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KEYWORDS Abstract Objective: This review aimed to summarize the role of the Hippo signaling pathway
The Hippo signaling in renal cell carcinoma (RCC), a urologic malignancy with subtle initial symptoms and high mor-
pathway; tality rates due to metastatic RCC. The Hippo signaling pathway, which regulates tissue and
YAP/TAZ; organ sizes, plays a crucial role in RCC progression and metastasis. Understanding the involve-
Renal cell carcinoma; ment of the Hippo signaling pathway in RCC provides valuable insights for the development of
Proliferation; targeted therapies and improved patient outcomes.

Metastasis; Methods: In this review, we explored the impact of the Hippo signaling pathway on RCC.
Prognosis Through an analysis of existing literature, we examined its role in RCC progression and metas-

tasis. Additionally, we discussed potential therapeutic strategies targeting the Hippo pathway
for inhibiting RCC cell growth and invasion. We also highlighted the importance of investigating
interactions between the Hippo pathway and other signaling pathways such as Wnt, transform-
ing growth factor-beta, and PI3K/AKT, which may uncover additional therapeutic targets.
Results: The Hippo signaling pathway has shown promise as a target for inhibiting RCC cell
growth and invasion. Studies have demonstrated its dysregulation in RCC, with altered expres-
sion of key components such as yes-associated protein/transcriptional coactivator with
PDZ-binding motif (YAP/TAZ). Targeting the Hippo pathway has been associated with sup-
pressed tumor growth and metastasis in preclinical models of RCC. Furthermore, investigating
crosstalk between the Hippo pathway and other signaling pathways has revealed potential syn-
ergistic effects that could be exploited for therapeutic interventions.

Conclusion: Understanding the role of the Hippo signaling pathway in RCC is of paramount
importance. Elucidating its functions and molecular interactions contributes to RCC diagnosis,
treatment, and the discovery of novel mechanisms. This knowledge informs the development
of innovative therapeutic strategies and opens new avenues for research in RCC. Further
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investigations are warranted to fully comprehend the complex interplay between the Hippo
pathway and other signaling pathways, ultimately leading to improved outcomes for RCC pa-

tients.

© 2024 Editorial Office of Asian Journal of Urology. Production and hosting by Elsevier B.V. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).

1. Introduction

Kidney cancer is a prevalent malignancy within the urologic
system. In terms of worldwide cancer statistics, kidney
cancer ranks the 14th overall (the 9th position among males
and the 14th position among females), with renal cell car-
cinoma (RCC) comprising approximately 90% of cases,
underscoring the significance of studying RCC as a major
health concern [1]. Despite the stable mortality rate, a
substantial number of individuals succumbed to RCC globally
in 2020. It is estimated that approximately 179 368 patients
(115 600 males and 63 768 females) lost their lives due to this
disease [2]. These statistics highlight the continued impact
of RCC as a significant cause of mortality. Metastatic RCC
(mRCC) continues to be the leading cause of mortality,
despite significant advancements in immune checkpoint in-
hibitors and targeted therapies which have made notable
contributions to improving disease-free survival among
mRCC patients [3—5]. Nonetheless, the effective manage-
ment of metastatic disease remains a prominent concern in
clinical practice [6,7]. Although the mortality rate for RCC is
gradually decreasing, the incidence of RCC is rising in
developed countries. Moreover, this malignancy continues to
pose a significant threat to individuals residing in undevel-
oped and developing nations and the escalating morbidity
rates highlight the ongoing burden posed by RCC on a global
scale [2].

The Hippo signaling pathway represents an evolution-
arily conserved adaptive signaling mechanism that main-
tains the size of tissue and organs. It achieves this by
regulating essential cellular processes such as cell prolif-
eration, apoptosis, and the self-renewal or differentiation
of stem cells [8]. The initial discovery that mutations in the
Hippo signaling pathway caused tissue overgrowth in
Drosophila melanogaster generated significant interest
among researchers regarding its potential implications in
tumorigenesis [9,10]. This finding sparked a strong curiosity
about the influence of the Hippo signaling pathway on
tumor development. The Hippo signaling pathway com-
prises a complex protein network in which enzymes and
functional proteins play crucial roles in various tissue. This
intricate network controls the growth and regeneration of
diverse organs and significantly impacts the prognosis of
diseases, including cancers. Mutations in the Hippo
signaling pathway are frequently observed in various human
tumors [9]. However, these mutations do not solely occur in
genes. Additionally, there is significant crosstalk between
the Hippo signaling pathway and other signaling pathways
or tumor mechanical characteristics, which can influence
its function [10,11,12].

Currently, it is widely recognized that dysregulation of
the Hippo signaling pathway plays a significant role in tumor
progression. The malfunction of this pathway has been
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implicated in various aspects of tumorigenesis [13,14]. A
considerable number of studies have been published on the
Hippo signaling pathway, uncovering new molecules that
play significant roles in this pathway. However, there is
currently a lack of comprehensive reviews focusing specif-
ically on the relationship between RCC and the Hippo
signaling pathway. To address this gap, the present study
aimed to collect and review the research conducted in
recent years exploring the connection between RCC and the
Hippo signaling pathway. This study aimed to provide re-
searchers in the fields of RCC and the Hippo signaling
pathway with a solid foundation and valuable insights for
future investigations.

2. The Hippo signaling pathway

2.1. Molecular components of the Hippo signaling
pathway

The Hippo signaling pathway primarily plays its role through a
kinase cascade reaction involving a core cassette [15].
This cassette comprises several key components,
including mammalian sterile-20-like kinase 1, mammalian
sterile-20-like kinase 2, Salvador 1 (SAV1), large tumor sup-
pressor kinase 1/2 (LATS1/2), MOB kinase activator 1, yes-
associated  protein/transcriptional coactivator  with
PDZ-binding motif (YAP/TAZ), and the TEAD/TEF family [16].
In the cell nucleus, these molecules interact to regulate
various cellular processes [17]. A comprehensive classifica-
tion of genes related to the Hippo sighaling pathway can be
found in Table 1.

2.2. Mechanisms of the Hippo signhaling pathway
regulation of cell proliferation

At low cell density, the Hippo signaling pathway remains
inactive, and there is no contact inhibition between cells.
However, when growth factors, such as endothelial growth
factors, insulin-like growth factors, and vascular endothe-
lial growth factors, are present, they activate the growth
factor signaling pathway by interacting with receptor
tyrosine kinases. This activation leads to sequential phos-
phorylation of the downstream Ras—RAF—MEK—ERK
cascade reaction. Consequently, the activity of the Hippo
core cassette is inhibited [18]. Simultaneously, the activa-
tion of receptor tyrosine kinases also stimulates the
PI3K—AKT pathway. The downstream effector of this
pathway, 3-phosphoinositide dependent protein kinase 1,
further inhibits the Hippo core cassette [19]. Furthermore,
G-protein coupled receptor signaling pathways have the
ability to regulate cellular cytoskeleton function. This
regulation leads to the inhibition of YAP/TAZ
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Table 1
Category

The genetic components of the Hippo signaling pathway.

Gene

MST1/2, SAV1, LATS1/2, YAP1, WWTR1, AMOT, and FRMD6

YAP1, WWTR1, SMAD2—4, TCF7, TCF7L 1/2, LEF1, SOX2, MYC, and CCND 1—3

PPP2CA, PPP2R1A, and PPP2R2B

PRKCZ, PRKCI, LATS1/2, STK3, CSNK1D, CSNK1E, BMPR1A, BMPR1B, BMPR2, and GSK3B

SMAD7

CDH1, FZD1-10, CTNNA1, and ITGB2

PARD3, PARD6, INADL, MPP5, LGL, SCRIB, and DLG1—5

CRB1, AMOT, FRMD1, FRMD6, SAV1, RASSF6, RASSF1, CTGF, GLi2, AREG, BIRC5, AFP, TGFB1—3,
BMP2, BMP4—8, GDF5—7, and AMH

MST1/2, mammalian sterile 20-like kinase 1/2; SAV1, Salvador 1; LATS1/2, large tumor suppressor kinase 1/2; YAP1, yes-associated
protein 1; WWTR1, WW omain-containing transcription regulator 1; AMOT, angiomotin; FRMD, FERM domain-containing protein; SMAD,
mothers against decapentaplegic homolog; TCF7, transcription factor 7; TCF7L 1/2, TCF7-like 1/2; LEF1, lymphoid enhancer-binding
factor 1; SOX2, SRY-box transcription factor 2; MYC, Myc proto-oncogene protein; CCND1—3, G1/S-specific cyclin-D 1-3; PPP2CA,
protein phosphatase 2 catalytic subunit A alpha; PPP2R1A, protein phosphatase 2 scaffold subunit alpha; PPP2R2B, protein phosphatase
2 regulatory subunit B beta; PRKCZ, protein kinase C zeta type; PRKCI, protein kinase C iota type; STK3, serine/threonine-protein kinase
3; CSNK1D, casein kinase 1 isoform delta; CSNK1E, casein kinase 1 isoform epsilon; BMP, bone morphogenetic protein; BMPR1A, BMP
receptor type-1A; BMPR1B, BMP receptor type-1B; BMPR2, BMP receptor type-2; GSK3B, glycogen synthase kinase-3 beta; CDH1, cad-
herin 1; FZD1—10, Frizzled class receptor 1—10; CTNNA1, catenin alpha 1; ITGB2, integrin beta-2; PARD3, partitioning defective 3
homolog; PARDG, partitioning defective 6 homolog; INADL, InaD-like protein; MPP5, membrane palmitoylated protein 5; LGL, lethal giant
larvae 1; SCRIB, scribble planar cell polarity protein; DLG1—5, disks large homolog 1—5; CRB1, crumbs cell polarity complex component
1; RASSF, Ras association domain-containing protein; CTGF, connective tissue growth factor; GLi2, GLI family zinc finger 2; AREG,
amphiregulin; BIRC5, baculoviral IAP repeat-containing protein 5; AFP, alpha-fetoprotein; TGFB1—3, transforming growth factor beta

Major functional gene
Nuclear signaling molecule
Adenylate cyclase

Protein kinase

Adenylate cyclase inhibitor
Cell adhesion molecule

Cell polarity protein

Signal transduction regulator

1-3; GDF5—7, growth/differentiation factor 5—7; AMH, anti-Mullerian hormone.

phosphorylation by LATS1/2 [20]. In this scenario, when
YAP/TALZ is not phosphorylated by the Hippo core cassette
or other molecules, it can directly translocate into the cell
nucleus. Within the nucleus, YAP/TAZ interacts with
downstream transcription factors, such as TEADs. This
interaction leads to the activation of target gene tran-
scription, thereby promoting cell growth and proliferation
[21,22].

In contrast, when cells reach a high density, the
signaling dynamics change significantly. While the receptor
tyrosine kinase pathway remains inactive, adenosine
monophosphate-activated protein kinase in the cytoplasm
can directly phosphorylate YAP/TAZ. This phosphorylation
event leads to the activation of the Hippo kinase core. In
the context of contact inhibition, when the G-protein
coupled receptor pathway is activated, it inhibits Rho
GTPases solely through Gas. This action leads to the
reversal of cytoskeleton regulation and subsequently re-
lieves the inhibition on LATS1/2. As a consequence of the
activated kinase core, LATS1/2 phosphorylates YAP/TAZ,
making it challenging for it to translocate into the cell
nucleus and exert further effects. Consequently, cell
growth and proliferation are inhibited.

Furthermore, numerous factors and proteins exert
complex multidimensional effects on YAP/TAZ. For
instance, proteins involved in cell polarity, such as zona
occludens proteins and a-catenin, can suppress YAP/TAZ
expression or activity [23,24]. Conversely, angiomotin can
activate it [25]. In the realm of cell density, annexin A2,
E-cadherin, and Kin of IRRE-like protein 1 (KIRREL1) func-
tion as inhibitors, whereas partition defective protein 1b
(PAR1b) promotes YAP/TAZ expression [26—29]. These
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intricate interactions underscore the importance of
comprehensively understanding the myriad regulatory
mechanisms of YAP/TAZ in various physiological and path-
ological contexts.

When it comes to stress signals, the underlying mech-
anisms can be quite intricate. For instance, hypoxia trig-
gers the activation of zyxin, seven in absentia homolog 2
(SIAH2), and hypoxia-inducible factor-alpha (HIF-a), which
have the potential to activate YAP/TAZ in various ways
[30]. Similarly, energy stress prompts the activation of
the adenosine  monophosphate-activated protein
kinase signaling pathway, leading to a downregulation of
YAP/TAZ [31]. Heat stress, on the other hand, stimulates
heat-shock protein 90, ultimately activating YAP/TAZ [32].
Lastly, endoplasmic reticulum stress activates growth
arrest and DNA damage-inducible 34/protein phosphatase
1 (GADD34/PP1), which results in a down-expression of
YAP/TAZ [33]. These diverse stress-induced regulatory
mechanisms underscore the dynamic and complex nature
of YAP/TAZ regulation in response to various environ-
mental insults.

Moreover, mechanical cues play a pivotal role in the
regulation of YAP/TAZ expression. Tension, cell adhesion,
fluid flow, the stiffness of the extracellular matrix, and
even changes in geometry all contribute significantly to the
modulation of YAP/TAZ expression [34—38]. These me-
chanical inputs serve to integrate the biophysical environ-
ment with the intracellular signaling networks, thereby
fine-tuning the activity of YAP/TAZ and ultimately influ-
encing cellular responses and fate decisions.

From the mechanism of the Hippo signaling pathway, it
becomes evident that YAP/TAZ plays a central role in the
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entire pathway. Therefore, this study categorizes the
mechanisms of the Hippo signaling pathway regulation in
RCC into two categories: YAP/TAZ-mediated and
non-YAP/TAZ mediated regulatory mechanisms.

3. YAP/TAZ-mediated RCC regulation process

3.1. YAP/TAZ-mediated RCC growth and
proliferation

Indeed, extensive research has been conducted on YAP/TAZ
in the context of RCC. Overexpression of YAP gene has been
observed in clear cell RCC (ccRCC) tissue. Furthermore,
experimental studies involving the knockdown of YAP have
demonstrated its role in inhibiting cell proliferation,
inducing cell cycle arrest, and promoting apoptosis [39,40].
Xu et al. [41] reported that the knockdown of YAP in RCC
cells inhibits their angiogenic capacity. Additionally, YAP
has been shown to stimulate the expression of vascular
endothelial growth factor A, with GLI family zinc finger 2
being involved in this process. Yang et al. [42] conducted a
study demonstrating that cell density, which is closely
linked to the Hippo signaling pathway, influences the
occurrence of ferroptosis in RCC. They observed that TAZ
activation occurs in early passage RCC cell lines and
regulates the sensitivity of ferroptosis through the
TAZ-EMP1-NOX4 pathway. In a study by Xu et al. [43], it was
reported that the overexpression of apolipoprotein M in-
hibits the growth and proliferation of ccRCC. This regula-
tion occurs through apolipoprotein M’s influence on the
stability of YAP and subsequent modulation of YAP expres-
sion in ccRCC.

3.2. YAP/TAZ-mediated RCC invasion and
metastasis

The invasion and metastasis of RCC are crucial factors that
greatly impact patient prognosis. Therefore, understanding
the influence of the Hippo signaling pathway on the inva-
sion and metastasis of RCC holds significant importance.
Chen et al. [44] conducted a study revealing that shear
stress plays a role in regulating RCC extravasation and
metastasis. Notably, they found that YAP1 functions as a
mechanosensor, converting mechanical stimuli into cellular
signals in conditions of low shear stress. This mechano-
transduction process ultimately promotes RCC metastasis.
Meng et al. [45] conducted an analysis using The Cancer
Genome Atlas (TCGA) and Clinical Proteomic Tumor Anal-
ysis Consortium (CPTAC) databases, revealing that EF-hand
domain family member D1 (EFHDT) is down-regulated in
RCC. However, patients with higher levels of EFHD1 exhibit
improved overall survival in ccRCC. Overexpression of
EFHD1 leads to a significant reduction in intracellular
mitochondrial Ca**, binding to the mitochondrial calcium
uniporter and deactivating the Hippo/YAP signaling
pathway, which in turn diminishes the migration, invasion,
and metastasis capabilities of RCC. These findings have
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significant for tumor invasiveness and

metastasis.

implications

3.3. YAP/TAZ-mediated upstream and downstream
mechanisms in RCC

In addition to the direct investigation of YAP/TAZ in RCC,
numerous studies have explored the upstream and down-
stream mechanisms associated with YAP/TAZ. These in-
vestigations aimed to unravel the intricate network of
molecular pathways that regulate the activity of YAP/TAZ
in RCC. Xiao et al. [46] employed mass spectrometry to
identify arrestin domain containing (ARRDC) 3 and ARRDC1
as interacting partners of YAP1 in RCC. They demonstrated
that ARRDC1 and ARRDC3 play a crucial role in regulating
YAP1 by promoting its degradation. This regulation occurs
through the itchy E3 ubiquitin protein ligase (ltch)-medi-
ated ubiquitination process. The findings establish ARRDC1
and ARRDC3 as essential regulators of YAP1 in RCC. Kumar
et al. [47] undertook a comprehensive series of studies
focusing on claudin-2, a protein highly expressed in the
proximal tubular epithelium of the kidney (the origin of
ccRCC). Their findings revealed that claudin-2 can interact
with YAP, influencing the phosphorylation and nuclear
translocation of YAP. This research demonstrates the syn-
ergistic relationship between claudin-2 and the Hippo
signaling pathway in counteracting RCC. Liu et al. [48]
confirmed a positive correlation between long non-coding
RNA (IncRNA) TUG1T and YAP in RCC. Their study revealed
that over-expressing IncCRNA TUG1 increased YAP levels,
without affecting the activity of the Hippo signaling
pathway or the cellular localization of YAP in RCC. By
investigating the competing endogenous RNA mechanism,
they uncovered that microRNA (miRNA)-9 can bind to
INncRNA TUGT, resulting in the down-regulation of IncRNA
TUG1 expression. This down-regulation, in turn, positively
regulated YAP. Zhang et al. [49] discovered that miRNA-335,
an anti-tumor RNA, is down-regulated in RCC. Through their
investigation, they confirmed lysine demethylase 3A
(KDM3A) as a downstream signaling molecule of miRNA-335.
Their findings revealed that the expression of YAP increases
with the up-regulation of KDM3A, thus establishing a regu-
latory axis involving miRNA-335/KDM3A/YAP. Wu et al. [50]
made a bioinformatic analysis and identified fragile X
mental retardation 1 (FMR7) as a gene that exhibited a
close connection with YAP/TAZ and displayed a positive
correlation with immune cell infiltration. They and Yuan
and Li [51] performed an immunohistochemistry to verify
that FMR1 is indeed highly expressed in the ccRCC tissue,
suggesting that FMR71 could serve as a potential novel
biomarker in ccRCC.

3.4. YAP/TAZ as a signaling hub for multiple
pathways

The signaling pathways involved in RCC are intricate and
interconnected, indicating the presence of complex
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relationships between the Hippo signaling pathway and
other pathways. Understanding these intricate interactions
is crucial for unraveling the comprehensive molecular
landscape of RCC. White et al. [52] conducted a compre-
hensive study examining the role of YAP/TAZ in neurofi-
bromatosis type 2 (NF2)-deficient RCC. Their research
unveiled that YAP/TAZ plays a crucial role in the PI3K—AKT
signaling pathway, promoting glycolysis in NF2-deficient
RCC. Furthermore, they discovered that YAP/TAZ inhibits
mitochondrial respiration, leading to the production of
reactive oxygen species and subsequent cell death under
nutrient stress conditions. Interestingly, when YAP/TAZ is
inactivated, it triggers compensatory activation of the
lysosomal-mediated mitogen-activated protein kinases
(MAPKs) signaling pathway, enabling RCC cells to continue
proliferating and surviving. Therefore, a combined inhibi-
tion strategy targeting both the YAP/TAZ and
TEAD1—Twist1 MAPK pathway may effectively impede the
growth of NF2-deficient RCC. Zhu et al. [53] reported on the
regulatory role of the RNA binding protein Quaking (QKI) in
YAP, influencing cellular contact inhibition in RCC. Notably,
QKI was found to inhibit the proliferation and aggressive-
ness of RCC through modulation of the Wnt pathway and
G-protein coupled receptor pathway.

4, Non-YAP/TAZ-mediated RCC regulation
process

4.1. The role of other important molecules in the
regulation of RCC within the Hippo signaling
pathway

Indeed, besides YAP/TAZ, the Hippo signaling pathway en-
compasses several other crucial molecules, including SAV1
and NF2. These molecules play significant roles in medi-
ating the activity and regulation of the Hippo signaling
pathway. A significant down-regulation of SAV1 in
high-grade ccRCC at an early stage has been reported
[54,55]. Their findings revealed that the activation of YAP1
in renal proximal tubular epithelial cells facilitated cell
growth and proliferation, ultimately contributing to the
development of ccRCC. Guan et al. [56] made a notable
discovery that the knockdown of miRNA-572 targeted the
NF2/Hippo signaling pathway, resulting in the suppression
of RCC proliferation and promoting RCC apoptosis. Kidney
and brain expressed protein (KIBRA) has been identified as a
regulatory component upstream of the Hippo signaling
pathway [57]. Schelleckes et al. [58] proposed that the
down-regulation of KIBRA in ccRCC is attributed to promote
DNA methylation. They suggested that the process of pro-
mote methylation alters the balance of KIBRA/specificity
protein 1 binding, potentially contributing to the develop-
ment and progression of ccRCC.

4.2. Exploring the potential role of molecules
within the Hippo signaling pathway

Furthermore, several studies have confirmed or revealed
novel molecules or mechanisms that expand our under-
standing of the Hippo signaling pathway. Miao et al. [59]
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reported that dihydrolipoamide branched chain
transacylase E2, a tumor suppressor, exhibits low expres-
sion in ccRCC due to methyltransferase-like protein 3
(METTL3)-mediated Né-methyladenosine (m®A) modifica-
tion. Their study elucidated that dihydrolipoamide
branched chain transacylase E2 activates the Hippo
signaling pathway and corrects lipid metabolism disorder,
thereby exerting inhibitory effects on cancer progression.
Yin et al. [60] identified a novel molecule called SH3
domain binding glutamate-rich protein like 2 (SH3BGRL2)
that has the ability to activate the Hippo/TEAD1—Twist1
signaling pathway, resulting in the suppression of ccRCC
growth. Yu et al. [61] demonstrated that the knockout of
pleckstrin homology domain containing 01 (PLEKHOT1) can
effectively inhibit ccRCC cell viability, induce cell
apoptosis, and prevent ccRCC formation in vivo. These
effects were mediated through the Hippo signaling pathway
or MAPK/JNK (c-Jun N-terminal kinase) pathway.

4.3. Mechanisms of Hippo signaling pathway
regulation in RCC drug resistance

The advent of targeted drugs has significantly extended the
overall survival of patients with mRCC. However, drug
resistance poses a significant challenge to the long-term
survival of patients undergoing targeted therapy. In order
to address this issue, researchers have dedicated consid-
erable efforts to study the Hippo signaling pathway as a
potential avenue for overcoming drug resistance in mRCC.
Peng et al. [62] conducted a study on Frizzled-1 (FZD1), a
receptor of the Wnt signaling pathway, in the context of
RCC. Their findings revealed that FZD1 exhibited high
expression levels in RCC, RCC cell lines, and
sunitinib-resistant cell lines. Importantly, the expression of
FZD1 was found to be predictive of the recurrence,
metastasis, pathological stage, and prognosis in patients
with RCC. Furthermore, through Kyoto Encyclopedia of
Genes and Genomes enrichment analysis, it was speculated
that FZD1 might have a significant correlation with the
Hippo signaling pathway. Jiang et al. [63] discovered that
SAV1 has the ability to bind with AKT, thereby inhibiting its
activity. However, in RCC, mutations in SAV1 prevent its
interaction with AKT, resulting in the excessive activation
of AKT. This aberrant activation is facilitated by the
involvement of Mer tyrosine kinase (MerTK). Consequently,
RCC exhibits increased aggressiveness and develops resis-
tance to therapeutic drugs.

5. The value of the Hippo signaling pathway in
the classification and prognosis of RCC

Through our comprehensive literature review, it has
become evident that the Hippo signaling pathway exhibits a
significant correlation with renal mucinous tubular and
spindle cell carcinoma (MTSCC), a distinct subtype of RCC.
MTSCC is characterized by the presence of elongated tu-
bules lined with cords of cuboidal and spindle cells,
accompanied by an abundant mucus stroma [64]. MTSCC
displays a remarkable degree of consistency concerning its
immunophenotypic and cytogenetic abnormalities [65].
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5.1. The Hippo signaling pathway guides the
classification of MTSCC

Mehra et al. [66] conducted a comprehensive analysis of
renal MTSCC by performing complete exome and tran-
scriptome sequencing on a cohort of 22 patients. Their
study revealed that a significant proportion (85%) of the
MTSCC samples exhibited alterations in genes related to the
Hippo signaling pathway. Furthermore, they observed over-
expression of the YAP1 nuclear protein, a key component
associated with the Hippo signaling pathway, in the ma-
jority of cases (90%). These findings strongly indicate that
dysregulation of the Hippo signaling pathway plays a crucial
role in the development of MTSCC. This knowledge un-
derscores the importance of understanding the Hippo
signaling pathway for accurate diagnosis and effective
treatment strategies for this rare subtype of RCC. It also
provides a solid foundation for further research and inter-
vention approaches. It is worth noting that renal MTSCC
shares histological and immunophenotypic features with
type | papillary RCC. To further explore this similarity, Ren
et al. [67] employed a high-resolution single nucleotide
polymorphism array platform in their study. They con-
ducted genome-wide copy number and allelic imbalance
analyses on cases exhibiting comparable histological

characteristics of MTSCC and papillary RCC. The research
team uncovered a significant finding regarding the unusual
regulation of the Hippo/YAP pathway, providing valuable
insights into the molecular mechanisms underlying these
two subtypes.

5.2. The Hippo signaling pathway guides the
classification of rare subtypes of RCC

Unclassified RCC (uRCC) represents a significant proportion
of invasive non-ccRCC cases [68,69]. However, a standard-
ized treatment approach for this subtype has not yet been
established [70,71]. In an effort to address this gap, Chen
et al. [72] conducted gene sequencing, RNA sequencing,
and single nucleotide polymorphism array analysis on a
cohort of 62 high-grade primary uRCC cases. Through this
comprehensive analysis, they discovered that 26% of the
URCC cases exhibited specific features including NF2 dele-
tion and dysregulation of the Hippo/YAP pathway. These
findings not only led to the identification of a distinct uRCC
subtype but also expanded the diagnostic and therapeutic
strategies available for managing uRCC.

The Hippo signaling pathway holds significant importance
in guiding the classification and prognosis of various histo-
logical types of RCC. Its relevance extends beyond specific
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The mechanism of the Hippo signaling pathway in RCC. RCC, renal cell carcinoma; NF2, neurofibromatosis type 2; MST1/2,

mammalian sterile-20-like kinase 1/2; SAV1, Salvador 1; LATS1/2, large tumor suppressor kinase 1/2; MOB1, MOB kinase activator 1;
YAP, yes-associated protein; TAZ, transcriptional coactivator with PDZ-binding motif; FZD1, Frizzled-1; PLEKHO1, pleckstrin homology
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domain containing 3; FMR1, fragile X mental retardation 1; ACC, acetyl-CoA carboxylase; FASN, fatty acid synthase; KDM3A, lysine
demethylase 3A; METTL3, methyltransferase-like protein 3; DBT, dihydrolipoamide branched chain transacylase E2; SP1, specificity
protein 1; KIBRA, kidney and brain expressed protein; EMP1, epithelial membrane protein 1; NOX4, NADPH oxidase 4; GLi2, GLI family

zinc finger 2; P, phosphorylation; M, methylation.
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subtypes like MTSCC and uRCC, influencing the understanding
and outcomes of other RCC histology as well. Malouf et al. [73]
conducted a comprehensive study that elucidated the
genomic landscape of sarcomatoid RCC (sRCC). Their research
demonstrated that the Hippo signaling pathway is frequently
altered in sRCC, indicating its crucial role in the pathogenesis
of this aggressive subtype. Notably, they observed mutations
within the Hippo signaling pathway that led to the nuclear
accumulation of YAP/TAZ proteins. These findings suggest
that targeting the Hippo signaling pathway could hold promise
as a potential therapeutic strategy for the treatment of sSRCC.
In a study conducted by Duong et al. [74], an analysis of gene
sets from ccRCC, papillary RCC, and chromophobe RCC was
performed using data from TCGA. The researchers classified
ccRCC into two groups based on the activity level of the Hippo
signaling pathway: high-activity group and low-activity group.
This investigation unveiled the prognostic significance of the
Hippo signaling pathway in different histological subtypes of
RCC. Specifically, patients with low Hippo signaling pathway
activity exhibited a poorer prognosis. Zhang et al. [75]
employed gene chips and bioinformatic analysis to investigate
the presence of IncRNA and mRNA in the plasma of patients
with ccRCC. Notably, their research identified the enrichment
of non-regulatory mRNA within the Hippo signaling pathway.
These findings shed light on the potential involvement of this
pathway in ccRCC and its significance as a potential target for
therapeutic interventions.

6. Conclusion and outlook

The mechanism of the Hippo signaling pathway in RCC can
be more intuitively demonstrated in Figs. 1 and 2. Upon a

Figure 2 The mechanism of the Hippo signaling pathway in
NF~/~ RCC. NF2, neurofibromatosis type 2; RCC, renal cell
carcinoma; RTK, receptor tyrosine kinase; ROS, reactive oxy-
gen species; YAP/TAZ, yes-associated protein/transcriptional
coactivator with PDZ-binding motif.
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comprehensive review of the literature, it is evident that the
majority of studies have focused on understanding the
mechanisms underlying the growth and proliferation of RCC,
with relatively less emphasis on metastasis and drug resis-
tance. The existing evidence strongly supports the involve-
ment of the Hippo signaling pathway in tumor proliferation,
indicating its significance in RCC. Therefore, there is a need
to prioritize mechanistic studies exploring the regulation of
the Hippo signaling pathway in RCC metastasis, as this may
pave the way for future research in this area.

Furthermore, it is evident that the Hippo signaling
pathway primarily acts as a tumor suppressor in RCC.
However, it is important to acknowledge the limitations of
targeting the Hippo signaling pathway therapeutically. Un-
like many molecules targeted for treatment that are highly
expressed in tumor cells, the Hippo signaling pathway tends
to be under-expressed within these cells. Nevertheless,
several clinical trials investigating therapeutic in-
terventions targeting the Hippo signaling pathway have
reported promising results. This suggests that utilizing in-
hibitors of the Hippo signaling pathway could hold potential
in the treatment of cancer patients [76,77]. Moreover,
verteporfin has demonstrated binding affinity for YAP,
resulting in the disruption of its interaction with TEAD and
consequently it has gained widespread utilization in the
treatment of a diverse array of maladies, encompassing
cancers, fibrotic disorders, and glaucoma [78]. It has
demonstrated that first-in-class, first-in-human phase
I clinical trial (NCT04665206) of VT3989, an inhibitor of
YAP/TEAD, achieved a persistent anti-tumor response in
patients with advanced malignant mesothelioma and other
tumors with NF2 mutations on the American Association for
Cancer Research annual meeting website [79], which may
present a promising probability of administering inhibitors
of the Hippo signaling pathway in RCC patients. Besides,
the antisense drug ION537 targeting YAP1 has entered
phase | clinical trials (NCT04659096) and the oral inhibitor
IK-930 (NCT05228015) targeting TEAD has also entered
clinical trials.

Hence, additional investigations are necessary to
explore effective methods targeting the Hippo signaling
pathway specifically in tumor cells. Remarkably, significant
mutations or dysregulations of the Hippo signaling pathway
have been identified in several rare subtypes of RCC, such
as MTSCC and sRCC, as mentioned in this study. This pre-
sents an intriguing area for further research.

In conclusion, further studies are warranted to unravel
the regulatory mechanisms of the Hippo signaling pathway
in the growth, proliferation, and drug resistance of RCC.
Additionally, increased investment is needed to develop
efficacious therapeutic agents targeting the Hippo signaling
pathway in RCC.
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