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Tumorigenesis is a highly complex process, involving many interrelated and cross-acting
signalling pathways. One such pathway that has garnered much attention in the field of
cancer research over the last decade is the Hippo signalling pathway. Consisting of two
antagonistic modules, the pathway plays an integral role in both tumour suppressive and
oncogenic processes, generally via regulation of a diverse set of genes involved in a range of
biological functions. This review discusses the history of the pathway within the context of
cancer and explores some of the most recent discoveries as to how this critical transducer
of cellular signalling can influence cancer progression. A special focus is on the various
recent efforts to therapeutically target the key effectors of the pathway in both preclinical
and clinical settings.

Introduction
The Hippo pathway is an evolutionarily conserved signalling cascade regulated by a broad spectrum of up-
stream effectors and acts as an integral mechanosensory component of cells, transducing physical signals
at the plasma membrane and regulating response via control of differentiation and proliferation in cells
[1–3]. The pathway was initially discovered in Drosophila melanogaster following identification of core
genes regulating organ size control and cellular overgrowth via mosaic screening. Genes identified include
Warts (Wts, LATS1/2 in human) [4,5] and Hippo (Hpo, or STK4/3 encoding MST1/2 in human) [6,7],
which encode the kinases that constitute the phosphorylation cascade central to the Hippo pathway, which
is a central regulator of early stage development in embryogenesis. This role is evidenced by the early em-
bryonic lethality observed when the primary, downstream transcriptional activators of the pathway, Yap
(encoded by Yap1) and Taz (encoded by Wwtr1), are both lost in mice [8]. In such cases, embryos fail to
progress past morula stage, likely due to the role both gene products play in lineage specification during
embryogenesis. Moreover, just homozygous loss of Yap results in extreme morphological disruption in
mouse embryos and an inability to survive beyond embryonic day 10.5 [9]. The Hippo gene (Hpo) was
named due to the highly proliferative overgrowth phenotype upon loss-of-function mutation of the Hpo
gene and consequently observed increased head size in the Drosophila; this phenotype somewhat resem-
bled a Hippo head under the microscope [6,7,10]. A similar, general effect is observed on loss-of-function
mutations of the other core kinase cascade members. These kinases and scaffolding components act as the
primary regulators of the Hippo signalling pathway, whose activities are involved in a variety of oncogenic
processes and pathways [11,12]. Its close involvement with regenerative and pro-cancerous functions have
made the Hippo signalling pathway an attractive, although challenging, target for drug discovery efforts
of late [13].

The Hippo pathway itself consists of two primary modules: the core serine/threonine kinase cascade,
which is modulated by a variety of upstream signals, and the transcriptional module that drives the expres-
sion of downstream target genes (Figure 1). Throughout the course of vertebrate evolution, duplication
events have resulted in multiple paralogues of various Hippo family components [14,15]. The classical
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Figure 1. The Hippo pathway consists of distinct oncogenic and tumour suppressive modules

Schematic of the core Hippo pathway, including the generally tumour suppressive core kinase module (highlighted in blue) and

tumorigenic transcriptional module (highlighted in red). A selection of upstream, regulatory components are additionally included.

Protein products of genes frequently mutated in various specific tumour types are shown in darker colours. Note that MST1/2 are

encoded by STK4/3 respectively and TAZ by WWTR1.

core kinase cascade consists of MST1/2 (Hippo or Hpo) and its binding partner SAV1 (Salvador), which act to phos-
phorylate and activate LATS1/2 (Warts or Wts) and its binding partners MOB1A/B (Mob) [16]. Multiple additional
upstream components of the kinase cascade have been described, with examples including KIBRA and NF2 (Merlin)
that form spatially regulatory and kinase activating scaffolds that consequently increase LATS/MST activity [17–19].
More recently, the mitogen-activated kinase kinase kinase kinase (MAP4K) family of kinases, which act as upstream
activators of the generally tumorigenic MAPK pathway [20], have also been shown to play an integral role in activat-
ing the Hippo kinase cascade, directly phosphorylating and activating LATS1/2, in parallel with the Hippo kinases
MST1/2 [21]. This interaction is regulated by STRN4 (or zinedin) [22,23], a member of the striatin-interacting phos-
phatase and kinase (STRIPAK) complexes, which act as general regulators of a range of pathways active in cancer
development [24]. The STRIPAK complex is a heterogeneous and adaptable core complex with a central regulatory
role within the Hippo pathway [3], acting to modulate the activity of Hippo pathway kinases at multiple levels [25]
beyond just through MAP4K-mediated cascade activation. One major arm of this involves the catalytic subunit of
the protein phosphatase 2 (PP2A) family of serine/threonine phosphatases, which mediates a wide variety of cellu-
lar dephosphorylation events [26]. The PP2A catalytic subunit directly associates with MST1/2, as well as MAP4K,
dephosphorylating and inactivating core kinase cascade members [23,27]. Additionally, serine threonine kinase 25
(STK25), a STRIPAK-associated GCKIII kinase, can act to both inhibit and activate the Hippo kinase cascade respec-
tively via direct phosphorylation of SAV1, thereby inhibiting SAV1’s inhibitory role within the STRIPAK’s complex
[28], as well as via directly phosphorylating and activating LATS1/2 [29].
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Figure 2. YAP/TAZ fusion partners and associated cancers

Protein schematics showing the structures and domains of YAP/TAZ proteins (left) and common fusion partners in specific cancers

(right). The location of frequent fusion breaks are denoted (red dashed lines), with common fusions and associated cancer types

highlighted in red resulting in chimeric transcription factors. TAZ is encoded by WWTR1. Abbreviations: AD, acidic domain; ANK,

ankyrin repeat region; bHLH, basic helix–loop–helix; CC, coiled-coil domain; CG-1, CG-1 DNA-binding domain; Glut, glutamine-rich

region; IQ, IQ calmodulin-binding motif; LZ, leucine zipper; MAML, mastermind-like domain; PDZ, PDZ-binding domain; Prol, pro-

line-rich region; ser, serine-rich region; TIG, transcription factor immunoglobulin domain.

From a functional perspective, the kinase module generally acts in a tumour suppressive manner, phosphorylat-
ing and inactivating the transcriptional module members, YAP (Yorkie or Yki) and its paralogue TAZ (encoded for
by YAP1 and WWTR1 genes respectively), which were identified as oncogenes shortly after their initial discovery
[30,31]. Phosphorylated and inactive YAP/TAZ are retained in the cytoplasm of the cell and subsequently degraded.
In the absence of an active kinase cascade, nuclear YAP/TAZ binds to the TEAD family of transcription factors,
consisting of TEAD1–4 (Scalloped or Sd), which serve to activate the expression of pro-proliferative and survival
enhancing gene programs [32–35]. Post-translational modifications are critical in the regulation of the Hippo path-
way, with the core kinase cascade acting through sequential serine/threonine phosphorylation of its members to
ultimately phosphorylate and inhibit YAP/TAZ on multiple residues. These include five core serine residues in YAP
that when collectively mutated to phosphorylation-resistant alanine, result in a hyperactive YAP protein [36]. Phos-
phorylation at serine residue 127 has generally been most commonly studied in relation to YAP activity as relates
to oncogenesis, partly due to the ability of this phosphorylation step to inhibit in vitro transformation [37], while it
has also been found necessary for 14-3-3 protein binding [36], with 14-3-3 a known mediator of cytoplasmic reten-
tion [38]. Pragmatically, serine YAP 127 is likely also the most studied phosphorylation site due to well-functioning,
commercially available site-specific antibodies. YAP is further regulated by a variety of tyrosine kinases, including
Src-family kinases c-Src and YES1, which phosphorylate YAP at multiple positions, though predominantly Y357,
driving YAP activation and transcription of anti-apoptotic [39] and regenerative [40] genes, as well as transforma-
tion [41], while inhibiting transcription of genes involved in differentiation [42]. Conversely, there is evidence to
suggest that c-Abl-mediated phosphorylation of YAP at Y357 induces pro-apoptotic genes in response to DNA dam-
age [43], suggesting a context-specific role of tyrosine phosphorylation in YAP activity related to tumorigenesis. Be-
yond regulation via phosphorylation, TEAD activity has recently been found to be dependent on nuclear/cytoplasmic
translocation [44] as well as palmitoylation [45,46], a post-translational modification by which proteins are tagged
by a fatty acid side chain. It has been suggested that TEAD has the capacity to palmitoylate itself [47], with this au-
topalmitoylation facilitating activity, as it functions to increase protein stability. The variety of kinase activators and
activating markers observed across the pathway highlights the diversity in the signals regulating activity of the core
Hippo pathway components.
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Figure 3. Intrinsic disorder of YAP and TAZ

(A) Schematic of YAP protein structure, overlaid on to AlphaFold prediction expected position error of folded domains. Darker

colours show a higher confidence in predicted relationship between residues. In general, a high level of predicted error persists

throughout the various YAP domains, with just WW and CC domains exhibiting high levels of structural predictability. (B) Schematic

of TAZ, as in (A), highlighting the high levels of intrinsic disorder that exists outside WW and CC domains. (C) Schematic of TEAD4,

as in (A), with a higher degree of confidence in protein structure prediction observed throughout, as compared with YAP and

TAZ proteins, suggesting a higher degree of structural order in TEAD4. Abbreviations: CC, coiled-coil domain; PDZ, PDZ-binding

domain; TEA, TEA domain; YBD, YAP-binding domain.

Hippo pathway dysregulation in cancer
Genomic perturbation of kinase cascade
Although the Hippo signalling pathway is commonly dysregulated across a range of cancer types, mutations within
the pathway are relatively rare: elements of the core kinase module are inactivated via mutation in common can-
cer types, though these are relatively infrequent events, typically present in <10% cancer cases [12,48]. However,
the pathway’s direct ability to drive cancer onset and development are highlighted in both animal models, where
YAP/TAZ hyperactivity drives onset of multiple types of cancer and metastasis, and in some rare varieties of human
cancers, where loss-of-function mutations and deletions of kinase module genes are common (Table 1). In general,
mutations within the Hippo pathway are somatic, potentially due to the importance of the pathway in regulating early
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Figure 4. Implementing YAP levels as prognostic indicator of YAP activity

Scatter-plot showing correlation between total YAP levels and levels of pYAP (S127) in patients across a range of cancer types. A

strong and significant positive correlation exists between the levels of the two proteins, indicating that in patients with high levels

of pYAP (S127), a concurrent increase in total YAP levels is observed. Points shown comprise RPPA data across the pan-cancer

dataset (obtained from the Genomic Data Comms portal; https://gdc.cancer.gov/), normalised across cancer subtypes (level 4).

Correlation coefficients and P-values were determined via Spearman method.

development embryogenesis. A notable exception to this is NF2, which is mutated in the hereditary condition neu-
rofibromatosis type 2, which causes development of benign schwannoma, meningiomas and ependymomas [49]. In
the context of cancer, NF2 was consequently initially linked to oncogenesis through this association of NF2 mutations
and neurofibromatosis type 2 due to the observed generation of peripheral and central nervous system tumours [50].
Early research in mice suggested that truncation of just one copy of the mouse orthologue, Nf2 [51], was sufficient to
induce a spectrum of different cancer types, including osteosarcoma, lymphoma, lung adenocarcinoma and hepato-
cellular carcinoma [52]. Since these initial findings, NF2 has been found to be loss-of-function mutated in ∼20–40%
pleural mesothelioma (PM) cases [53–56] and 7% of renal cell carcinoma (RCC) patients [57], with a high degree of
subtype-specificity noted, as exemplified by the papillary subtype of RCC, which exhibits a mutation frequency of
23% [58]. NF2 is also infrequently mutated in hepatocellular carcinoma (2%) and intrahepatic cholangiocarcinoma
(5%) [59], highlighting NF2’s critical role as a tumour suppressor.

NF2 (or Merlin) is an upstream regulator of the core kinase cascade and is activated in response to a variety of
cellular stresses, many of which are present during the process of oncogenesis and metastatic niche formation. For
example, serum factors such as lysophosphatidic acid (LPA), a phospholipid historically associated with in vitro
tumorigenesis [60,61], act as activators of YAP/TAZ. This is evidenced by LATS1/2 activation and subsequent YAP
and TAZ inactivation on serum starvation in HEK293A and U2OS cells [62,63], a phenomenon mediated by NF2
[64]. In a similar fashion, NF2 also partially orchestrates the inactivation of YAP via phosphorylation observed on
glucose starvation [64]. NF2 is a junctional protein and acts as a mediator of contact inhibition, the process by which
motility and proliferation are impeded in regions of high cell density. In this capacity, NF2 is activated via a range of
effectors, with NF2 historically shown to be essential for the formation of adherens junctions, the cell–cell complexes
that facilitate adhesion and instigate contact inhibition [65]. Integrins can also activate an RAC/PAK1 axis, which in
turn phosphorylates and inactivates NF2 (at S518), possibly through NF2’s function as a scaffold to bring LATS and
YAP in close proximity [17], while cell–cell interactions inhibit YAP/TAZ-induced transcription via NF2’s regulation
of FASN-mediated TEAD palmitoylation [46].
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Table 1 Hippo pathway dysregulation and human cancers

Cancer type Hippo component Impact in cancer Evidence

Breast cancer YAP/TAZ Nuclear translocation of TAZ is associated with
the highly aggressive, triple-negative subtype of
breast cancer [305]; YAP and TAZ facilitate stem
cell-like properties in cancer cells [297,306]

Immunohistochemical assay of tumour tissue
microarray; in vitro and in vivo experimentation

EHE YAP/TAZ Widespread fusions of TAZ, with recurrence
through infrequent YAP fusions [98–100]

Whole-exome sequencing, cytogenetic analysis of
patient samples

Ependymoma and
Meningioma

YAP Subpopulations of patients with YAP fusions
[101,102,105]

Methylome characterisation and molecular
inversion probe analysis of patient samples

Glioblastoma YAP/TAZ Transcriptional regulators of stem-like cell gene
programs [145]

scRNA-seq of clinical samples

Hepatocellular
carcinoma and
Cholangiocarcinoma

YAP YAP up-regulation leads to drug resistance in vitro
[157] and worse prognosis in patients [154]; YAP
activity shows contextual tumour suppressive
ability, where overexpression in peritumoral
hepatocytes leads to tumour clearance [215]

In vitro experiments and qPCR of clinical tissue;
immunocompetent mice models

Mesothelioma NF2, LATS1/2, SAV1 Frequently deleted/loss-of-function mutated in
patients [12,54]

Whole-exome sequencing of patient samples

Non-small cell lung
cancer (NSCLC)

YAP/TAZ YAP enriched in nucleus in tumour relative to
healthy tissue [307]; YAP and TAZ overexpression
correlates to poor survival in NSCLC patients
[308,309]; YAP and TAZ maintain stemness in
NSCLC cancer cells [310]

Immunofluorescent staining of tumour tissue;
immunohistochemcial quantification and
RNA-seq; in vitro spheroid models of lung cancer

Osteosarcoma YAP/TAZ YAP protein levels up-regulated in OS cancer
patients [311], with YAP/TAZ staining showing
prognostic potential [312]; SOX2-Hippo axis
activates YAP, maintaining cancer stem cell
populations [148,251]

Immunohistochemistry of patient tumour
microarray; in vitro analyses

Pancreatic ductal
adenocarcinoma

YAP/TAZ Associated with the highly aggressive, squamous
subtype of PDAC [201,313]

RNA-seq and whole-exome sequencing of patient
samples

Prostate cancer YAP Facilitates castration-resistant growth and
invasiveness [314,315]; up-regulated in CRPC,
but down-regulated in NEPC subtypes [210,316];
hydroxylation suppresses cell invasion [209]

In vitro and in vivo experimentation; clinical
RNA-seq datasets; cell line analysis

Uveal melanoma YAP Gαq/11 mutant UM cells are dependent on YAP
for oncogenic growth [178,317]

In vitro and in vivo experimentation

Non-exhaustive list of cancers in which the Hippo pathway is dysregulated, with a breakdown of the kind of perturbation observed, the
pathway component(s) affected, and supporting evidence.

Tumours are known regions of poor nutrient availability due to the metabolic activation inherent to cancer
[66], alongside reduced perfusion of metabolites and serum-derived factors [67], therefore the ability to escape an
anti-proliferative response to glucose/serum-factor starvation would confer an advantage to NF2-mutant tumour
initiators. The potential to proliferate and retain motility within a cell-dense region of tissue would also likely fa-
cilitate tumour growth and metastasis on loss of NF2. This, therefore, reinforces the likelihood that NF2 enacts its
tumour suppressive role via the ability to act as a sensor of cellular stress and regulate a response to both serum/glucose
starvation and contact inhibition.

YAP/TAZ domain organisation and fusion events
YAP and TAZ consist of an N-terminal TEAD-binding domain (TBD), which wraps around the globular structure
that defines TEAD proteins, interacting at three distinct interfaces [68,69]. Outside of cancer, mutations in TEAD are
present in Sveinsson’s chorioretinal atrophy, an autosomal dominant eye disease, which prevents YAP/TAZ-TEAD
binding [70–72]. Mutations in residues essential for YAP binding in TEADs were shown to disrupt transformation
in MCF10A breast cancer cells and metastasis of a range of cellular model systems in vivo [69,73]. A 14-3-3 binding
domain sits just downstream of the TBD; this includes the S127 residue, whose phosphorylation status determines
14-3-3 protein binding [74]. YAP and TAZ both contain WW domains, named for two highly evolutionarily con-
served tryptophan residues contained within the domain [75]. Of note, there are a number of components within the
Hippo signalling kinase cascade that contain PPxY, WW-binding motifs, including LATS1/2 and MST1/2 [76–78]. To
explore the potential role of the WW domain in facilitating interactions between core cascade kinases and YAP/TAZ,
a study focused on a fragment of the fly YAP orthologue, Yki, lacking a WW domain. Similar to the intact Yki, this
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fragment retains the ability to be phosphorylated by Wts, suggesting that this is independent of WW binding to Wts
and regulation of Yki phosphorylation [79]. The WW domain in YAP is, however, essential for its activity in order to
drive proliferation in vitro and in vivo [79,80] and can facilitate association between YAP and a variety of transcrip-
tion factors, such as ERBB4 [81,82], JUNB [83] and RUNX2 [84], suggesting a TEAD-independent role for YAP as a
transcriptional co-activator. A total of eight isoforms of YAP have been reported [85], with two major isoform types:
YAP1 and YAP2, which contain one and two WW domains respectively [81]. These isoforms are in general function-
ally similar, however YAP2 has been shown to activate apoptosis in HEK293 cells [86], whereas YAP2L, a variant of
YAP2, appears capable of dimerising to enhance oncogenic capacity [87]. The second WW domain associated with
YAP2 may also have a functional role, as it has demonstrated potential as an enhancer of YAP’s potential as a tran-
scriptional co-activator [81,88]. TAZ encoded by WWTR1 is also expressed as several isoforms, some of which have
markedly different functions [89,90], bringing additional complexities into the Hippo pathway. YAP and TAZ contain
a relatively unstructured C-terminal transactivation domain (TAD) [91,92], which facilitate transformation in vitro,
driving proliferation, migration and invasion [93,94], though is dispensable for anchorage-independent growth in
vitro [93]. A PDZ-binding domain sits just downstream of the TAD, at the COOH terminus of YAP/TAZ, which is
essential for nuclear translocation [95,96]. Evidence demonstrates that the TBD, TAD and PDZ-binding domains are
all essential for YAP/TAZ function as a co-activator of TEAD-mediated transcription in vitro [88]. Finally, both YAP
and TAZ contain relatively high levels of intrinsic disorder spanning across the entirety of the protein structures [97],
suggesting a high degree of structural flexibility outside of short, highly conserved domains, may facilitate protein
function.

Downstream of the kinase cascade, multiple activating fusions of YAP and TAZ, the transcriptional co-activators
of the Hippo pathway, have been documented in a variety of rare cancer variants (Figure 2). An exemplar of this is ep-
ithelioid hemangioendothelioma (EHE), a vascular sarcoma that presents in a range of anatomical positions, thus ex-
hibiting a variable prognosis, however with a tendency to metastasise early in its clinical course. This rare cancer-type
is characterised by a near ubiquitous translocation resulting in a fusion protein of TAZ-CAMTA1 present in the vast
majority (>90%) of patients [98], with an additional, less frequent YAP-TFE3 fusion protein also observed in a sub-
population of those diagnosed with EHE [99,100]. Another fusion example is present in a rare subtype of glioma,
supratentorial ependymoma, in which a subset of ∼10% of patients exhibit a YAP-MAMLD1 or a highly infrequent
YAP-FAM118B fusion [101,102]. The group of ependymomas with YAP1 fusions occurs predominantly in children
[103]. In poroma (benign) and porocarcinoma (malignant) tumours, which arise from sweat glands, YAP-MAML2
and YAP-NUTM1 fusions are present in >80% and ∼60% of patients respectively [104,105]. Finally, YAP–MAML2
fusion is also observed in a subset of sporadic NF2 wildtype meningioma, whose methylomes mirror NF2 mutant
tumours [106], and has also been reported in nasopharyngeal carcinoma [107].

In both EHE and ependymoma, YAP fusion events drive the transcription of TEAD target genes. To demonstrate
this, a mouse model was developed expressing a tamoxifen-inducible knockin of TAZ-CAMTA1, which exhibits
human-like EHE with a concurrent enrichment of YAP/TAZ target genes and pathways to a similar degree as in hu-
man disease [108]. Additionally, Hippo pathway dysregulation has been shown to result in tumorigenesis similar to
that seen in cancer types involving YAP/TAZ fusion proteins, with both expression of constitutively active YAP or KO
of LATS1/2 in a subpopulation of neuronal precursor cells in mice resulting in the formation of ependymoma-like
tumours and up-regulation of YAP/TAZ target genes [109]. This core involvement of YAP/TAZ fusion proteins and
target genes in the transformation of nervous tissue has been probed in more detail via preclinical experimentation,
which has shown that cancer cells exhibiting a YAP-MAML2 fusion are dependent on the fusion protein, with loss
associated with decreased viability, while also displaying increased expression of YAP/TAZ signature genes [110]. Ex-
periments using HEK293 cells highlight that TADs of YAP-fusion partners are critical in driving the enhanced YAP
activity associated with fusions and drive Hippo kinase cascade resistant nuclear localisation [111]. This suggests the
substitution of the TAD and PDZ domains of YAP likely facilitates a constitutively nuclear, and hence active, YAP,
which may account for the observation that these fusion proteins universally retain the N-terminal TEAD interact-
ing domain, but not the C-terminal part of YAP and TAZ. The regularity of YAP fusion proteins in ependymomas
and meningiomas, tumour types associated with neurofibromatosis 2, alongside preliminary findings to suggest ex-
clusivity with NF2 mutation [101,106], is further evidence that Hippo pathway dysregulation is a common driver of
oncogenesis in these rare cancer types of the nervous system.

Many of the rare cancer types that exhibit frequent YAP/TAZ fusions are associated with a generally low mutational
burden, with supratentorial ependymomas characterised by fusion proteins in just two oncogenes (YAP and RELA)
[101,103], while in EHE, <20% of patients exhibit a canonical oncogenic alteration beyond YAP/TAZ fusion [112].
This suggests that these chromosomal rearrangements are capable of transforming cells with relative genomic stabil-
ity, further reinforcing the oncogenic potential of YAP/TAZ activity. In contrast with this, porocarcinomas generally
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display a higher degree of heterogeneity, more in line with most commonly studied cancer types [113], with frequent
activation/inactivation of a range of oncogenic/tumour suppressive drivers [114]. However, it is apparent that fusion
partners play a role in tumour development, with C-terminal fusion fragments exhibiting frequent conservation of
nuclear localisation signal (NLS) and TAD motifs [98,115–118] (Figure 2), as demonstrated by glutamine-rich and
highly acidic regions historically associated with TF-binding transactivation domains [119,120]. This is further evi-
denced by a case of porocarcinoma reported with a BRD3-NUTM1 fusion, independent of YAP rearrangement [121].
Collectively, these findings emphasise directly that YAP and TAZ, in combination with functional fragments of select
fusion partners, are essential drivers in a subset of rare cancer varieties, likely in a highly context-specific manner,
given the relative absence of YAP/TAZ fusions in cancer types arising from different tissues.

YAP/TAZ activation in cancer
Beyond genomic perturbation of the Hippo components, dysregulation at the transcriptional level is observed across
a broad range of cancer types. Both in vitro and in vivo studies have reinforced YAP and TAZ’s role in driving
proliferation in cancer cells and tumour tissue, as well as cellular migration, metastasis and resistance to thera-
peutics [122–124]. YAP drives transcription of integral cell cycle genes, such as the cell cycle transcription factor
FOXM1 and its target CCND1 (encoding cyclin D1) in PM cells [32]. These pro-proliferative transcriptional pro-
grams may be driven in part by YAP/TAZ–TEAD association with the cell cycle transcription factor complex, AP-1.
In a variety of cancer cell lines, YAP, TAZ and TEAD are found to colocalise with AP-1 to regulatory elements of
the genome and are necessary for AP-1-mediated expression of cell cycle transcriptional programs, driving cancer
cell proliferation and tumorigenesis in in vivo xenograft models [83,125,126]. Hyperactive YAP/TAZ also provides
cells with a metabolic competitive advantage under nutrient-limiting conditions, in part by up-regulating glucose
and high-affinity amino acid transporters [127–129]. This is especially relevant in the context of cancer develop-
ment, where YAP/TAZ-regulated metabolic gene programs likely play critical roles in nutrient-poor environments
such as the tumour microenvironment [130,131] and potentially facilitate the metabolic transformation to aero-
bic glycolysis historically associated with tumorigenesis [132–134]. There is also evidence that this metabolic IQ
calmodulin-binding motif shift, often referred to as the ‘Warburg Effect’ [135], can act to drive YAP/TAZ activation,
potentially instantiating a positive feedback loop within the cancer setting [136,137]. Additionally, there is accumu-
lating evidence that YAP/TAZ activity is associated with pro-survival programs and the development of resistance to
commonly used therapeutics. As an example, YAP mediates autophagy activation and survival in response to nutrient
deprivation in breast cancer cells, likely due to YAP-TEAD-induced gene expression [34]. YAP mediates resistance to
RAF and MEK inhibition in a range of cancer types, with a clear synergy between YAP knockdown (KD) and thera-
peutic inhibition of either BRAF with vemurafenib or MEK with trametinib [33]. Probing the molecular basis of the
association between YAP/TAZ and pro-cancerous pathways is therefore a primary focus of recent cancer research.

As YAP/TAZ are key regulators of early developmental processes [138,139], it is not surprising that they frequently
act in a pro-oncogenic capacity when not finely regulated, and drive the stemness and plasticity associated with cancer
development, including metastasis, infiltration and resistance to therapeutics [140,141]. Epithelial-to-mesenchymal
transition (EMT) is a critical step in most types of early oncogenesis, whereby terminally differentiated cells undergo
a dedifferentiation, assuming stem-like properties. In Py2Ts, a murine breast cancer cell line proposed as a model
to study EMT [142], YAP/TAZ–TEAD interactions are essential in driving EMT and expression of EMT transcrip-
tional programs [143]. In the context of human cancers, YAP/TAZ in some instances act downstream of MEKK3 (or
MAP3K3) to maintain stemness in pancreatic cancer cells [144], while collation of single cell RNA-seq (scRNA-seq)
datasets from patients with glioblastoma (GBM) revealed that YAP and TAZ drive a regulatory network associated
with the GBM stem cell state [145]. YAP/TAZ may in part be driven by a SOX2-Hippo axis; SOX2 is a master tran-
scription factor historically associated with pluripotency and stem cell maintenance [146] and is also often linked
to tumorigenesis [147]. This SOX2-Hippo axis has been shown to directly inhibit NF2 and activate YAP, driving
cell plasticity in both osteosarcoma and GBM cell lines [148]. YAP/TAZ activity plays a prominent role in early
liver development, with multiple studies in zebrafish and mouse showing that repression of the Hippo kinase cas-
cade/hyperactivation of YAP is sufficient to cause overgrowth within the liver and biliary duct [149–153]. YAP is
also overexpressed in cholangiocarcinoma, cancer of the biliary duct, with increased expression corresponding with
a worse patient outcome [154], in some rare instances due to loss of NF2 function [155,156], while YAP promotes
therapeutic resistance in in vitro models of hepatocellular carcinoma [157]. This serves to highlight the requirement
within cells to finely balance YAP/TAZ activity to promote healthy organogenesis during development and avoid
tumorigenesis post-development.
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While a range of transcriptional programs have been proposed to act as drivers of oncogenesis downstream of
the transcriptional module of the Hippo pathway, it is important to understand how these transcriptional effects are
mediated by YAP/TAZ–TEAD while considering potential therapeutic approaches to inhibit these processes. In an
NF2 mutated breast cancer cell line model, YAP, TAZ and TEAD were shown to preferentially localise to enhancer
elements [125]. These non-coding segments of the genome are typically just several hundred base pairs in length and
act in a cis-regulatory manner to modulate transcription via the recruitment of transcription factors and transcrip-
tional co-activators [158]. The term super-enhancer was originally conceived to describe key regulators of stem cell
transcription programmes in the context of embryonic stem cells [159–161] and are defined as elongated clusters
of enhancer regions with increased transcription factor densities, which exhibit an enhanced capacity to drive tran-
scription of select genes [159]. Given their association with embryonic stem cells and the master regulators that drive
cellular plasticity, many genes regulated by super-enhancers encode proteins that are essential for development and
pluripotency, such as SOX2, Nanog and OCT4 [159,162]. These can be hijacked in cancer cells to promote tumori-
genesis, with breast and colorectal cancer cells found to exhibit increased levels of the H3K27Ac mark of epigenetic
activation at super-enhancer sites of known oncogenes, such as c-Myc and ESR1 (encoding oestrogen receptor α
(ERα)), relative to non-malignant tissue as determined by ChIP-seq [163]. Core Hippo pathway components asso-
ciate closely with these super-enhancers, with YAP and TAZ populating super-enhancer regions as a result of their
association with BRD4, a member of the bromodomain and extraterminal domain (BET) family of epigenetic readers
[164]. This interaction mediates the transcription of pro-proliferative genes and is required for cancer cell viabil-
ity [164]. A model for transcription factor and binding partner capture within super-enhancers has been proposed
[165], by which liquid–liquid phase separation (LLPS), whereby a homogenous mixture demixes forming separate
condensed and dilute phases, drives the formation of membraneless organelles [166]. This might be of particular rel-
evance to YAP and TAZ, which readily undergo LLPS under specific stimuli, such as upon osmotic challenges, as a
result of intrinsic disorder, a phenomenon that drives widespread transcriptional effects within cells [157,167]. For
example, YAP forms condensates under conditions of osmotic stress, driving nuclear localisation and transforming
chromatin topology, resulting in a clustering of accessible chromatin and the transcription of YAP/TAZ target genes
[168]. In contrast with this, TAZ undergoes LLPS at steady-state in vitro, suggesting that phase separation is partic-
ularly important for TAZ relative to YAP [97]. This LLPS is inhibited by Hippo kinase cascade activation, while TAZ
condensates colocalise with TEADs and markers of super-enhancers such as BRD4 and MED1, activating expres-
sion of YAP/TAZ target genes [97]. As further evidence, in mice embryonic stem cells, hyperactive Yap induced by
Mst1/2 KO is found to phase-separate and colocalise with master transcriptional regulators Sox2, Nanog and Oct4,
disrupting stem cell differentiation [169] and highlighting the importance of LLPS in coordinating association be-
tween YAP/TAZ and super-enhancer elements.

The role of G protein-coupled receptor signalling in regulating the Hippo
pathway in cancer
G protein-coupled receptors (GPCRs) are transmembrane proteins capable of binding a diverse set of ligands [170],
facilitating the response to a range of extracellular stimuli and inducing various signalling cascades via the activation
of G proteins. G proteins function in signal transduction as GTPases, acting via the hydrolysis of GTP to GDP, and
comprise two major families: monomeric small GTPases [171] and heterotrimeric G proteins that consist of α, β and
γ subunits. Within the heterotrimeric G protein family, the Gα subunit is the primary functional element required
for GDP/GTP binding and decides G protein nomenclature [172], with multiple subfamilies of G protein α-subunits
including Gα12/13, Gαq/11 and Gαs. GPCRs activate G proteins by inducing exchange of GDP for GTP, a process
mediated by guanine nucleotide exchange factors [173]. Both GPCRs and G proteins are frequently mutated across a
vast variety of cancer types, with GPCR, Gαq/11 and Gαs mutations present in ∼20, 4 and 6% of all human cancers
[174], while recent work has suggested that G protein disruption may be even more common than previously observed
when mutually exclusive mutations across G protein families are considered [175]. GPCRs and coupled G proteins
differentially regulate the core kinases of the Hippo signalling pathway, with YAP found to be activated by serum
constituents such as the bioactive signalling lipids LPA and sphingosine 1-phosphate (S1P), but inhibited by metabolic
stress hormones [62]. These effects are mediated by the kinases of the Hippo pathway, with LATS1/2 inhibited by
Gα12/13 and Gαq/11 subfamilies and activated by the Gαs subfamily of heterotrimeric G proteins [62]. To explore the
role of G proteins in regulating YAP/TAZ in the context of cancer, the role of activating Gαq/11 mutations, which
occur frequently in uveal melanoma (UM) [176,177], in driving YAP-mediated oncogenic processes was examined in
UM cell lines. UM cells with mutations in GNAQ or GNA11, which encode Gαq/11 proteins, demonstrate increased
YAP activity, while ectopic expression of mutant Gαq/11 also induce YAP activation in HEK293 cells [178]. This is of
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particular relevance, given that Gαq/11 mutations enhanced susceptibility to YAP-TEAD inhibition via treatment with
the YAP-TEAD inhibitor verteporfin in vitro [178], suggesting that cancers driven by these G protein subfamilies, as
well as GPCRs that regulate them, may be vulnerable to therapeutic targeting of Hippo pathway effectors.

Downstream of heterotrimeric G proteins, small GTPases, in particular RhoA, a member of the Ras superfam-
ily Rho GTPases, are also known to regulate Hippo pathway activity. The family of LPA-activated GPCRs activate
Rho-dependent signalling in response to LPA and absence of mechanical force [179,180], an axis which, when active,
inhibits LATS1/2 [62]. This phenomenon, instigated by Gα12/13, utilises the upstream mechanosensory component
of the Hippo pathway [2], with activated RhoA driving F-actin assembly and leading to LATS1/2 inactivation [181].
Recently, super-resolution dSTORM imaging further resolved this process, highlighting how YAP activity is inhib-
ited in response to cell contact and mechanotransduction via RhoA repression [182]. These observations point to the
importance of RhoA as a mediator of GPCR regulation of Hippo signalling, which is of particular relevance in cancer
given RhoA plays a key role in transformation induced by aberrant GPCR signalling [183]. Across a range of cancer
types, RHOA overexpression is associated with oncogenesis, in patients and cell line models, as well as advanced
disease [184–187], further highlighting its role in progression of cancer. The involvement of RhoA in oncogenesis
may be in part due to its ability to restructure the actin cytoskeleton and drive motility, as oncogene-mediated RhoA
activation induces cancer cell migration and invasion [188,189]. However, recent in vitro and in vivo experiments
have shown that YAP further mediates the oncogenic potential of RhoA, driving the expression of downstream tran-
scriptional programs that induce restructuring of the cytoskeleton and extracellular matrix, enhancing cancer cell
invasion [190,191], while LPA-mediated RhoA activation and subsequent dephosphorylation of YAP induce migra-
tion in ovarian cancer cells [192].

The oncogenic Kaposi sarcoma-associated herpesvirus (KSAH), a virus responsible for the initiation of Kaposi
sarcoma, generally in immunocompromised patients such as those with an advanced HIV infection, depends on
a viral GPCR (vGPCR) element to induce tumorigenesis [193]. Tumorigenesis induced by vGPCR is mediated by
and dependent on the Hippo pathway in vitro, with vGPCR inhibiting LATS1/2 through G12/13, Gαq/11 and RhoA,
leading to increased activation of YAP/TAZ and enhanced proliferation and migration [194]. It is also worth noting
that there are a number of members of the Ras subfamily of GTPases which are frequently mutated in human can-
cers, including HRAS, NRAS and most commonly, KRAS, with activating Ras mutations found in ∼20% of cancer
patients [195,196]. YAP/TAZ facilitate tumorigenesis in Ras-driven cancers [188,189], possibly via regulation of over-
lapping, downstream transcriptional targets [197], and can act as a surrogate for oncogenic Ras in vitro when KRAS
is suppressed in cell lines from a range of cancer types [198]. This is particularly relevant in pancreatic ductal ade-
nocarcinoma (PDAC), in which the aggressive squamous subtype exhibit independence of oncogenic KRAS [199],
a near constitutive driver of PDAC [200]. YAP1 expression levels are associated with poor patient outcome and the
squamous subtype in PDAC [201,202], with YAP acting to bypass KRAS dependency in pancreatic cancer cell lines
[201], suggesting an ability to induce transcription of targets up-regulated on aberrant KRAS signalling. Collectively,
this work reinforces the role of YAP/TAZ as important effectors of oncogenic GPCR, G protein and general GTPase
signalling.

YAP/TAZ as tumour suppressors
Despite the clear role YAP/TAZ play in tumorigenesis, some studies have linked their activity to anti-cancer pathways
in a variety of cancer types. For example, low levels of YAP1 expression have been associated with a significantly
poorer prognosis in haematological cancers, with in vitro-based research highlighting the role YAP plays in reducing
proliferation in multiple myeloma cells [203], likely mediated via interaction between YAP and the pro-apoptotic
p73 [204]. Similarly, in small cell lung cancers (SCLCs), YAP1 is minimally expressed or even absent from most
cases, particularly those of neuroendocrine lineage, with just a subpopulation of patients displaying high levels of
expression [205]. Loss of heterozygosity in chromosome 11q22-q23, the region containing YAP1, has historically been
observed in breast cancer [206], while YAP knockout or KD in a variety of breast cancer cell lines yields a reduction
in tumorigenic potential, as determined by capacity for anchorage-independent growth, migration, and ability to
form xenografts in mice [207,208]. A recent study highlights that cell lines originating from multiple tissues of origin
exhibited an increase in in vitro metastatic potential after KD of YAP1, further suggesting a tumour suppressive
role; however, this suppressive phenotype was only observed when YAP was hydroxylated in a prostate cancer cell
line [209]. These observations are surprising, given that YAP has typically been found to drive cell proliferation and
oncogenesis in prostate cancer [141]. There is however a subset of neuroendocrine prostate cancers exhibiting a
silencing of YAP [210], suggesting that YAP/TAZ may exhibit a context-dependent tumour suppressive function via
post-translational modification. Importantly, a range of these studies exclusively focus on YAP, and therefore TAZ
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Table 2 Inhibitors of YAP/TAZ activity

Compound name Mechanism of action Clinical viability

Verteporfin Disrupts YAP–TEAD association [217], possibly partly via
cytoplasmic sequestration of YAP [318]

Approved for clinical use and historically used as
non-cancer therapeutic [216]; however, YAP/TAZ
independent anti-cancer potential and cell death reported
in vitro [218,219]

CA3 Reduces expression of YAP1, as well as YAP–TEAD transcriptional
activity [319]

No clinical data, however anti-cancer potential is validated
in vivo [320,321]

Cyclic YAP-like peptides Acts as a competitive inhibitor of intact YAP, disrupting YAP–TEAD
interaction [322]

Peptides are non-cell permeable and therefore require
additional intracellular delivery tools before being used
clinically [322]

Super-TDU Mimics the structure of the TDU domain of VGLL4, found to
competitively bind TEAD, acting to disrupt the YAP–TEAD
interaction [323]

No clinical data; however, a variety of similar acting
compounds have recently been patented [324] and are
viable for testing

Flufenamic acid Binds the central, hydrophobic pocket of TEADs, disrupting
YAP–TEAD transcriptional activity; however, YAP–TEAD binding is
maintained [325]

Approved for clinical use as non-steroidal
anti-inflammatory drug (NSAID) [326], however no clinical
data on anti-cancer potential

TED-347 Flufenamic acid derived molecule that binds TEAD palmitate
pocket, displacing YAP and inhibiting YAP–TEAD transcriptional
activity [221]

No clinical data, though likely similar pharmacological
profile to flufenamic acid

Various palmitoylation
inhibitors

A selection of small molecule inhibitors have been recently
identified that bind the palmitoylation pocket of TEAD, acting as a
dominant-negative inhibitor of YAP/TAZ activity [223–225]

No clinical use data, as compounds are in early stages of
development/testing, with clinical trials currently recruiting
(NCT04665206)

List of therapeutics developed to target the transcriptional module of the Hippo pathway, with corresponding mechanism of action and potential to
reposition clinically.

compensatory roles [211,212] might not be picked up. Consequently, both TAZ and YAP function and activity are
critical to evaluate in order to obtain firm conclusions.

Recently, a transcriptional profile for cancers that exhibit YAP silencing showed a binary switch from YAP de-
pendency to independency apparent across pan-cancer datasets. The present study revealed that YAP and TAZ act
as tumour suppressors selectively in retinoblastomas and SCLCs exhibiting loss of the RB1 gene, which is mutated
in the vast majority of both cancer types [205,213]. Probing cell line and clinical transcriptomes revealed the exis-
tence of multiple clusters of cancers; a relatively small subpopulation of cancer types in which YAP/TAZ are silenced,
constituting haematological malignancies and small cell neuroendocrine cancers, and the majority of those in which
YAP/TAZ are actively expressed, primarily consisting of solid, non-neuroendocrine tumours [214]. To compound
the idea of YAP/TAZ acting as tumour suppressors or oncogenes in this binary fashion, a recent study leveraged mice
models of cholangiocarcinoma and hepatocellular carcinoma to study the impact of YAP/TAZ dysregulation in peri-
tumoral immune cells. This showed that hyperactivation of YAP in tumour cells promotes cancer progression, while
in surrounding hepatocytes, YAP/TAZ hyperactivity leads to tumour suppression [215]. These results highlight the
nuanced and contextual role the Hippo pathway plays in tumour development, although a majority of cancers clearly
exhibit some dependence on YAP/TAZ transcriptional activation.

Therapeutics and Hippo signalling
Direct targeting of YAP/TAZ-TEAD
Early attempts to target YAP/TAZ activity focused on disrupting YAP/TAZ-TEAD binding, with the first compound
to efficiently inhibit this interaction discovered by using a YAP-TEAD luciferase reporter assay. This approach iden-
tified verteporfin, a Food and Drug Administration (FDA)-approved member of the porphyrin family historically
used as a photosensitiser to treat macular degeneration [216], to also act as an inhibitor of YAP–TEAD transcription,
which selectively inhibited tumour growth in murine models of YAP-driven hepatocellular carcinoma [217]. How-
ever, the clinical potential of verteporfin in targeting YAP-TEAD driven cancers is limited as off-target effects have
been reported, the cytotoxicity associated with verteporfin treatment having been shown as acting independently of
YAP inhibition in a range of cancer cell models [218,219]. This has led to more recent efforts to develop allosteric
inhibitors that disrupt the YAP–TEAD interaction, with a variety of compounds having been shown to exhibit po-
tential [220–222] (Table 2), though future studies are required to validate specificity before clinical efficacy can be
considered.

As previously discussed, TEAD activity is dependent on palmitoylation [45–47], a phenomenon that can be tar-
geted molecularly. To this end, a variety of TEAD inhibitors have been developed that target palmitoylation sites
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conserved across TEAD isoforms, inducing a dominant-negative effect on transcriptional regulation [47,223]. The
anti-cancer potential of this therapeutic approach has been validated in a mesothelioma xenograft model, in which
NF2-deficient cancer cells exhibited sensitivity to inhibition of TEAD palmitoylation [224]. While these broad-acting
TEAD inhibitors are currently under development with the intention to reposition to clinical testing in the near fu-
ture, isoform-specific inhibitors are also being considered as potential tools for research. This is exemplified by the
design of a selective inhibitor of TEAD3 [225], whose function is relatively unknown in the context of cancer progres-
sion, relative to the other TEAD isoforms [226–228]. Additionally, MST1/2 inhibitors have been developed, with the
intention to utilise these to therapeutically stimulate tissue repair and regeneration [229]. However, as a subset of can-
cers exist in which YAP/TAZ act as putative tumour suppressors [205,210,214], there is a possibility that these cancers
may be vulnerable to inhibition of the core Hippo kinase cascade; this approach would however require validation
and caution, as MST1/2 classically act as tumour suppressors [230–232].

Strikingly, there is a distinct lack of inhibitors that target YAP or TAZ directly; to evaluate why this is the case,
it is necessary to consider protein structure. YAP and TAZ are intrinsically disordered, suggesting a high degree of
structural flexibility [97]. Recent advances in deep learning have facilitated in silico protein prediction such that cur-
rent modelling approaches have demonstrated accurate prediction of protein structure to near experimental quality
[233]. Implementing this methodology, AlphaFold predictions validate the extent of disorder inherent to YAP and
TAZ (Figure 3), with just WW and CC domains predicted with high confidence, along with a small subsection of the
TEAD-binding domain. This acts as an indicator that there may be few regions within YAP and TAZ that are suscep-
tible to therapeutic inhibition, as development of small molecule inhibitors will be limited to those select structures
within the proteins with a high degree of order. There is also difficulties inherent to inhibition of YAP/TAZ activity
via targeting upstream regulatory elements, as this would necessitate the therapeutic activation of the Hippo kinase
module. Historically, kinase inhibitors represent a major subfamily of anti-cancer compounds, with a variety of thera-
peutic avenues involving kinase inhibition showing clinical efficacy in the context of cancer [234,235]. As the majority
of kinases involved in cancer act in a pro-oncogenic capacity, there are limited therapeutic options available in terms
of activators of kinases, meaning novel compounds would need to be developed to this end. However, there are some
clinically viable kinase activators available, as exemplified by compounds known to activate AMP-activated kinase
(AMPK), an important sensor of metabolic stress in cells [236]. A variety of therapeutics, including metformin, a
drug widely used to treat diabetes [237], induce activation of AMPK [238], some of which have shown anti-cancer
potential in preclinical models of various cancer types [239–241], acting as proof that a therapeutic option to switch
on the core kinase cascade of the Hippo pathway is viable. Approaches targeting YAP/TAZ protein stability, mRNA
levels and translation are alternative approaches that might be productive.

Indirect targeting of YAP/TAZ and associated pathways
Beyond directly targeting the components within the Hippo pathway, an alternative approach may be to indirectly
inhibit Hippo pathway effectors via upstream regulators. An attractive example of this may be to inhibit GPCRs asso-
ciated with G12/13 and Gq/11 subfamilies of G proteins, which activate YAP/TAZ [62,178]. Many drugs commonly used
for the treatment of a variety of diseases and conditions interact with GPCRs or proteins associated with GPCRs, with
35% of compounds listed as approved by the United States FDA targeting GPCRs [242]. However, very few of these
are utilised specifically within the context of cancer as anti-tumorigenic agents [243], with recent work serving to
highlight the potential in GPCR inhibitor discovery and repositioning in cancer [244]. Additionally, Gq/11 activating
mutations have been found to modulate YAP/TAZ activity via focal adhesion kinase (FAK), highlighting potential in
inhibition of FAK as a cancer therapy, with in vitro validation in UM cell lines [245]. This therapeutic approach is
validated experimentally, as NF2 expression levels predict efficacy of FAK inhibition in cells derived from pancreatic
cancer patients [246]. Additionally, an improved response is observed with NF2 KD in vitro and in vivo [246], sug-
gesting that YAP/TAZ activity likely positively correlates with sensitivity to FAK inhibition, given NF2’s function as
an activator of the Hippo kinase cascade (Figure 1).

An alternative approach is to target the super-enhancer elements that coordinate regulation of expression directly
with YAP/TAZ to inhibit the activation of transcriptional programmes involved in tumorigenesis. This approach
appears effective in preclinical experiments, with BRD repression via treatment with JQ1, a broad-acting BET in-
hibitor [247], and BRD2/3/4 KD showing anti-cancer potential in vivo models of YAP/TAZ-addicted breast cancer
[164]. This treatment strategy has additionally been validated across a range of cancer types [248,249], reinforcing
its potential as a therapeutic for the treatment of cancer. Additionally, a mechanism by which the stemness of os-
teosarcoma cells dependent on the SOX2-YAP axis can be exploited to therapeutically induce adipogenesis has been
proposed. In this manner, stem-like tumour cells can be treated with thiazolidinediones, which function as agonists
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of PPARγ, a key transcription factor and nutrient sensor which drives adipogenesis when activated [250]. Adipogenic
differentiation in stem cell-like cancer cells stimulated by PPARγ activation in this manner has been shown to limit
tumorigenicity in vitro and in vivo [251]. Targeting transcriptional targets of YAP/TAZ–TEAD is yet an additional
approach; however, since YAP/TAZ regulates hundreds of genes [12,164,252], this is challenging, but might be a fea-
sible context-dependent complimentary strategy.

In liver and prostate cancer mice cell models, hyperactive YAP recruits macrophages [253] and myeloid-derived
suppressor cells (MDSCs) [254] respectively, in both cases acting with TEAD to initiate the expression of immuno-
suppressive cytokines such as CXCL5, CXCL1/2 and CCL2, repressing the immune response. Mouse models of PDAC
have further validated this observation, showing that Yap deletion inhibits MDSC recruitment and polarisation, likely
via inhibition of Yap-Tead target gene expression [255], a phenomenon that leads to T-cell reactivation and tissue
regeneration [255]. Both YAP and TAZ can also drive the expression of programmed cell death 1 ligand (PDL1)
[256,257], which binds to and activates PD1, an immune checkpoint receptor that acts to suppress the immune re-
sponse [258,259]. These observations are relevant in the context of tumour initiation, as immunosuppression is often
employed by cancer cells throughout tumorigenesis to evade and survive the immune response, while there has been
a concerted effort throughout the past decade to position checkpoint inhibitors to combat this in a clinical setting
[260]. This clear role of YAP/TAZ-TEAD in driving the tumour cell intrinsic signals necessary for the oncogenic im-
munosuppressive phenotype suggests the potential in targeting YAP/TAZ in combination with checkpoint inhibition
[13], an experimental approach validated preclinically [261]. This discovery is of particular relevance currently given
the recent focus on leveraging immunotherapy to manage a wide variety of cancer types [262,263], with a combina-
torial approach that simultaneously targets YAP/TAZ activity potentially overcoming the resistance associated with
immunotherapy [264,265]. Noteworthily, enforced expression of constitutively activated YAP/TAZ in a range of tissue
culture and cancer cells regularly induces expression of inflammatory cytokines [83,266–270], which directly high-
lights that the Hippo pathway is likely a cellular nexus that links epithelial, fibroblasts and endothelial inflammatory
responses and proliferation during cancer onset and development [13,261,266].

In contrast, LATS1/2 knockout across multiple types of cancer cells in xenograft studies stimulates the anti-cancer
immune response via release of nucleic acid-rich extracellular vesicles [271–273]. LATS1/2 loss in these studies [271]
enhances tumour immunogenicity, which promotes anti-tumor immune responses and tumour regression leading
to a reduction in tumorigenicity in vivo [271], suggesting that the Hippo pathway plays a complex role in the in-
volvement of the immune response to oncogenesis. Overall, the context-dependent role the Hippo pathway plays in
immune oncology warrants further examination in order to uncover the interplay and complexities between Hippo
pathway components and the immune system [274].

Future targeting of Hippo signalling in cancer
Given the relatively recent emergence of the Hippo pathway’s role as a cancer driver, much has been learned as to
how YAP/TAZ regulates cancer initiation and downstream oncogenic processes, as well as how they are in turn reg-
ulated by the upstream, generally tumour suppressive kinase module. This progress has given rise to a concerted
effort to develop therapeutics that target components within the Hippo signalling pathway [140,275,276], as high-
lighted by the recent arrival of a variety of promising TEAD inhibitors, one of which [224] is currently undergoing
testing in an actively recruiting clinical trial involving patients with PM (NCT04665206). These therapeutics are of
particular importance given the widespread association of YAP/TAZ activity with cancer progression and the pre-
clinical evidence supporting the potential of inhibition of YAP/TAZ-TEAD driven expression in suppressing cancer
growth. Beyond considering single-agent treatment with a YAP/TAZ/TEAD inhibitor, positioning such therapeutics
alongside standard-of-care treatments may present an optimal choice, given the role of downstream Hippo pathway
signalling in driving resistance to a variety of anti-cancer drugs [265]. There is additional potential in targeting can-
cer cells dependent on YAP/TAZ by indirectly targeting the Hippo pathway, disrupting regulation of upstream or
downstream components such as GPCR or super-enhancer components, respectively [277–279]. A variety of such
strategies involving the targeting of YAP/TAZ activity have been described in the past, including the leveraging of
approved, clinically established drugs such as the AMPK agonist metformin and the statin family of HMG-CoA re-
ductase (HMGCR) inhibitors, classically used to treat hypercholesterolaemia. These compounds disrupt YAP/TAZ
activity via metformin-induced activation of AMPK [238] and subsequent direct and indirect phosphorylation of YAP
[280,281], as well as the disruption of the mevalonate pathway by statins [282], which results in inhibited geranylger-
anylation of RhoA and its displacement from the cell membrane, leading to LATS1/2- and MST1/2-independent YAP
phosphorylation [283,284]. Recent retrospective analyses of clinical trials have highlighted the anti-cancer potential
of these therapeutics [285,286], though these findings should be taken with caution as prospective trials are necessary
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to robustly confirm findings [287]. Despite the promise of targeting YAP/TAZ addiction across a broad range of can-
cer types, there exists the potential that tumour cells may switch from YAP/TAZ dependency to escape therapeutic
sensitivity. This is reinforced by the observation that prostate adenocarcinoma cells lose YAP/TAZ expression as they
transition to the more aggressive neuroendocrine subtype [214]. These considerations must therefore be taken into
account when testing clinical efficacy of next-generation inhibitors.

From a prognostic perspective, the detection of high levels of YAP/TAZ transcriptional activity is generally a uni-
form indicator of reduced overall survival in patients across cohorts of multiple cancer types, further highlighting
the need for therapeutics that target YAP/TAZ addiction in cancer. To exemplify this association between enhanced
YAP/TAZ activity and cancer prognosis, a significant decrease in survival time is observed in patients across a variety
of The Cancer Genome Atlas (TCGA) cohorts that exhibit an above median average expression of bona fide down-
stream targets of YAP/TAZ [12]. High levels of nuclear YAP also correlate with poor clinical outcomes in a variety
of cancers [122,123] and is observed in 70% of PM patients [288]. However, determining YAP/TAZ activity is not
always a simple task, partially due to the complex nature of Hippo pathway regulation. There are a variety of players
involved in activating and inactivating the core kinase cascade that constitutes the pathway, many of which are com-
plicit in cancer development. For example, EGFR, which is frequently mutated to a constitutively active form in lung
and breast cancer [289,290], phosphorylates and represses MOB1, inactivating LATS1/2 and resulting in hyperactive
YAP/TAZ [291].

Beyond the complex interplay between canonical cancer drivers and the Hippo pathway, further difficulties lie in
determining a single prognostic indicator for YAP/TAZ activity from patient biopsies. Conventionally, expression
of YAP/TAZ at the transcriptional and protein levels have been interpreted as a metric for activity, which fails to
fully account for the nuance in regulation of YAP/TAZ at the post-transcriptional and post-translational levels. As
an example of this, quantification of levels of YAP phosphorylated at serine residue 127 (pYAP (S127)) are frequently
utilised as a measure of Hippo kinase cascade activity, both in preclinical and clinical cancer samples [292–294]; how-
ever, within TCGA reverse-phase protein array (RPPA) datasets, which show quantification of protein levels within
patient samples, there is a striking positive correlation between levels of pYAP (S127) and total YAP (Figure 4). This
suggests that in patient samples with high levels of YAP phosphorylation at S127, there may be a pool of compensatory,
non-phosphorylated and active YAP, indicating that quantification of phospho-YAP alone may be insufficient to de-
termine activity. Another limitation in many studies is the over-reliance on S127 phosphorylation as a sole marker
of YAP activity. When initially described in the context of cancer, phosphorylation at S381 was also found to inhibit
in vitro transformation [37], while cyclin-dependent kinase 1 (CDK1), a key driver of mitosis, phosphorylates YAP
at three alternative residues, positively regulating oncogenesis in vitro [295]. Collectively, this suggests the need for
a biologically meaningful metric of YAP/TAZ activity that fully accounts for the various mechanisms that regulate
activity, with quantification of bona fide downstream targets perhaps representing an ideal approach [12].

There are many outstanding questions as to the function of the Hippo pathway in the context of cancer. For ex-
ample, the extent of the functional distinction between YAP and TAZ, the two primary downstream effectors of the
pathway. Most research discussed throughout displays a clear focus on YAP, which has been functionally characterised
to a far greater extent than TAZ. However, this general focus on YAP is not necessarily reflective of the importance
each component plays in signalling. There is evidence to suggest that both YAP and TAZ are regulated similarly in re-
sponse to a variety of stresses across a range of cellular in vitro models such as HEK293A cells [296], suggesting some
degree of functional redundancy, while YAP disruption has a greater effect on transcription as compared with TAZ
[125]. In contrast, the degree of evolutionary conservation of TAZ within vertebrates [14] suggests some potential
functional divergence, while research has validated a non-redundancy in functionality between YAP and TAZ [91].
Within the context of cancer, TAZ plays an important role independent of YAP, particularly in driving cancer stem
cell properties, as has been observed in a variety of in vitro cancer cell models [297–299]. TAZ, in some instances acts
as an upstream effector of the master transcriptional regulator of stemness, SOX2 [300], in contrast with YAP which
is directly regulated by SOX2 [148]. This deviation in functionality means some caution must be exercised when in-
terpreting in vitro experiments that focus solely on YAP; for example, where YAP’s role as a tumour suppressor in
cancer cells has been observed and validated via KD, it is possible that TAZ may have acted to compensate for loss
of YAP via hyperactivation or increase expression, a phenomenon that has been observed in vitro and in vivo in the
past [296,301,302].

Multiple types and levels of cellular regulatory feedback are prominent features centring on Hippo signalling, tightly
and dynamically regulating this potent signalling pathway [3,15]. It is possible that, if parts of these integrations are
offset due to mutations or epigenetic silencing in prominent signalling nodes outside the core Hippo pathway ma-
chinery, or mechanochemical alterations within the cellular niche, that this might impose unregulated hyperactive
YAP/TAZ, causing cancer. There is additionally evidence that various upstream components of the Hippo pathway
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can act independently of the downstream transcriptional module, with NF2 exhibiting pleiotropy in mesothelioma
[303] and LATS1/2 acting as a regulator of ERα stability in breast cancer cells independent of kinase activity [304].
The upstream regulatory kinase cascade (Figure 1) also undoubtedly have a range of additional substrates that likely
feedback and integrate into the Hippo pathway [1,3]. Collectively, the findings discussed herein highlight the need
to develop our understanding of this complex signalling pathway as it relates to cancer progression and develop-
ment, elucidate further the upstream regulatory elements, and disentangle the nuanced context-dependent ability
of components to act as tumour suppressors and oncogenes. In so doing, we can more effectively consider stratify-
ing patients according to Hippo pathway dysregulation and develop therapeutic options for clinical management of
YAP/TAZ-driven cancers.
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222 Kunig, V.B.K., Potowski, M., Akbarzadeh, M., Klika Škopić, M., Santos Smith, D., Arendt, L. et al. (2020) TEAD-YAP interaction inhibitors and MDM2
binders from DNA-encoded indole-focused Ugi peptidomimetics. Angew Chemie 132, 20518–20522, https://doi.org/10.1002/ange.202006280

223 Holden, J.K., Crawford, J.J., Noland, C.L., Schmidt, S., Zbieg, J.R., Lacap, J.A. et al. (2020) Small molecule dysregulation of TEAD lipidation induces a
dominant-negative inhibition of Hippo pathway signaling. Cell Rep. 31, 107809, https://doi.org/10.1016/j.celrep.2020.107809

224 Tang, T.T., Konradi, A.W., Feng, Y., Peng, X., Ma, M., Li, J. et al. (2021) Small molecule inhibitors of TEAD auto-palmitoylation selectively inhibit
proliferation and tumor growth of NF2-deficient mesothelioma. Mol. Cancer Ther. 20, 986–998, https://doi.org/10.1158/1535-7163.MCT-20-0717

225 Lu, T., Li, Y., Lu, W., Spitters, T., Fang, X., Wang, J. et al. (2021) Discovery of a subtype-selective, covalent inhibitor against palmitoylation pocket of
TEAD3. Acta Pharm. Sin. B. 11, 3206–3219, https://doi.org/10.1016/j.apsb.2021.04.015

226 Knight, J.F., Shepherd, C.J., Rizzo, S., Brewer, D., Jhavar, S., Dodson, A.R. et al. (2008) TEAD1 and c-Cbl are novel prostate basal cell markers that
correlate with poor clinical outcome in prostate cancer. Br. J. Cancer 99, 1849–1858, https://doi.org/10.1038/sj.bjc.6604774

227 Zhang, W., Li, J., Wu, Y., Ge, H., Song, Y., Wang, D. et al. (2018) TEAD4 overexpression promotes epithelial-mesenchymal transition and associates
with aggressiveness and adverse prognosis in head neck squamous cell carcinoma. Cancer Cell Int. 18, 178,
https://doi.org/10.1186/s12935-018-0675-z

228 Joo, J., Cho, S., Rou, W., Kim, J., Kang, S., Lee, E. et al. (2020) TEAD2 as a novel prognostic factor for hepatocellular carcinoma. Oncol. Rep. 43,
1785–1796, https://doi.org/10.3892/or.2020.7578

229 Fan, F., He, Z., Kong, L.-L., Chen, Q., Yuan, Q., Zhang, S. et al. (2016) Pharmacological targeting of kinases MST1 and MST2 augments tissue repair
and regeneration. Sci. Transl. Med. 8, 352ra108, https://doi.org/10.1126/scitranslmed.aaf2304

230 Xu, C.M., Liu, W.W., Liu, C.J., Wen, C., Lu, H.F. and Wan, F.S. (2013) Mst1 overexpression inhibited the growth of human non-small cell lung cancer in
vitro and in vivo. Cancer Gene Ther. 20, 453–460, https://doi.org/10.1038/cgt.2013.40

231 Cui, J., Zhou, Z., Yang, H., Jiao, F., Li, N., Gao, Y. et al. (2019) MST1 suppresses pancreatic cancer progression via ROS-induced pyroptosis. Mol.
Cancer Res. 17, 1316–1325, https://doi.org/10.1158/1541-7786.MCR-18-0910

232 Singh, K., Pruski, M.A., Polireddy, K., Jones, N.C., Chen, Q., Yao, J. et al. (2020) Mst1/2 kinases restrain transformation in a novel transgenic model of
Ras driven non-small cell lung cancer. Oncogene 39, 1152–1164, https://doi.org/10.1038/s41388-019-1031-z

233 Jumper, J., Evans, R., Pritzel, A., Green, T., Figurnov, M., Ronneberger, O. et al. (2021) Highly accurate protein structure prediction with AlphaFold.
Nature 596, 583–589, https://doi.org/10.1038/s41586-021-03819-2

234 Bhullar, K.S., Lagarón, N.O., McGowan, E.M., Parmar, I., Jha, A., Hubbard, B.P. et al. (2018) Kinase-targeted cancer therapies: progress, challenges
and future directions. Mol. Cancer 17, 48, https://doi.org/10.1186/s12943-018-0804-2

235 Cohen, P., Cross, D. and Jänne, P.A. (2021) Kinase drug discovery 20 years after imatinib: progress and future directions. Nat. Rev. Drug Discov. 20,
551–569, https://doi.org/10.1038/s41573-021-00195-4

236 Polekhina, G., Gupta, A., Michell, B.J., van Denderen, B., Murthy, S., Feil, S.C. et al. (2003) AMPK β subunit targets metabolic stress sensing to
glycogen. Curr. Biol. 13, 867–871, https://doi.org/10.1016/S0960-9822(03)00292-6

237 DeFronzo, R.A. and Goodman, A.M. (1995) Efficacy of metformin in patients with non-insulin-dependent diabetes mellitus. N. Engl. J. Med. 333,
541–549, https://doi.org/10.1056/NEJM199508313330902

238 Steinberg, G.R. and Carling, D. (2019) AMP-activated protein kinase: the current landscape for drug development. Nat. Rev. Drug Discov. 18,
527–551, https://doi.org/10.1038/s41573-019-0019-2

239 Zadra, G., Photopoulos, C., Tyekucheva, S., Heidari, P., Weng, Q.P., Fedele, G. et al. (2014) A novel direct activator of AMPK inhibits prostate cancer
growth by blocking lipogenesis. EMBO Mol. Med. 6, 519–538, https://doi.org/10.1002/emmm.201302734

240 O’Brien, A.J., Villani, L.A., Broadfield, L.A., Houde, V.P., Galic, S., Blandino, G. et al. (2015) Salicylate activates AMPK and synergizes with metformin to
reduce the survival of prostate and lung cancer cells ex vivo through inhibition of de novo lipogenesis. Biochem. J. 469, 177–187,
https://doi.org/10.1042/BJ20150122

© 2022 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons
Attribution License 4.0 (CC BY).

219

D
ow

nloaded from
 http://portlandpress.com

/clinsci/article-pdf/136/3/197/928411/cs-2020-1474c.pdf by guest on 30 Septem
ber 2023

https://doi.org/10.1111/ceo.12132
https://doi.org/10.1016/j.ccell.2021.06.016
https://doi.org/10.1126/science.aaw9886
https://doi.org/10.1345/aph.10365
https://doi.org/10.1101/gad.192856.112
https://doi.org/10.1126/scisignal.aac5418
https://doi.org/10.18632/oncotarget.15614
https://doi.org/10.1021/acs.jmedchem.8b01402
https://doi.org/10.1016/j.chembiol.2018.11.010
https://doi.org/10.1002/ange.202006280
https://doi.org/10.1016/j.celrep.2020.107809
https://doi.org/10.1158/1535-7163.MCT-20-0717
https://doi.org/10.1016/j.apsb.2021.04.015
https://doi.org/10.1038/sj.bjc.6604774
https://doi.org/10.1186/s12935-018-0675-z
https://doi.org/10.3892/or.2020.7578
https://doi.org/10.1126/scitranslmed.aaf2304
https://doi.org/10.1038/cgt.2013.40
https://doi.org/10.1158/1541-7786.MCR-18-0910
https://doi.org/10.1038/s41388-019-1031-z
https://doi.org/10.1038/s41586-021-03819-2
https://doi.org/10.1186/s12943-018-0804-2
https://doi.org/10.1038/s41573-021-00195-4
https://doi.org/10.1016/S0960-9822(03)00292-6
https://doi.org/10.1056/NEJM199508313330902
https://doi.org/10.1038/s41573-019-0019-2
https://doi.org/10.1002/emmm.201302734
https://doi.org/10.1042/BJ20150122


Clinical Science (2022) 136 197–222
https://doi.org/10.1042/CS20201474

241 Griss, T., Vincent, E.E., Egnatchik, R., Chen, J., Ma, E.H., Faubert, B. et al. (2015) Metformin antagonizes cancer cell proliferation by suppressing
mitochondrial-dependent biosynthesis. PLoS Biol. 13, e1002309, https://doi.org/10.1371/journal.pbio.1002309

242 Sriram, K. and Insel, P.A. (2018) G protein-coupled receptors as targets for approved drugs: how many targets and how many drugs? Mol. Pharmacol.
93, 251–258, https://doi.org/10.1124/mol.117.111062

243 Cornwell, A.C. and Feigin, M.E. (2020) Unintended effects of GPCR-targeted drugs on the cancer phenotype. Trends Pharmacol. Sci. 41, 1006–1022,
https://doi.org/10.1016/j.tips.2020.10.001

244 Nieto Gutierrez, A. and McDonald, P.H. (2018) GPCRs: emerging anti-cancer drug targets. Cell. Signal. 41, 65–74,
https://doi.org/10.1016/j.cellsig.2017.09.005

245 Feng, X., Arang, N., Rigiracciolo, D.C., Lee, J.S., Yeerna, H., Wang, Z. et al. (2019) A platform of synthetic lethal gene interaction networks reveals that
the GNAQ uveal melanoma oncogene controls the Hippo pathway through FAK. Cancer Cell. 35, 457.e5–472.e5,
https://doi.org/10.1016/j.ccell.2019.01.009

246 Murphy, K.J., Reed, D.A., Vennin, C., Conway, J.R.W., Nobis, M., Yin, J.X. et al. (2021) Intravital imaging technology guides FAK-mediated priming in
pancreatic cancer precision medicine according to Merlin status. Sci. Adv. 7, eabh0363, https://doi.org/10.1126/sciadv.abh0363

247 Filippakopoulos, P., Qi, J., Picaud, S., Shen, Y., Smith, W.B., Fedorov, O. et al. (2010) Selective inhibition of BET bromodomains. Nature 468,
1067–1073, https://doi.org/10.1038/nature09504

248 Delmore, J.E., Issa, G.C., Lemieux, M.E., Rahl, P.B., Shi, J., Jacobs, H.M. et al. (2011) BET bromodomain inhibition as a therapeutic strategy to target
c-Myc. Cell 146, 904–917, https://doi.org/10.1016/j.cell.2011.08.017

249 Leal, A.S., Williams, C.R., Royce, D.B., Pioli, P.A., Sporn, M.B. and Liby, K.T. (2017) Bromodomain inhibitors, JQ1 and I-BET 762, as potential therapies
for pancreatic cancer. Cancer Lett. 394, 76–87, https://doi.org/10.1016/j.canlet.2017.02.021

250 Hernandez-Quiles, M., Broekema, M.F. and Kalkhoven, E. (2021) PPARgamma in metabolism, immunity, and cancer: unified and diverse mechanisms
of action. Front. Endocrinol. (Lausanne) 12, 624112, https://doi.org/10.3389/fendo.2021.624112

251 Basu-Roy, U., Han, E., Rattanakorn, K., Gadi, A., Verma, N., Maurizi, G. et al. (2016) PPARγ agonists promote differentiation of cancer stem cells by
restraining YAP transcriptional activity. Oncotarget 7, 60954–60970, https://doi.org/10.18632/oncotarget.11273

252 Della Chiara, G., Gervasoni, F., Fakiola, M., Godano, C., D’Oria, C., Azzolin, L. et al. (2021) Epigenomic landscape of human colorectal cancer unveils
an aberrant core of pan-cancer enhancers orchestrated by YAP/TAZ. Nat. Commun. 12, 2340, https://doi.org/10.1038/s41467-021-22544-y

253 Guo, X., Zhao, Y., Yan, H., Yang, Y., Shen, S., Dai, X. et al. (2017) Single tumor-initiating cells evade immune clearance by recruiting type II
macrophages. Genes Dev. 31, 247–259, https://doi.org/10.1101/gad.294348.116

254 Wang, G., Lu, X., Dey, P., Deng, P., Wu, C.C., Jiang, S. et al. (2016) Targeting YAP-dependent MDSC infiltration impairs tumor progression. Cancer
Discov. 6, 80–95, https://doi.org/10.1158/2159-8290.CD-15-0224

255 Murakami, S., Shahbazian, D., Surana, R., Zhang, W., Chen, H., Graham, G.T. et al. (2017) Yes-associated protein mediates immune reprogramming in
pancreatic ductal adenocarcinoma. Oncogene 36, 1232–1244, https://doi.org/10.1038/onc.2016.288

256 Lee, B.S., Park, D.Il., Lee, D.H., Lee, J.E., Yeo, M.-K., Park, Y.H. et al. (2017) Hippo effector YAP directly regulates the expression of PD-L1 transcripts
in EGFR-TKI-resistant lung adenocarcinoma. Biochem. Biophys. Res. Commun. 491, 493–499, https://doi.org/10.1016/j.bbrc.2017.07.007

257 Janse van Rensburg, H.J., Azad, T., Ling, M., Hao, Y., Snetsinger, B., Khanal, P. et al. (2018) The Hippo pathway component TAZ promotes immune
evasion in human cancer through PD-L1. Cancer Res. 78, 1457–1470, https://doi.org/10.1158/0008-5472.CAN-17-3139

258 Ishida, Y., Agata, Y., Shibahara, K. and Honjo, T. (1992) Induced expression of PD-1, a novel member of the immunoglobulin gene superfamily, upon
programmed cell death. EMBO J. 11, 3887–3895, https://doi.org/10.1002/j.1460-2075.1992.tb05481.x

259 Keir, M.E., Liang, S.C., Guleria, I., Latchman, Y.E., Qipo, A., Albacker, L.A. et al. (2006) Tissue expression of PD-L1 mediates peripheral T cell tolerance.
J. Exp. Med. 203, 883–895, https://doi.org/10.1084/jem.20051776

260 Houot, R., Schultz, L.M., Marabelle, A. and Kohrt, H. (2015) T-cell-based immunotherapy: adoptive cell transfer and checkpoint inhibition. Cancer
Immunol. Res. 3, 1115–1122, https://doi.org/10.1158/2326-6066.CIR-15-0190

261 Ni, X., Tao, J., Barbi, J., Chen, Q., Park, B.V., Li, Z. et al. (2018) YAP is essential for Treg-mediated suppression of antitumor immunity. Cancer Discov.
8, 1026–1043, https://doi.org/10.1158/2159-8290.CD-17-1124

262 Farkona, S., Diamandis, E.P. and Blasutig, I.M. (2016) Cancer immunotherapy: the beginning of the end of cancer? BMC Med. 14, 73,
https://doi.org/10.1186/s12916-016-0623-5

263 Mellman, I., Coukos, G. and Dranoff, G. (2011) Cancer immunotherapy comes of age. Nature 480, 480–489, https://doi.org/10.1038/nature10673
264 Barrueto, L., Caminero, F., Cash, L., Makris, C., Lamichhane, P. and Deshmukh, R.R. (2020) Resistance to checkpoint inhibition in cancer

immunotherapy. Transl. Oncol. 13, 100738, https://doi.org/10.1016/j.tranon.2019.12.010
265 Nguyen, C.D.K. and Yi, C. (2019) YAP/TAZ signaling and resistance to cancer therapy. Trends Cancer 5, 283–296,

https://doi.org/10.1016/j.trecan.2019.02.010
266 Liu, J., Gao, M., Nipper, M., Deng, J., Sharkey, F.E., Johnson, R.L. et al. (2019) Activation of the intrinsic fibroinflammatory program in adult pancreatic

acinar cells triggered by Hippo signaling disruption. PLoS Biol. 17, e3000418, https://doi.org/10.1371/journal.pbio.3000418
267 Zhao, B., Ye, X., Yu, J., Li, L., Li, W., Li, S. et al. (2008) TEAD mediates YAP-dependent gene induction and growth control. Genes Dev. 22,

1962–1971, https://doi.org/10.1101/gad.1664408
268 Wang, K.-C., Yeh, Y.-T., Nguyen, P., Limqueco, E., Lopez, J., Thorossian, S. et al. (2016) Flow-dependent YAP/TAZ activities regulate endothelial

phenotypes and atherosclerosis. Proc. Natl. Acad. Sci. U.S.A. 113, 11525–11530, https://doi.org/10.1073/pnas.1613121113
269 Wang, X., Zheng, Z., Caviglia, J.M., Corey, K.E., Herfel, T.M., Cai, B. et al. (2016) Hepatocyte TAZ/WWTR1 promotes inflammation and fibrosis in

nonalcoholic steatohepatitis. Cell Metab. 24, 848–862, https://doi.org/10.1016/j.cmet.2016.09.016
270 Taniguchi, K., Wu, L.-W., Grivennikov, S.I., de Jong, P.R., Lian, I., Yu, F.-X. et al. (2015) A gp130-Src-YAP module links inflammation to epithelial

regeneration. Nature 519, 57–62, https://doi.org/10.1038/nature14228

220 © 2022 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons
Attribution License 4.0 (CC BY).

D
ow

nloaded from
 http://portlandpress.com

/clinsci/article-pdf/136/3/197/928411/cs-2020-1474c.pdf by guest on 30 Septem
ber 2023

https://doi.org/10.1371/journal.pbio.1002309
https://doi.org/10.1124/mol.117.111062
https://doi.org/10.1016/j.tips.2020.10.001
https://doi.org/10.1016/j.cellsig.2017.09.005
https://doi.org/10.1016/j.ccell.2019.01.009
https://doi.org/10.1126/sciadv.abh0363
https://doi.org/10.1038/nature09504
https://doi.org/10.1016/j.cell.2011.08.017
https://doi.org/10.1016/j.canlet.2017.02.021
https://doi.org/10.3389/fendo.2021.624112
https://doi.org/10.18632/oncotarget.11273
https://doi.org/10.1038/s41467-021-22544-y
https://doi.org/10.1101/gad.294348.116
https://doi.org/10.1158/2159-8290.CD-15-0224
https://doi.org/10.1038/onc.2016.288
https://doi.org/10.1016/j.bbrc.2017.07.007
https://doi.org/10.1158/0008-5472.CAN-17-3139
https://doi.org/10.1002/j.1460-2075.1992.tb05481.x
https://doi.org/10.1084/jem.20051776
https://doi.org/10.1158/2326-6066.CIR-15-0190
https://doi.org/10.1158/2159-8290.CD-17-1124
https://doi.org/10.1186/s12916-016-0623-5
https://doi.org/10.1038/nature10673
https://doi.org/10.1016/j.tranon.2019.12.010
https://doi.org/10.1016/j.trecan.2019.02.010
https://doi.org/10.1371/journal.pbio.3000418
https://doi.org/10.1101/gad.1664408
https://doi.org/10.1073/pnas.1613121113
https://doi.org/10.1016/j.cmet.2016.09.016
https://doi.org/10.1038/nature14228


Clinical Science (2022) 136 197–222
https://doi.org/10.1042/CS20201474

271 Moroishi, T., Hayashi, T., Pan, W.-W., Fujita, Y., Holt, M.V., Qin, J. et al. (2016) The Hippo pathway kinases LATS1/2 suppress cancer immunity. Cell
167, 1525–1539, e17., https://doi.org/10.1016/j.cell.2016.11.005

272 Panagopoulou, M.S., Wark, A.W., Birch, D.J.S. and Gregory, C.D. (2020) Phenotypic analysis of extracellular vesicles: a review on the applications of
fluorescence. J. Extracell. Vesicles 9, 1710020, https://doi.org/10.1080/20013078.2019.1710020

273 Han, L., Lam, E.W.-F. and Sun, Y. (2019) Extracellular vesicles in the tumor microenvironment: old stories, but new tales. Mol. Cancer 18, 59,
https://doi.org/10.1186/s12943-019-0980-8

274 Yamauchi, T. and Moroishi, T. (2019) Hippo pathway in mammalian adaptive immune system. Cells 8, 398, https://doi.org/10.3390/cells8050398
275 Holden, J. and Cunningham, C. (2018) Targeting the Hippo pathway and cancer through the TEAD family of transcription factors. Cancers (Basel) 10,

81, https://doi.org/10.3390/cancers10030081
276 Juan, W. and Hong, W. (2016) Targeting the Hippo signaling pathway for tissue regeneration and cancer therapy. Genes (Basel) 7, 55,

https://doi.org/10.3390/genes7090055
277 Gobbi, G., Donati, B., Do Valle, I.F., Reggiani, F., Torricelli, F., Remondini, D. et al. (2019) The Hippo pathway modulates resistance to BET proteins

inhibitors in lung cancer cells. Oncogene 38, 6801–6817, https://doi.org/10.1038/s41388-019-0924-1
278 Song, S., Li, Y., Xu, Y., Ma, L., Pool Pizzi, M., Jin, J. et al. (2020) Targeting Hippo coactivator YAP1 through BET bromodomain inhibition in esophageal

adenocarcinoma. Mol. Oncol. 14, 1410–1426, https://doi.org/10.1002/1878-0261.12667
279 Luo, J. and Yu, F.-X. (2019) GPCR-Hippo signaling in cancer. Cells 8, 426, https://doi.org/10.3390/cells8050426
280 DeRan, M., Yang, J., Shen, C.-H., Peters, E.C., Fitamant, J., Chan, P. et al. (2014) Energy stress regulates Hippo-YAP signaling involving

ampk-mediated regulation of angiomotin-like 1 protein. Cell Rep. 9, 495–503, https://doi.org/10.1016/j.celrep.2014.09.036
281 Mo, J.-S., Meng, Z, Kim, Y.C., Park, H.W., Hansen, C.G., Kim, S. et al. (2015) Cellular energy stress induces AMPK-mediated regulation of YAP and the

Hippo pathway. Nat. Cell Biol. 17, 500–510, https://doi.org/10.1038/ncb3111
282 Stancu, C. and Sima, A. (2001) Statins: mechanism of action and effects. J. Cell. Mol. Med. 5, 378–387,

https://doi.org/10.1111/j.1582-4934.2001.tb00172.x
283 Wang, Z., Wu, Y., Wang, H., Zhang, Y., Mei, L., Fang, X. et al. (2014) Interplay of mevalonate and Hippo pathways regulates RHAMM transcription via

YAP to modulate breast cancer cell motility. Proc. Natl. Acad. Sci. U.S.A. 111, E89–E98, https://doi.org/10.1073/pnas.1319190110
284 Sorrentino, G., Ruggeri, N., Specchia, V., Cordenonsi, M., Mano, M., Dupont, S. et al. (2014) Metabolic control of YAP and TAZ by the mevalonate

pathway. Nat. Cell Biol. 16, 357–366, https://doi.org/10.1038/ncb2936
285 Kang, J., Jeong, S.-M., Shin, D.W., Cho, M., Cho, J.H. and Kim, J. (2021) The associations of aspirin, statins, and metformin with lung cancer risk and

related mortality: a time-dependent analysis of population-based nationally representative data. J. Thorac. Oncol. 16, 76–88,
https://doi.org/10.1016/j.jtho.2020.08.021

286 Longo, J., van Leeuwen, J.E., Elbaz, M., Branchard, E. and Penn, L.Z. (2020) Statins as anticancer agents in the era of precision medicine. Clin.
Cancer Res. 26, 5791–5800, https://doi.org/10.1158/1078-0432.CCR-20-1967

287 Shojaee, S. and Nana-Sinkam, P. (2021) One metformin a day, keeps lung cancer away! Or does it? J. Thorac. Oncol. 16, 11–13,
https://doi.org/10.1016/j.jtho.2020.10.005

288 Sekido, Y. (2011) Inactivation of Merlin in malignant mesothelioma cells and the Hippo signaling cascade dysregulation. Pathol. Int. 61, 331–344,
https://doi.org/10.1111/j.1440-1827.2011.02666.x

289 Bethune, G., Bethune, D., Ridgway, N. and Xu, Z. (2010) Epidermal growth factor receptor (EGFR) in lung cancer: an overview and update. J. Thorac.
Dis. 2, 48–51

290 Sigismund, S., Avanzato, D. and Lanzetti, L. (2018) Emerging functions of the EGFR in cancer. Mol. Oncol. 12, 3–20,
https://doi.org/10.1002/1878-0261.12155

291 Ando, T., Arang, N., Wang, Z., Costea, D.E., Feng, X., Goto, Y. et al. (2021) EGFR Regulates the Hippo pathway by promoting the tyrosine
phosphorylation of MOB1. Commun. Biol. 4, 1237, https://doi.org/10.1038/s42003-021-02744-4

292 Hall, C.A., Wang, R., Miao, J., Oliva, E., Shen, X., Wheeler, T. et al. (2010) Hippo pathway effector Yap is an ovarian cancer oncogene. Cancer Res. 70,
8517–8525, https://doi.org/10.1158/0008-5472.CAN-10-1242

293 Zhao, Y., Khanal, P., Savage, P., She, Y.-M., Cyr, T.D. and Yang, X. (2014) YAP-induced resistance of cancer cells to antitubulin drugs is modulated by a
Hippo-independent pathway. Cancer Res. 74, 4493–4503, https://doi.org/10.1158/0008-5472.CAN-13-2712

294 Yan, L., Cai, Q. and Xu, Y. (2014) Hypoxic conditions differentially regulate TAZ and YAP in cancer cells. Arch. Biochem. Biophys. 562, 31–36,
https://doi.org/10.1016/j.abb.2014.07.024

295 Yang, S., Zhang, L., Liu, M., Chong, R., Ding, S.-J., Chen, Y. et al. (2013) CDK1 phosphorylation of YAP promotes mitotic defects and cell motility and is
essential for neoplastic transformation. Cancer Res. 73, 6722–6733, https://doi.org/10.1158/0008-5472.CAN-13-2049

296 Plouffe, S.W., Lin, K.C., Moore, J.L., Tan, F.E., Ma, S., Ye, Z. et al. (2018) The Hippo pathway effector proteins YAP and TAZ have both distinct and
overlapping functions in the cell. J. Biol. Chem. 293, 11230–11240, https://doi.org/10.1074/jbc.RA118.002715

297 Cordenonsi, M., Zanconato, F., Azzolin, L., Forcato, M., Rosato, A., Frasson, C. et al. (2011) The Hippo transducer TAZ confers cancer stem cell-related
traits on breast cancer cells. Cell 147, 759–772, https://doi.org/10.1016/j.cell.2011.09.048

298 Bhat, K.P.L., Salazar, K.L., Balasubramaniyan, V., Wani, K., Heathcock, L., Hollingsworth, F. et al. (2011) The transcriptional coactivator TAZ regulates
mesenchymal differentiation in malignant glioma. Genes Dev. 25, 2594–2609, https://doi.org/10.1101/gad.176800.111

299 Li, Z., Wang, Y., Zhu, Y., Yuan, C., Wang, D., Zhang, W. et al. (2015) The Hippo transducer TAZ promotes epithelial to mesenchymal transition and
cancer stem cell maintenance in oral cancer. Mol. Oncol. 9, 1091–1105, https://doi.org/10.1016/j.molonc.2015.01.007

300 Li, J., Li, Z., Wu, Y., Wang, Y., Wang, D., Zhang, W. et al. (2019) The Hippo effector TAZ promotes cancer stemness by transcriptional activation of
SOX2 in head neck squamous cell carcinoma. Cell Death Dis. 10, 603, https://doi.org/10.1038/s41419-019-1838-0

© 2022 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons
Attribution License 4.0 (CC BY).

221

D
ow

nloaded from
 http://portlandpress.com

/clinsci/article-pdf/136/3/197/928411/cs-2020-1474c.pdf by guest on 30 Septem
ber 2023

https://doi.org/10.1016/j.cell.2016.11.005
https://doi.org/10.1080/20013078.2019.1710020
https://doi.org/10.1186/s12943-019-0980-8
https://doi.org/10.3390/cells8050398
https://doi.org/10.3390/cancers10030081
https://doi.org/10.3390/genes7090055
https://doi.org/10.1038/s41388-019-0924-1
https://doi.org/10.1002/1878-0261.12667
https://doi.org/10.3390/cells8050426
https://doi.org/10.1016/j.celrep.2014.09.036
https://doi.org/10.1038/ncb3111
https://doi.org/10.1111/j.1582-4934.2001.tb00172.x
https://doi.org/10.1073/pnas.1319190110
https://doi.org/10.1038/ncb2936
https://doi.org/10.1016/j.jtho.2020.08.021
https://doi.org/10.1158/1078-0432.CCR-20-1967
https://doi.org/10.1016/j.jtho.2020.10.005
https://doi.org/10.1111/j.1440-1827.2011.02666.x
https://doi.org/10.1002/1878-0261.12155
https://doi.org/10.1038/s42003-021-02744-4
https://doi.org/10.1158/0008-5472.CAN-10-1242
https://doi.org/10.1158/0008-5472.CAN-13-2712
https://doi.org/10.1016/j.abb.2014.07.024
https://doi.org/10.1158/0008-5472.CAN-13-2049
https://doi.org/10.1074/jbc.RA118.002715
https://doi.org/10.1016/j.cell.2011.09.048
https://doi.org/10.1101/gad.176800.111
https://doi.org/10.1016/j.molonc.2015.01.007
https://doi.org/10.1038/s41419-019-1838-0


Clinical Science (2022) 136 197–222
https://doi.org/10.1042/CS20201474

301 Hayashi, H., Higashi, T., Yokoyama, N., Kaida, T., Sakamoto, K., Fukushima, Y. et al. (2015) An imbalance in TAZ and YAP expression in hepatocellular
carcinoma confers cancer stem cell-like behaviors contributing to disease progression. Cancer Res. 75, 4985–4997,
https://doi.org/10.1158/0008-5472.CAN-15-0291

302 Miesfeld, J.B., Gestri, G., Clark, B.S., Flinn, M.A., Poole, R.J., Bader, J.R. et al. (2015) Yap and Taz regulate retinal pigment epithelial cell fate.
Development 142, 3021–3032

303 Yang, H., Hall, S.R.R., Sun, B., Zhao, L., Gao, Y., Schmid, R.A. et al. (2021) NF2 and canonical Hippo-YAP pathway define distinct tumor subsets
characterized by different immune deficiency and treatment implications in human pleural mesothelioma. Cancers (Basel) 13, 1561,
https://doi.org/10.3390/cancers13071561

304 Britschgi, A., Duss, S., Kim, S., Couto, J.P., Brinkhaus, H., Koren, S. et al. (2017) The Hippo kinases LATS1 and 2 control human breast cell fate via
crosstalk with ERα. Nature 541, 541–545, https://doi.org/10.1038/nature20829
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