant improvements: for the bevacizumab
combination group, the HRs for OS and PES were 0.60 (95% CI
0.45-0.79) and 0.56 (95% CI 0.43-0.73), respectively, while for the
non-bevacizumab group, the HRs were 0.61 (95% CI 0.44-0.85) and
0.61 (95% CI 0.44-0.85). Objective response rates were significantly
higher, and the duration of response was also longer. In terms of

frontiersin.org


https://doi.org/10.3389/fonc.2025.1662499
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Sun et al.

safety, in the bevacizumab-containing subgroup, the incidence of
grade >3 treatment-related adverse events was 74.0% vs. 66.8%, and
immune-related adverse events were 16.3% vs. 5.7%. In the non-
bevacizumab subgroup, the respective rates were 60.4% vs. 62.1% and
9.9% vs. 4.3%. No new safety signals were observed, and the overall
safety profile was manageable (172). The study concluded that for
patients without contraindications, pembrolizumab + chemotherapy
+ bevacizumab is the preferred first-line regimen. For patients with
contraindications to bevacizumab, pembrolizumab + chemotherapy
also provides significant clinical benefit and should be considered a
new standard of care. In conclusion, KEYNOTE-826 confirmed
pembrolizumab in combination with chemotherapy (paclitaxel +
platinum-based) as the cornerstone of first-line treatment for
recurrent/metastatic CC, including patients who are not suitable
for bevacizumab.

The KEYNOTE-A18 study evaluated pembrolizumab as upfront
treatment in locally advanced CC. This randomized, double-blind
Phase III trial included 1060 newly diagnosed high-risk patients.
Pembrolizumab combined with chemoradiation and maintenance
therapy significantly improved PFS and OS compared to placebo. At
a median follow-up of 17.9 months, the 24-month PFS rate was 68%
in the pembrolizumab group versus 57% in the placebo group (HR =
0.70, p=0.002) (173). After 29.9 months, the 36-month OS rate was
82.6% with pembrolizumab compared to 74.8% with placebo (HR =
0.67, p=0.004) (174). The pembrolizumab group also exhibited higher
objective response rates and longer duration of response. Patient-
reported outcomes (PROs) indicated no significant difference in
health-related quality of life (HRQoL) between groups, with over
75% of participants maintaining stable or improved quality of life.
Although immune-related adverse events were more frequent, they
did not substantially impact overall quality of life, supporting a
favorable efficacy-tolerability profile (175). In summary,
KEYNOTE-A18 established pembrolizumab combined with
chemoradiation and maintenance therapy as a new standard
treatment for locally advanced CC, offering an effective, well-
tolerated option that preserves quality of life.

Together, these two studies address key stages of CC
management and form a comprehensive, evidence-based
framework for the use of pembrolizumab, fundamentally
reshaping treatment strategies for this disease.

6.2.2 Cemiplimab

Cemiplimab, another PD-1 inhibitor, demonstrated significant
efficacy and safety in the phase III randomized, controlled
EMPOWER-Cervical 1 trial (also known as GOG-3016/ENGOT-
cx9). This study enrolled 608 patients with recurrent CC who had
progressed after prior platinum-based chemotherapy. Participants
were randomized to receive either single-agent cemiplimab (350 mg
every three weeks) or investigator’s choice of single-agent
chemotherapy (pemetrexed, topotecan, irinotecan, gemcitabine, or
vinorelbine). The primary endpoint, OS, showed a significant
improvement with cemiplimab compared to chemotherapy:
median OS was 11.7 months versus 8.5 months (HR 0.67; p <
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0.00001). Benefit was consistent across subgroups, regardless of PD-
L1 status. Regarding safety, the incidence of any-grade adverse
events was similar between the two groups (89.7% vs. 91.7%), but
the cemiplimab group had a lower incidence of grade >3 adverse
events (45.0% vs. 53.4%) (176). Furthermore, PROs indicated that
cemiplimab provided clinically meaningful and superior
improvements in global health status/quality of life and physical
function compared to chemotherapy, with least-squares mean
differences of 8.49 points and 8.35 points, respectively (p<0.001).
Meaningful improvements were also observed in key symptom
domains such as role function, loss of appetite, and pain (177).

In conclusion, cemiplimab not only provided significant
survival benefits and a more favorable safety profile but also
meaningfully improved patient-reported quality of life and
symptom burden. Based on these results, cemiplimab represents a
preferred second-line immunotherapy standard for recurrent CC,
regardless of PD-L1 expression status.

6.3 PD-L1 inhibitor

Socazolimab, a recombinant fully human anti-PD-L1
monoclonal antibody, was evaluated in a phase I clinical trial for
its safety, tolerability, pharmacokinetics, and preliminary efficacy in
patients with recurrent/metastatic CC who had failed or were
intolerant to prior platinum-based therapy (178).

The trial initially employed a traditional 3 + 3 design for dose
escalation across three dose levels (5, 10, and 15 mg/kg), enrolling
12 patients. Results demonstrated that a dose of 5 mg/kg achieved
nearly 90% receptor occupancy without any dose-limiting toxicities,
thus this dose was selected for the expansion phase. A total of 92
patients subsequently received Socazolimab monotherapy at 5 mg/
kg every two weeks until disease progression or unacceptable
toxicity. The primary endpoints were safety and maximum
tolerated dose (MTD) in the escalation phase, and safety and
independently reviewed ORR in the expansion phase. Among the
104 patients included in the safety analysis set, adverse events (AEs)
of any cause occurred in 97% of patients, with treatment-related
AEs (TRAEs) observed in 63.5%. The most common TRAEs
included hypothyroidism, decreased white blood cell count,
elevated hepatic enzymes, and anemia. Grade >3 TRAEs were
reported in 8.4% of patients, with no treatment-related deaths. In
the 91 patients evaluable for efficacy per independent review, the
confirmed ORR was 15.4%, and the disease control rate was 49.5%.
Notably, ORR was comparable between PD-L1 positive (CPS =1)
and negative (CPS <1) subgroups, at 16.7% and 17.9%, respectively.
Median PES was 4.44 months, and median OS was 14.72 months.
The median time to response was 2.0 months, and the median
duration of response had not yet been reached (178).

In conclusion, by blocking the PD-1/PD-L1 pathway and
potentially inducing antibody-dependent cell-mediated
cytotoxicity (ADCC) via its IgGl Fc domain, socazolimab
demonstrated promising preliminary efficacy and a manageable
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safety profile in this study, with activity observed irrespective of PD-
L1 expression status. These results support its further development
as a potential second-line immunotherapy option for patients with
recurrent/metastatic CC.

6.4 PI3Ko inhibitor

Alpelisib, as a selective PI3Kot inhibitor, was evaluated in a first-
in-human study involving patients with advanced solid tumors
harboring PIK3CA mutations. The trial established its maximum
tolerated dose at 400 mg once daily and 150 mg twice daily.
Hyperglycemia was the most frequent treatment-related adverse
event (51.5%), alongside nausea, decreased appetite, diarrhea, and
vomiting; importantly, hyperglycemia was manageable through dose
adjustment, treatment interruption, and concomitant antidiabetic
medication (e.g., metformin or insulin). Among the 134 enrolled
patients, which included a cohort of 5 individuals with CC, an overall
objective response rate of 6.0% was observed. Notably, 3 of the 5 CC
patients achieved a partial response, demonstrating promising
antitumor activity in this population (179). These findings provide
early clinical evidence that alpelisib has a manageable safety profile
and meaningful efficacy in pretreated PIK3CA-mutant CC,
supporting its further development as a targeted therapy for this
molecularly defined subgroup. The current status of clinical trials for
drugs targeting the Hippo interaction pathway in CC is shown in
Supplementary Table 2.

7 Role of noncoding RNAs in Hippo
pathway regulation of CC

7.1 noncoding RNAs in cancer regulation

Approximately 2% of the human genome encodes proteins,
while the majority is noncoding, with many sequences transcribed
into noncoding RNAs (ncRNAs) (180). Advances in sequencing
technologies have highlighted the regulatory roles of both long
ncRNAs (IncRNAs, >200 nucleotides) and small ncRNAs (~20
nucleotides) (181-183). Although IncRNAs do not encode
proteins (184), they regulate various cellular processes, such as
cell cycle control, apoptosis, chromatin remodeling, and RNA
splicing (185, 186). In cancer, IncRNAs exhibit distinct expression
profiles, and their dysregulation is often linked to tumorigenesis,
making them potential biomarkers and therapeutic targets
(187, 188).

In contrast, microRNAs (miRNAs), the most abundant small
ncRNAs, regulate gene expression post-transcriptionally by binding
to mRNAs and silencing their targets (189). Most miRNAs originate
from the introns of protein-coding genes and are transcribed by
RNA polymerase II (190). In cancer, miRNA expression varies
across tissues, indicating their role in tumor progression and
regulation (191). For instance, some miRNAs act as oncogenes by
promoting cell proliferation and survival, while others function as
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tumor suppressors by inhibiting these processes or promoting
chemosensitivity (192). These findings underscore the importance
of ncRNAs in cancer biology and highlight their potential as
diagnostic markers and therapeutic targets.

7.2 IncRNAs and miRNAs in Hippo pathway
regulation in CC

Recent studies have highlighted the interplay between IncRNAs
and miRNAs in the regulation of the Hippo signaling pathway in CC.
For instance, the oncogenic IncRNA HOTAIR promotes cancer cell
migration and invasion by inhibiting YAP1 phosphorylation at Ser127
(193). HOTAIR expression correlates with tumor grade and prognosis
in various cancers (194) and modulates oncogenic pathways, including
those governing migration and metastasis (195, 196). Mechanistically
HOTAIR recruits DNA methyltransferase 33 (DNMT3B) to repress
LATS1 through methylation-mediated silencing, thereby reducing
YAP1 phosphorylation at Ser127 and enabling its nuclear
translocation. This enhances YAP1 transcriptional activity,
promoting cancer cell motility (193).

In addition, 1inc00887, a long intergenic noncoding RNA,
suppresses the proliferation and invasion of HeLa and C33A CC
cell lines. However, miR-454-3p overexpression counteracts these
effects in HeLa cells (197). Both 1inc00887 and miR-454-3p target
FRMDSG, a key regulator of the Hippo pathway, thereby modulating
the FRMD6-Hippo pathway to suppress CC progression (197).

Furthermore, STK4 (MST1), a Hippo pathway regulator, is
markedly downregulated in cervical disease samples and cancer cell
lines compared to healthy controls (198). Reintroduction of STK4
inhibits HPV-positive cervical cell proliferation by reducing nuclear
YAP localization and suppressing YAP-dependent gene expression
(198). HPV E6 and E7 oncoproteins upregulate miR-18a, which
targets the 3>-UTR of STK4 and maintains low STK4 levels in CC
cells. miR-18a knockdown increases STK4 expression, activates the
Hippo pathway, and suppresses cell proliferation. These findings
reinforce the tumor-suppressive role of STK4 and highlight Hippo
pathway activation as a potential therapeutic strategy for HPV-
positive CC (198).

7.3 Extracellular vesicles-associated miRNA
in CC metastasis

ncRNAs can influence CC progression through mechanisms
beyond direct regulation of the Hippo pathway. Extracellular
vesicles (EVs), which play a significant role in cancer
pathophysiology and treatment, have been extensively studied in
this context (199). Wang et al. demonstrated that EVs derived from
CC cells carry miR-146a-5p, a miRNA upregulated in CC tissues
(200). Elevated miR-146a-5p expression promotes metastasis by
enhancing invasion, anoikis resistance, and EMT.

Mechanistically, miR-146a-5p activates YAP by targeting
WWC2, a member of the WWC protein family that normally
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inhibits YAP transcriptional activity, cell proliferation, and organ
growth (200). By suppressing WWC2, miR-146a-5p derepresses
YAP, leading to enhanced cofilin phosphorylation and actin
filament depolymerization. In vivo, EV-associated miR-146a-5p
accelerates tumor metastasis through the WWC2/YAP axis,
influencing actin dynamics and facilitating CC dissemination (200).

This EV-mediated mechanism of metastasis not only highlights
the role of miR-146a-5p in CC progression but also suggests
potential therapeutic applications. For instance, CC cells may be
targeted using synthetic EV's for drug delivery, and EV-associated
miR-146a-5p could serve as a circulating biomarker for diagnosis
and prognosis.

8 Hippo signaling pathway and CC
drug resistance

Current treatment modalities for CC primarily include surgery,
chemotherapy, and radiotherapy. Although these approaches have
improved overall survival, tumor invasion and metastasis remain
major contributors to poor prognosis, particularly in patients with
advanced or recurrent disease. In such cases, the one-year survival
rate may drop to as low as 20% (201).

8.1 Chemotherapy resistance and the
Hippo pathway

The AJUBA LIM protein, characterized by multiple LIM
domains, has been implicated in cancer progression. Increased
AJUBA expression is observed in cisplatin-resistant CC patients
and is correlated with significantly shortened overall survival (202).
Mechanistically, AJUBA functions as a negative regulator of the
Hippo pathway (203). In CC cells, overexpression of AJUBA
promotes resistance to cisplatin, enhancing cell viability and
suppressing apoptosis. Conversely, knockdown of AJUBA
sensitizes cells to cisplatin-induced cell death (202). This
chemoresistance is mediated through the Hippo pathway effectors
YAP and TAZ. AJUBA upregulates the protein expression of both
YAP and TAZ, and a positive correlation exists between AJUBA
and YAP/TAZ mRNA levels in patient samples (202).

Conversely, the long non-coding RNA PGM5-ASI1 acts as a
tumor suppressor and a cisplatin sensitizer. PGM5-AS1 expression
is significantly downregulated in cisplatin-resistant CC tissues and
cell lines. Its low expression is associated with higher FIGO stage,
poor differentiation, and lymph node metastasis (204). Functionally,
overexpression of PGM5-AS1 impairs the proliferation, migration,
and invasion of cisplatin-resistant CC cells. Mechanistically, PGM5-
AS1 exerts its effect by activating the Hippo pathway, as evidenced by
increased phosphorylation of its core kinases MST1 and LATS1, and
subsequent downregulation of the oncogenic effector YAP (204).
Furthermore, PGM5-AS1 also inactivates the PI3K-AKT signaling
pathway, another key driver of cell survival and chemoresistance, by
reducing the levels of phosphorylated PI3K and AKT (204). This dual
regulation of the Hippo and PI3K-AKT pathways highlights a
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complex network in which non-coding RNAs can modulate
cisplatin sensitivity. Notably, silencing YAP sensitizes CC cells to
cisplatin, enhances their apoptotic response, and reduces their
tumorigenic potential in vivo (95), suggesting that combination
therapies targeting AJUBA and YAP could improve
treatment outcomes.

8.2 Radiotherapy resistance and the Hippo
pathway

Radiotherapy remains the cornerstone of CC treatment;
however, the development of radiation resistance often
undermines its efficacy and severely affects patient outcomes (205,
206). The deubiquitinating enzyme USP21, which is overexpressed
in various cancers including CC, plays a critical role in modulating
protein stability and function through deubiquitination (207).
Elevated USP21 expression has been observed in the tissues and
cells of radiation-resistant CC patients (208). USP21 Knockout
enhances the sensitivity of CC cells to radiation therapy and
reduces their tumorigenic potential in vivo (209).

Mechanistically, USP21 promotes radiation resistance in CC by
stabilizing FOXM1 via deubiquitination (209). FOXMI1, a
transcription factor involved in cell proliferation, interacts with
YAP through TEADI to regulate genes essential for tumor growth.
Inhibition of FOXM1 in soft tissue sarcomas has been shown to
reduce tumor size in vivo (210), suggesting that targeting FOXM1
may offer a viable therapeutic strategy for CC. These findings
highlight the potential of targeting the USP21-FOXM1-YAP axis
to overcome radiation resistance and improve treatment outcomes
in CC patients.

8.3 Therapeutic targeting of YAP in
treatment resistance

Given the central role of YAP/TAZ in driving both
chemoresistance and radioresistance, targeting these effectors is a
promising therapeutic strategy. One promising candidate for
combination therapy is Lappaol F (LAF), a natural compound
extracted from burdock that exhibits potent anticancer effects in
CC (211). LAF functions as a YAP inhibitor, reducing YAP levels
and significantly increasing the expression of 14-3-3¢ at both
mRNA and protein levels (211). 14-3-3¢ binds to YAP,
promoting its retention and degradation in the cytoplasm (211,
212). Another well-known YAP inhibitor, verteporfin, has also been
shown to reverse the tumorigenic effects driven by a constitutively
active TAZ mutant (WWTR1 S89W) in cCCC (111), further
validating the therapeutic potential of disrupting Hippo pathway
oncogenic signaling to overcome therapy resistance.

In conclusion, hyperactivation of YAP/TAZ represents a pivotal
mechanism underlying therapy resistance in CC. This is mediated
through various upstream regulators (e.g., AJUBA, USP21) and
non-coding RNAs (e.g., PGM5-AS1), which converge on the
inhibition of the Hippo kinase cascade, leading to YAP/TAZ-
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driven pro-survival and anti-apoptotic programs. Importantly,
pharmacological inhibition of YAP/TAZ (e.g., by Verteporfin or
Lappaol F) can resensitize resistant cells, positioning the Hippo
pathway as a promising therapeutic target to overcome the major
clinical hurdle of treatment failure.

9 Discussion

CC remains a major global health threat to women, with
persistent HPV infection being the primary etiological factor (7).
The TARC has classified several HPV types, including HPV 16, 18,
31, 33, 35, 39, 45, 51, 52, 56, 58, and 59, as human carcinogens (6).
HPYV type 16 is implicated in approximately 50% of CC cases, while
HPV types 16 and 18 together account for nearly 70% of CC cases
(6). Progression from HPV infection to cancer typically takes 5-10
years, with an average latency of 20-25 years (213). Minor epithelial
damage facilitates the entry of HPV virions into the basal layer of
cervical cells, where they initiate early oncogenic lesions (214). Once
internalized, HPV disrupts key signaling pathways that contribute
to CC pathogenesis (215).

In recent years, the Hippo signaling pathway has emerged as a
crucial regulator of cell proliferation, differentiation, and apoptosis
in CC (216). The core effectors of this pathway, YAP and TAZ, are
associated with increased proliferation, migration, and invasion of
CC cells (216). Initially considered interchangeable, recent studies
have revealed that TAZ operates independently of YAP in cancer
(217). Notably, YAP is elevated in both HPV16+ and HPV18+ CC,
whereas TAZ is specifically upregulated in HPV18+ cases (217).
Pharmacological inhibition or shRNA-mediated knockdown of
TAZ reduced the proliferation, migration, and invasion of HPV18
+ CC cells, whereas YAP overexpression does not compensate for
the defects observed in TAZ-depleted cells. RNA sequencing of
HPV18+ cervical cells indicated that YAP and TAZ regulate distinct
molecular pathways and promote carcinogenesis via independent
mechanisms. This study also identified TOGARAM2 as a novel
TAZ target, further clarifying its role in HPV-associated
carcinogenesis (217). This functional divergence between YAP
and TAZ across different HPV subtypes (summarized in
Supplementary Table 3) underscores the potential for developing
HPV type-specific targeted therapeutic strategies.

HPYV drives CC development by modulating the Hippo pathway
(17, 74, 217). He et al. demonstrated that constitutive activation of
YAP alone in the mouse cervical epithelium is sufficient to induce
CC, suggesting that HPV-mediated carcinogenesis may occur
through YAP activation (72). Conversely, Huang et al. reported
that YAP overactivation induces senescence in cervical epithelial
cells (73). This discrepancy may stem from differences in
experimental models and techniques. He et al. employed a mouse
model expressing constitutively active YAPS127A under the control
of doxycycline, whereas Huang et al. used retroviral expression of
wild-type YAP1 or YAPS127A in HCVECs. Despite these variations,
the introduction of HPV16 E6/E7 proteins into YAP-expressing
cervical epithelial cells accelerated CC progression in both models
(72, 73). As a core effector of the Hippo pathway, YAP plays a
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critical role in the invasion and metastasis of CC (218, 219). It is
important to note that the oncogenic functions of YAP do not
operate in isolation but engage in extensive crosstalk with other key
tumor suppressor pathways, one of which is the p53
signaling network.

P53, a crucial tumor suppressor protein, primarily prevents
malignant transformation by inducing cell cycle arrest, apoptosis, or
DNA repair (220). In CC, the high-risk HPV E6 protein binds to
and degrades p53, leading to its functional inactivation, which is a
central event in driving oncogenesis (221, 222). Growing evidence
has revealed multi-layered interactions between p53 and core
components of the Hippo pathway. For instance, YAP can
directly bind to the p53 promoter and upregulate its expression,
inducing apoptosis in hepatocellular carcinoma cells, conversely,
P53 can feedback to activate YAP transcription, forming a positive
feedback loop (223). On the other hand, the Hippo kinase LATS1/2
can bind to and inhibit MDM2, a major negative regulator of p53,
thereby blocking p53 ubiquitination and enhancing its stability
(224). Conversely, in osteosarcoma, activated p53 transcriptionally
upregulates LATS2, which in turn enhances the phosphorylation
and inhibition of YAP, forming a negative feedback loop that
amplifies anti-proliferative signals (225, 226). Based on this
evidence, we hypothesize that in CC, the HPV E6 oncoprotein
may simultaneously target both p53 and the Hippo pathway,
disrupting their intricate interactive network to synergistically
promote tumorigenesis. This regulatory mechanism awaits further
experimental validation.

Another layer of complexity in the Hippo pathway’s role in cell
fate decisions arises from its functional interplay with the apoptotic
machinery. Specifically, a complex bidirectional regulatory
relationship exists between the core Hippo kinases MST1/2 and
the key apoptotic executors, Caspases (227, 228). On one hand,
MST1/2 can serve as substrates for Caspases. Proteolytic cleavage
relieves their autoinhibitory state, thereby activating their kinase
function. In Jurkat T cells, treatment with the PI3K inhibitor GDC-
0941 activates Caspase-3, -7, -8, and -9 and concurrently induces
MST1 cleavage (227). Similarly, in endometrial cancer Ishikawa
cells, hypoxic stress not only induces apoptosis via HIF-1o but also
promotes Caspase-dependent cleavage of MST2, a process
significantly inhibited by the pan-caspase inhibitor Z-VAD-FMK
(228). These findings suggest that Caspase-mediated MST
activation is conserved across different cell types and stress
conditions. On the other hand, activated MST1/2 can positively
regulate the Caspase cascade, playing a critical role in amplifying
apoptotic signals. Knockdown of MST1 in Jurkat cells markedly
suppresses GDC-1a941-induced activation of Caspase-3, -7, and -8,
indicating that MST1 is required for the initiation of Caspase-8 and
the activation of its downstream effectors (227). Notably, MST1
activation further enhances the feedback cleavage of Caspase-3/7,
forming a positive feedback loop that efficiently amplifies the
apoptotic signal (227). In the endometrial cancer model, the level
of MST?2 cleavage correlates positively with HIF-10. expression, and
MST inhibition attenuates HIF-lo-mediated transcriptional
activity, suggesting that MST2 may indirectly influence Caspase-
dependent apoptosis by modulating HIF-1o. (228).

frontiersin.org


https://doi.org/10.3389/fonc.2025.1662499
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Sun et al.

However, as previously discussed, in CvSCC, the expression
levels of HIF-10, YAP, and TAZ are significantly elevated compared
to normal cervical and CIN tissues. Mechanistically, HIF-1o drives
CvSCC cell proliferation, invasion, and migration by activating
YAP/TAZ downstream of the Hippo pathway (153). This
observation appears to contradict the pro-apoptotic role of HIF-
Lo described above. The following perspectives may help reconcile
this discrepancy: (1) Tissue-specific functional bias. The
downstream pathways activated by HIF-lo vary significantly
across tissue contexts. In endometrial cancer, HIF-1o. promotes
apoptosis by facilitating MST2 cleavage and activating the Caspase
pathway. In CvSCC, however, it synergizes with YAP/TAZ to
inhibit the tumor-suppressive function of the Hippo pathway,
thereby promoting cell survival and metastasis. This functional
divergence may stem from differences in upstream signaling
networks and the expression profiles of transcriptional co-
activators within distinct tissue microenvironments; (2) Context-
dependent modes of pathway crosstalk. In endometrial cancer, the
interaction between HIF-1ow and MST2 may bypass the canonical
YAP/TAZ axis, directly coupling to the apoptotic machinery. In
CvSCC, HIF-10. may suppress the activity of upstream kinases such
as MST1/2, thereby relieving the inhibition on YAP/TAZ and
driving transcription programs favoring proliferation. This
“pathway selection” may be governed by the expression levels and
activity thresholds of the MST-LATS module in different cellular
contexts; (3) Influence of stress intensity and temporal dynamics.
The functional output of HIF-1ow may vary with the duration and
severity of hypoxia: mild or chronic hypoxia may favor adaptive
proliferative responses mediated by YAP/TAZ, whereas acute or
severe hypoxia tends to trigger programmed death via the MST-
Caspase axis. This dynamic provides a unified framework for
interpreting the contrasting “pro-survival” and “pro-death”
phenotypes observed in different experimental models.

In summary, HIF-1a is not simply a pro-apoptotic or pro-
proliferative factor but rather a context-dependent regulatory hub
that dynamically integrates microenvironmental signals to
determine cell fate. A deeper understanding of the tissue
specificity and kinetic properties of the HIF-10.-MST1/2-Caspase
network will provide a critical theoretical foundation for developing
precision therapeutic strategies for CC.

During metastasis, cancer cells often undergo EMT to increase
their invasive and migratory potentials (229). Tumor metastasis is
closely associated with alterations in the TME (230, 231). The
stiffness of the ECM, a key microenvironmental component,
maintains the structural integrity of tumor tissues and generates
signals that influence tumor cell behavior (232). Yang et al.
investigated the effects of matrix stiffness on EMT and metastasis
in CC and revealed that increased matrix stiffness promotes EMT
and migration in HeLa cell lines both in vitro and in vivo (233).
Notably, matrix stiffness regulates YAP activity through a non-
Hippo mechanism involving PPlase non-mitotic interaction 1
(Pinl), which modulates YAP nuclear translocation in a
phosphorylation-independent manner to support EMT in CC
(233). Moreover, YAP/TAZ can coordinate the proliferation and
metabolic activity of vascular endothelial cells (ECs) by
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upregulating MYC signaling (234). Another study demonstrated
that YAP/TAZ mediates vascular endothelial growth factor (VEGF)
signaling in various ECs in vitro and serves as a key regulator of
angiogenesis (235).

As the most abundant and functionally important immune cells
infiltrating the TME, tumor-associated macrophages (TAMs)
mainly include M1 and M2 phenotypes. Within the TME, M2
macrophages play a critical role in tumorigenesis and progression
by suppressing immune clearance, promoting cancer cell
proliferation, and stimulating angiogenesis (236). Further studies
revealed that YAP1 directly recruits M2 TAMs and activates tumor-
initiating cells to facilitate M2 macrophage accumulation during the
early stages of tumor formation (237). YAP1 expression is also
associated with M2 TAM polarization. Genetic silencing or
inhibition of YAP1 activity significantly reduces TAM infiltration
in mouse models and downregulates the expression of key M2
polarization inducers, IL-4 and IL-13, thereby suppressing TAM
polarization toward the M2 phenotype (238). These findings not
only suggest potential mechanisms underlying CC metastasis, but
also provide a theoretical basis for developing YAP-targeted
intervention strategies.

Furthermore, YAP/TAZ play a pivotal role in mediating
immunosuppression within the TME. The nuclear YAP/TAZ-
TEAD complex drives the expression of chemokines CCL5 and
CCL2, recruiting immunosuppressive cells such as myeloid-derived
suppressor cells (MDSCs), thereby promoting immune escape and
TME remodeling (239). YAP/TAZ activation also inhibits the
maturation and antigen-presenting capacity of dendritic cells,
while directly transcribing CXCL5. This leads to the recruitment
of MDSCs into the TME via the CXCL5-CXCR2 signaling axis. The
accumulated MDSCs suppress T-cell activity, further fostering an
immunosuppressive TME (240). Additionally, as core effectors of
anti-tumor immunity, the activation, migration, and functional
states of CD4+ and CD8+ T cells are stringently regulated by the
YAP/TAZ pathway. Inhibiting YAP/TAZ has been shown to
reverse T-cell dysfunction and enhance the efficacy of
immunotherapy (241). Collectively, these mechanisms dampen
the anti-tumor immune response and compromise clinical
outcomes to immunotherapy. Given the crucial role of the Hippo
pathway, particularly its core effectors YAP/TAZ, in immune
evasion, their aberrant activation is closely associated with tumor
initiation, progression, and immune escape, highlighting their
growing importance as critical therapeutic targets in cancer. For
instance, metformin reduces YAP protein levels, induces YAP
phosphorylation, and impedes its nuclear translocation in human
colorectal cancer cells, consequently modulating PD-L1 expression
(242). Verteporfin, a small-molecule inhibitor of the YAP-TEAD
interaction, significantly suppresses YAP-dependent malignant
phenotypes (212). However, research on immunotherapy
targeting this pathway in CC remains largely unexplored.
Developing multi-target inhibition strategies against YAP/TAZ
may represent a promising future direction for CC immunotherapy.

Beyond immunoregulation, overcoming therapy resistance
represents another critical area where YAP/TAZ-related research
is poised to play a key role. Conventional therapies for CC are
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hindered by challenges, such as drug resistance, which contributes
to high recurrence rates and poor survival in advanced-stage
patients (243, 244). Studies have shown that the effectiveness of
certain drugs in CC patients depends on specific genetic mutations
(245). Genomic analyses from databases such as TCGA and the
Catalog of Somatic Mutations in Cancer (COSMIC) revealed
mutations in pathways, including RTK/PI3K/MAPK and Hippo,
with PIK3CA being the most frequently altered gene (245).
PIK3CA, a member of the PI3K family, is aberrantly activated
and drives uncontrolled cancer cell proliferation (245). CC cell lines
harboring PIK3CA mutations exhibit greater sensitivity to alpelisib
than non-mutated cancer cells or normal cells. Additionally, these
mutant cells demonstrated increased responsiveness to a
combination of alpelisib and cisplatin (246). Further
investigations revealed that alpelisib significantly attenuates the
proliferation and migration of PIK3CA-mutant CC cells by
inhibiting the AKT/mTOR signaling axis (246). As mentioned
previously, hyperactivation of PI3K increases YAP1 activity in
HCVECs, thereby inducing cervical tumorigenesis (74). Another
study demonstrated that the PI3K and Hippo pathways may have a
synergistic effect on the development of other diseases. The FUS-
DDITS3 fusion gene, a hallmark of myxoid liposarcoma (MLS), plays
a pivotal role in MLS pathogenesis. Mechanistic studies have shown
that the FUS-DDIT3-driven IGF-IR/PI3K/AKT signaling cascade
promotes YAPI stability and nuclear accumulation through
dysregulation of the Hippo pathway, suggesting a synergistic
relationship between YAP1 and FUS-DDIT3 in MLS progression
(247). These findings highlight the need to investigate whether the
antitumor effects of alpelisib in CC, mediated by PI3K/AKT
inhibition, are influenced by the Hippo pathway. A deeper
understanding of how Hippo signaling interacts with other
pathways in CC progression and drug resistance could reveal
novel therapeutic strategies, both standalone and combinatorial,
for patients with CC.

10 Future perspectives

This review has delineated the central role of the Hippo
signaling pathway in HPV-driven CvSCC. Translating this robust
biological understanding into clinical benefit represents the
paramount challenge and opportunity for future research.
Building directly upon the evidence compiled herein, we propose
the following focused directions:

First, a deeper understanding of therapy resistance mechanisms
is imperative. While we have highlighted the role of YAP/TAZ in
mediating cisplatin resistance, their dynamic regulatory networks in
radiation and immunotherapy (e.g., anti-PD-1/PD-L1) resistance
remain inadequately defined. Future investigations should elucidate
how the Hippo pathway engages in real-time crosstalk with other
axes discussed in this review, such as PI3K-AKT, EGFR, and PD-L1,
under therapeutic pressure to identify critical co-dependency nodes.

Second, concerted efforts must be made to advance Hippo-
targeted strategies from concept to clinic. Given that YAP/TAZ
serve as crucial downstream effectors of HPV oncoproteins, their
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driver role in HPV-positive CvSCC is firmly established. A highly
promising avenue is the initiation of Phase I clinical trials
specifically in patients with recurrent or metastatic HPV-positive
CvSCC. These trials should evaluate direct TEAD inhibitors, such as
VT-3989 and IAG933, which are currently under investigation in
early-phase clinical trials for other solid tumors (248), in
combination with standard therapies including cisplatin or
radiotherapy, as well as with immune checkpoint inhibitors. Key
design considerations for such trials must include patient
enrichment strategies based on YAP/TAZ nuclear localization or
specific genetic features such as the 11q22 amplification, alongside a
proactive focus on assessing combination safety, mechanisms of
resistance, and predictive biomarkers.

In conclusion, future research should be dedicated to refining
our mechanistic knowledge and pioneering innovative clinical trials
within the well-defined context of HPV-positive CvSCC. This dual
approach promises to ultimately convert our understanding
of the Hippo pathway into effective strategies that improve
patient outcomes.
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SUPPLEMENTARY FIGURE 1

YAP1 gene amplification drives its overexpression at the mRNA and protein
levels in CC. (A) Scatter plot showing a strong positive correlation between
YAP1 mRNA expression (RNA-seq RSEM) and YAP1 protein abundance (RPPA)
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