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Abstract: The Hippo signaling pathway is a highly conserved pathway involved in tissue devel-
opment and regeneration that controls organ size through the regulation of cell proliferation and
apoptosis. The core Hippo pathway is composed of a block of kinases, MST1/2 (Mammalian
STE20-like protein kinase 1/2) and LATS1/2 (Large tumor suppressor 1/2), which inhibits nuclear
translocation of YAP/TAZ (Yes-Associated Protein 1/Transcriptional co-activator with PDZ-binding
motif) and its downstream association with the TEAD (TEA domain) family of transcription factors.
This pathway was recently shown to be involved in tumorigenesis and metastasis in several cancers
such as lung, breast, or colorectal cancers but is still poorly investigated in brain tumors. Gliomas are
the most common and the most lethal primary brain tumors representing about 80% of malignant
central nervous system neoplasms. Despite intensive clinical protocol, the prognosis for patients
remains very poor due to systematic relapse and treatment failure. Growing evidence demonstrating
the role of Hippo signaling in cancer biology and the lack of efficient treatments for malignant
gliomas support the idea that this pathway could represent a potential target paving the way for
alternative therapeutics. Based on recent advances in the Hippo pathway deciphering, the main goal
of this review is to highlight the role of this pathway in gliomas by a state-of-the-art synthesis.
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1. Introduction

The Hippo pathway, initially discovered in Drosophila, is a well-conserved evolution-
ary signaling pathway involved in tissue development and regeneration that controls
organ size by regulating cell proliferation and apoptosis [1,2]. Physiologically, the Hippo
pathway acts as a tumor suppressor, and the mutations found in different pathway actors
induce hyperplasia [3]. The core kinases of the Hippo signaling pathway in mammals is
composed of MST1/2 (Mammalian STE20-like protein kinase 1/2) and LATS1/2 (Large
tumor suppressor 1/2) corresponding to Hpo (Hippo) and Wts (Warts) in Drosophila [4]
(Figure 1). The role of these kinases is to regulate negatively the transcription cofactors
YAP (Yes-Associated Protein 1) and its ortholog TAZ (Transcriptional co-activator with
PDZ-binding motif) corresponding to Yki (Yorkie) in the fly. After receiving activating
upstream signals, the pathway is initiated by the activation of MST1/2 associated with
SAV1 (Salvador). This complex stimulates by phosphorylation LATS1/2 and its cofactor
MOB1, which in turn phosphorylates the transcription cofactors YAP/TAZ, leading to
inhibition of its nuclear translocation. In fact, phosphorylated YAP/TAZ is sequestrated
in the cytoplasm by 14-3-3 protein. Furthermore, YAP/TAZ stability can be affected via
its phosphorylation by the LATS/CK1(ε/δ) (Casein kinase 1 ε/δ) complex, inducing its
ubiquitination by the recruitment of E3 ubiquitin ligase SCF-β-TrCP (Skp1-Cul1-F-box
β-transducin repeat-containing protein), leading to YAP/TAZ degradation by the protea-
some. On the other hand, when the Hippo pathway is inactivated, the unphosphorylated
YAP/TAZ complex is translocated to the nucleus, where it binds the TEAD (TEA domain)
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transcription factor family. Indeed, YAP/TAZ association with TEAD transcription factors
is essential to the control of several targeted genes such as MYC (MYC proto-oncogene
bHLH transcription factor), BIRC5 (baculoviral IAP repeat containing 5), AXL (AXL recep-
tor tyrosine kinase), CTGF (Connective Tissue Growth Factor), or CYR61 (Cysteine Rich
Angiogenic Inducer 61) involved in cell proliferation and survival [5].
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However, it has also been demonstrated that YAP/TAZ can act in association with
other transcription factors, such as RUNX1/2 (RUNT-related transcription factor 1/2) and
TBX5 (T-box transcription factor 5) [6,7]. Upstream Hippo pathway activators depend on
cellular context. The protein NF2 (Neurofibromine 2), also called MERLIN, represents the
most widely described Hippo signaling activator. This cytoskeletal protein is expressed
by cell-cell junctions in epithelial cells and stabilizes the interaction between MST1/2 and
LATS1/2 [8–10]. Other Hippo signaling modulators include DNA damages, contact in-
hibition, mechano-transduction, and cross-talks with RTKs (Receptor tyrosine kinases),
GPCR (G-coupled receptors), WNT (Wingless-type), NOTCH, and SHh (Sonic hedgehog)
signaling pathways [3,10–13].

The first studies investigating the biological role of Hippo signaling were performed
using a gain of function approach overexpressing the transcription cofactor YAP. Hippo
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pathway inactivation by mimicry approach has shown 3-time mass increasing in mice
due to uncontrolled cell proliferation [2]. Interestingly, this effect was reversible after
stopping YAP overexpression, suggesting the existence of a negative feedback loop between
proliferation and apoptosis in Hippo signaling. Other studies have shown the crucial role of
MST1/2 and SAV1 in post-natal hepatic growth restriction by maintaining hepatocytes in a
quiescent state through YAP inhibition [11,14–16]. However, the involvement of the Hippo
signaling pathway in organ size regulation is not universal. Indeed, YAP overexpression in
small intestine cells has induced tissue hyperplasia and loss of terminal cell differentiation,
yet without global organ size increasing in mice [17]. Similar results were obtained after
inducing SAV1 loss in epithelial mouse cells [18]. These studies suggested the involvement
of Hippo signaling in cell cycle regulation. In fact, Reddy et al. have shown that the Hippo
pathway could lead to cell cycle arrest and cell differentiation during the development of
the optic neuro-epithelium in Drosophila [19]. A key role of YAP has also been shown in
eye development in several animal models like zebra-fish and mice, where its inhibition
induces a strong retina differentiation defect [20]. Moreover, YAP expression is particularly
restricted in mice embryos and some adult tissues. YAP is expressed mainly in the stem or
progenitor cells in the skin and intestine, suggesting the involvement of Hippo signaling in
cell differentiation and/or stem cell pool maintenance [3]. Indeed, it has been shown that
Hippo pathway inhibition increases the pool of progenitor cells rather than differentiated
cells in epithelial tissue. In the same way, this pathway is known to modulate stem cell
proliferation in Drosophila intestine epithelium during its regeneration [21]. Cao et al. have
shown that YAP overexpression or MST1/2 inhibition in chicken embryo neuro-epithelium
increased the neuronal progenitor cell pool of a spinal cord [22]. In mice, Lian et al. have
demonstrated that YAP acts in favor of cell pluripotency by inhibiting embryonic stem
cell differentiation [23]. Taken together, these results underlined the crucial role of the
Hippo signaling pathway during embryo development and adult tissue homeostasis in
the balance between stem cells, progenitor cells and differentiated cells, particularly by
controlling cell cycle, apoptosis and cell differentiation processes.

Since MST1/2 and LATS1/2 core constitute a regulatory part of the Hippo signaling
associated with a tumor suppressor effect, the transcriptional cofactors YAP/TAZ associ-
ated with TEAD transcription factors represent the terminal effectors of this pathway and
play a pro-oncogenic role. Recent studies have suggested that YAP and TAZ are essential
to the initiation and proliferation of several solid tumors. Indeed, YAP/TAZ activation is
involved in cell proliferation, mesenchymal transition, invasion, metastasis formation, as
well as in cancer stem cell maintenance and chemoresistance. Constitutive activation of
YAP/TAZ is currently known to be associated with aberrant cell proliferation by induc-
ing the expression of several proteins involved in DNA synthesis, replication, reparation,
and cell cycle control. For example, YAP/TAZ indirectly enforces cell cycle regulation
by inducing other pro-oncogenic transcription factors such as c-MYC [24]. YAP/TAZ
likewise contributes to cancer cell survival by the induction of anti-apoptotic proteins of
the BCL-2 family, escaping not only mitochondrial apoptosis but also to alternative TNF-α
and FAS ligands-induced apoptosis [2,7]. Moreover, YAP/TAZ contributes to anoikis
resistance induced by the detachment of cells and substrate [25]. Several studies have
shown that YAP/TAZ play a functional role in cancer stem cell maintenance and prolifer-
ation [26,27]. Indeed, it was shown that TAZ is crucial for tumor initiation, self-renewal,
and metastatic capacity [28,29]. Moreover, YAP/TAZ promotes cancer cell population
regeneration by maintaining autophagy basal level to avoid senescence and opposing cell
death caused by excessive tumor autophagy [30–32]. At the microenvironmental level,
YAP/TAZ contributes largely to the interaction between cancer cells and neighboring
epithelial cells by inducing the secretion of angiogenic factors such as AREG (an EGF-like
growth factor), CYR61, and CTGF. Furthermore, the secretion of chemotaxic molecules
induced by YAP/TAZ leads to immune tolerance through suppression of myeloid cells by
T lymphocytes [33]. In cancer-associated fibroblasts, YAP and TAZ induce the production
of pro-inflammatory interleukins and deposition of a rigid extracellular matrix that is a
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main upstream inducer of YAP/TAZ, thereby creating positive feedback [34,35]. While all
these data support the idea of a large contribution of the Hippo pathway in cancer initiation
and progression, the role of the Hippo pathway is still relatively poorly investigated in
gliomas.

Gliomas are the most common and the most lethal primary brain tumors and represent
about 80% of malignant brain and central nervous system (CNS) tumors [36]. Initially,
gliomas were classified according to their histological features, but this classification suf-
fered from high intra/inter-observer variability, which does not sufficiently predict patient
outcomes [37,38]. During the past decade, several studies have identified genomic alter-
ations involved in glioma pathogenesis, thereby providing a more accurate stratification
than classification based solely on histopathology [39,40]. These key molecular features,
including isocitrate dehydrogenase 1 and 2 (IDH1/2) mutations and concurrent loss of
both 1p and 19q chromosome arms (1p19q codeletion), have demonstrated their signif-
icance in clinical behavior, response to treatment, and patient outcome [41,42]. Indeed,
mutations in IDH1/2 and 1p19q codeletion characterize the majority of low-grade gliomas
(LGGs) and define a subtype associated with a favorable outcome. On the other hand,
glioblastomas (GBMs) (WHO grade IV) are the most common and aggressive form of
gliomas [43]. Surgical resection followed by concomitant radiochemotherapy constitutes
the gold standard treatment for glioblastoma patients [44]. Despite this intensive clinical
protocol, the prognosis for patients remains very poor, with a median survival of 15 months
according to tumor invasiveness and radiochemoresistance [45]. Otherwise, treatment
failure may also be explained by the persistence of a subpopulation of cancerous cells
presenting stem cell capacity termed Glioma Stem Cells (GSCs) [46–48]. Since the last
decade, the number of studies focused on the role of the Hippo signaling in gliomas is
growing but remains relatively poor compared to other solid tumors. The following part
of this review is dedicated to the description of the Hippo pathway core actors and their
molecular alterations and deregulations, as well as their role reported in the glioma context.

2. MST1/2

MST1 is a serine/threonine kinase that plays an important role in organ size regulation
by regulating cell apoptosis and proliferation. In response to apoptotic stimuli, MST1 is
activated by dimerization-mediated trans-phosphorylation and caspase-mediated cleavage.
Cleaved MST1 translocates to the nucleus and induces chromatin condensation by phospho-
rylation of different targets, but MST1 apoptotic signaling has yet to be completely defined.
In 2014, Tang et al. showed that MST1 was negatively regulated by hMOB3 reported to be
upregulated in GBM [49]. Indeed, hMOB3 can physically interact with MST1 and prevent
MST1, inducing apoptotic signaling. Likewise, Chao et al. showed that MST1 downregula-
tion in U87 and U251 GBM cultures promoted cell growth and proliferation and inhibited
apoptosis [50]. Interestingly, MST1 did not affect YAP phosphorylation but was found
to bind to AKT and negatively regulate AKT and mTOR activity. MST1 downregulation
in glioma could also be induced through TGF-β signaling [51]. Indeed, TGF-β increases
DNA methyl-transferase DNMT1 expression, which induces MST1 epigenetic repression
in U87 and U251 cells, promoting proliferation, migration, and invasiveness. MST1 ex-
pression can also be directly repressed by miR-130b, which can target the MST1-adaptor
protein SAV1 [52]. Moreover, miR-130b was found to be upregulated in both GBM tissues
and cell lines, which is concordant with MST1 downregulation reported by Zhu et al. [53].
Functional MST1 overexpression has been marked by the induction of SIRT6 (Sirtuin 6),
reducing glioma cell viability and colony formation and promoting apoptosis through the
activation of FOXO3a transcription factor. Recently, Xu et al. demonstrated that CUL7 can
be physically associated with MST1, promoting ubiquitin-mediated MST1 protein degrada-
tion, leading to the activation of the NF-κB signaling, a pathway known to be involved in
glioma proliferation, migration, and invasion [54].
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3. LATS1/2

LATS1 and LATS2 are serine/threonine kinases that are direct negative regulators
of YAP, playing a pivotal role in organ size control and tumor suppression by restricting
proliferation and promoting apoptosis. The human LATS1 gene is localized in chromosome
6q24–25, and its overexpression causes G2-M arrest through the inhibition of CDC2 kinase
activity in breast cancer cell lines and significantly suppresses tumorigenicity by inducing
apoptosis [55–57]. The LATS2 gene is localized on chromosome 13q11–12 and its overex-
pression has been shown to cause G1-S arrest through the inhibition of cyclin E/CDK2
in vitro and to suppress the tumorigenicity of NIH/v-ras-transformed cells [58–60]. In
2006, Jiang et al. showed that the promoter hypermethylation frequencies of LATS1 and
LATS2 were 63.66% and 71.5%, respectively, in 88 astrocytomas compared to 10 non-
tumoral brain samples presenting an unmethylated promoter profile [61]. LATS1/2 pro-
moter hypermethylation was also found in U251 and SHS-44 GBM cell lines and was
associated with correspondingly decreased mRNA expression in astrocytoma samples.
These results were confirmed by Ji et al., who found that LATS1 mRNA and protein were
significantly downregulated in glioma compared to non-tumoral brain tissues [62]. Inter-
estingly, reduced LATS1 expression was negatively correlated with tumor grade in glioma
patients and was associated with significantly shorter overall survival time. Moreover,
forced expression of LATS1 in U251 glioma cells not only significantly suppressed cell
growth, migration, and invasion but also retarded cell cycle progression from G2/M to G1
in vitro. LATS1/2 activity can also be downregulated indirectly by reducing the protein
level of MOB1, an activator of LATS1/2 kinases. Indeed, Lignitto and Arcella et al. showed
that the E3-ubiquitin ligase PRAJA2 was able to interact directly with MOB1, inducing its
ubiquitylation and degradation by the proteasome [63]. Proteolysis of MOB1 by PRAJA2 at-
tenuates the Hippo cascade and enhances the proliferation of U87MG glioblastoma cells.
LATS1/2 degradation can be mediated by IKBKE (inhibitor of nuclear factor kappa-B ki-
nase subunit epsilon), which was shown to be upregulated in glioma [64]. Liu et al. showed
that IKBKE knockdown in U87 and U251 GBM cells dramatically elevated LATS1/2 and
YAP phosphorylation on S127, suppressing YAP protein and its downstream targets such
as AXL, c-MYC, and CYR61 [65]. Furthermore, the authors demonstrated that IKBKE did
not alter mRNA levels of LATS1/2 in glioma cells but was directly bound to LATS1/2, and
facilitated its polyubiquitin degradation. Recently, Liu et al. highlighted the mechanism by
which Ca2+ inhibits YAP/TAZ-mediated transcriptional program through the activation
of LATS1/2 in the LN229 glioblastoma cell line [66]. The authors showed that the induced
elevation of cytosolic Ca2+ provoked actin cytoskeleton remodeling mediated by INF2,
leading to new actin-filament assembly. Ca2+ also induced PKC beta II translocation to the
newly formed F-actin compartment, where activated, PKC beta II induced MST1/2 and
LATS1/2 phosphorylation, silencing YAP/TAZ transcriptional program. LATS1 can be
downregulated by miRNA in glioma. Indeed, bioinformatic analysis has predicted that
LATS1 might be a potential target for miR-4262, which has been shown to be upregu-
lated in glioma patient samples compared to normal tissue [67]. In vitro results have
suggested that miR-4262 directly and negatively regulates LATS1 expression in U251 cells.
Moreover, the authors suggested that overexpression of LATS1 could reverse the effects
of miR-4262 suppressing cell proliferation and migration, as well as the production of
MMP-2 and MMP-13. Recently, Ji et al. showed that PMEPA1a (prostate transmembrane
protein, androgen-induced 1 a isoform) is strongly expressed in human glioma samples
and that overexpression increases GBM cell lines growth. Indeed, PMEPA1 promotes
LATS1 ubiquitination and degradation by the E3 ligase NEDD4 leading to the inhibition
of Hippo pathway and activation of YAP target genes [68]. PMEPA1a was found to be
highly expressed in human gliomas, and overexpression of the protein enhanced growth
characteristics of glioma cell lines in vitro and in vivo. Although LATS1/2 are considered
as tumor suppressors, RASSF1/LATS2-coupled promoter hypermethylation was found
to be associated with better overall survival in glioma patients [69]. Hypermethylated
promoter profiles were related to IDH mutation, yet not randomly in IDH-mutated gliomas,
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because LATS2 promoter hypermethylation was more frequent in oligodendroglioma than
in astrocytoma.

4. YAP/TAZ

Although the role of Hippo signaling pathway in solid tumors is now well estab-
lished, few studies have investigated its involvement in glioma. It has been shown that
TAZ overexpression in GBM is associated with poorer patient prognosis [70–72]. More-
over, TAZ inhibition by shRNA in GSC lines reduces its tumorigenicity in SCID (Severe
Combined Immunodefeciency) mice. On the other hand, TAZ overexpression in normal
central nervous system stem cells and proneural GSCs was sufficient to induce its aberrant
osteoblastic and chondrocyte differentiation by inducing mesenchymal transition in as-
sociation with TEAD2 transcription factor. More recently, Yee et al. confirmed that GBM
cell lines expressing a constitutively active form of TAZ induce tumors with mesenchymal
features and extensive necrosis [73]. Moreover, the authors showed that necrosis involved
neutrophil-triggered ferroptosis in hyperactivated TAZ GBM mouse model. TAZ could
also be involved in GBM chemoresistance, as its overexpression in U87 and U251 cell lines
was shown to reduce TMZ (Temolozomide) cytotoxicity by induction of MCL-1, leading
to apoptosis resistance. Conversely, TAZ inhibition is able to potentialize TMZ effects in
GBM lines [71]. Yang et al. have shown that TAZ promotes cell proliferation and tumor
formation in U87 and LN229 cells by activating EGFR (Epidermal growth factor receptor)
and its downstream AKT and ERK pathways through c-MYC [72]. TAZ can also be in-
volved in radioresistance in GBM. Zhang et al. investigated long-term cellular responses of
human GBM cells to ionizing radiation and showed that later response was associated with
increased cellular senescence and TAZ inhibition [74]. Mechanistically, TAZ inhibition de-
pends more on increased degradation mediated by the β-catenin destruction complex in the
WNT pathway rather than on the canonical Hippo pathway. The authors also showed that
TAZ silencing promoted radiation-induced senescence and growth arrest and concluded
that TAZ inhibition is implicated in radiation-induced senescence and might improve GBM
radiotherapy. TAZ overexpression can be explained by the upregulation of Histone deacety-
lase 9 (HDAC9) in glioblatoma patients as its knockdown decreases TAZ expression [75].
On the other hand, overexpressed TAZ or TAZ overexpression in HDAC9-knockdown
cells abrogated the effects induced by HDAC9 silencing both in vitro and in vivo. Nawaz
et al. identified a member of Polycomb Repressive Complex 1 (PRC1) called Chromobox
homolog 7 (CBX7) that is downregulated in GBM due to its promoter hypermethyla-
tion [76]. Gene set enrichment analysis (GSEA) of CBX7 regulated genes identified CBX7 as
a repressor of transcription co-activators YAP/TAZ. Moreover, exogenous expression of
CBX7 repressed the YAP/TAZ-dependent transcription and downregulated CTGF, induc-
ing cell death, cell proliferation inhibition, colony formation, migration, and invasion of the
glioma cells. Recently, Escoll et al. showed that NRF2 (Nuclear factor (erythroid-derived 2)-
like 2) transcription factor related to cellular defense against oxidative stress was involved
in tumor progression by providing metabolic adaptation to tumorigenic demands and resis-
tance to chemotherapeutics and that it induces TAZ expression promoting tumorigenesis
in GBM [77]. Indeed, expression of the genes encoding NRF2 (NFE2L2) and TAZ (WWTR1)
showed a positive correlation in 721 gliomas from TCGA database, which was confirmed by
immunohistochemical tissue array analysis at the protein level. Moreover, overexpression
and chemical activation or genetic knockdown of NRF2 showed an increase or a decrease
of TAZ at both the transcript and protein level in GSC culture. In the same way, studies
concerning YAP function have highlighted its involvement in GBM cell line proliferation
in vitro and its association with tumor aggressivity [78,79]. Similarly to its ortholog TAZ,
YAP in association with TEAD2 favors mesenchymal transition in U87 cells [80]. Moreover,
YAP is able to induce WNT signaling transactivation, which plays a major role in GSC
maintenance by modulating β-catenin activity through GSK3β regulation [81]. YAP also
seems to closely interact with the PI3K/AKT/mTOR (Phosphatidylinositol 3-kinase/AKT
serine/threonine kinase/Mechanistic target of rapamycin kinase) signaling pathway in
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glioma. Liu et al. have shown a positive correlation between the phosphorylated form of
mTOR and unphosphorylated YAP protein expression [78]. Moreover, the combination
of p-mTOR and YAP expression was negatively related to the overall survival of patients
and associated with a high grade of glioma. In the same way, Artinian et al. reported that
YAP activation in glioma cell lines could be supported via mTOR through the inhibition
of AMOTL2 (angiomotin-like 2) [82]. The angiomotin family members directly interact
with YAP and the actin cytoskeleton, promoting YAP inactivation by cytoplasmic retention
and leading to YAP phosphorylation by Hippo signaling [83]. Moreover, the authors
showed the capacity of mTORC2 to inhibit AMOTL2 activity post-translationally by phos-
phorylation leading to increased YAP function. Indeed, this regulatory phosphorylation
prevents AMOTL2 binding to YAP and stimulates YAP transcriptional program associated
with enhanced growth and invasiveness in glioma cell lines. Liu et al. demonstrated
that YAP1 expression participates to intratumoral heterogeneity in GBM [84]. Indeed,
strong expression of YAP1 promotes tumorigenesis and clonal dominance accompanied
by growth enhancement. Moreover, the authors suggested that cellular interaction during
clonal dominance induces tumorigenic gene expression contributing to tumor growth.
YAP/TAZ can be stabilized by actin-like 6A (ACTL6A), which has been shown to be up-
regulated in glioma and associated with patient survival [85]. Ji et al. have shown by
co-immunoprecipitation assays that ACTL6A can physically associate with YAP/TAZ and
disrupts the interaction between YAP and SCF-β-TrCP E3 ubiquitin ligase, preventing YAP
protein degradation. Strong YAP expression was found to be associated with aggressive
glioma molecular subtypes, i.e., IDHwt gliomas, as well as overall patient survival and
progression-free survival [86]. More interestingly, YAP could be considered as an indepen-
dent prognostic factor in lower-grade gliomas. Otherwise, at a cellular level, YAP could
play a role in GSC proliferation and phenotype maintenance, notably by repressing the
OLIG2 (Oligodendrocyte transcription factor 2) proneural factor. Vigneswaran et al. also
showed that YAP/TAZ transcription cofactors regulate the expression of SOX2 (SRY-box
transcription factor 2), C-MYC, and EGFR to create a feedforward loop to maintain the
proliferation and survival of EGFR-amplified/mutant human GBM cells [87]. Another
recent study demonstrated that YAP/TAZ are required for the oncogene-dependent trans-
formation of primary neural cells, maintain GSC phenotype, prevent GSC differentiation,
and control GBM cell plasticity showing the pivotal role of these transcriptional cofactors
in glioma pathogenesis [88].

5. TEADs

Little is currently known concerning the role of the TEAD transcription factor family
in glioma. In 2011, Bhat et al. showed that TEAD2 was involved mainly in glioblastoma
mesenchymal transition [70]. Using chromatin immunoprecipitation, the authors showed
that TEAD2, associated with TAZ, binds to a majority of mesenchymal gene promoters.
In a murine model of glioma, the coexpression of TAZ, but not a mutated form of TAZ
that lacks the TEAD binding site, with platelet-derived growth factor-B (PDGF-B) induced
high-grade tumors with mesenchymal traits. The result was confirmed by Lu et al., show-
ing that TEAD2 in association with YAP favored mesenchymal transition in U87 cells [80].
TEAD1 was found to contribute to EGFR effect amplification by inducing c-MYC expres-
sion, which fixes and activates EGFR promoter in U87 cells [89]. TEAD4 was shown to
interact directly with TAZ and could be involved in cell proliferation, migration, and inva-
sion as well as in mesenchymal transition in glioma cells [90]. In 2018, Tome-Garcia et al.
performed a comparative analysis of chromatin accessibility using an assay for transposase
accessible chromatin with sequencing (ATAC-seq) to highlight the differences between neu-
ral stem/progenitors and GSCs [91]. The authors identified the transcriptionally accessible
regions that are specifically related to GSC migration and enriched for TEAD1/4 motifs.
TEAD1 knockout by the CRISPR-Cas9 gene-editing technique showed a decrease of mes-
enchymal transition genes and cell migration in vitro and in vivo. Moreover, the authors
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showed that TEAD1 directly regulates Aquaporin 4 (AQP4) and that the overexpression of
both TEAD1 and AQP4 is sufficient to restore migratory defects in TEAD1-KO cells.

6. Hippo Signaling Pathway Signatures

Recently, Wang et al. deciphered the molecular alterations and regulations of 19 Hippo
core genes in 9125 tumor samples, using multidimensional omic data from the TCGA [92].
The authors developed a YAP/TAZ transcriptional target signature of 22 genes, which
has shown strong prognostic significance through several cancer types. More particularly,
the expression of YAP and TAZ at the mRNA and protein level and the expression of
YAP/TAZ target genes showed a significant association with worse survival in lower-grade
gliomas. Futhermore, the YAP/TAZ target signature was positively correlated with tumor-
infiltrating immune cell abundance: Macrophages, CD4 T-cells, neutrophil, and dendritic
cells. Finally, the combined analyses of mutations, somatic copy number alterations, methy-
lation, and expression data in lower-grade gliomas showed that the main alterations of
Hippo core genes affected YAP/TAZ and TEAD3-4 principally at the expression level. More
recently, Kim et al. evaluated the clinical significance of Hippo signaling in glioblastoma
by generating a core gene expression signature from four different previously established
silences of Hippo pathway (SOH) signatures in the stomach, liver, ovarian, and colorectal
cancers [93]. A SOH and active Hippo pathway (AH) from the Hippo core gene expression
signature was predicted and validated in glioblastoma samples from The Cancer Genome
Atlas (TCGA) and the study of Gravendeel et al. [94]. In both GBM cohorts, the SOH
signature was associated with lower overall survival compared to the AH signature. Gene
expression and network analysis revealed that SOH subgroup is particularly enriched in
genes linked to immune response, mesenchymal transition, and YAP transcriptional targets
such as CTGF and CYR61. Interestingly, inhibitory immune checkpoint and M2-polarized
macrophages genes were increased in the SOH group suggesting GBM resistance to host
immune response. Finally, the SOH signature was strongly correlated with a bad prog-
nosis of GBM patients and may be mediated by pro-tumoral immunosuppression. Taken
together, these data show an association between the YAP/TAZ/TEADs Hippo pathway
effectors and glioma patient outcome.

7. Therapeutic Perspectives

All the data presented above indicate the involvement of Hippo signaling in glioma
pathophysiology and support the development of therapeutic avenues targeting this path-
way (Figure 2). Despite intensive clinical protocols in the management of glioblastoma,
i.e., surgery associated with concomitant radiochemotherapy, no curative treatments exist
to date. Indeed, relapse ineluctably occurs, principally due to local invasiveness, thera-
peutic failure in radiation therapy, and drug response, as well as the existence of cancer
stem cell population. In the past, several studies and clinical trials have investigated the
potential of signaling-targeted therapy against EGFR, PDGFRA (Platelet derived growth
factor receptor alpha), FGFR (Fibroblast growth factor receptor), VEGF (Vascular endothe-
lial growth factor), STAT3 (Signal transducer and activator of transcription 3), and PI3K
without significant improvement in overall patient survival. Increased evidence of Hippo
pathway involvement in tumor progression and resistance to treatment has led to the
recent development of specific inhibitors targeting YAP/TAZ-TEAD signal transduction.
Currently, more than 50 drugs have been shown to inhibit YAP/TAZ activity. However,
with the exception of verteporfin, none act directly on YAP/TAZ [95]. There are three main
approaches to target the Hippo pathway (i) stimulating the LATS1/2-dependent inhibitory
phosphorylation of YAP/TAZ (ii) directly inhibiting the TEAD transcription factors or
disrupting the formation of the YAP/TAZ-TEAD complex, and (iii) targeting oncogenic
proteins that are transcriptionally upregulated by Hippo effectors. Although stimulating
the LATS1/2 kinases by upstream signals showed YAP/TAZ inhibition, these drugs are
not specific and do not take into account existing signaling cross-talks leading to YAP/TAZ
activation independently from the canonical Hippo pathway.
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On the other hand, YAP/TAZ-TEAD downstream oncogenic proteins appear diffi-
cult to target due to the number of regulated genes and their activation by other path-
ways [24,92]. Thus, the most efficient strategy to inhibit the hippo signaling pathway effec-
tors seems to directly target YAP/TAZ-TEAD interaction. One of the first and most popular
Hippo pathway inhibitors developed is a benzoporphyrin molecule called Verteporfin. This
small inhibitor can directly bind YAP, disrupting its interaction with TEAD transcription
factors [96]. However, the exact mechanism by which Verteporfin binds to YAP remains
poorly understood, and some inhibitory effects appear to be YAP-independent [97,98].
Verteporfin induced apoptosis and suppressed expression of YAP/TAZ transcriptional
targets of patient-derived EGFR-amplified/mutant GBM cells leading to better survival in
an orthotopic xenograft model [87]. More interestingly, the administration of Visudyne, an
FDA-approved form of Verteporfin, in patients with suspected or known recurrent GBM
showed its absorption in GBM tumor cells, suggesting the use of Verteporfin as a promis-
ing therapeutic agent for EGFR-amplified/mutant GBM. Recently, a VGLL4-mimicking
peptide, also known as Super-TDU, showed disruption of YAP-TEAD interaction and may
represent a promising new therapeutic strategy against YAP-driven human cancers [99].
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The VGLL family represents another TEAD co-regulator protein, which acts as a competitor
of YAP and TAZ [5,100]. More recently, a fused tricyclic compound called CA3, and new
molecules targeting hydrophobic pocket of TEADs identified by virtual screening approach
were shown to inhibit YAP/TEADs transcriptional activity [101,102]. Growing evidence
demonstrating the role of Hippo signaling in cancer biology and the lack of efficient treat-
ments for glioblastoma support the idea that Hippo effectors YAP/TAZ-TEADs could
represent potential targets paving the way for alternative therapeutics. Thus, it seems
essential that the use of vectorized targeted drugs against the Hippo pathway alone or in
combination with conventional GBM therapies, i.e., radiotherapy and Temozolomide, to
assess their potentiation or synergistic effects should be proposed in the near future.

Author Contributions: Conceptualization, K.M., P.-O.G.; Writing—Original draft preparation, K.M.;
Writing—Review and editing, K.M., L.K.-T., P.-O.G.; supervision, L.K.-T., P.-O.G. All authors have
read and agreed to the published version of the manuscript.

Funding: The authors gratefully acknowledge the funding and support from “Ligue contre le cancer”.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Acknowledgments: The authors would like to thank Jeffrey Arsham, an American medical translator,
for having reread and reviewed the original English-language text.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Huang, J.; Wu, S.; Barrera, J.; Matthews, K.; Pan, D. The Hippo signaling pathway coordinately regulates cell proliferation and

apoptosis by inactivating Yorkie, the Drosophila Homolog of YAP. Cell 2005, 122, 421–434. [CrossRef] [PubMed]
2. Dong, J.; Feldmann, G.; Huang, J.; Wu, S.; Zhang, N.; Comerford, S.A.; Gayyed, M.F.; Anders, R.A.; Maitra, A.; Pan, D. Elucidation

of a universal size-control mechanism in Drosophila and mammals. Cell 2007, 130, 1120–1133. [CrossRef] [PubMed]
3. Halder, G.; Johnson, R.L. Hippo signaling: Growth control and beyond. Development 2011, 138, 9–22. [CrossRef]
4. Bae, S.J.; Luo, X. Activation mechanisms of the Hippo kinase signaling cascade. Biosci. Rep. 2018, 38. [CrossRef] [PubMed]
5. Pobbati, A.V.; Hong, W. Emerging roles of TEAD transcription factors and its coactivators in cancers. Cancer Biol. Ther. 2013, 14,

390–398. [CrossRef] [PubMed]
6. Murakami, M.; Nakagawa, M.; Olson, E.N.; Nakagawa, O. A WW domain protein TAZ is a critical coactivator for TBX5, a

transcription factor implicated in Holt-Oram syndrome. Proc. Natl. Acad. Sci. USA 2005, 102, 18034–18039. [CrossRef] [PubMed]
7. Rosenbluh, J.; Nijhawan, D.; Cox, A.G.; Li, X.; Neal, J.T.; Schafer, E.J.; Zack, T.I.; Wang, X.; Tsherniak, A.; Schinzel, A.C.; et al.

beta-Catenin-driven cancers require a YAP1 transcriptional complex for survival and tumorigenesis. Cell 2012, 151, 1457–1473.
[CrossRef]

8. Lallemand, D.; Curto, M.; Saotome, I.; Giovannini, M.; McClatchey, A.I. NF2 deficiency promotes tumorigenesis and metastasis
by destabilizing adherens junctions. Genes Dev. 2003, 17, 1090–1100. [CrossRef]

9. Yin, F.; Yu, J.; Zheng, Y.; Chen, Q.; Zhang, N.; Pan, D. Spatial organization of Hippo signaling at the plasma membrane mediated
by the tumor suppressor Merlin/NF2. Cell 2013, 154, 1342–1355. [CrossRef]

10. Yu, F.X.; Guan, K.L. The Hippo pathway: Regulators and regulations. Genes Dev. 2013, 27, 355–371. [CrossRef]
11. Lee, K.P.; Lee, J.H.; Kim, T.S.; Kim, T.H.; Park, H.D.; Byun, J.S.; Kim, M.C.; Jeong, W.I.; Calvisi, D.F.; Kim, J.M.; et al. The

Hippo-Salvador pathway restrains hepatic oval cell proliferation, liver size, and liver tumorigenesis. Proc. Natl. Acad. Sci. USA
2010, 107, 8248–8253. [CrossRef] [PubMed]

12. Meng, Z.; Moroishi, T.; Guan, K.L. Mechanisms of Hippo pathway regulation. Genes Dev. 2016, 30, 1–17. [CrossRef] [PubMed]
13. Ouyang, T.; Meng, W.; Li, M.; Hong, T.; Zhang, N. Recent Advances of the Hippo/YAP Signaling Pathway in Brain Development

and Glioma. Cell. Mol. Neurobiol. 2020, 40, 495–510. [CrossRef] [PubMed]
14. Lu, L.; Li, Y.; Kim, S.M.; Bossuyt, W.; Liu, P.; Qiu, Q.; Wang, Y.; Halder, G.; Finegold, M.J.; Lee, J.S.; et al. Hippo signaling is a

potent in vivo growth and tumor suppressor pathway in the mammalian liver. Proc. Natl. Acad. Sci. USA 2010, 107, 1437–1442.
[CrossRef]

15. Song, H.; Mak, K.K.; Topol, L.; Yun, K.; Hu, J.; Garrett, L.; Chen, Y.; Park, O.; Chang, J.; Simpson, R.M.; et al. Mammalian Mst1 and
Mst2 kinases play essential roles in organ size control and tumor suppression. Proc. Natl. Acad. Sci. USA 2010, 107, 1431–1436.
[CrossRef]

16. Zhou, D.; Conrad, C.; Xia, F.; Park, J.S.; Payer, B.; Yin, Y.; Lauwers, G.Y.; Thasler, W.; Lee, J.T.; Avruch, J.; et al. Mst1 and Mst2 main-
tain hepatocyte quiescence and suppress hepatocellular carcinoma development through inactivation of the Yap1 oncogene.
Cancer Cell 2009, 16, 425–438. [CrossRef]

http://doi.org/10.1016/j.cell.2005.06.007
http://www.ncbi.nlm.nih.gov/pubmed/16096061
http://doi.org/10.1016/j.cell.2007.07.019
http://www.ncbi.nlm.nih.gov/pubmed/17889654
http://doi.org/10.1242/dev.045500
http://doi.org/10.1042/BSR20171469
http://www.ncbi.nlm.nih.gov/pubmed/30038061
http://doi.org/10.4161/cbt.23788
http://www.ncbi.nlm.nih.gov/pubmed/23380592
http://doi.org/10.1073/pnas.0509109102
http://www.ncbi.nlm.nih.gov/pubmed/16332960
http://doi.org/10.1016/j.cell.2012.11.026
http://doi.org/10.1101/gad.1054603
http://doi.org/10.1016/j.cell.2013.08.025
http://doi.org/10.1101/gad.210773.112
http://doi.org/10.1073/pnas.0912203107
http://www.ncbi.nlm.nih.gov/pubmed/20404163
http://doi.org/10.1101/gad.274027.115
http://www.ncbi.nlm.nih.gov/pubmed/26728553
http://doi.org/10.1007/s10571-019-00762-9
http://www.ncbi.nlm.nih.gov/pubmed/31768921
http://doi.org/10.1073/pnas.0911427107
http://doi.org/10.1073/pnas.0911409107
http://doi.org/10.1016/j.ccr.2009.09.026


Cells 2021, 10, 184 11 of 14

17. Camargo, F.D.; Gokhale, S.; Johnnidis, J.B.; Fu, D.; Bell, G.W.; Jaenisch, R.; Brummelkamp, T.R. YAP1 increases organ size and
expands undifferentiated progenitor cells. Curr. Biol. CB 2007, 17, 2054–2060. [CrossRef]

18. Lee, J.H.; Kim, T.S.; Yang, T.H.; Koo, B.K.; Oh, S.P.; Lee, K.P.; Oh, H.J.; Lee, S.H.; Kong, Y.Y.; Kim, J.M.; et al. A crucial role of
WW45 in developing epithelial tissues in the mouse. EMBO J. 2008, 27, 1231–1242. [CrossRef]

19. Reddy, B.V.; Rauskolb, C.; Irvine, K.D. Influence of fat-hippo and notch signaling on the proliferation and differentiation of
Drosophila optic neuroepithelia. Development 2010, 137, 2397–2408. [CrossRef]

20. Zhu, J.Y.; Lin, S.; Ye, J. YAP and TAZ, the conductors that orchestrate eye development, homeostasis, and disease. J. Cell. physiol.
2018, 10.1002/jcp.26870. [CrossRef]

21. Staley, B.K.; Irvine, K.D. Warts and Yorkie mediate intestinal regeneration by influencing stem cell proliferation. Curr. Biol. CB
2010, 20, 1580–1587. [CrossRef] [PubMed]

22. Cao, X.; Pfaff, S.L.; Gage, F.H. YAP regulates neural progenitor cell number via the TEA domain transcription factor. Genes Dev.
2008, 22, 3320–3334. [CrossRef] [PubMed]

23. Lian, I.; Kim, J.; Okazawa, H.; Zhao, J.; Zhao, B.; Yu, J.; Chinnaiyan, A.; Israel, M.A.; Goldstein, L.S.; Abujarour, R.; et al. The
role of YAP transcription coactivator in regulating stem cell self-renewal and differentiation. Genes Dev. 2010, 24, 1106–1118.
[CrossRef] [PubMed]

24. Zanconato, F.; Cordenonsi, M.; Piccolo, S. YAP/TAZ at the Roots of Cancer. Cancer Cell 2016, 29, 783–803. [CrossRef]
25. Zhao, B.; Li, L.; Wang, L.; Wang, C.Y.; Yu, J.; Guan, K.L. Cell detachment activates the Hippo pathway via cytoskeleton

reorganization to induce anoikis. Genes Dev. 2012, 26, 54–68. [CrossRef]
26. Barry, E.R.; Camargo, F.D. The Hippo superhighway: Signaling crossroads converging on the Hippo/Yap pathway in stem cells

and development. Curr. Opin. Cell Biol. 2013, 25, 247–253. [CrossRef]
27. Barron, D.A.; Kagey, J.D. The role of the Hippo pathway in human disease and tumorigenesis. Clin. Transl. Med. 2014, 3, 25.

[CrossRef]
28. Bartucci, M.; Dattilo, R.; Moriconi, C.; Pagliuca, A.; Mottolese, M.; Federici, G.; Benedetto, A.D.; Todaro, M.; Stassi, G.; Sperati,

F.; et al. TAZ is required for metastatic activity and chemoresistance of breast cancer stem cells. Oncogene 2015, 34, 681–690.
[CrossRef]

29. Cordenonsi, M.; Zanconato, F.; Azzolin, L.; Forcato, M.; Rosato, A.; Frasson, C.; Inui, M.; Montagner, M.; Parenti, A.R.; Poletti, A.;
et al. The Hippo transducer TAZ confers cancer stem cell-related traits on breast cancer cells. Cell 2011, 147, 759–772. [CrossRef]

30. Garcia-Prat, L.; Martinez-Vicente, M.; Perdiguero, E.; Ortet, L.; Rodriguez-Ubreva, J.; Rebollo, E.; Ruiz-Bonilla, V.; Gutarra, S.;
Ballestar, E.; Serrano, A.L.; et al. Autophagy maintains stemness by preventing senescence. Nature 2016, 529, 37–42. [CrossRef]

31. Liang, N.; Zhang, C.; Dill, P.; Panasyuk, G.; Pion, D.; Koka, V.; Gallazzini, M.; Olson, E.N.; Lam, H.; Henske, E.P.; et al. Regulation
of YAP by mTOR and autophagy reveals a therapeutic target of tuberous sclerosis complex. J. Exp. Med. 2014, 211, 2249–2263.
[CrossRef] [PubMed]

32. Song, Q.; Mao, B.; Cheng, J.; Gao, Y.; Jiang, K.; Chen, J.; Yuan, Z.; Meng, S. YAP enhances autophagic flux to promote breast cancer
cell survival in response to nutrient deprivation. PLoS ONE 2015, 10, e0120790. [CrossRef] [PubMed]

33. Wang, G.; Lu, X.; Dey, P.; Deng, P.; Wu, C.C.; Jiang, S.; Fang, Z.; Zhao, K.; Konaparthi, R.; Hua, S.; et al. Targeting YAP-Dependent
MDSC Infiltration Impairs Tumor Progression. Cancer Discov. 2016, 6, 80–95. [CrossRef]

34. Calvo, F.; Ege, N.; Grande-Garcia, A.; Hooper, S.; Jenkins, R.P.; Chaudhry, S.I.; Harrington, K.; Williamson, P.; Moeendarbary, E.;
Charras, G.; et al. Mechanotransduction and YAP-dependent matrix remodelling is required for the generation and maintenance
of cancer-associated fibroblasts. Nat. Cell Biol. 2013, 15, 637–646. [CrossRef] [PubMed]

35. Halder, G.; Dupont, S.; Piccolo, S. Transduction of mechanical and cytoskeletal cues by YAP and TAZ. Nature reviews. Mol. Cell
Biol. 2012, 13, 591–600. [CrossRef]

36. Ostrom, Q.T.; Gittleman, H.; Stetson, L.; Virk, S.M.; Barnholtz-Sloan, J.S. Epidemiology of gliomas. Cancer Treat. Res. 2015, 163,
1–14. [CrossRef] [PubMed]

37. Coons, S.W.; Johnson, P.C.; Scheithauer, B.W.; Yates, A.J.; Pearl, D.K. Improving diagnostic accuracy and interobserver concordance
in the classification and grading of primary gliomas. Cancer 1997, 79, 1381–1393. [CrossRef]

38. Cancer Genome Atlas Research, N.; Brat, D.J.; Verhaak, R.G.; Aldape, K.D.; Yung, W.K.; Salama, S.R.; Cooper, L.A.; Rheinbay, E.;
Miller, C.R.; Vitucci, M.; et al. Comprehensive, Integrative Genomic Analysis of Diffuse Lower-Grade Gliomas. N. Engl. J. Med.
2015, 372, 2481–2498. [CrossRef]

39. Yan, H.; Parsons, D.W.; Jin, G.; McLendon, R.; Rasheed, B.A.; Yuan, W.; Kos, I.; Batinic-Haberle, I.; Jones, S.; Riggins, G.J.; et al.
IDH1 and IDH2 mutations in gliomas. N. Engl. J. Med. 2009, 360, 765–773. [CrossRef]

40. Eckel-Passow, J.E.; Lachance, D.H.; Molinaro, A.M.; Walsh, K.M.; Decker, P.A.; Sicotte, H.; Pekmezci, M.; Rice, T.; Kosel, M.L.;
Smirnov, I.V.; et al. Glioma Groups Based on 1p/19q, IDH, and TERT Promoter Mutations in Tumors. N. Engl. J. Med. 2015, 372,
2499–2508. [CrossRef]

41. van den Bent, M.J.; Mellinghoff, I.K.; Bindra, R.S. Gray Areas in the Gray Matter: IDH1/2 Mutations in Glioma. American Society
of Clinical Oncology educational book. Am. Soc. Clin. Oncol. Annu. Meet. 2020, 40, 1–8. [CrossRef]

42. Venneti, S.; Huse, J.T. The evolving molecular genetics of low-grade glioma. Adv. Anat. Pathol. 2015, 22, 94–101. [CrossRef]
[PubMed]

http://doi.org/10.1016/j.cub.2007.10.039
http://doi.org/10.1038/emboj.2008.63
http://doi.org/10.1242/dev.050013
http://doi.org/10.1002/jcp.26870
http://doi.org/10.1016/j.cub.2010.07.041
http://www.ncbi.nlm.nih.gov/pubmed/20727758
http://doi.org/10.1101/gad.1726608
http://www.ncbi.nlm.nih.gov/pubmed/19015275
http://doi.org/10.1101/gad.1903310
http://www.ncbi.nlm.nih.gov/pubmed/20516196
http://doi.org/10.1016/j.ccell.2016.05.005
http://doi.org/10.1101/gad.173435.111
http://doi.org/10.1016/j.ceb.2012.12.006
http://doi.org/10.1186/2001-1326-3-25
http://doi.org/10.1038/onc.2014.5
http://doi.org/10.1016/j.cell.2011.09.048
http://doi.org/10.1038/nature16187
http://doi.org/10.1084/jem.20140341
http://www.ncbi.nlm.nih.gov/pubmed/25288394
http://doi.org/10.1371/journal.pone.0120790
http://www.ncbi.nlm.nih.gov/pubmed/25811979
http://doi.org/10.1158/2159-8290.CD-15-0224
http://doi.org/10.1038/ncb2756
http://www.ncbi.nlm.nih.gov/pubmed/23708000
http://doi.org/10.1038/nrm3416
http://doi.org/10.1007/978-3-319-12048-5_1
http://www.ncbi.nlm.nih.gov/pubmed/25468222
http://doi.org/10.1002/(SICI)1097-0142(19970401)79:7&lt;1381::AID-CNCR16&gt;3.0.CO;2-W
http://doi.org/10.1056/NEJMoa1402121
http://doi.org/10.1056/NEJMoa0808710
http://doi.org/10.1056/NEJMoa1407279
http://doi.org/10.1200/EDBK_280967
http://doi.org/10.1097/PAP.0000000000000049
http://www.ncbi.nlm.nih.gov/pubmed/25664944


Cells 2021, 10, 184 12 of 14

43. Louis, D.N.; Perry, A.; Reifenberger, G.; von Deimling, A.; Figarella-Branger, D.; Cavenee, W.K.; Ohgaki, H.; Wiestler, O.D.;
Kleihues, P.; Ellison, D.W. The 2016 World Health Organization Classification of Tumors of the Central Nervous System: A
summary. Acta Neuropathol. 2016, 131, 803–820. [CrossRef] [PubMed]

44. Stupp, R.; Mason, W.P.; van den Bent, M.J.; Weller, M.; Fisher, B.; Taphoorn, M.J.; Belanger, K.; Brandes, A.A.; Marosi, C.; Bogdahn,
U.; et al. Radiotherapy plus concomitant and adjuvant temozolomide for glioblastoma. N. Engl. J. Med. 2005, 352, 987–996.
[CrossRef]

45. Ostrom, Q.T.; Bauchet, L.; Davis, F.G.; Deltour, I.; Fisher, J.L.; Langer, C.E.; Pekmezci, M.; Schwartzbaum, J.A.; Turner, M.C.;
Walsh, K.M.; et al. The epidemiology of glioma in adults: A “state of the science” review. J. Pediatr. Oncol. Nurs. 2014, 16, 896–913.
[CrossRef]

46. Galli, R.; Binda, E.; Orfanelli, U.; Cipelletti, B.; Gritti, A.; De Vitis, S.; Fiocco, R.; Foroni, C.; Dimeco, F.; Vescovi, A. Isolation
and characterization of tumorigenic, stem-like neural precursors from human glioblastoma. Cancer Res. 2004, 64, 7011–7021.
[CrossRef]

47. Singh, S.K.; Hawkins, C.; Clarke, I.D.; Squire, J.A.; Bayani, J.; Hide, T.; Henkelman, R.M.; Cusimano, M.D.; Dirks, P.B. Identification
of human brain tumour initiating cells. Nature 2004, 432, 396–401. [CrossRef]

48. Yuan, X.; Curtin, J.; Xiong, Y.; Liu, G.; Waschsmann-Hogiu, S.; Farkas, D.L.; Black, K.L.; Yu, J.S. Isolation of cancer stem cells from
adult glioblastoma multiforme. Oncogene 2004, 23, 9392–9400. [CrossRef]

49. Tang, F.; Zhang, L.; Xue, G.; Hynx, D.; Wang, Y.; Cron, P.D.; Hundsrucker, C.; Hergovich, A.; Frank, S.; Hemmings, B.A.; et al.
hMOB3 modulates MST1 apoptotic signaling and supports tumor growth in glioblastoma multiforme. Cancer Res. 2014, 74,
3779–3789. [CrossRef]

50. Chao, Y.; Wang, Y.; Liu, X.; Ma, P.; Shi, Y.; Gao, J.; Shi, Q.; Hu, J.; Yu, R.; Zhou, X. Mst1 regulates glioma cell proliferation via the
AKT/mTOR signaling pathway. J. Neuro-Oncol. 2015, 121, 279–288. [CrossRef]

51. Guo, Z.; Li, G.; Bian, E.; Ma, C.C.; Wan, J.; Zhao, B. TGF-beta-mediated repression of MST1 by DNMT1 promotes glioma
malignancy. Biomed. Pharmacother. 2017, 94, 774–780. [CrossRef] [PubMed]

52. Zhu, G.; Wang, Y.; Mijiti, M.; Wang, Z.; Wu, P.F.; Jiafu, D. Upregulation of miR-130b enhances stem cell-like phenotype in
glioblastoma by inactivating the Hippo signaling pathway. Biochem. Biophys. Res. Commun. 2015, 465, 194–199. [CrossRef]
[PubMed]

53. Zhu, D.; Sun, C.; Qian, X. MST1 suppresses viability and promotes apoptosis of glioma cells via upregulating SIRT6 expression.
J. Integr. Neurosci. 2019, 18, 117–126. [CrossRef] [PubMed]

54. Xu, J.; Zhang, Z.; Qian, M.; Wang, S.; Qiu, W.; Chen, Z.; Sun, Z.; Xiong, Y.; Wang, C.; Sun, X.; et al. Cullin-7 (CUL7) is overexpressed
in glioma cells and promotes tumorigenesis via NF-kappaB activation. J. Exp. Clin. Cancer Res. 2020, 39, 59. [CrossRef] [PubMed]

55. Nishiyama, Y.; Hirota, T.; Morisaki, T.; Hara, T.; Marumoto, T.; Iida, S.; Makino, K.; Yamamoto, H.; Hiraoka, T.; Kitamura, N.; et al.
A human homolog of Drosophila warts tumor suppressor, h-warts, localized to mitotic apparatus and specifically phosphorylated
during mitosis. FEBS Lett. 1999, 459, 159–165. [CrossRef]

56. Yang, X.; Li, D.M.; Chen, W.; Xu, T. Human homologue of Drosophila lats, LATS1, negatively regulate growth by inducing
G(2)/M arrest or apoptosis. Oncogene 2001, 20, 6516–6523. [CrossRef]

57. Xia, H.; Qi, H.; Li, Y.; Pei, J.; Barton, J.; Blackstad, M.; Xu, T.; Tao, W. LATS1 tumor suppressor regulates G2/M transition and
apoptosis. Oncogene 2002, 21, 1233–1241. [CrossRef]

58. Yabuta, N.; Fujii, T.; Copeland, N.G.; Gilbert, D.J.; Jenkins, N.A.; Nishiguchi, H.; Endo, Y.; Toji, S.; Tanaka, H.; Nishimune, Y.; et al.
Structure, expression, and chromosome mapping of LATS2, a mammalian homologue of the Drosophila tumor suppressor gene
lats/warts. Genomics 2000, 63, 263–270. [CrossRef]

59. Hori, T.; Takaori-Kondo, A.; Kamikubo, Y.; Uchiyama, T. Molecular cloning of a novel human protein kinase, kpm, that is
homologous to warts/lats, a Drosophila tumor suppressor. Oncogene 2000, 19, 3101–3109. [CrossRef]

60. Li, Y.; Pei, J.; Xia, H.; Ke, H.; Wang, H.; Tao, W. Lats2, a putative tumor suppressor, inhibits G1/S transition. Oncogene 2003, 22,
4398–4405. [CrossRef]

61. Jiang, Z.; Li, X.; Hu, J.; Zhou, W.; Jiang, Y.; Li, G.; Lu, D. Promoter hypermethylation-mediated down-regulation of LATS1 and
LATS2 in human astrocytoma. Neurosci. Res. 2006, 56, 450–458. [CrossRef] [PubMed]

62. Ji, T.; Liu, D.; Shao, W.; Yang, W.; Wu, H.; Bian, X. Decreased expression of LATS1 is correlated with the progression and prognosis
of glioma. J. Exp. Clin. Cancer Res. 2012, 31, 67. [CrossRef] [PubMed]

63. Lignitto, L.; Arcella, A.; Sepe, M.; Rinaldi, L.; Delle Donne, R.; Gallo, A.; Stefan, E.; Bachmann, V.A.; Oliva, M.A.; Tiziana Storlazzi,
C.; et al. Proteolysis of MOB1 by the ubiquitin ligase praja2 attenuates Hippo signalling and supports glioblastoma growth.
Nat. Commun. 2013, 4, 1822. [CrossRef] [PubMed]

64. Guan, H.; Zhang, H.; Cai, J.; Wu, J.; Yuan, J.; Li, J.; Huang, Z.; Li, M. IKBKE is over-expressed in glioma and contributes to
resistance of glioma cells to apoptosis via activating NF-kappaB. J. Pathol. 2011, 223, 436–445. [CrossRef]

65. Liu, Y.; Lu, J.; Zhang, Z.; Zhu, L.; Dong, S.; Guo, G.; Li, R.; Nan, Y.; Yu, K.; Zhong, Y.; et al. Amlexanox, a selective inhibitor of
IKBKE, generates anti-tumoral effects by disrupting the Hippo pathway in human glioblastoma cell lines. Cell Death Dis. 2017, 8,
e3022. [CrossRef]

66. Liu, Z.; Wei, Y.; Zhang, L.; Yee, P.P.; Johnson, M.; Zhang, X.; Gulley, M.; Atkinson, J.M.; Trebak, M.; Wang, H.G.; et al. Induction
of store-operated calcium entry (SOCE) suppresses glioblastoma growth by inhibiting the Hippo pathway transcriptional
coactivators YAP/TAZ. Oncogene 2019, 38, 120–139. [CrossRef]

http://doi.org/10.1007/s00401-016-1545-1
http://www.ncbi.nlm.nih.gov/pubmed/27157931
http://doi.org/10.1056/NEJMoa043330
http://doi.org/10.1093/neuonc/nou087
http://doi.org/10.1158/0008-5472.CAN-04-1364
http://doi.org/10.1038/nature03128
http://doi.org/10.1038/sj.onc.1208311
http://doi.org/10.1158/0008-5472.CAN-13-3430
http://doi.org/10.1007/s11060-014-1654-4
http://doi.org/10.1016/j.biopha.2017.07.081
http://www.ncbi.nlm.nih.gov/pubmed/28802229
http://doi.org/10.1016/j.bbrc.2015.07.149
http://www.ncbi.nlm.nih.gov/pubmed/26241672
http://doi.org/10.31083/j.jin.2019.02.122
http://www.ncbi.nlm.nih.gov/pubmed/31321952
http://doi.org/10.1186/s13046-020-01553-7
http://www.ncbi.nlm.nih.gov/pubmed/32252802
http://doi.org/10.1016/S0014-5793(99)01224-7
http://doi.org/10.1038/sj.onc.1204817
http://doi.org/10.1038/sj.onc.1205174
http://doi.org/10.1006/geno.1999.6065
http://doi.org/10.1038/sj.onc.1203659
http://doi.org/10.1038/sj.onc.1206603
http://doi.org/10.1016/j.neures.2006.09.006
http://www.ncbi.nlm.nih.gov/pubmed/17049657
http://doi.org/10.1186/1756-9966-31-67
http://www.ncbi.nlm.nih.gov/pubmed/22909338
http://doi.org/10.1038/ncomms2791
http://www.ncbi.nlm.nih.gov/pubmed/23652010
http://doi.org/10.1002/path.2815
http://doi.org/10.1038/cddis.2017.396
http://doi.org/10.1038/s41388-018-0425-7


Cells 2021, 10, 184 13 of 14

67. Liu, C.; Ma, T.; Jiang, T.; Jia, G.; Yang, C.; Peng, Y.; Qian, Y.; Wang, R.; Wang, S. Abnormal increase of miR-4262 promotes cell
proliferation and migration by targeting large tumor suppressor 1 in gliomas. Pathol. Res. Pract. 2020, 216, 152778. [CrossRef]

68. Ji, J.; Ding, K.; Luo, T.; Xu, R.; Zhang, X.; Huang, B.; Chen, A.; Zhang, D.; Miletic, H.; Bjerkvig, R.; et al. PMEPA1 isoform a
drives progression of glioblastoma by promoting protein degradation of the Hippo pathway kinase LATS1. Oncogene 2020, 39,
1125–1139. [CrossRef]

69. Levallet, G.; Creveuil, C.; Bekaert, L.; Peres, E.; Planchard, G.; Lecot-Cotigny, S.; Guillamo, J.S.; Emery, E.; Zalcman, G.; Lechapt-
Zalcman, E. Promoter Hypermethylation of Genes Encoding for RASSF/Hippo Pathway Members Reveals Specific Alteration
Pattern in Diffuse Gliomas. JMD 2019, 21, 695–704. [CrossRef]

70. Bhat, K.P.; Salazar, K.L.; Balasubramaniyan, V.; Wani, K.; Heathcock, L.; Hollingsworth, F.; James, J.D.; Gumin, J.; Diefes, K.L.;
Kim, S.H.; et al. The transcriptional coactivator TAZ regulates mesenchymal differentiation in malignant glioma. Genes Dev. 2011,
25, 2594–2609. [CrossRef]

71. Tian, T.; Li, A.; Lu, H.; Luo, R.; Zhang, M.; Li, Z. TAZ promotes temozolomide resistance by upregulating MCL-1 in human
glioma cells. Biochem. Biophys. Res. Commun. 2015, 463, 638–643. [CrossRef]

72. Yang, R.; Wu, Y.; Zou, J.; Zhou, J.; Wang, M.; Hao, X.; Cui, H. The Hippo transducer TAZ promotes cell proliferation and tumor
formation of glioblastoma cells through EGFR pathway. Oncotarget 2016, 7, 36255–36265. [CrossRef]

73. Yee, P.P.; Wei, Y.; Kim, S.Y.; Lu, T.; Chih, S.Y.; Lawson, C.; Tang, M.; Liu, Z.; Anderson, B.; Thamburaj, K.; et al. Neutrophil-induced
ferroptosis promotes tumor necrosis in glioblastoma progression. Nat. Commun. 2020, 11, 5424. [CrossRef]

74. Zhang, L.; Cheng, F.; Wei, Y.; Zhang, L.; Guo, D.; Wang, B.; Li, W. Inhibition of TAZ contributes radiation-induced senescence and
growth arrest in glioma cells. Oncogene 2019, 38, 2788–2799. [CrossRef]

75. Yang, R.; Wu, Y.; Wang, M.; Sun, Z.; Zou, J.; Zhang, Y.; Cui, H. HDAC9 promotes glioblastoma growth via TAZ-mediated EGFR
pathway activation. Oncotarget 2015, 6, 7644–7656. [CrossRef]

76. Nawaz, Z.; Patil, V.; Arora, A.; Hegde, A.S.; Arivazhagan, A.; Santosh, V.; Somasundaram, K. Cbx7 is epigenetically silenced in
glioblastoma and inhibits cell migration by targeting YAP/TAZ-dependent transcription. Sci. Rep. 2016, 6, 27753. [CrossRef]

77. Escoll, M.; Lastra, D.; Pajares, M.; Robledinos-Anton, N.; Rojo, A.I.; Fernandez-Gines, R.; Mendiola, M.; Martinez-Marin, V.;
Esteban, I.; Lopez-Larrubia, P.; et al. Transcription factor NRF2 uses the Hippo pathway effector TAZ to induce tumorigenesis in
glioblastomas. Redox Biol. 2020, 30, 101425. [CrossRef]

78. Liu, M.; Lin, Y.; Zhang, X.C.; Tan, Y.H.; Yao, Y.L.; Tan, J.; Zhang, X.; Cui, Y.H.; Liu, X.; Wang, Y.; et al. Phosphorylated mTOR and
YAP serve as prognostic markers and therapeutic targets in gliomas. Lab. Investig. 2017, 97, 1354–1363. [CrossRef]

79. Orr, B.A.; Bai, H.; Odia, Y.; Jain, D.; Anders, R.A.; Eberhart, C.G. Yes-associated protein 1 is widely expressed in human brain
tumors and promotes glioblastoma growth. J. Neuropathol. Exp. Neurol. 2011, 70, 568–577. [CrossRef] [PubMed]

80. Lu, J.; Yang, Y.; Guo, G.; Liu, Y.; Zhang, Z.; Dong, S.; Nan, Y.; Zhao, Z.; Zhong, Y.; Huang, Q. IKBKE regulates cell proliferation
and epithelial-mesenchymal transition of human malignant glioma via the Hippo pathway. Oncotarget 2017, 8, 49502–49514.
[CrossRef] [PubMed]

81. Wang, Y.; Pan, P.; Wang, Z.; Zhang, Y.; Xie, P.; Geng, D.; Jiang, Y.; Yu, R.; Zhou, X. beta-catenin-mediated YAP signaling promotes
human glioma growth. J. Exp. Clin. Cancer Res. Cr 2017, 36, 136. [CrossRef] [PubMed]

82. Artinian, N.; Cloninger, C.; Holmes, B.; Benavides-Serrato, A.; Bashir, T.; Gera, J. Phosphorylation of the Hippo Pathway
Component AMOTL2 by the mTORC2 Kinase Promotes YAP Signaling, Resulting in Enhanced Glioblastoma Growth and
Invasiveness. J. Biol. Chem. 2015, 290, 19387–19401. [CrossRef] [PubMed]

83. Zhao, B.; Li, L.; Lu, Q.; Wang, L.H.; Liu, C.Y.; Lei, Q.; Guan, K.L. Angiomotin is a novel Hippo pathway component that inhibits
YAP oncoprotein. Genes Dev. 2011, 25, 51–63. [CrossRef]

84. Liu, Z.; Yee, P.P.; Wei, Y.; Liu, Z.; Kawasawa, Y.I.; Li, W. Differential YAP expression in glioma cells induces cell competition and
promotes tumorigenesis. J. Cell Sci. 2019, 132. [CrossRef]

85. Ji, J.; Xu, R.; Zhang, X.; Han, M.; Xu, Y.; Wei, Y.; Ding, K.; Wang, S.; Bin, H.; Chen, A.; et al. Actin like-6A promotes glioma
progression through stabilization of transcriptional regulators YAP/TAZ. Cell Death Dis. 2018, 9, 517. [CrossRef]

86. Guichet, P.O.; Masliantsev, K.; Tachon, G.; Petropoulos, C.; Godet, J.; Larrieu, D.; Milin, S.; Wager, M.; Karayan-Tapon, L. Fatal
correlation between YAP1 expression and glioma aggressiveness: Clinical and molecular evidence. J. Pathol. 2018, 246, 205–216.
[CrossRef]

87. Vigneswaran, K.; Boyd, N.H.; Oh, S.Y.; Lallani, S.; Boucher, A.; Neill, S.G.; Olson, J.J.; Read, R.D. YAP/TAZ transcriptional
co-activators create therapeutic vulnerability to verteporfin in EGFR mutant glioblastoma. Clin. Cancer Res. 2020. [CrossRef]

88. Castellan, M.; Guarnieri, A.; Fujimura, A.; Zanconato, F.; Battilana, G.; Panciera, T.; Sladitschek, H.L.; Contessotto, P.; Citron, A.;
Grilli, A.; et al. Single-cell analyses reveal YAP/TAZ as regulators of stemness and cell plasticity in glioblastoma. Nat. Cancer
2020. [CrossRef]

89. Zhao, K.; Wang, Q.; Wang, Y.; Huang, K.; Yang, C.; Li, Y.; Yi, K.; Kang, C. EGFR/c-myc axis regulates TGFbeta/Hippo/Notch
pathway via epigenetic silencing miR-524 in gliomas. Cancer Lett. 2017, 406, 12–21. [CrossRef]

90. Li, W.; Dong, S.; Wei, W.; Wang, G.; Zhang, A.; Pu, P.; Jia, Z. The role of transcriptional coactivator TAZ in gliomas. Oncotarget
2016, 7, 82686–82699. [CrossRef]

91. Tome-Garcia, J.; Erfani, P.; Nudelman, G.; Tsankov, A.M.; Katsyv, I.; Tejero, R.; Bin, Z.; Walsh, M.; Friedel, R.H.; Zaslavsky, E.; et al.
Analysis of chromatin accessibility uncovers TEAD1 as a regulator of migration in human glioblastoma. Nat. Commun. 2018, 9,
4020. [CrossRef]

http://doi.org/10.1016/j.prp.2019.152778
http://doi.org/10.1038/s41388-019-1050-9
http://doi.org/10.1016/j.jmoldx.2019.03.007
http://doi.org/10.1101/gad.176800.111
http://doi.org/10.1016/j.bbrc.2015.05.115
http://doi.org/10.18632/oncotarget.9199
http://doi.org/10.1038/s41467-020-19193-y
http://doi.org/10.1038/s41388-018-0626-0
http://doi.org/10.18632/oncotarget.3223
http://doi.org/10.1038/srep27753
http://doi.org/10.1016/j.redox.2019.101425
http://doi.org/10.1038/labinvest.2017.70
http://doi.org/10.1097/NEN.0b013e31821ff8d8
http://www.ncbi.nlm.nih.gov/pubmed/21666501
http://doi.org/10.18632/oncotarget.17738
http://www.ncbi.nlm.nih.gov/pubmed/28548934
http://doi.org/10.1186/s13046-017-0606-1
http://www.ncbi.nlm.nih.gov/pubmed/28962630
http://doi.org/10.1074/jbc.M115.656587
http://www.ncbi.nlm.nih.gov/pubmed/25998128
http://doi.org/10.1101/gad.2000111
http://doi.org/10.1242/jcs.225714
http://doi.org/10.1038/s41419-018-0548-3
http://doi.org/10.1002/path.5133
http://doi.org/10.1158/1078-0432.CCR-20-0018
http://doi.org/10.1038/s43018-020-00150-z
http://doi.org/10.1016/j.canlet.2017.07.022
http://doi.org/10.18632/oncotarget.12625
http://doi.org/10.1038/s41467-018-06258-2


Cells 2021, 10, 184 14 of 14

92. Wang, Y.; Xu, X.; Maglic, D.; Dill, M.T.; Mojumdar, K.; Ng, P.K.; Jeong, K.J.; Tsang, Y.H.; Moreno, D.; Bhavana, V.H.; et al.
Comprehensive Molecular Characterization of the Hippo Signaling Pathway in Cancer. Cell Rep. 2018, 25, 1304–1317 e1305.
[CrossRef]

93. Kim, E.H.; Sohn, B.H.; Eun, Y.G.; Lee, D.J.; Yim, S.Y.; Kang, S.G.; Lee, J.S. Silence of Hippo Pathway Associates with Pro-Tumoral
Immunosuppression: Potential Therapeutic Target of Glioblastomas. Cells 2020, 9, 1761. [CrossRef]

94. Gravendeel, L.A.; Kouwenhoven, M.C.; Gevaert, O.; de Rooi, J.J.; Stubbs, A.P.; Duijm, J.E.; Daemen, A.; Bleeker, F.E.; Bralten, L.B.;
Kloosterhof, N.K.; et al. Intrinsic gene expression profiles of gliomas are a better predictor of survival than histology. Cancer Res.
2009, 69, 9065–9072. [CrossRef]

95. Pobbati, A.V.; Hong, W. A combat with the YAP/TAZ-TEAD oncoproteins for cancer therapy. Theranostics 2020, 10, 3622–3635.
[CrossRef]

96. Liu-Chittenden, Y.; Huang, B.; Shim, J.S.; Chen, Q.; Lee, S.J.; Anders, R.A.; Liu, J.O.; Pan, D. Genetic and pharmacological
disruption of the TEAD-YAP complex suppresses the oncogenic activity of YAP. Genes Dev. 2012, 26, 1300–1305. [CrossRef]

97. Dasari, V.R.; Mazack, V.; Feng, W.; Nash, J.; Carey, D.J.; Gogoi, R. Verteporfin exhibits YAP-independent anti-proliferative and
cytotoxic effects in endometrial cancer cells. Oncotarget 2017, 8, 28628–28640. [CrossRef]

98. Zhang, H.; Ramakrishnan, S.K.; Triner, D.; Centofanti, B.; Maitra, D.; Gyorffy, B.; Sebolt-Leopold, J.S.; Dame, M.K.; Varani, J.;
Brenner, D.E.; et al. Tumor-selective proteotoxicity of verteporfin inhibits colon cancer progression independently of YAP1.
Sci. Signal. 2015, 8, ra98. [CrossRef]

99. Jiao, S.; Wang, H.; Shi, Z.; Dong, A.; Zhang, W.; Song, X.; He, F.; Wang, Y.; Zhang, Z.; Wang, W.; et al. A peptide mimicking
VGLL4 function acts as a YAP antagonist therapy against gastric cancer. Cancer Cell 2014, 25, 166–180. [CrossRef]

100. Pobbati, A.V.; Chan, S.W.; Lee, I.; Song, H.; Hong, W. Structural and functional similarity between the Vgll1-TEAD and the
YAP-TEAD complexes. Structure 2012, 20, 1135–1140. [CrossRef]

101. Gibault, F.; Coevoet, M.; Sturbaut, M.; Farce, A.; Renault, N.; Allemand, F.; Guichou, J.F.; Drucbert, A.S.; Foulon, C.; Magnez, R.;
et al. Toward the Discovery of a Novel Class of YAP(-)TEAD Interaction Inhibitors by Virtual Screening Approach Targeting
YAP(-)TEAD Protein(-)Protein Interface. Cancers 2018, 10, 140. [CrossRef]

102. Song, S.; Xie, M.; Scott, A.W.; Jin, J.; Ma, L.; Dong, X.; Skinner, H.D.; Johnson, R.L.; Ding, S.; Ajani, J.A. A Novel YAP1 In-
hibitor Targets CSC-Enriched Radiation-Resistant Cells and Exerts Strong Antitumor Activity in Esophageal Adenocarcinoma.
Mol. Cancer Ther. 2018, 17, 443–454. [CrossRef]

http://doi.org/10.1016/j.celrep.2018.10.001
http://doi.org/10.3390/cells9081761
http://doi.org/10.1158/0008-5472.CAN-09-2307
http://doi.org/10.7150/thno.40889
http://doi.org/10.1101/gad.192856.112
http://doi.org/10.18632/oncotarget.15614
http://doi.org/10.1126/scisignal.aac5418
http://doi.org/10.1016/j.ccr.2014.01.010
http://doi.org/10.1016/j.str.2012.04.004
http://doi.org/10.3390/cancers10050140
http://doi.org/10.1158/1535-7163.MCT-17-0560

	Introduction 
	MST1/2 
	LATS1/2 
	YAP/TAZ 
	TEADs 
	Hippo Signaling Pathway Signatures 
	Therapeutic Perspectives 
	References

