
Citation: Malla, R.; Kundrapu, D.B.;

Bhamidipati, P.; Nagaraju, G.P.;

Muniraj, N. Unleashing the Power of

Yes-Associated Protein in Ferroptosis

and Drug Resistance in Breast Cancer,

with a Special Focus on Therapeutic

Strategies. Cancers 2023, 15, 5728.

https://doi.org/10.3390/

cancers15245728

Academic Editor: Farrukh Aqil

Received: 31 October 2023

Revised: 29 November 2023

Accepted: 5 December 2023

Published: 6 December 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

cancers

Review

Unleashing the Power of Yes-Associated Protein in Ferroptosis
and Drug Resistance in Breast Cancer, with a Special Focus on
Therapeutic Strategies
RamaRao Malla 1,* , Durga Bhavani Kundrapu 1, Priyamvada Bhamidipati 1, Ganji Purnachandra Nagaraju 2

and Nethaji Muniraj 3

1 Cancer Biology Laboratory, Department of Biochemistry and Bioinformatics, GITAM School of Science,
GITAM (Deemed to be University), Visakhapatnam 530045, Andhra Pradesh, India;
dkundrap@gitam.in (D.B.K.); pkota3@gitam.in (P.B.)

2 Department of Hematology and Oncology, Heersink School of Medicine, University of Alabama,
Birmingham, AL 35233, USA; pganji@uab.edu

3 Center for Cancer and Immunology Research, Children’s National Hospital, 111 Michigan Avenue NW,
Washington, DC 20010, USA; nmuniraj@childrensnational.org

* Correspondence: rmalla@gitam.edu

Simple Summary: The YAP protein is a key component of the Hippo signaling pathway and is
frequently overactivated, contributing to drug resistance in cancer. YAP exerts a negative effect on
ferroptosis, promoting the survival of cancer cells and resistance to drugs. This investigation explores
the potential of natural compounds, either alone or in combination with existing therapies, to target
YAP and enhance treatment efficacy. This novel approach holds promise for improving current
treatments and advancing the development of new therapies to address drug-resistant breast cancer.

Abstract: The YAP protein is a critical oncogenic mediator within the Hippo signaling pathway
and has been implicated in various cancer types. In breast cancer, it frequently becomes activated,
thereby contributing to developing drug-resistance mechanisms. Recent studies have underscored
the intricate interplay between YAP and ferroptosis within the breast tumor microenvironment.
YAP exerts a negative regulatory effect on ferroptosis, promoting cancer cell survival and drug
resistance. This review offers a concise summary of the current understanding surrounding the
interplay between the YAP pathway, ferroptosis, and drug-resistance mechanisms in both bulk
tumor cells and cancer stem cells. We also explore the potential of natural compounds alone or in
combination with anticancer therapies for targeting the YAP pathway in treating drug-resistant breast
cancer. This approach holds the promise of enhancing the effectiveness of current treatments and
paving the way for developing novel therapeutics.

Keywords: breast cancer; drug resistance; ferroptosis; Hippo-YAP pathway; natural compounds

1. Introduction

Breast cancer (BC) represents a complex and multifaceted challenge in the realm of
clinical oncology. It is characterized by intrinsic heterogeneity, encompassing diverse
molecular subtypes such as luminal (luminal A and B) and non-luminal (human epidermal
growth factor receptor 2 (HER2)-enriched and basal-like) BCs [1]. The basal-like subtype is
characterized by its aggressive features, including a high histological grade and mutations
in the TP53 gene. Due to the absence of ER, PR expression, and lack of HER2 enrichment,
it is often referred to as triple-negative breast cancer (TNBC). This subtype is strongly
associated with the inhibition of BRCA1 function and largely affects younger women.
Also, it frequently exhibits overexpression of the EGFR gene [2]. Patients with TNBC
exhibit poor survival and an enhanced probability of metastases, particularly to the distant
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lymph nodes, lungs, and brain [3]. Studies describe the complexity and multifaceted
nature of TNBC, underscoring the imperative for a comprehensive understanding of the
underlying mechanisms of resistance to established treatment modalities [4]. In recent
years, considerable research has been devoted to unraveling the mechanisms underlying
chemoresistance in TNBC.

The emergence of TNBC chemoresistance is increasingly recognized as a complex
process that hinges on intricate interactions within the TME. These interactions involve
drug efflux mechanisms in bulk tumor cells and cancer stem cells (CSCs), all of which are
orchestrated by alterations in multiple signaling pathways [5]. Accumulating evidence un-
derscores that drug resistance in cancer relies on intricate bidirectional interactions between
tumor cells and the TME. This interplay involves various components that form a complex
three-dimensional network, with a central role attributed to the Hippo-Yes-associated
protein (YAP) pathway [6,7]. Furthermore, the TME contributes to drug resistance by
modulating ferroptosis, a regulated cell-death mechanism in TNBC [8]. Consequently,
comprehending the drug resistance mediated by the Hippo-YAP pathway within the
TME, particularly through its impact on ferroptosis, could provide valuable insights for
advancing the treatment of drug-resistant TNBC.

Understanding the multifaceted mechanisms of drug resistance arbitrated by the
Hippo-YAP pathway, along with its influence on ferroptosis, provides a promising avenue
for enhancing treatment strategies in drug-resistant TNBC. This review consolidates the
current understanding of the interplay between the Hippo-YAP pathway, ferroptosis, and
drug resistance in breast cancer. It also explores the therapeutic implications of targeting
these pathways, offering potential improvements in the efficiency of current treatments
and the development of novel therapeutics.

2. Hippo Signaling Pathway

The Hippo pathway, a key regulator of tissue growth and organ size, was originally re-
ported in Drosophila melanogaster. It is conserved evolutionarily from Protista to eukaryotes.
Its core consists of both tumor-suppressor and oncogenic proteins. The mammalian Hippo
pathway is constituted mainly of tumor suppressor core kinases such as microtubule-
associated serine/threonine-protein kinase 1/2 (MST1/2) and large tumor suppressor
kinase 1/2 (LATS1/2) along with oncogenic downstream mediators YAP as well as TAZ. In
addition, Salvador 1 or WW45, TEA domain family members (TEAD1-4), and Vestigial-like
family member 4 are also core components of the Hippo pathway.

The components of the Hippo pathway are associated with diverse functions, in-
cluding regulation of transcriptional programs of cell survival and migration as well as
self-renewal and differentiation mechanisms. The Hippo pathway is controlled by various
intrinsic as well as extrinsic cues like cell–cell contact, stress, cell polarity, mechanical
forces, and hormonal factors [9]. Several upstream regulators of core kinases control the
components of the Hippo pathway. When the Hippo pathway is activated by upstream
activators, MST1/2 is activated and phosphorylates LATS1/2 by complexing with SAV1.
Subsequently, phosphorylated LATS1/2 inactivates YAP by phosphorylating serine residue
at 127 and TAZ at 66, 89, 117, and 311 and their subsequent binding to TEADs. This
phosphorylation promotes the sequestration of YAP/TAZ in the cytosol by enhancing the
binding with the 14-3-3 protein. A proteosome-dependent mechanism degrades the phos-
phorylated YAP/TAZ by interacting with β-TrCP. For example, Merlin (Neurofibromain 2),
a tumor suppressor [10]; G-protein coupled receptor [11]; miRNAs [12]; and adherens, tight
junctions, and signaling pathways (MAPK, Notch, and Wnt/β-catenin) [13] inhibit the
activity of YAP/TAZ by promoting phosphorylation by activating the kinases.

Studies conducted over the past decade consistently reported the loss of Hippo tumor-
suppressor activity and hyperactivation of YAP in several cancer types. For example,
protein phosphatase 2A, its regulatory subunit STRN3 [14], and its exosomes [15]; post-
translational modification-related kinases (AKT and JNK) [16]; long noncoding RNAs [17];
epigenetic programs [18]; and glucose/GLUT3 inhibit the Hippo pathway and activate
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YAP by promoting its dephosphorylation [19]. The expression of YAP is induced by WD
repeat domain 3 (WDR3) via interaction with GATA binding protein 4 (GATA4) [20]. The
inhibition of the Hippo pathway promotes the dephosphorylation of YAP/TAZ and their
translocation into the nucleus. They interact with TEAD proteins in the nucleus and trigger
target gene expression—notably, the expression of genes controlling survival like CTGF,
CRY61, BIRC5, ANKRD1, and AXL. In addition, YAP assists RUNT-related transcription
factors (RUNX1 and 2) and SMADs as well as T-box transcription factor 5 (TBX5). Together,
this network of genes regulates cell survival and migration as well as self-renewal and
differentiation mechanisms.

3. YAP Protein and Its Impact on Breast Cancer

YAP expression was reported in different subtypes of BC. An immunohistochemical
assessment of YAP expression in BC tissues, along with its correlation with clinicopatho-
logical parameters and patient survival, indicates predominant localization within tumor
cell nuclei. Notably, YAP expression correlates with PR status and the luminal A subtype.
Kaplan–Meier (KM) analyses demonstrate a favorable association of YAP expression with
disease-free survival (DFS) and overall survival (OS) in luminal A BC patients. Additionally,
a positive association with favorable DFS is observed in patients with invasive ductal carci-
noma, luminal B (HER2−), and luminal B (HER2+) BCs [21]. These findings underscore the
potential prognostic value of YAP expression in BC, particularly within specific subtypes.
In an independent histochemical investigation, higher levels of cytoplasmic YAP and pYAP
were observed in HER-2-type BC. Notably, stromal expressions of YAP and pYAP were
elevated in luminal B and HER-2-type BCs. Univariate analysis revealed an association
between nuclear YAP expression in tumor cells and a shortened OS [22]. These findings
emphasize its potential significance as a prognostic indicator, particularly in the context
of OS.

Human protein is encoded by the YAP gene, which is found on chromosome 11q22 [23].
It was initially reported in chickens as a copartner of yes protein tyrosine kinase. The
human form of YAP mediates oncogenesis via interaction with regulators and mediators
of oncogenesis through different domains. The SH3 domain of the yes protein tyrosine
kinase interacts with YAP in the proline-rich region (PVKQPPPLAP) [24]. A conserved
module, namely, the WW domain with two well-preserved and constantly positioned
tryptophan residues, was reported in various species of YAP. Such motifs are required
for the interaction of YAP with transcription factors having the PPXY motif. In addition,
the N-terminal region encompasses a domain for TEAD binding as well as 14-3-3 binding
with HXRXXS motifs [25]. The phosphorylation of Ser 127 within the 14-3-3 binding
domain develops the 14-3-3 protein binding site and is associated with its cytoplasmic
sequestration and inactivation. However, the C-terminus region, having transcriptional
activation properties, exhibits resilient transactivation. This region also contains a PDZ-
binding motif (FLTWL) that is indispensable for its translocation to the nucleus and binding
to the PDZ domain of other regulator proteins such as ZO2 [26]. Additionally, it contains a
short coiled–coil motif inside the transcriptional binding domain.

YAP activation and its subsequent translocation into the nucleus are controlled by two
distinct pathways: the canonical Hippo kinase pathway and the noncanonical mechan-
otransduction pathway [27]. In the Hippo kinase pathway, YAP nuclear accumulation is
reduced through its phosphorylation by the Hippo kinases. On the other hand, the mechan-
otransduction pathway relies on the integrity and force transmission of the actomyosin
cytoskeleton. These processes are regulated by a range of oncogenes and tumor-suppressor
genes that can either promote or hinder the development of breast cancer.

3.1. YAP Mediates Drug Resistance by Inducing Stemness in Breast Cancer Cells

YAP is generally considered a stemness factor due to its role in the overgrowth of
organs during embryonic development, including the breast. Its overexpression was
confirmed to be critical for the expression of stemness-related genes as well as stemlike sig-
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natures and induction of invasiveness in BC patients. Additionally, overexpression of YAP
conferred poor outcomes in TNBC patients [28]. Abnormal activity of YAP supports the
maintenance of self-renewal by activating TGF-β/BMP pathways, induction of anticancer
drug resistance by enhancing the activity of multidrug-resistance-associated (MDR) pro-
teins, and dissemination of cells to facilitate metastasis by activating EMT-related genes [29].

YAP promotes drug resistance through various downstream mediators (Figure 1).
The nuclear entry of YAP is controlled by the Hippo pathway via various mechanical
and molecular cues. YAP translocates to the nucleus upon activation by receptor tyrosine
kinase (Met). The interaction between cytoplasmic EGFR and salt-inducible kinase 2 (SIK2)
inhibits the interaction between LATS1 and MST1, thereby facilitating the nuclear translo-
cation of YAP [30]. Furthermore, oncogenic microRNAs, such as miR-515-5p and miR-200a,
facilitate nuclear entry by negatively regulating Hippo kinases, while tumor-suppressor
microRNAs, including miR-30a and miR-375, impede nuclear entry by positively regulating
Hippo kinases [31]. Moreover, mechanical forces like extracellular matrix rigidity and strain
trigger YAP nuclear entry by regulating transport across nuclear pores [32]. Low shear
force promotes nuclear translocation of YAP via ERK activation [33]. Hypoxia induces the
dissociation of 14-3-3ζ from YAP, leading to the promotion of YAP nuclear localization. This
process is mediated by ERK2, which directly binds to the D-site of the mitogen-activated
protein kinase (MAPK) docking domain in 14-3-3ζ Leu98/100 and phosphorylates 14-3-3ζ
at Ser37 [34]. MAML1 and MAML2 act as potent effectors of the Hippo pathway by facilitat-
ing YAP/TAZ nuclear localization in a cell-density-dependent manner. Mechanistically, the
PPxY-interacting motif within MAML1/2 physically binds to the WW domain of YAP/TAZ,
promoting the nuclear retention of YAP/TAZ and subsequent transcriptional activity [35].

In the nucleus, YAP regulates the transdifferentiation of luminal BC cells into BCSCs.
YAP induces the expression of β-catenin by interacting with its regulatory elements along
with TEAD4. However, the pharmacological intervention of YAP reduces the BCSCs by
delaying the transdifferentiation by targeting β-catenin [36]. Another study reported that
YAP mediates FOXM1-dependent induction of stemness in TNBC cells. Mechanistically,
FOXOM1 promotes nuclear translocation of YAP by diminishing its phosphorylation.
YAP transcriptionally upregulates OCT4 and NANOG in the nucleus by interacting with
their promoter regions. However, FOXM1 gene silencing reduces the transcriptional
activity of YAP by retaining in the cytosol and increasing the proteasomal degradation
via phosphorylation [37]. YAP1 promotes the self-renewal of BCSCs by impeding Smad3
signaling. Mechanistically, ectopic expression of YAP enhances the colony formation as well
as self-renewal of BCSCs. Also, it inversely regulates Smad3 by inhibiting phosphorylation
via targeting TGF-β in BCSCs. However, conditional knockout of YAP1 by infecting cells
with adenovirus-Cre reduces the stem cell properties of BCSCs [38]. These studies indicate
the role of YAP in the induction of stemness in TNBC cells.

Exosomes derived from BC stem cells facilitate paclitaxel (PTX) resistance by pro-
moting Hippo dysregulation via upregulating YAP [39]. Pin 1, a positive regulator of the
Hippo pathway, increases PTX resistance by stabilizing the YAP complex in the nucleus
of BC cells [40]. YAP1 also mediates cisplatin resistance in SMARCA2-depleted TNBC
cells by upregulating IGFBP3, NT5E, GADD45A, and TGF-β1. However, YAP/TEAD
cascade inhibitors, VP and CA3, sensitize SMARCA2 KO TNBC cells by reducing the
expression of IGFBP3, NT5E, GADD45A, and TGF-β1 and the EMT pathway [41]. In
TNBC cells, cisplatin treatment increases the translocation of YAP into the nucleus by
reducing its phosphorylation in an autophagy-dependent manner. However, combining
cisplatin and HCQ, an autophagy inhibitor, increases the YAP target gene expression by
increasing phosphorylated YAP. Further, silencing of the YAP gene increases the cytotoxic-
ity in TNBC cells by inducing apoptosis. These results indicate that cisplatin-dependent
autophagy protects TNBC cells from apoptosis by promoting the nuclear translocation of
YAP [42]. In TNBC, YAP/TAZ mediate VEGF- and NRP2-dependent cisplatin resistance
by increasing the expression of RAD51, a key mediator of homologous recombination.
YAP/TAZ induce the transcription of the RAD51 gene by facilitating the interaction of
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TEAD4 at the promoter region of RAD51 [43]. The transcriptional profiling of TNBC tu-
mors from a phase 2 clinical trial of platinum chemotherapy predicted that high levels of
RASAL2 confer platinum drug resistance in association with transcriptional regulator YAP.
Mechanistically, activated YAP transcriptionally enhances the expression of RASAL2 in
chemorefractory patient-derived TNBC models [44]. YAP mediates doxorubicin (DOX)
resistance in MDA-MB 231 and MDA-MB 468 cells by reducing the uptake of the DOX
and inducing p-glycoprotein-dependent drug efflux [45]. YAP mediates serglycin (SRGN)
and promotes 5-fluorouracil (5-FU) resistance in BC cells by maintaining stemness. The
silencing of YAP sensitizes BC cells to drug resistance induced by the overexpression of
SRGN. Further, the YAP/TEAD1 complex promotes the transcription of SRGN. In addition,
the YAP/RUNX1 complex promotes the transcription of HDAC2 to trigger 5-FU resistance
as well as stemness in BC cells. Mechanistically, YAP and HDAC2 serve as downstream
mediators of SRNG-provoked drug resistance in BC patients [46]. These findings could
include noteworthy support for YAP as a target for treating drug-resistant BC.
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Figure 1. Summary of downstream targets of YAP that mediate drug-resistance mechanisms in TNBC.
YAP nuclear translocation is facilitated by EGFR, miR-515-5p, miR-200a, mechanical forces, low
shear force, hypoxia, and cell density. In the nucleus, YAP regulates BC cell transdifferentiation into
BCSCs by inducing β-catenin expression through interaction with TEAD. YAP induces stemness by
transcriptionally upregulating OCT4 and NANOG through interaction with their promoter regions.
YAP1 promotes BCSC self-renewal by impeding Smad3 signaling. Exosomes from BC stem cells
facilitate drug resistance by upregulating YAP. Pin1 increases drug resistance by stabilizing the YAP
complex. YAP1 induces drug resistance and stemness by upregulating IGFBP3, NT5E, GADD45A,
TGF-β1, RAD51, and RASAL2 and inducing p-glycoprotein-dependent drug efflux. YAP also triggers
drug resistance and stemness by promoting the transcription of HDAC2.

3.2. Ferroptosis Factors and Regulation Mechanisms in Breast Cancer

Ferroptosis is a newly discovered form of programmed cell death, characterized by
iron-dependent lipid peroxidation and the accumulation of reactive oxygen species (ROS).
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It is a critical junction point that links cancer-acquired drug resistance and immune evasion.
Several mechanisms regulate the sensitivity of cancer cells to ferroptosis by modulating
metabolic pathways that control ferroptosis and reshape the TME. These changes lead
to the formation of an immunosuppressive environment that promotes tumor growth
and progression [47].

The mechanism of ferroptosis involves the release of interferon γ (IFNγ) by CD8+ T
cells, which leads to the downregulation of two subunits of system Xc-, namely, SLC3A2
and SLC7A11. This, in turn, inhibits cystine uptake by tumor cells, resulting in the depletion
of cysteine and glutathione and impaired GPX4 activity, ultimately promoting ferroptosis
in tumor cells. However, it is worth noting that the high-fat environment within the
TME upregulates the expression of the fatty acid transporter CD36, which increases the
sensitivity of CD8+ T cells to ferroptosis and weakens their antitumor effect [48].

HLF, a newly discovered oncoprotein of TNBC, has been shown to be regulated by TGF-
β1 secreted by TAMs. The mechanism involves HLF activating gamma-glutamyltransferase
1 (GGT1) to enhance resistance to ferroptosis, thereby promoting TNBC cell proliferation,
metastasis, and resistance to cisplatin. Additionally, the JAK2/STAT3 axis is induced by
IL-6 produced by TNBC cells, leading to the secretion of TGF-β1 by TAMs, thereby creating
a positive feedback loop. This interaction between TNBC cells and TAMs promotes the sus-
tained activation of HLF in tumor cells via the IL-6–TGF-β1 axis, ultimately facilitating the
development of malignant tumors by promoting ferroptosis resistance through GGT1 [49].

3.3. YAP Mediates Resistance to Ferroptosis in Breast Cancer

Emerging evidence suggests that ferroptosis plays a role in the pathogenesis and
treatment of TNBC. A study demonstrated the ferroptosis heterogeneity in TNBC [50].
It exhibits diverse phenotypes in terms of ferroptosis-related metabolites and metabolic
pathways [51]. A recent investigation revealed that proferroptotic stimuli, including the
inhibition of the lipid hydroperoxidase GPX4 and detachment from the extracellular ma-
trix, result in the upregulation of prominin2, a pentaspanin protein associated with the
regulation of lipid dynamics, thereby promoting TNBC [52]. Xu et al. reported that ele-
vating GPX4 levels in BC cells leads to an augmentation of tamoxifen (TAM) resistance;
conversely, depleting GPX4 in resistant cells decreases TAM resistance [53]. In TNBC cells,
miR-324-3p directly targets GPX4. Mechanistically, miR-324-3p binds to the 3′-UTR of
GPX4, leading to the downregulation of its expression [54]. One recent study demonstrated
that enhanced GPX4 expression, facilitated by m6A modification, promotes BC progression
by inhibiting ferroptosis [55].

The intracellular NF2 (Merlin) is activated by E-cadherin-mediated interactions in
epithelial cells, suppressing ferroptosis. However, inhibiting this signaling axis allows
the YAP to support ferroptosis by increasing the expression of ACSL4 and TFRC. This
mechanism sheds light on how intercellular interactions and intracellular NF2-YAP signal-
ing play a crucial role in determining ferroptosis [56]. In BC, mutations in the NF2 gene,
leading to loss of function of Merlin, were implicated in the initiation and progression of
the disease [57]. Merlin is involved in cell–cell adhesion, cytoskeleton organization, and
intracellular signaling pathways, and its dysregulation can contribute to increased cell
motility, invasiveness, and resistance to apoptosis [58,59]. The presence of NF2/Merlin
mutations in breast cancer has been associated with more aggressive tumor phenotypes and
poorer clinical outcomes. BCs harboring NF2 mutations could exhibit increased metastatic
potential and resistance to conventional therapies [60]. Another study demonstrated
that the suppression of ferroptosis contributes to the progression of TNBC. Mechanisti-
cally, the overexpression of progesterone receptor membrane component-1 (PGRMC1)
in TNBC results in a reduction in intracellular free iron concentration, consequently
inhibiting ferroptosis [61].

Wang et al. recently conducted a study which revealed that YAP plays a crucial role
in mediating resistance to ferroptosis. This mechanism involves the downregulation of
GPX4 expression. Notably, silencing the YAP gene leads to an increase in ferroptosis, while
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overexpressing YAP results in ferritinophagy, achieved by reducing mitochondrial ROS
and Fe2+ levels and lowering the SFXN1 and NCOA4 expression. YAP1 further disrupts
the interaction between NCOA4 and FTH1, thus preventing the degradation of ferritin to
Fe2+. It also reduces ROS production, ultimately suppressing ferroptosis [62]. Lin et al.
discovered the significant role of EMT-driven discoidin domain receptor tyrosine kinase 2
(DDR2) upregulation in recurrent breast tumors. This upregulation maintains growth
advantage while activating YAP/TAZ-mediated ferroptosis susceptibility [63]. Overall,
these findings highlight the importance of YAP in regulating ferroptosis and provide
valuable insights into the underlying molecular mechanism involved in the process.

Ferroptosis has a protective effect on breast cancer (BC) cells [64]. Recent studies
have shown that TNBC cells are more sensitive to ferroptosis induction compared to other
breast cancer subtypes. This sensitivity is thought to be due to higher iron uptake as
well as lipid metabolism in TNBC cells, which are necessary for ferroptosis to occur. In
addition, some studies have shown that TNBC tumors have a higher expression of genes
implicated in ferroptosis than other BC subtypes. Keiko Miyamoto et al. identified that
the expression level of glutamate-cystine transporter (xCT), encoded by the SLC7A11 gene,
influences the sensitivity of TNBC to histone deacetylase inhibitors (HDACIs) through
the regulation of ferroptosis [65]. SUFU promotes the sensitivity of BC cells to ferroptosis
by binding to LATS1, which subsequently suppresses the YAP–ACSL4 axis, leading to a
decrease in ferroptosis sensitivity. However, when residues 174–385 are removed from
SUFU, this binding interaction between SUFU and LATS1 is disrupted, which results in
the inability of SUFU to downregulate the YAP–ACSL4 axis, consequently resulting in the
sensitivity of BC cells [66]. Inhibition of YAP confers resistance to ferroptosis; however,
YAP overexpression sensitizes BC cells to ferroptosis. A transcriptome study revealed that
ferroptosis regulating an E3 ubiquitin ligase (S-phase kinase-associated protein 2; SKP2) is a
downstream target gene of YAP. Knockdown of YAP results in the downregulation of SKP2
expression, and both genetic and chemical inhibition of SKP2 provide robust protection
against ferroptosis. Moreover, lipid peroxidation during erastin-induced ferroptosis is
abolished by the knockdown of YAP or SKP2 [67]. In summary, YAP is a determinant of
ferroptosis that regulates SKP2 expression.

A substantial number of studies have established a relationship between YAP and
stemness, but limited studies support the association between ferroptosis and stemness in
BC. BCSCs initiate the degradation of ferritin within lysosomes in response to cytoplasmic
iron depletion, resulting in additional iron accumulation in this cellular organelle. The
iron-mediated generation of ROS facilitates lysosomal membrane permeabilization, thereby
activating a cell-death pathway consistent with ferroptosis [68]. This mechanistic cascade
underscores the significance of iron dynamics and lysosomal processes in driving ferroptotic
cell death in BCSCs. These studies reveal that TNBC exhibits diverse ferroptosis phenotypes,
with higher sensitivity and distinct molecular features.

3.4. YAP in the Control of Metabolic and Oxidative Stress in Breast Cancer

YAP plays a significant role in regulating cellular responses to metabolic and oxidative
stress in BC. In conditions of metabolic stress, YAP orchestrates adaptive mechanisms to en-
hance nutrient utilization and energy production. It promotes glycolysis, the Warburg effect,
and lipid metabolism, facilitating cancer cell survival and growth even under nutrient-
deprived conditions [69]. Moreover, YAP contributes to redox homeostasis by modulating
antioxidant defense systems and ROS levels. It regulates the expression of genes involved
in antioxidant pathways, mitigating the detrimental effects of oxidative stress on cancer
cells [70]. This dual role of YAP in metabolic adaptation and redox balance positions it as a
crucial player in the context of breast cancer progression and survival. The dysregulation
of YAP in BC can lead to aberrant metabolic reprogramming and increased susceptibility to
oxidative stress, contributing to tumor development and aggressiveness [71,72]. Targeting
YAP-associated pathways may hold therapeutic potential in managing the metabolic and
oxidative stress responses in BC, presenting avenues for novel treatment strategies.
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4. Regulation of YAP

The YAP/TAZ complex exhibits both oncogenic and tumor-suppressor functions in
a context-dependent manner. Growing evidence suggests that YAP/TAZ interact with
various partners to orchestrate oncogenic processes. For instance, the YAP/TAZ complex
interacts with TEADs and other proteins during oncogenesis, utilizing their cotranscrip-
tional activation activity to execute distinct functions. Additionally, YAP/TAZ act as
transcriptional repressors by interacting with the transcription factor YY1 and the poly-
comb repressive complex member EZH2 in tumorigenesis. Conversely, YAP/TAZ were
identified as playing a tumor-suppressive role by interacting with p73, a homolog of p53,
thereby promoting p73-dependent apoptosis and BAX gene expression in response to
DNA damage [73].

4.1. Tumor-Promoting Role of YAP in Breast Cancer

YAP plays a key role in focal adhesion, a key event of invasiveness and metastasis
(Figure 2). Mechanistically, YAP promotes focal adhesion and invasion by inducing TEAD-
dependent transcription of thrombospondin 1 (THBS1), which in turn activates FAK via
phosphorylation at Tyr 397 [74]. TEAD is also essential for YAP-dependent oncogenic
transformation as well as EMT [75], negatively regulated by the Hippo pathway [76].

In BC stem cells, an upstream mediator called CD44 is critical in regulating YAP
expression. At a mechanistic level, the activation of YAP by CD44 involves the activation of
ERK, which phosphorylates YAP. The phosphorylated YAP then moves from the cytosol
to the nucleus, where it promotes the expression of genes that are tangled with contact
inhibition of BC stem cells, including ankyrin repeat domain 1 (ANKRD1), connective tissue
growth factor (CTGF), cysteine-rich angiogenic inducer 61 (Cyr61/CCN1), and inhibin βA
(INHBA) [77]. Another factor, OTUB2, promotes stem cell formation and metastasis by
stabilizing YAP in MDA-MB 231 TNBC cells via deubiquitination. This occurs through the
binding of SUMOylated OTUB2 to YAP through its SUMO-interacting motif. Interestingly,
the SUMOylation of OTUB2 is induced by EGF and KRAS [78].

Mechanistically, KMT5A regulates the nuclear translocation of YAP by catalyzing the
K301 methylation of SNIP1, which serves as a signal to release the histone acetyltransferase
KAT2A. This facilitates the interaction between c-MYC and KAT2A, leading to the recruit-
ment of the c-MYC/KAT2A complex to the promoters of c-MYC targets. This complex
inhibits the Hippo kinase cascade, thereby enhancing TNBC metastasis by activating the
transcription of MARK4. Subsequently, MARK4 modifies the phosphorylation of MST2,
SAV, and LATS1 to promote the nuclear translocation of YAP [79].

In TNBC, HJURP modulates cell proliferation and chemotherapy drug resistance
via the YAP1/NDRG1-mediated signaling axis. Specifically, HJURP inhibits the ubiq-
uitination of YAP1 protein. This modulation occurs through HJURP’s interaction with
YAP1, which regulates YAP1’s stability and cellular distribution. Subsequently, YAP1
binds to the promoter region of the NDRG1 gene, resulting in the upregulation of NDRG1
transcription [80].

In BC cells, the circRNA hsa_circ_0005273 is upregulated and has been shown to
promote BC progression through upregulation of YAP protein levels and blocking of the
tumor-suppressor activity of miR-186-5p. This regulation occurs through the binding of
hsa_circ_0005273 to miR-186-5p, resulting in increased expression of YAP1, leading to
enhanced cell proliferation in BC cells. In addition, hsa_circ_0005273 also interacts with
other signaling pathways that promote BC tumorigenesis, such as the Wnt/β-catenin, as
well as PI3K/Akt/mTOR pathways [81].
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Figure 2. Regulation of cancer-promoting role of YAP in breast cancer. YAP promotes various cellular
processes, including proliferation, contact inhibition, invasion, self-renewal, metastasis, and drug
resistance. Focusing on specific mechanisms, YAP induces focal adhesion and invasion by driving
TEAD-dependent transcription of thrombospondin 1 (THBS1). YAP is positively regulated by CD44,
OTUB2, KMT5A, and circRNA hsa_circ_0005273, while it is negatively regulated by SYNPO2 and
RICHI1. CD44 activation leads to ERK-mediated YAP phosphorylation, translocating YAP to the
nucleus to upregulate ankyrin repeat domain 1 (ANKRD1), connective tissue growth factor (CTGF),
cysteine-rich angiogenic inducer 61 (Cyr61/CCN1), and inhibin βA (INHBA). Further regulatory
events, such as the SUMOylation of OTUB2 by EGF and KRAS and the stabilization of YAP in the
cytosol through deubiquitination, come into play. KMT5A regulates YAP nuclear translocation by
catalyzing K301 methylation of SNIP1, releasing histone acetyltransferase KAT2A, and enhancing
the c-MYC/KAT2A complex’s recruitment to c-MYC target promoters. This complex activates
MARK4, promoting MST2, SAV, and LATS1 phosphorylation, thereby promoting YAP’s nuclear
translocation. HJURP affects YAP1 stability and distribution and subsequently binds to the NDRG1
gene promoter, upregulating NDRG1 transcription. Notably, circRNA hsa_circ_0005273 upregulates
YAP expression by counteracting miR-186-5p’s tumor-suppressive activity. The figure was created
with BioRender.com.

4.2. Tumor-Suppressor Role of YAP in Breast Cancer

YAP is negatively regulated by various mechanisms (Figure 3). YAP is negatively
regulated by synaptopodin-2 (SYNPO2) through the stabilization of the LATS2 protein.
This essentially inhibits stemness, invasiveness, and metastasis in BC cells via the LATS-
mediated inhibition of YAP [82]. Similarly, RICHI1 negatively regulates YAP in BC cells [83].
Mechanistically, the RICHI1-dependent activation of Hippo kinases displaces Amot-p80
from Merlin phosphorylation at S518, resulting in the negative regulation of YAP/TAZ and
promotion of transcription of CTGF as well as CYR61 through complexing with TEADs.
Overexpression of RICH1 inhibits phosphorylation of MerlinS518 and promotes phosphory-
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lation of LATS1T1079, YAPS127, and TAZS89 while significantly decreasing the total LATS1,
YAP, and TAZ protein levels. Studying their interplay may lead to targeted therapies.
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Figure 3. Regulation of cancer-suppressing role of YAP in breast cancer. SYNPO2 and RICHI1 serve
as negative regulators of YAP: SYNPO2 stabilizes LATS2, while RICHI1 activates Hippo kinases and
inhibits TEAD complexation with YAP. RNF31 interacts with YAP, promoting polyubiquitination and
subsequent degradation of YAP. The figure was created with BioRender.com.

RING finger protein 31 (RNF31) is a RING family member with E3 ubiquitin ligases.
Studies investigating the role of RNF31 have shown that its silencing leads to increased
proliferation and migration of TNBC cells [84]. Clinical data have further reinforced the
significance of RNF31, revealing a positive correlation between RNF31 expression and
longer relapse-free survival in TNBC patients. Intriguingly, this relationship is inversely
associated with YAP protein levels. In-depth molecular biology assays have shed light
on the molecular mechanisms underlying RNF31’s tumor-suppressing effects. It has
been elucidated that RNF31 has the capacity to interact with YAP protein, facilitating the
polyubiquitination and subsequent degradation of YAP, particularly at the K76 sites.

5. Targeting YAP Signaling and Drug Resistance in BC

Over the past two decades, a multitude of potential natural compounds and synthetic
derivatives have emerged as promising inhibitors of YAP (Table 1). These compounds
demonstrate the ability to independently restrain growth and metastasis or sensitize TNBC
cells to chemotherapeutic agents through either the inhibition of YAP signaling or the
promotion of its degradation. Furthermore, select compounds exhibit the capacity to
induce ferroptosis in TNBC cells by modulating YAP expression.

5.1. Selected Natural Compounds Target YAP Signaling and Drug Resistance in BC

Apigenin efficiently reduces the proliferation and migration as well as stemness
of TNBC cells [85]. It also reduces the YAP/TAZ activity aside from CTGF and CYR61
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expression. Further, it sensitizes TNBC cells to TAZ silencing by interrupting the YAP/TAZ–
TEADs association [86]. Luteolin is a type of flavonoid, chemically expressed as 3′,4′,5,7-
tetrahydroxyflavone. In TNBC cells, it reduces the activity of YAP/TAZ by triggering the
degradation of YAP/TAZ. It also abrogates the EMT by diminishing the expression of
vimentin and N-cadherin and enhancing E-cadherin and catenin levels in TNBC cells [87].

The parthenolide derivative called DMOCPTL demonstrates anti-TNBC effects pri-
marily by triggering ferroptosis and apoptosis. It does so by directly binding to and ubiqui-
tinating GPX4. The mechanism uncovered that GPX4 regulates mitochondria-dependent
apoptosis by controlling EGR1 in TNBC cells [88]. The prodrug of DMOCPTL efficiently
represses the growth of breast tumors and prolongs the lifespan of mice without any
noticeable toxicity.

Alantolactone (ALT), a sesquiterpene lactone, was identified as a promising new
candidate for treating TNBC by inhibiting the proteins YAP1/TAZ. ALT effectively en-
hances LATS kinase activities induced by ROS, resulting in increased phosphorylation of
YAP1/TAZ proteins. Consequently, the phosphorylated YAP1/TAZ proteins are excluded
from the nucleus and subjected to proteasomal degradation, inhibiting tumor growth [89].

In a xenograft tumor model, curcumin (CUR) was demonstrated to have an antitu-
morigenic effect on BC. It induces ferroptosis via solute carrier family 1 member 5 (SLC1A5)
in TNBC cells by increasing the levels of lipid ROS and accumulating malondialdehyde
(MDA), an end product of lipid peroxidation and intracellular Fe2+ [90]. CUR promotes fer-
roptotic death and inhibits BC cell viability, which ferrostatin-1, a ferroptosis inhibitor, and
deferoxamine, a chelator of iron, can rescue. CUR also significantly increases intracellular
Fe2+, ROS, lipid peroxides, and MDA and reduces GSH. Moreover, CUR upregulates heme
oxygenase-1 (HO-1), a ferroptosis target gene [91]. Another study showed that the novel
CUR derivative WZ35 exhibits more potent antitumor effects on BC cells [92]. The mecha-
nism behind this effect involves the generation of ROS and activation of YAP-dependent
JNK in BC cells. Subsequently, this activation leads to the dysfunction of mitochondria in
BC cells. In contrast, suppression of ROS generation significantly reduces the effects of
YAP/JNK activation. WZ35 has shown significant potential as an antitumor agent with
improved pharmacokinetic properties. Mechanistically, WZ35 triggers the generation of
ROS in TNBC cells, leading to reduced phosphorylation of YAP and increased phosphory-
lation of JNK. P-JNK triggers apoptosis by phosphorylating the 14-3-3, which facilitates the
liberation of proapoptotic proteins such as BAX and FOXO. Additionally, ROS-dependent
JNK activation is associated with the dysfunction of mitochondria in BC cells. Activated
FOXO transcription factors can reduce N-cadherin, MMP-2, and MMP-9 expression [92].

The natural compound resveratrol (RSV), chemically expressed as 3,5,4′-trihydroxy-
trans-stilbene, was found to reduce the expression of YAP target genes AREG, CTGF, and
CYR61, which are induced by EGF. RSV was observed to attenuate the invasion of TNBC
cells by activating LATS1 and the phosphorylation-mediated inactivation of YAP [93].
Overall, these findings suggest that RSV can benefit BC patients by inhibiting BC cell
invasion via the suppression of YAP signaling.

Caudatin is a natural steroidal compound that has been shown to reduce the growth
of BC cells and the formation of mammospheres. Moreover, it reduces the proportion of
CD44+/CD24− as well as ALDH+ BC cells. It also decreases CD44, Oct4, Sox2, and c-Myc
expression. In addition, it was discovered that caudatin promotes the degradation of the
glucocorticoid receptor (GR) through ubiquitin-dependent pathways, which inhibits the
accumulation of YAP in the nuclei of BCSCs and blocks the transcription of target genes [94].
These findings suggest that the GR/YAP signaling pathway plays a crucial role in BCSC
formation and that caudatin may be a chemopreventive agent to target BCSCs.

Rosmarinic acid was found to inhibit the Hippo-YAP/TAZ signaling pathway in
MDA-MB 231 cells. The mechanism behind this involves the induction of LATS1/2-driven
phosphorylation of YAP, which promotes its cytosol retention and its subsequent degrada-
tion. As a result, YAP–TEAD-mediated transcriptional activity is reduced. Additionally,
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the treatment suppresses YAP/TAZ transcriptional activity by dissociating the YAP/TAZ–
TEAD complex [95].

Hydnocarpin is a flavonolignan that exhibits significant effects on TNBC cells. It
inhibits TNBC cell proliferation, colony formation, invasion, and EMT [96]. These effects
are mediated through the downregulation of CTGF and Cyr61 at both the protein and
mRNA levels. Importantly, it reduces total YAP protein levels without affecting YAP
mRNA. Overexpression of YAP counteracts the inhibitory actions of hydnocarpin on TNBC
cells, confirming the importance of YAP in this context. Furthermore, it enhances YAP
degradation via the proteasome pathway and increases YAP ubiquitination, providing
mechanistic insights into its anti-TNBC properties.

Table 1. Natural compounds and their derivatives targeting YAP-dependent drug resistance and
ferroptosis in TNBC.

Natural Compound Cellular Mechanism Molecular Mechanism Ref.

Apigenin
• Reduces proliferation of TNBC cells.
• Inhibits TNBC cell migration.
• Blocks stemness of TNBC cells.

• Reduces the activity of YAP/TAZ.
• Reduces CTGF and CYR61 expression.

[85]

• Sensitizes TNBC cells to TAZ silencing. • Disrupts protein–protein interaction of
YAP/TAZ–TEAD.

[86]

Luteolin • Suppresses EMT in TNBC cells.
• Reduces migration of TNBC cells.

• Triggers the degradation of YAP/TAZ.
• Diminishes vimentin and N-cadherin

expression.
• Enhances tE-cadherin and catenin

expression.

[87]

Parthenolide
derivative

• Triggers ferroptosis and apoptosis in TNBC
cells.

• Represses breast tumor growth.
• Prolongs the lifespan of mice without

noticeable toxicity.

• Binds and ubiquitinates GPX4.
• Controls GPX4-dependent EGR1 in TNBC

cells.
[88]

Alantolactone

• Inhibits TNBC growth.
• Induces ROS in TNBC cells.
• Sequesters YAP in cytosol by promoting

phosphorylation.

• Inhibits YAP1/TAZ activity.
• Enhances LATS kinase activity.
• Induces proteosomal degradation of YAP.

[89]

Curcumin
• Demonstrates antitumorigenic effect on BC.
• Induces ferroptosis in TNBC cells.

• Modulates SLC1A5.
• Increases ROS.
• Enhances MDA and intracellular iron.

[90]

• Promotes ferroptotic death.
• Inhibits BC cell viability.

• Increases intracellular Fe2+, ROS, lipid
peroxides, and MDA.

• Reduces GSH.
• Upregulates HO-1.

[91]

Curcumin
derivative

• Inhibits breast tumor growth.
• Causes dysfunction of mitochondria.

• Suppresses ROS generation.
• Reduces YAP/JNK activation.

[92]

• Shows potential antitumor activity against
TNBC.

• Induces apoptosis.
• Triggers ROS generation.
• Induces mitochondrial dysfunction.

• Reduces phosphorylation of YAP.
• Increases phosphorylation of JNK.
• Promotes phosphorylation of 14-3-3 and

facilitates the liberation of BAX and FOXO.
• Reduces N-cadherin, MMP-2, and MMP-9

expression by activating FOXO.

[92]

Resveratrol • Attenuates the invasion of TNBC cells.

• Reduce EGF-induced YAP-dependent
expression of AREG, CTGF, and CYR61.

• Activates LATS1 and promotes
phosphorylation-dependent inactivation of
YAP.

[93]
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Table 1. Cont.

Natural Compound Cellular Mechanism Molecular Mechanism Ref.

Caudatin

• Reduce the growth of BC cells.
• Suppresses the formation of

mammospheres.
• Reduces the proportion of CD44+/CD24−

as well as ALDH+ BC cells.
• Inhibits self-renewal of BCSCs.

• Decreases CD44, Oct4, Sox2, and c-Myc
expression.

• Promotes the degradation of GR through
ubiquitin-dependent pathways.

• Inhibits the accumulation of YAP in the
nucleus.

• Blocks the transcription of YAP target genes.

[94]

Rosmarinic acid
• Induces cytotoxicity.
• Reduces the viability of TNBC cells.
• Induced cell apoptosis.

• Inhibit the Hippo-YAP/TAZ signaling
pathway in MDA-MB 231 cells.

• Induces LATS1/2-driven phosphorylation
of YAP.

• Promotes YAP retention in cytosol and its
subsequent degradation.

• Causes dissociation of YAP/TAZ–TEAD
complex.

• Reduces YAP–TEAD-mediated
transcriptional activity.

[95]

Hydnocarpin
• Inhibits TNBC cell proliferation, colony

formation, invasion, and the EMT.

• Downregulates CTGF and Cyr61 at both the
protein and mRNA levels.

• Reduces total YAP protein levels without
affecting YAP mRNA.

• Enhances YAP degradation via the
proteasome pathway and increases YAP
ubiquitination.

[96]

5.2. Selected Inhibitors Target YAP Signaling and Drug Resistance in BC

In BC, verteporfin (VP) was reported to inhibit YAP-dependent tumor growth by
disrupting its association with TEAD without light activation in BC (Table 2). VP could
block the expression of YAP, pYAP, and TEAD proteins in different types of BC cells,
resulting in the disruption of YAP/TEAD interaction. This interference in the YAP-TEAD
interaction induces apoptosis by diminishing the expression of survivin and Bcl2 and
upregulating levels of cleaved Caspase-9 and cleaved PARP [97]. Jiang et al. demonstrated
that VP (4 µM) considerably reduces the invasion as well as migration of TNBC cells by
downregulating the expression of YAP and its target genes CYR61 and CTGF [98]. Li et al.
demonstrated that VP effectively reduces cell migration while enhancing apoptotic and
autophagic responses within PTX-resistant MDA-MB-231 cells, leading to the inhibition
of TNBC tumor growth [99]. Additionally, the knockdown of YAP1, a pivotal protein in
the Hippo pathway, amplifies the EMT response in PTX-resistant TNBC cells. VP exerts
its therapeutic potential against PTX-resistant TNBC by influencing EMT and regulating
YAP1, thereby disrupting critical cancer progression pathways.

Sulaiman et al. reported that nanotherapy using VP and PTX efficiently killed TNBC
bulk tumor cells and CSCs in the xenograft model by blocking NF-kB, Wnt, and YAP
pathways. Mechanistically, PTX upregulates YAP and its downstream pathways, NF-κB
and Wnt. This upregulation of pathways can lead to the enrichment of CSCs in the tumor,
which can be detrimental to the prognosis of patients. However, codelivery of VP and
PTX using a hybrid nanoparticle-based platform effectively inhibits the YAP-dependent
NF-κB and Wnt signaling pathways. As a result, the codelivery approach suppresses the
EMT of CSCs in TNBC [100]. In MDA-MB-231 human BC cells, hexasubstituted dipyrrins,
which are structurally related to VP, demonstrated significant inhibitory effects on TEAD
transcriptional activity as well as on the levels of YAP, TAZ, and the downstream target
receptor kinase AXL [101]. Sahli et al. reported that triple-drug nanotherapy using VP,
PTX, and combrestatin inhibited the enrichment of stemness in TNBC cells, suppressed
the angiogenesis in the zebrafish model, and inhibited PDX tumor growth in an in vivo
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model [102]. Nanotherapy with VP and PTX inhibits YAP-related pathways, hindering
CSC enrichment and enhancing TNBC treatment.

Metformin has been recognized as a potential drug for chemoresistant cancers [103,104].
It has renewed interest as a potential treatment for BC. Metformin treatment exerts an
inhibitory effect on BC by inducing apoptosis and G1-phase cell cycle arrest. This treatment
also results in downregulating both mRNA and protein expression levels of YAP and TAZ.
Additionally, metformin treatment leads to enhanced levels of YAP in the cytosol and a
significant decrease in their amounts in the cell nucleus [105]. A study involving 80 BC
patients, both TNBC and HER-2+, confirmed that metformin’s effects on BC involve the
YAP/TAZ axis [106]. EMT is pivotal in BC, contributing to chemoresistance and metastasis.
Metformin inhibits EMT by reducing YAP expression, underscoring its potential as an
inhibitor of YAP and a novel BC drug.

Also, metformin has been shown to reduce tumor growth by inducing ferroptosis
in an AMPK-independent manner. The mechanism behind this involves an increase in
intracellular Fe2+ and lipid ROS levels. Metformin particularly targets the protein stability
of SLC7A11, a critical regulator of ferroptosis, by inhibiting its UFMylation. Combining
metformin with sulfasalazine, a system xc-inhibitor, has a synergistic effect on inducing
ferroptosis and inhibiting BC cell proliferation [107].

Aspirin demonstrates a dual mechanism in targeting TNBC [108]. Firstly, it sig-
nificantly impedes the growth of TNBC cells. Additionally, aspirin exerts its effects by
diminishing the expression of YAP and β-catenin. This downregulation is mediated by
promoting the activity of the E3 ubiquitin ligase β-TrCP. It effectively eliminates resistance
to docetaxel (DTX) and vinorelbine (NVB), two common chemotherapeutic drugs. The
cotreatment with aspirin and DTX or NVB synergistically hinders the proliferation of
drug-resistant TNBC cells. Furthermore, TNBC patients exhibiting a high expression of
YAP level are associated with an elevated risk of relapse and mortality, emphasizing the
clinical relevance of a YAP-mediated drug-resistant mechanism.

A supramolecular self-delivery nanomedicine was custom-designed to restore the
Hippo pathway’s function [109]. In a highly aggressive TNBC model, the nanomedicine
demonstrated remarkable inhibitory effects on tumor growth and metastasis. This
nanomedicine undergoes in situ transformation, triggered by elevated levels of GSH and
esterase in TNBC cells. It transitions from inert nanospheres to active nanofibers, leading
to the controlled release of flufenamic acid, significantly diminishing the transcriptional
expression of YAP and related growth-promoting genes. Consequently, the proliferation
and metastasis of cancer cells are significantly repressed. Furthermore, restoring the Hippo
pathway exhibits remarkable radiosensitization, synergizing with radiotherapy to produce
outstanding anticancer activity against TNBC.

Table 2. Selected inhibitors target YAP signaling and drug resistance in BC.

Inhibitor Cellular Mechanism Molecular Mechanism Ref.

VP

• Inhibits YAP-dependent breast tumor growth.
• Induces apoptosis.

• Disrupts YAP association with TEAD without
light activation.

• Blocks the expression of YAP, p-YAP, and TEAD
proteins.

• Diminishes the expression of survivin and Bcl2.
• Upregulates cleaved Caspase-9 and cleaved PARP

levels.

[97]

• Reduces the invasion as well as migration of TNBC
cells.

• Downregulates the expression of YAP and its
target genes CYR61 and CTGF.

[98]

• Reduces cell migration of PTX-resistant
MDA-MB-231 cells.

• Inhibits EMT in TNBC cells.
• Enhances apoptotic and autophagic responses.
• Inhibits TNBC tumor growth.

• Downregulates YAP1, thereby disrupting critical
cancer progression pathways.

[99]
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Table 2. Cont.

Inhibitor Cellular Mechanism Molecular Mechanism Ref.

VP and PTX
• Kills TNBC bulk tumor cells and CSCs in the

xenograft model.
• Suppresses the EMT of BCSCs.

• Blocks YAP-dependent NF-kB and Wnt pathways. [100]

Hexasubstituted
dipyrrins • Induces cytotoxicity in MDA-MB 231 cells.

• Demonstrates inhibitory effects on TEAD
transcriptional activity.

• Reduces the levels of YAP, TAZ, and the
downstream target receptor kinase AXL.

[101]

VP, PTX, and
combrestatin

• Inhibits the enrichment of stemness in TNBC cells.
• Suppresses the angiogenesis in the zebrafish model.
• Inhibits PDX tumor growth in in vivo model.

• Inhibits the upregulated Hippo/YAP signaling.
• Inhibits YAP target gene expression.

[102]

Metformin

• Shows an inhibitory effect on BC.
• Induces apoptosis and G1 phase cell cycle arrest.

• Downregulates both mRNA and protein
expression levels of YAP and TAZ.

• Enhances YAP levels in the cytosol and decreases
them in the cell nucleus.

[105]

• Inhibits EMT in TNBC cells.
• Reduces drug resistance in TNBC cells.

• Reduces YAP expression.
• Targets YAP/TAZ axis.

[106]

• Reduces tumor growth.
• Induces ferroptosis in an AMPK-independent

manner.
• Combination with sulfasalazine synergistically

induces ferroptosis and inhibits BC cell proliferation.

• Increases intracellular Fe2+ and lipid ROS levels.
• Targets the protein stability of SLC7A11.
• Inhibits SLC7A11 UFMylation.

[107]

Aspirin

• Impedes the growth of TNBC cells.
• Eliminates resistance to DTX and NVB.
• Synergistically hinders the proliferation of

drug-resistant TNBC cells.

• Diminishes the expression of YAP and β-catenin.
• Promotes the activity of the E3 ubiquitin ligase

β-TrCP.
[108]

Flufenamic acid

• Demonstrates remarkable inhibitory effects on
tumor growth and metastasis.

• Exhibits remarkable radiosensitization in TNBC
cells.

• Elevates GSH and esterase levels in TNBC cells.
• Diminishes the transcriptional expression of YAP

and related growth-promoting genes.
[109]

6. Conclusions and Future Directions

YAP protein plays a pivotal role in mediating the oncogenic effects of the Hippo
signaling pathway and contributing to the development of drug-resistance mechanisms in
different BC subtypes. In BC, the localization and activity of YAP are controlled by distinct
mechanisms. YAP mediates drug resistance in the more challenging BC subtype TNBC
by inducing self-renewal and differentiation mechanisms as well as activating multidrug-
resistance-associated proteins. YAP also mediates resistance to ferroptosis, a key regulatory
cell-death mechanism in TNBC, by modulating critical mediators of ferroptosis. This review
synthesized the existing knowledge of and shed light on the interplay between the complex
network of molecular interactions that drive resistance to therapy. The breast TME has been
identified as a key battleground where the Hippo-YAP pathway and ferroptosis intersect.
This intersection, which promotes cancer cell survival and drug resistance, presents a
formidable challenge in treating BC. Understanding the molecular crosstalk between these
pathways is essential for developing more effective therapeutic strategies.

The potential therapeutic implications of targeting the Hippo-YAP pathway in drug
resistance mechanisms are significant. Targeting these pathways could improve the efficacy
of current treatments and provide new avenues for developing novel therapeutics. The
targeting of the YAP pathway could induce ferroptosis in chemotherapy and prevent the
development of drug resistance in BC. Similarly, activation of ferroptosis could induce
cancer cell death and enhance the effectiveness of chemotherapy. Also, targeting CSCs
could also enhance the effectiveness of chemotherapy by sensitization. These approaches,
either alone or in combination with natural compounds that target YAP, could improve the
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outcomes of breast cancer treatment and provide new opportunities for the development
of more effective therapies.
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CSCs Cancer stem cells
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GATA4 GATA binding protein 4
GR Glucocorticoid receptor
HER2 Human epidermal growth factor receptor 2
HO-1 Heme oxygenase-1
LATS1/2 Large tumor suppressor kinase 1/2
MDA Malondialdehyde
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SKP2 S-phase kinase-associated protein 2
SLC1A5 Solute carrier family 1 member 5
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SYNPO2 Synaptopodin-2
TBX5 T-box transcription factor 5
TEAD1-4 TEA domain family members
THBS1 Thrombospondin 1
TNBC Triple-negative breast cancer
TME Tumor microenvironment
VP Verteporfin
WDR3 WD repeat domain 3
YAP Hippo/yes-associated protein
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