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Abstract: The Hippo signaling pathway is a highly-conserved developmental pathway that plays
an essential role in organ size control, tumor suppression, tissue regeneration and stem cell
self-renewal. The YES-associated protein (YAP) and the transcriptional co-activator with PDZ-binding
motif (TAZ) are two important transcriptional co-activators that are negatively regulated by the Hippo
signaling pathway. By binding to transcription factors, especially the TEA domain transcription
factors (TEADs), YAP and TAZ induce the expression of growth-promoting genes, which can promote
organ regeneration after injury. Therefore, controlled activation of YAP and TAZ can be useful
for regenerative medicine. However, aberrant activation of YAP and TAZ due to deregulation of
the Hippo pathway or overexpression of YAP/TAZ and TEADs can promote cancer development.
Hence, pharmacological inhibition of YAP and TAZ may be a useful approach to treat tumors with
high YAP and/or TAZ activity. In this review, we present the mechanisms regulating the Hippo
pathway, the role of the Hippo pathway in tissue repair and cancer, as well as a detailed analysis of
the different strategies to target the Hippo signaling pathway and the genes regulated by YAP and
TAZ for regenerative medicine and cancer therapy.
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1. Introduction

The Hippo signaling pathway is an evolutionarily-conserved signaling pathway that plays
an important function in organ size control, tissue regeneration, as well as tumor suppression [1].
YES-associated protein (YAP) and transcriptional co-activator with PDZ-binding motif (TAZ) are
the two main downstream effectors of the Hippo signaling pathway [2]. YAP and TAZ function as
transcriptional co-activators, and when they are active, they initiate a transcriptional program that
enhances stem cell self-renewal and promotes cell proliferation, which are important for stimulating
tissue regeneration. However, aberrant and sustained activation of YAP and TAZ can lead to the
formation of malignant tumors [3]. In this review, we present an overview of the Hippo signaling
pathway, its role in tissue regeneration and tumorigenesis, as well as various approaches to modulate
the Hippo signaling pathway for anticancer therapy and regenerative medicine.

2. Overview of the Hippo Signaling Pathway

The core of the Hippo signaling pathway consists of a highly-conserved serine/threonine kinase
cascade that negatively regulates the expression and the activity of the transcriptional co-activators,
YAP and TAZ. In mammals, the core kinases involved in the pathway include mammalian STE20-like
protein kinase 1 (MST1), MST2, large tumor suppressor 1 (LATS1) and LATS2 [4–7] (Figure 1).
The activities of these kinases are also dependent on their interactions with scaffolding proteins.
Salvador homolog 1 (SAV1) forms complexes with MST1/2, whereas MOB kinase activator 1A
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(MOB1A) and MOB1B interact with LATS1/2 [8–10]. When the Hippo pathway is activated,
MST1/2 activate LATS1/2 and MOB1A/1B by phosphorylation [11]. Subsequently, LATS1/2 directly
phosphorylate YAP and TAZ on HXRXXS motifs [12]. Phosphorylation inhibits YAP and TAZ activities
by two main mechanisms (Figure 1). First, phosphorylation of YAP on serine 127 and TAZ on
serine 89 create binding sites for 14-3-3, in which interactions with 14-3-3 promote cytoplasmic
retention of YAP and TAZ [13,14]. Second, phosphorylation of YAP on serine 381 and TAZ on
serine 311 promotes another phosphorylation event mediated by casein kinase 1. This additional
phosphorylation event activates a phosphodegron that is targeted by β-transducin repeat-containing
protein (β-TrCP), leading to the degradation of YAP and TAZ proteins [12,15]. As a result, YAP and
TAZ accumulate in the nucleus and promote gene expression when the Hippo pathway is not active
(Figure 1). YAP and TAZ do not contain a DNA-binding domain. Therefore, they have to form
complexes with other transcription factors to modulate gene expression. In mammals, TEA domain
transcription factors (TEAD1 to TEAD4) are the major transcription factors that bind to YAP and
TAZ [16–19]. Other transcription factors, such as T-box transcription factor 5 (TBX5) [20,21], p73 [22],
RUNT-related transcription factor 1 (RUNX1) and RUNX2 [23], have also been shown to interact with
YAP and TAZ to modulate gene expression.
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3.1. Regulation by Proteins Involved in Cell Polarity 

Figure 1. Schematic overview of the Hippo signaling pathway. (Left) When Hippo signaling is
on, LATS1/2 phosphorylate YAP/TAZ, which leads to β-TrCP-mediated degradation of YAP/TAZ.
Phosphorylation also promotes the retention of YAP/TAZ in the cytoplasm due to the interaction with
14-3-3. (Right) When Hippo signaling is inactivated, YAP/TAZ accumulate in the nucleus and interact
with TEADs, resulting in the expression of YAP/TAZ target genes.

3. Regulation of the Hippo Signaling Pathway

Currently, several upstream regulators of the Hippo signaling pathway have been identified,
which include: (1) proteins that determine cell polarity; (2) adherens and tight junctions; (3) cross-talk
between other signaling pathways; and (4) mechanical cues. Summaries of these upstream regulators
are outlined below.
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3.1. Regulation by Proteins Involved in Cell Polarity

Cell polarity refers to the asymmetric organization of cellular organelles, structures and
proteins, which allow eukaryotic cells to perform highly-specialized functions [24]. Crumbs (Crb) is
a transmembrane protein that is essential for establishing the apical-basal polarity of a cell. In Drosophila,
Crb has been identified to be an important upstream regulator of the Hippo signaling pathway.
Mechanistically, Crb directly interacts with the apical membrane-associated protein, Expanded (Ex),
which may result in the recruitment and the activation of the core Hippo kinases [25–27]. Functionally,
the interactions between Crb, Ex and the core Hippo kinases at the cell membrane play an important
role in the collective migration of Drosophila border cells. However, phosphorylation of Yorkie,
the Drosophila homolog of YAP, by Warts does not promote border cell migration. Instead, it provides
negative feedback to control the speed of migration [28]. In mammals, YAP and TAZ also interact with
members of the Crumbs complex, such as membrane palmitoylated protein 5 (MPP5), PATJ, AMOT
and multiple PDZ domain Crumbs cell polarity complex component (MPDZ) (Figure 2). Interaction
with the Crumbs complex promotes the phosphorylation and the accumulation of YAP and TAZ in the
cytoplasm [29].
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Figure 2. Regulation of the Hippo signaling pathway in mammalian cells. The Hippo pathway is
regulated by several upstream regulators: (1) proteins involved in cell polarity; (2) WNT and GPCR
signaling; (3) components of the adherens and tight junctions. Pointed arrowheads represent activating
interactions, whereas blunt arrowheads represent interactions that are inhibitory.
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Neurofibromin 2 (NF2) and kidney and brain protein (KIBRA) are important regulators of Hippo
signaling, which localize to the apical domain of polarized epithelial cells [30,31]. Earlier studies in
Drosophila and mammalian cells have demonstrated that NF2 and KIBRA can promote Hippo signaling
by acting directly on MST1/2 and LATS1/2 [32–34] (Figure 2).

3.2. Regulation by Adherens and Tight Junctions

Proteins found in adherens and tight junctions are important upstream regulators of the Hippo
signaling pathway (Figure 2). A recent study has demonstrated that E-cadherin inhibits the localization
of YAP in the nucleus in a process that is dependent on the components of the Hippo signaling pathway,
such as LATS1/2 [35]. α-catenin, a component of the adherens junction, is also found to be a negative
regulator of YAP [36,37]. In keratinocytes and the hair follicle stem cell compartment, YAP forms
a complex with 14-3-3 and α-catenin. This complex suppresses the activity of YAP by inhibiting the
localization of YAP in the nucleus (Figure 2) and the dephosphorylation of YAP at serine 127 by protein
phosphatase 2A (PP2A) [36,37]. Protein tyrosine phosphatase type 14 (PTPN14) has also been shown
to inhibit YAP transcriptional activities. Mechanistically, PTPN14 interacts and localizes YAP in the
cytoplasm (Figure 2), whereby the interaction between the two proteins is mediated by the PPXY
motifs of PTPN14 and the WW domains of YAP [38–40].

The angiomotin (AMOT) family of proteins consists of three members, AMOT, AMOTL1 and
AMOTL2, which localize to tight junctions, as well as the actin cytoskeleton [41]. Functionally,
these proteins have been shown to regulate cell proliferation and cell migration [42,43]. Several studies
have demonstrated that the AMOT family of proteins can directly interact with and suppress the
transcriptional activities of YAP and TAZ by two different mechanisms. One mechanism that has been
proposed is that AMOT inhibits YAP and TAZ via a LATS-independent manner by sequestering them
at the tight junctions and the actin cytoskeleton [44–46] (Figure 2). Another mechanism that has been
suggested is that AMOT promotes the inhibitory phosphorylation of YAP and TAZ by functioning as
a scaffold to recruit LATS [45].

3.3. Regulation by Cross-Talk between Other Signaling Pathways

Previous studies have shown that extracellular ligands interact with G-protein-coupled receptors
(GPCRs) to regulate the Hippo signaling pathway. Sphingosine-1-phosphate (S1P), thrombin,
lysophosphatidic acid (LPA) and estrogen have been shown to activate YAP and TAZ via GPCRs
coupled to Gα12/13 or Gαq/11 [47–49]. Mechanistically, Gα12/13 act through Rho GTPases and F-actin
to inhibit LATS1/2 via a mechanism that does not depend on MST1/2. In contrast, stimulating GPCRs
coupled to Gαs by soluble factors such as adrenaline and glucagon can inhibit YAP activity by signaling
through protein kinase A (PKA) [47–50] (Figure 2).

Wingless-type MMTV integration site (WNT) signaling has also been shown to regulate YAP and
TAZ activity, as well (Figure 2). Azzolin et al. (2014) have demonstrated that in the absence of WNT
stimulation, YAP and TAZ are sequestered in the cytoplasm by the β-catenin destruction complex,
which consists of adenomatous polyposis coli (APC), axin and glycogen synthase kinase 3 (GSK3) [51].
Importantly, stimulation with WNTs inactivates the β-catenin destruction complex, which leads to
the accumulation of YAP/TAZ in the nucleus and the expression of their target genes. Interestingly,
Park et al. (2015) found that WNTs enhance the activation of YAP and TAZ through an alternative
WNT signaling pathway that signals through Gα12/13, Rho GTPases and LATS, but not through the
β-catenin destruction complex [52]. The findings by Park et al. (2015) are consistent with an earlier
report that showed that mutations in APC can activate YAP through a mechanism that does not involve
the β-catenin destruction complex [53]. Taken together, these results indicate that WNT signaling can
utilize multiple mechanisms to activate YAP and TAZ and that the actual mechanism(s) utilized is
highly dependent on the cellular context. There are also other signaling pathways that interact with the
Hippo signaling pathway. These include phosphatidylinositol-4,5-bisphosphate 3-kinase (PI3K) [54],
transforming growth factor-β (TGFβ) [55] and Notch signaling [56].
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The Hippo signaling pathway is also regulated by the metabolic status of the cell. Under conditions
of cellular energy stress, such as glucose deprivation, the AMP-activated protein kinase (AMPK)
becomes active and directly phosphorylates YAP at serine 94 [57,58]. This leads to the suppression of
YAP activity because phosphorylation of YAP at serine 94 disrupts the interaction between YAP and
TEADs. Furthermore, energy deprivation also increases the activity of LATS1/2, which can lead to
inhibition of YAP activity, as well [57,58].

The expressions of YAP and TAZ are also regulated by oxygen concentration. Under hypoxia,
hypoxia-inducible factor 1-alpha (HIF1α) can directly promote the transcription of TAZ [59].
In addition, the expression of the E3 ubiquitin ligase, SIAH2, is enhanced by HIF1α. SIAH2 promotes
the degradation of LATS2, which leads to the activation of YAP and TAZ [59,60]. Because hypoxia may
suppress tumor growth, these observations suggest that the activation of YAP and TAZ under hypoxia
could function as a means for cancer cells to grow under hypoxic conditions.

3.4. Regulation by Mechanical Cues

Cells in vivo are frequently exposed to physical and mechanical signals from the tissue
microenvironment. The cells respond to these mechanical cues by remodeling the actin cytoskeleton,
as well as activating certain gene transcription programs [61,62]. As a result, the responses to these
mechanical cues can regulate different types of cell behavior, such as cell growth, cell differentiation
and programmed cell death (apoptosis). Cell density is one of the first physical signals discovered,
that can regulate YAP and TAZ activity [13]. When cells are seeded at a low cell density, YAP and TAZ
are observed to accumulate in the nucleus and activate transcription of their target genes. In contrast,
YAP and TAZ localize in the cytoplasm instead when cells are grown at a high cell density [13].
Subsequently, several reports have also shown that YAP and TAZ can be regulated by other mechanical
signals, such as the stiffness of the extracellular matrix and cell geometry. When cells are grown on
a stiff matrix, YAP and TAZ become active and accumulate in the nucleus, which drive the expression
of their target genes, such as connective tissue growth factor (CTGF) and ankyrin repeat domain 1
(ANKRD1). Conversely, when cells are grown on a soft matrix, YAP and TAZ become inactive and
localize to the cytoplasm instead [63]. Cell geometry also regulates the activity of YAP and TAZ,
as well. Dupont et al. (2011) and Wada et al. (2011) demonstrated that YAP and TAZ are predominantly
localized to the nucleus in cells that experience a high degree of cell spreading. In contrast, YAP and
TAZ are observed to be in the cytoplasm in cells that are more compact [63,64]. Mechanistically,
the localization of YAP and TAZ in response to mechanical cues is dependent on the tension of the
actin cytoskeleton and the activity of Rho GTPases [63,65].

Apart from mechanical cues, the other upstream regulators of Hippo signaling, which include
adherens and tight junctions, cell polarity and GPCR signaling, also converge to regulate Hippo
signaling via the actin cytoskeleton. For example, Gjorevski et al. (2012) observed that actin bundles
are connected to apical junctions by interacting with other adaptor proteins, such as catenins, AMOT
and NF2 [66]. Furthermore, these adaptor proteins also modulate the activity of actin dynamics [67].
Therefore, the regulation of YAP/TAZ activity by AMOT, catenins and NF2 could be mediated by actin
rearrangements. Ligands for GPCRs coupled to Gα12/13, such as LPA and S1P, have been observed
to generate contractive actin bundles. Conversely, the induction of actin bundles can be reversed by
ligands for GPCRs coupled to Gαs [49,68]. Taken together, these observations suggest that the actin
cytoskeleton plays an important role to integrate the upstream stimuli to the Hippo signaling pathway.

4. The Role of YAP and TAZ in Cancer

Growth regulation is one of the most important functions of the Hippo signaling pathway in
normal cell physiology [69,70]. In Drosophila, mutations of the Hippo pathway core kinases or ectopic
expression of Yorkie lead to overgrowth of organs, such as the wings and the eyes. Similar observations
were also made in mice. For example, ectopic expression of Yap specifically in the liver can lead to
an enlarged liver. Notably, the liver reverts back to its normal size when Yap overexpression is switched
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off [71,72]. Similarly, liver enlargement is also observed in mice with knockout of Mst1/2 [73]. However,
there is no discernable change in the size of the kidney, intestines and lung in Mst1/2 knockout mice.
These observations suggest that the role of the Hippo signaling pathway in organ size control is
conserved in some, but not in all mammalian tissues.

Aberrant Hippo signaling leading to abnormal activation of YAP and TAZ is frequently observed
in human cancers [3,74–76]. These observations suggest that hyperactivation of YAP and TAZ could
play a role in the development and the progression of cancer. Definitive evidence for the role of YAP
and TAZ in tumorigenesis and disease progression has been shown in cell culture and animal models.
Here, overexpression of YAP or TAZ confers a proliferative advantage, promotes cell invasion and
migration and enhances cancer stem cell characteristics in vitro [13,77–80]. Importantly, activation of
YAP by abrogating Hippo signaling, such as knocking out Mst1 and Mst2 in the mouse liver, has been
shown to be sufficient to drive tumor formation in mice [73,81,82]. Conversely, loss of YAP or TAZ
in cancer cell lines inhibits anchorage-independent growth, reduces cell migration and invasion and
blocks the self-renewal capability of cancer stem cells.

There is strong evidence to show that the transcriptional activity of YAP and TAZ is dependent
on their interactions with TEADs to confer cancer cell phenotypes. To start, YAP and TAZ could not
induce oncogenic transformation if mutations are generated, which prevent them from interacting with
TEADs [17,83–85]. Furthermore, the fusion of TEAD to a YAP or TAZ mutant that could not interact
with endogenous TEADs can restore transforming activity [17,83,84]. Recent ChIP-seq analyses have
begun to shed some light regarding the transcriptional program of YAP and TAZ. These groups have
observed that a large proportion of YAP/TAZ/TEAD target genes are associated with biological
processes related to cell cycle progression, regulation of cell migration and extracellular matrix
organization [86,87]. Apart from TEADs, YAP and TAZ also interact with other transcription factors,
such as SMADs and TBX5, to promote tumorigenesis [20,21,88].

Downregulation of global microRNA (miRNA) expression is a common feature in human cancers,
which may play a role in tumorigenesis [89–92]. Recent studies suggest that YAP inhibits the biogenesis
of mature miRNAs by a mechanism that is dependent on cell density [92,93]. When cells are seeded at
a low density, YAP accumulates in the nucleus and sequesters DEAD box helicase 17 (DDX17),
an important regulator of miRNA biogenesis, resulting in a decreased expression of mature
miRNAs [93]. At a high cell density, YAP is retained in the cytoplasm, which promotes the association
of DDX17 with other factors of the miRNA-processing machinery. Interestingly, a constitutively-active
mutant of YAP that could not interact with TEADs (YAP S94A/5SA) could still repress miRNA
biogenesis and promote cell growth. These results suggest that YAP suppresses the production of
mature miRNAs in a TEAD-independent manner and that YAP also possesses a TEAD-independent
mechanism to enhance cell proliferation. Indeed, the oncogene MYC was observed to be upregulated
in a posttranscriptional manner as a result of YAP-mediated downregulation of miRNAs that regulate
MYC expression [93].

Human tumors are made up of multiple distinct cell subpopulations that have different growth
and metastatic properties [94,95]. Cancer stem cells are defined as a subpopulation of tumor cells
within the original tumor that are capable of self-renewal and have the ability to give rise to another
tumor, with some of the heterogeneity of the original tumor, when these cells are transplanted
into immunocompromised mice [96]. YAP/TAZ has been shown to promote cancer stem cell
characteristics [79,97–99]. For instance, forced expression of constitutively-active TAZ in non-malignant
mammary epithelial cells is sufficient to confer cancer stem cell characteristics. In contrast, knockdown
of TAZ inhibits the self-renewal and tumor-initiating potential of breast cancer cells. Significantly,
TAZ is highly expressed in high-grade human primary breast cancer samples that are poorly
differentiated and also express embryonic and normal mammary stem cell genes [79]. Nuclear
TAZ is also highly expressed in high-grade glioblastomas [80]. Forced expression of TAZ enhances
cell invasion, self-renewal and the tumor-initiating property similar to mesenchymal-like stem cells.
In contrast, downregulation of TAZ in glioma stem cells suppresses invasion, self-renewal and the
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tumor-initiating property [80]. Taken together, these observations strongly argue for a crucial role of
TAZ in breast cancer and glioma stem cells. YAP has been shown to be overexpressed in esophageal
cancer cells [99]. Ectopic expression of YAP confers cancer stem cell properties, such as sphere- and
tumor-initiating capacity, in non-transformed murine esophageal epithelial cells. Mechanistically,
YAP confers cancer stem properties in esophageal cancer cells by direct upregulation of SOX9 [99].

Interestingly, there is evidence to suggest that YAP can function as a tumor suppressor depending
on the cell and tissue context. For instance, the activation of DNA damage-induced apoptosis in
hematological cancers, such as multiple myeloma and leukemia, is dependent on the interaction
between nuclear ABL1 kinase and YAP [100]. Furthermore, low expression of YAP is frequently
observed in hematologic malignancies. Importantly, shRNA knockdown of MST1 enhances YAP
expression and triggers apoptosis in multiple myeloma cells [100].

5. Mechanisms of Activating YAP and TAZ in Cancer

It is critical to elucidate the mechanisms of activating YAP and TAZ in cancer because this could
lead to the development of novel therapeutics to treat the disease. Since the Hippo signaling pathway
suppresses the oncogenic activities of YAP and TAZ, it has been hypothesized that the core components
of the Hippo pathway are frequently mutated in cancer. Strikingly, very few inactivating mutations
of the Hippo pathway components have been identified, except for LATS2 and SAV1 in malignant
mesothelioma [101], as well as mutations in NF2 in neurofibromatosis [102,103]. Instead of harboring
inactivating mutations of the Hippo pathway components, YAP and TAZ are frequently overexpressed
in human cancers. Gene amplification is a mechanism for overexpressing YAP and TAZ in oral
squamous cell carcinoma and ependymomas [104–106]. Interestingly, gene amplification of YAP and
TAZ is not commonly observed in liver and breast cancers, even though the protein levels of YAP
and TAZ are elevated [78,79,107]. These observations suggest that in some cancers, YAP and TAZ
overexpression is likely to occur at the transcriptional and posttranscriptional levels.

Activation of YAP and TAZ can also occur due to mutations in other signaling pathways, such as
the GPCR signaling pathway. Two recent studies have shown that activating mutations in the genes
that encode for Gαq and Gα11 are observed in approximately 80% of uveal melanomas [108,109].
These mutations drive the development of uveal melanoma by activating YAP via LATS-dependent
and LATS-independent mechanisms. Importantly, the use of a YAP inhibitor can suppress the growth
of uveal melanoma cells both in vitro and in vivo, which strongly supports the notion of targeting YAP
to treat uveal melanomas with Gαq and Gα11 mutations [108,109].

Earlier studies have shown that the oncogene, Kirsten rat sarcoma viral oncogene homolog
(KRAS), is commonly mutated in human malignancies. However, targeting KRAS remains a challenge,
and hence, significant efforts are being made to target effectors downstream of KRAS [110]. One group
has observed that constitutively-active KRAS promotes the post-translational modification of YAP and
enhances its transcriptional activity via the mitogen-activated protein kinase (MAPK) pathway [111].
Activation of YAP is crucial in KRAS-driven colon and lung cancer because KRAS and YAP converge to
regulate epithelial-mesenchymal transition [112]. Intriguingly, coexpression of oncogenic KRAS with
a YAP mutant that is refractory to LATS phosphorylation could further stimulate the expression of
YAP target genes, such as CTGF and cysteine-rich angiogenic inducer 61 (CYR61). These observations
suggest that oncogenic KRAS can enhance the transcriptional activity of YAP through a mechanism
that is independent of the Hippo signaling pathway. Crucially, loss of YAP in the pancreas inhibits
the development of pancreatic ductal adenocarcinoma in a genetically-engineered Kras mouse
model [111], implying that YAP is a promising target for cancers harboring activating mutations
in KRAS. Finally, YAP can also be overexpressed as a form of escape mechanism from oncogenic
KRAS addiction in pancreatic cancer. Mechanistically, YAP cooperates with E2F transcription factors
to activate a cell cycle and DNA replication program to promote tumor maintenance that does not
depend on KRAS expression [113].
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6. Hippo Signaling in Organ Regeneration

Embryonic stem cells (ESCs) are stem cells obtained from the inner cell mass of a human embryo.
These cells are pluripotent, which means that ESCs have the capability to differentiate into all of the
different cell types of the human body. Therefore, ESCs have a tremendous potential to be used for
therapeutic purposes in regenerative medicine [114]. Transcriptional profiling of embryonic and adult
stem cells revealed that Yap and Tead2 are highly expressed in ESCs, hematopoietic stem cells, as well
as neural stem cells [115]. In contrast, Yap expression is downregulated when ESCs are undergoing
differentiation [116]. These observations suggest that Yap and Teads could play a role in maintaining
pluripotency. Indeed, genome-wide analysis of Yap target genes in murine ESCs has shown that
Yap directly regulates genes that promote pluripotency, such as SRY-box 2 (Sox2) and POU class 5
homeobox 1 (Oct4) [116]. Furthermore, YAP expression also increases during the reprogramming of
normal human fibroblasts into induced pluripotent stem cells [116].

In addition, several studies have shown that YAP and TAZ can crosstalk with other signaling
pathways to maintain stemness. Tamm et al. (2011) have observed that Yap is activated downstream
of leukemia inhibitory factor (Lif) signaling in murine ESCs. This process enhances Yap-dependent
transcription of pluripotency genes, such as Oct3/4 and Nanog [117]. The TGFβ signaling pathway is
another important regulator of stemness in ESCs. SMAD proteins are downstream effectors of the TGFβ
pathway by functioning as transcription factors [118]. Varelas et al. (2008) have demonstrated that TAZ
interacts with SMAD2/3 and promotes the localization of SMAD2/3 in the nucleus, which enhances
the expression of genes that regulate pluripotency [55].

Organ regeneration is a highly complex process, which involves differentiation of stem cells
followed by active cell proliferation of the differentiated cells to replace the tissue that is lost during
injury [119]. However, the activation of stem cells is not required for regeneration in all tissues.
For instance, the heart and the liver regenerate from differentiated cells instead of stem cells [120,121].
There is an increasing amount of evidence to suggest that the Hippo signaling pathway, especially
Yap, plays a critical role in regulating organ regeneration across different species. Forced expression of
a dominant-negative mutant of Yap in Xenopus tadpoles impedes the regeneration of the hindlimb after
amputation [122]. In M. lignano, a certain species of flatworm, knockdown of the core components of
the Hippo signaling pathway promotes regeneration after cutting. Conversely, the flatworms fail to
regenerate after knockdown of Yap by RNA interference (RNAi) [123].

The importance of Hippo signaling in regeneration has also been observed in mammals.
Heallen et al. (2013) have shown that conditional knockout of Salvador to inactivate Hippo signaling
promotes heart regeneration in mice after resection of the cardiac apex, as well as after myocardial
infarction [124]. Importantly, transgenic mice that express an active form of Yap can regenerate
more effectively than wildtype mice after myocardial infarction [125]. Mechanistically, activated Yap
enhances heart regeneration in mice by promoting the proliferation of cardiomyocytes [125].

The mammalian liver is an organ that has a huge capacity to regenerate. Using a rat partial
hepatectomy model, a study has observed that Mst1/2 and Lats1/2 are inhibited during liver
regeneration, which are associated with an increase in total Yap protein expression [126]. Subsequently,
the activities of the Hippo core kinases return to normal when the liver returns to its normal size [126].
Expression of Yap is also upregulated at the mRNA level during liver regeneration by the transcription
factor, GA-binding protein (Gabp) [127]. Gabp is a direct regulator of Yap mRNA expression in mice
by binding to the Yap promoter. Forced expression of Gabp enhances the proliferation of hepatocytes.
Furthermore, expression of Gabp and Yap increases after partial hepatectomy. Collectively, these results
imply that Gabp-mediated upregulation of Yap is important for liver regeneration [127].

The role of Hippo signaling is also studied in intestinal regeneration [128]. Using whole-body
irradiation to evaluate intestinal regeneration in mice, Gregorieff et al. (2015) have observed that
YAP becomes active in intestinal epithelial cells less than five days post-irradiation [129]. A decrease
in crypt proliferation after irradiation is also observed in mice with knockout of Yap specifically in
intestinal epithelial cells and intestinal stem cells. Mechanistically, Gregorieff et al. (2015) also found
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that YAP promotes early intestinal regeneration by upregulating the EGFR ligand, epiregulin [129].
Intriguingly, loss of YAP in intestinal epithelial cells promotes tissue hyperplasia in the long term
by hyperactivating WNT signaling [130]. Colitis caused by dextran sulfate sodium (DSS) is another
approach to study intestinal regeneration. Mice with knockout of Yap in intestinal epithelial cells
demonstrated a higher mortality rate and a more extensive loss of crypt compartments when compared
to wildtype mice after DSS-induced colitis and regeneration [131,132]. Mechanistically, interleukin-6
receptor subunit beta activates YAP to promote intestinal regeneration after DSS-induced injury [132].
Taken together, these observations suggest that YAP and WNT signaling work together to promote
intestinal regeneration after injury, whereby YAP plays a more important role during the first few days
of regeneration.

7. Pharmacologic Manipulation of the Hippo Signaling Pathway

The studies described above suggest that controlled activation of YAP and TAZ could be
therapeutically useful in regenerative medicine. In contrast, blocking the activity of YAP and TAZ may
benefit patients with cancer. Below we will describe some of the therapeutic approaches to modulate
the activity of YAP and TAZ and their target genes (Table 1).

Table 1. Therapeutic approaches to regulate YAP/TAZ activity.

Compound(s) Mechanism References

Dasatinib Inhibits YES1 [21]
Verteporfin, flufenamic acid Disrupt YAP-TEAD interaction [133,134]
YAP-like and VGLL4-like peptides Disrupt YAP-TEAD interaction [135–137]
XAV939, Inhibitor of WNT response 1 (IWR-1), G007-LK Inhibit tankyrases to stabilize AMOTs [138–140]
093G9 Monoclonal antibody against CYR61 [141]
FG-3019 Monoclonal antibody against CTGF [142]
Foretinib, sunitinib Small molecule inhibitors of AXL [143]
Navitoclax (ABT-263) Small molecule inhibitor of BCL-XL [144]
Digitoxin May inhibit WBP2-YAP interaction [145,146]
9E1 Small molecule inhibitor of MST1 [147]
BrP-LPA Inhibits synthesis of LPA [148]
ABC294640 Small molecule inhibitor of SPHK2 [149]
Statins Inhibit mevalonate pathway [150,151]
Antagomir against miR-135b Derepression of LATS2, MOB1B [152]
Antagomir against miR-130b Derepression of MST1, SAV1 [153]
MiR-302 mimic Repression of MST1, LATS2, MOB1B [154]

7.1. Disrupting YAP-TEAD and TAZ-TEAD Interactions

The downstream effectors of the Hippo signaling pathway, YAP and TAZ, are frequently
overexpressed in numerous cancers [75,77,78,155–157]. Functionally, animal models have demonstrated
that elevated expression of YAP or TAZ is sufficient to promote tumor formation in the breast,
liver and colon [71,77,78,81,82,158]. Furthermore, many of the oncogenic activities of YAP and TAZ
are dependent on their association with the TEAD proteins [84,133,159]. Therefore, the development
of pharmacologic compounds to disrupt the YAP-TEAD and the TAZ-TEAD complexes is a rational
approach to treat human cancers with hyperactive YAP or TAZ activity.

A recent high throughput screening has identified three molecules from the porphyrin family
as top hits for inhibiting the Gal4-TEAD4 luciferase reporter assay. Among these three compounds,
verteporfin is found to be the most effective in disrupting the interaction between YAP and TEADs,
as well as inhibiting liver overgrowth due to YAP overexpression [133]. However, verteporfin is also
toxic to non-malignant cells and has low aqueous solubility, which may limit its use in vivo. Flufenamic
acid, a non-steroidal anti-inflammatory drug, is identified in another drug screen that can also interfere
with the interaction between YAP and TEADs [134]. Mechanistically, X-ray crystallography analyses
have shown that flufenamic acid binds to the hydrophobic central pocket of TEADs, which is crucial
for the interaction with YAP. More importantly, functional studies demonstrated that flufenamic acid
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could suppress YAP-dependent transcription, cell migration and proliferation [134]. Taken together,
these studies suggest that the development of small molecules to disrupt the interactions between
YAP/TAZ and TEADs may be a useful approach to treat YAP- and TAZ-driven cancers.

The use of peptide-based compounds is another strategy to inhibit YAP-TEAD and TAZ-TEAD
interactions. X-ray crystallography studies have shown that YAP residues 86–100 bind to the
hydrophobic pocket on the surface of TEADs [135]. Furthermore, these residues are the most critical for
mediating interactions between YAP and TEADs [135]. Therefore, designing and optimizing a peptide
based on YAP residues 86–100 could potentially inhibit YAP-TEAD interactions. By performing
a truncation analysis and an alanine scan of YAP residues 81–100, Zhang et al. (2014) have designed
a potent cyclic peptide inhibitor of YAP-TEAD interactions [136]. It will be interesting to test whether
this cyclic peptide can inhibit YAP-dependent tumor growth.

Vestigial-like family member 4 (VGLL4) is a transcriptional regulator that functions by interacting
with TEADs via its Tondu domains [160,161]. By directly competing with YAP and TAZ for binding
TEADs, VGLL4 has been shown to repress YAP-dependent tumor growth [137]. Based on the
interactions between VGLL4 and TEAD4, a peptide has been developed to disrupt YAP-TEAD
complexes. Crucially, treating primary gastric cancer cells with this peptide can inhibit tumor growth,
demonstrating the therapeutic potential of using peptide-based inhibitors to treat human cancers with
hyperactive YAP or TAZ activity [137]. However, it is important to note that the cost of manufacturing
peptide-based compounds is high. Furthermore, peptide-based compounds are degraded quickly by
enzymes, which make them difficult to administer in vivo.

7.2. Tankyrase Inhibitors

The AMOT family of proteins has been shown to negatively regulate the oncogenic properties
of YAP and TAZ by inhibiting nuclear localization through direct protein-protein interactions and by
enhancing the phosphorylation of YAP and TAZ by activating LATS1/2 [44–46,162]. These findings
suggest that regulating the expression levels of AMOT could be another avenue to inhibit YAP and TAZ
in cancer. A recent report found that tankyrase inhibitors could target YAP indirectly. Mechanistically,
tankyrases interact with AMOT and enhance their degradation through the E3 ligase RNF146 [138].
As a result, tankyrase inhibitors antagonize YAP activity by stabilizing AMOTs. There are several
tankyrase inhibitors available, such as XAV939, inhibitor of WNT response 1 (IWR-1), G007-LK and
G244-LM [139,140]. It will be of great interest to assess whether these tankyrase inhibitors are capable
of treating tumors with high YAP or TAZ activity.

7.3. Inhibiting YAP and TAZ Target Genes

Earlier studies have shown that YAP and TAZ promote tumorigenesis and metastasis by regulating
the expression of genes that are dependent on TEADs [17,84,159]. Therefore, a possible approach to
treat YAP/TAZ-dependent tumors is to develop strategies to inhibit the target genes of YAP and TAZ.

CYR61 and CTGF belong to a family of secreted cysteine-rich proteins that regulate a plethora
of biological processes, including cell migration, cell proliferation and cell adhesion [163,164].
Because CYR61 and CTGF play a positive role in cell proliferation, therefore, it is not surprising
that these two proteins are overexpressed in numerous cancers, including pancreatic cancer [165],
gliomas [166], prostate cancer [167] and breast cancer [168]. Several studies have shown that
CYR61 and CTGF are direct targets of YAP and TAZ [17,86,87,169]. These observations suggest
that antagonizing the activity of CYR61 and CTGF could be a potential approach to treat YAP- and
TAZ-dependent tumors.

FG-3019 and 093G9 are monoclonal antibodies that target CTGF and CYR61, respectively. The use
of these antibodies as a single agent led to a reduction in tumor growth in mouse models of pancreatic
and breast cancer [141,142]. Since siRNA knockdown of CTGF or CYR61 has been shown to inhibit
the growth of transformed mammary epithelial cells that express high levels of YAP or TAZ, it will be
interesting to test whether these antibodies have an effect on YAP/TAZ-dependent tumors in humans.
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The oncogenic receptor tyrosine kinase, AXL, is also identified as an important downstream target
of YAP. RNAi-mediated knockdown of AXL inhibited cell survival and cell invasion in liver cancer
cell lines that express high levels of YAP [170]. There are currently several tyrosine kinase inhibitors
that target AXL, such as foretinib and sunitinib [143]. Additional clinical studies are required to assess
whether these AXL inhibitors have a therapeutic effect on YAP/TAZ-dependent cancers.

Resistance to tyrosine kinase inhibitors is a major hurdle for the treatment of kinase-driven
cancers [171]. Through a shRNA screen, YAP was shown to be a critical mediator of resistance towards
RAF and mitogen-activated protein kinase kinase (MEK) inhibitors in a lung cancer cell line that
harbor activating mutations in BRAF [144]. Mechanistically, YAP promotes resistance to RAF and
MEK inhibitors by transcriptionally upregulating the antiapoptotic protein, BCL2 like 1 (BCL-XL).
Importantly, resistance to RAF and MEK inhibitors mediated by YAP can be overcome by using the
BCL-XL inhibitor, navitoclax (ABT-263) [144].

Interactions between the tumor and the tumor microenvironment have increasingly been recognized
to play a critical role in tumor progression and resistance to anticancer agents [172]. Infiltrating
cells of the immune system are an important component of the tumor microenvironment [173].
These tumor-associated leukocytes drive tumor growth by releasing growth factors, such as
epidermal growth factor (EGF), vascular endothelial growth factor (VEGF) and fibroblast growth
factor 2 (FGF2). Furthermore, these immune cells also drive metastasis by releasing enzymes that
degrade the extracellular matrix, such as matrix metallopeptidase 9 (MMP-9) [172,174,175]. Therefore,
understanding how tumors recruit infiltrating immune cells is crucial for the development of new
therapies to treat both primary and secondary tumors. A recent study demonstrated that hyperactivated
YAP signaling drives the recruitment of myeloid-derived suppressor cells, which promotes tumor
progression in a mouse model of prostate cancer. Mechanistically, YAP upregulates the expression
of C-X-C motif chemokine 5 (CXCL5) in tumor cells to recruit myeloid-derived suppressor cells,
and appropriately, the use of antibodies to target CXCL5 suppresses tumor progression [176].
Taken together, these results suggest that the inhibition of CXCL5 signaling may have a therapeutic
value in prostate cancers with elevated YAP or TAZ activity.

Amphiregulin (AREG) is a glycoprotein that can bind and activate the epidermal growth factor
receptor (EGFR). AREG is initially translated as a 252-amino acid protein, which needs to undergo
proteolytic cleavage at the cell membrane before it is shed into the microenvironment [177]. Functional
studies using cancer cell lines have shown that AREG is involved in several hallmarks of cancer,
such as inhibiting apoptosis [178], promoting cancer cell invasion and metastasis [179], enhancing
angiogenesis [180] and endowing cancer cells with unlimited replicative potential [181]. Clinically,
AREG is overexpressed in different types of cancers, such as breast, lung and colon cancers [182–184].
A study has shown that AREG is a direct transcriptional target of YAP. Interestingly, YAP-induced
secretion of AREG enhances the proliferation of neighboring cells in a non-cell-autonomous
manner [185]. These results indicate that AREG may be a promising target for treating cancers
with increased YAP or TAZ activity. The development of neutralizing antibodies against AREG is one
approach to target AREG. Remarkably, these anti-AREG antibodies have been shown to suppress the
growth of ovarian cancer cells in a xenograft model [186]. Another approach to target AREG is to
inhibit the proteases that are responsible for the cleaving and the shedding of AREG. A disintegrin
and metalloprotease 17 (ADAM17) is a metalloprotease that is responsible for the proteolytic cleavage
and the shedding of AREG [187]. A highly selective antibody against ADAM17 has been developed,
which can inhibit the proteolytic cleavage of AREG both in vitro and in vivo, as well as decreasing
the growth of ovarian tumors in mice [188,189]. It will be of great interest to assess whether these
antibodies against AREG and ADAM17 are effective in tumors that have elevated YAP or TAZ activity.

7.4. Targeting the WW Domains of YAP and TAZ

Analyses of the protein sequences of YAP and TAZ have revealed that YAP contains two WW domains,
whereas TAZ contains one WW domain only [190,191]. The WW domain mediates protein-protein
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interactions by binding to PPXY motifs [192,193]. Functionally, the WW domains are essential for the
oncogenic properties of YAP and TAZ because mutating the WW domains suppresses the ability
of YAP and TAZ to promote oncogenic transformation and transcription. Further studies revealed
that WW domain binding protein 2 (WBP2) interacts with the WW domain, which enhances the cell
transformation ability of YAP and TAZ [194–197]. Taken together, these results suggest that small
molecules can be designed to target the WW domains of YAP and TAZ to inhibit their oncogenicity.
Computational analyses predict that the cardiac glycoside digitoxin may bind to the first WW domain
of YAP via the hydrophobic groove [145,146]. Interestingly, previous studies have shown that digitoxin
exhibits cytotoxic effects against cancer cells [198], which makes it tempting to speculate that digitoxin’s
anticancer effects could be due to abolishing the oncogenic activities of YAP and TAZ.

Although targeting the WW domains to inhibit YAP and TAZ appears promising, it is important
to note that in some context, the WW domains inhibit the oncogenic properties of YAP and TAZ
instead. For instance, in mammary epithelial cells, forced expression of YAP with mutations in the WW
domains enhances cell migration and cell transformation when compared to cells expressing wildtype
YAP [199]. Furthermore, several groups have reported that LATS1 and AMOTL1 interact with the
WW domains of YAP, which could explain how the WW domains negatively regulate the activity of
YAP [44,45,200]. Collectively, these observations suggest that the use of small molecule inhibitors to
target the WW domains of YAP and TAZ for cancer therapy have to proceed with caution as these
inhibitors may activate YAP and TAZ depending on the cell and tissue context.

7.5. Inhibiting Kinases

Earlier studies have reported that some kinases enhance YAP and TAZ activity. Since kinases
are druggable by small molecules, the development of small molecules to inhibit kinases could be
an attractive approach to suppress YAP and TAZ activity in cancer. YES proto-oncogene 1 (YES1),
a non-receptor tyrosine kinase, is found to be crucial for the formation of a transcriptional complex
that is required for β-catenin-driven cancers [21]. Proteins that are part of this transcriptional complex
include YAP, β-catenin and TBX5. Importantly, the use of dasatinib, a small molecule inhibitor of
YES1, inhibits the proliferation of cancer cell lines dependent on β-catenin activity [21]. Therefore,
suppressing YES1 activity could be effective in cancers driven by aberrant YAP and β-catenin activity.

The addition of EGF to serum-starved mammary epithelial cells has been shown to inhibit
YAP phosphorylation at serine 127, as well as promoting the nuclear localization of YAP [54].
These observations suggest that the EGFR signaling pathway could cross-talk with the Hippo signaling
pathway. By screening a panel of small molecule inhibitors, Fan et al. (2013) have demonstrated
that EGFR inhibits the Hippo signaling pathway and promotes the nuclear localization of YAP by
activating PI3K and phosphoinositide-dependent kinase 1 (PDK1). In addition, PDK1 is observed to
interact with the core Hippo pathway complex and that this complex dissociates when EGFR signaling
is activated [54]. Crucially, treatment with PI3K and PDK1 inhibitors can inhibit the accumulation of
YAP in the nucleus by EGF. Taken together, these results suggest that PI3K and PDK1 inhibitors could
be used to inhibit YAP activity in cancer cells with active EGFR signaling. However, it is important to
note that targeting the EGFR signaling pathway does not exclusively target Hippo signaling, because
targeting EGFR signaling also affects other oncogenic and non-oncogenic cellular functions [201].

Targeting the core kinases of the Hippo signaling pathway, MST1/2 and LATS1/2, to activate YAP
and TAZ activity could be desirable in regenerative medicine and in certain hematologic malignancies
where YAP functions as a tumor suppressor. 9E1, a selective small molecule inhibitor of MST1, has been
developed recently. 9E1 inhibits MST1 in the nanomolar range, and it can also inhibit endogenous
MST1 kinase activity in cells [147]. It will be interesting to test whether 9E1 can be used as a therapeutic
agent in hematologic malignancies and in regenerative medicine by upregulating YAP.
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7.6. Modulating GPCR Signaling

As mentioned earlier, several extracellular ligands have been identified that can activate YAP
and TAZ via GPCRs coupled to Gα12/13 or Gαq/11. Examples of these extracellular ligands include
LPA, S1P and thrombin [47–49]. These observations suggest that the development of therapeutics
to modulate GPCR signaling could be used to regulate the activity of YAP and TAZ for anticancer
therapy and regenerative medicine. Similar to targeting EGFR signaling, targeting GPCR signaling also
does not target Hippo signaling exclusively, because targeting GPCR signaling also affects multiple
signaling pathways, as well.

Analogues of LPA that are less vulnerable to degradation by phosphatases and phospholipases
have been developed to inhibit LPA receptors [202]. Another approach to block LPA signaling is to
inhibit the biosynthesis of LPA. Autotaxin is an enzyme that is required for the biosynthesis of LPA [203].
A recent study has shown that palmitoyl α-bromomethylenephosphonate-1 (BrP-LPA) inhibits the
synthesis of LPA by blocking the enzymatic activity of autotaxin. More importantly, treatment with
BrP-LPA has been shown to suppress tumor growth in a lung cancer xenograft model [148].

To inhibit signaling mediated by S1P, a monoclonal antibody targeting S1P has been developed.
Preclinical studies have shown that the use of this antibody can inhibit tumor growth, tumor invasion,
as well as angiogenesis [204]. Blocking the production of S1P is another avenue to inhibit S1P signaling.
Sphingosine kinase 1 (SPHK1) and sphingosine kinase 2 (SPHK2) are enzymes that catalyze the
phosphorylation of sphingosine to produce S1P [205]. Therefore, the use of therapeutics to inhibit
SPHK1 and SPHK2 could potentially reduce the level of S1P and inhibit the signaling pathway
downstream of S1P receptors. ABC294640 is a small molecule inhibitor of SPHK2 that has been
developed. It decreases S1P levels, suppresses the proliferation of cancer cells in vitro and inhibits
tumor growth in immunocompromised mice [149].

7.7. Targeting the Mevalonate Pathway

The mevalonate pathway is an essential metabolic pathway that synthesizes isoprenoids, such as
cholesterol, heme-A and dolichol [206]. Recent studies have demonstrated that the mevalonate
pathway can enhance YAP and TAZ activity [150,151]. Mechanistically, the mevalonate pathway
synthesizes geranylgeranyl pyrophosphate, which is essential for activating YAP and TAZ via Rho
GTPases. More importantly, YAP and TAZ activities can be suppressed by using statins to inhibit the
mevalonate pathway [150,151]. Taken together, these results demonstrated that statins could be used
for cancer therapy to treat tumors with high YAP or TAZ activity.

7.8. miRNAs

miRNAs are a class of non-coding RNAs of 18–25 nucleotides in length that repress the
expression of target genes by binding to the 3′-untranslated region of mRNAs. Previous studies
have shown that miRNAs regulate numerous cellular processes, such as cell growth, cell death
and cell differentiation [207–209]. Recent studies have demonstrated that some miRNAs play a role in
tumorigenesis and disease progression in several cancer types by inactivating the Hippo signaling pathway.

Lin et al. (2013) have reported that miR-135b expression is elevated in highly-invasive lung cancer
cell lines and that high levels of miR-135b can enhance lung cancer invasion and metastasis in xenograft
mouse models [152]. Mechanistically, miR-135b promotes lung cancer metastasis by repressing genes
within the Hippo signaling pathway, such as LATS2, MOB1B and NDR2. Crucially, the use of an
antagomir against miR-135b is able to inhibit tumor growth and metastasis [152]. In another study,
miR-130b is observed to be upregulated in glioblastoma. Functionally, upregulation of miR-130b
can promote the maintenance of the cancer stem cell population [153]. mir-130b represses the Hippo
pathway genes MST1 and SAV1, resulting in the activation of YAP and TAZ. Importantly, the use of
an antagomir against miR-130b inhibited the stem cell-like phenotype [153]. Taken together, results
from these two studies suggest that miRNAs play a critical role to regulate the Hippo signaling pathway
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in cancer. Furthermore, oncogenic miRNAs that suppress Hippo pathway genes can potentially be
targeted by antagomirs for cancer therapy.

MiRNAs also have therapeutic potential for cardiac regeneration, as well. Tian et al. (2015)
showed that miR302-367 is essential for cardiomyocyte proliferation during development [154].
Using high-throughput sequencing of RNA derived from murine ESCs, the authors observed that
miR302-367 target genes within the Hippo signaling pathway, such as Mst1, Lats2 and Mob1b.
These findings suggest that miR302-367 promotes cardiomyocyte proliferation by inhibiting the Hippo
signaling pathway. Crucially, a brief treatment with miR-302 mimic can enhance cardiac regeneration
in mice after injury [154]. These results imply that YAP and TAZ activity can be enhanced with
miRNAs, although it remains to be determined whether the use of miRNAs will be effective in humans
for regenerative medicine.

8. Conclusions

The downstream effectors of the Hippo signaling pathway, YAP and TAZ, are promising
therapeutic targets for the treatment of cancer. To inhibit YAP and TAZ, most research is focused
on the pharmacologic manipulation of signaling pathways that cross-talk with the Hippo pathway,
as well as the development of compounds that disrupt the interactions between YAP and TEADs.
However, there are other approaches to block YAP and TAZ activity. One approach that is not receiving
as much attention is the development of therapeutics that inhibit the target genes of YAP and TAZ.
This approach is promising because studies have shown that inhibiting some of these target genes
can attenuate the oncogenic properties of YAP and TAZ [17,210]. Furthermore, some of the proteins
regulated by YAP and TAZ are secreted (CTGF, CYR61, CXCL5), which make them more amenable for
drug targeting by small molecules and neutralizing antibodies.

Although there is significant progress in the development of therapeutics to block the oncogenic
effects of YAP and TAZ in cancer, more work is required to develop new drugs to target the Hippo
signaling pathway for tissue regeneration. The development of selective inhibitors that target MST1/2
or LATS1/2, such as the drug 9E1, is one potential approach to activate YAP and TAZ in regenerative
medicine. However, great care is required to activate YAP and TAZ transiently because prolonged
activation of YAP and TAZ may lead to the development of malignant tumors. There is great promise
for the development of miRNA-based therapeutics, such as the miR-302 mimic, for regenerative
medicine. However, significant hurdles, such as delivery strategies and off-target effects, need to be
overcome before miRNAs can be used for therapeutic purposes in humans.

Acknowledgments: The authors apologize to their fellow colleagues whose work could not be cited due to
space limitations and the scope of this review article. The authors also acknowledge the funds for research
from the Institute of Molecular and Cell Biology and Agency for Science, Technology and Research (A*STAR) to
Wanjin Hong.

Author Contributions: Wen Chun Juan and Wanjin Hong researched the relevant literature, conceived of,
wrote and edited the manuscript.

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

References

1. Yu, F.X.; Zhao, B.; Guan, K.L. Hippo pathway in organ size control, tissue homeostasis, and cancer. Cell 2015,
163, 811–828.

2. Zhao, B.; Li, L.; Lei, Q.; Guan, K.L. The hippo-yap pathway in organ size control and tumorigenesis:
An updated version. Genes Dev. 2010, 24, 862–874.

3. Pan, D. The hippo signaling pathway in development and cancer. Dev. Cell 2010, 19, 491–505. [CrossRef]
[PubMed]

4. Udan, R.S.; Kango-Singh, M.; Nolo, R.; Tao, C.; Halder, G. Hippo promotes proliferation arrest and apoptosis
in the salvador/warts pathway. Nat. Cell Biol. 2003, 5, 914–920. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.devcel.2010.09.011
http://www.ncbi.nlm.nih.gov/pubmed/20951342
http://dx.doi.org/10.1038/ncb1050
http://www.ncbi.nlm.nih.gov/pubmed/14502294


Genes 2016, 7, 55 15 of 25

5. Harvey, K.F.; Pfleger, C.M.; Hariharan, I.K. The Drosophila mst ortholog, hippo, restricts growth and cell
proliferation and promotes apoptosis. Cell 2003, 114, 457–467. [CrossRef]

6. Wu, S.; Huang, J.; Dong, J.; Pan, D. Hippo encodes a ste-20 family protein kinase that restricts cell proliferation
and promotes apoptosis in conjunction with salvador and warts. Cell 2003, 114, 445–456. [CrossRef]

7. Justice, R.W.; Zilian, O.; Woods, D.F.; Noll, M.; Bryant, P.J. The Drosophila tumor suppressor gene warts
encodes a homolog of human myotonic dystrophy kinase and is required for the control of cell shape and
proliferation. Genes Dev. 1995, 9, 534–546. [CrossRef] [PubMed]

8. Pantalacci, S.; Tapon, N.; Leopold, P. The salvador partner hippo promotes apoptosis and cell-cycle exit in
Drosophila. Nat. Cell Biol. 2003, 5, 921–927. [CrossRef] [PubMed]

9. Tapon, N.; Harvey, K.F.; Bell, D.W.; Wahrer, D.C.; Schiripo, T.A.; Haber, D.; Hariharan, I.K. Salvador promotes
both cell cycle exit and apoptosis in Drosophila and is mutated in human cancer cell lines. Cell 2002, 110,
467–478. [CrossRef]

10. Lai, Z.C.; Wei, X.; Shimizu, T.; Ramos, E.; Rohrbaugh, M.; Nikolaidis, N.; Ho, L.L.; Li, Y. Control of cell
proliferation and apoptosis by mob as tumor suppressor, mats. Cell 2005, 120, 675–685. [CrossRef] [PubMed]

11. Chan, E.H.; Nousiainen, M.; Chalamalasetty, R.B.; Schafer, A.; Nigg, E.A.; Sillje, H.H. The ste20-like kinase
mst2 activates the human large tumor suppressor kinase lats1. Oncogene 2005, 24, 2076–2086. [CrossRef]
[PubMed]

12. Zhao, B.; Li, L.; Tumaneng, K.; Wang, C.Y.; Guan, K.L. A coordinated phosphorylation by lats and ck1
regulates yap stability through scf(beta-trcp). Genes Dev. 2010, 24, 72–85. [CrossRef] [PubMed]

13. Zhao, B.; Wei, X.; Li, W.; Udan, R.S.; Yang, Q.; Kim, J.; Xie, J.; Ikenoue, T.; Yu, J.; Li, L.; et al. Inactivation
of yap oncoprotein by the hippo pathway is involved in cell contact inhibition and tissue growth control.
Genes Dev. 2007, 21, 2747–2761. [CrossRef] [PubMed]

14. Lei, Q.Y.; Zhang, H.; Zhao, B.; Zha, Z.Y.; Bai, F.; Pei, X.H.; Zhao, S.; Xiong, Y.; Guan, K.L. Taz promotes cell
proliferation and epithelial-mesenchymal transition and is inhibited by the hippo pathway. Mol. Cell. Biol.
2008, 28, 2426–2436. [CrossRef] [PubMed]

15. Liu, C.Y.; Zha, Z.Y.; Zhou, X.; Zhang, H.; Huang, W.; Zhao, D.; Li, T.; Chan, S.W.; Lim, C.J.; Hong, W.; et al.
The hippo tumor pathway promotes taz degradation by phosphorylating a phosphodegron and recruiting
the scf{beta}-trcp e3 ligase. J. Biol. Chem. 2010, 285, 37159–37169. [CrossRef] [PubMed]

16. Vassilev, A.; Kaneko, K.J.; Shu, H.; Zhao, Y.; DePamphilis, M.L. Tead/tef transcription factors utilize the
activation domain of yap65, a src/yes-associated protein localized in the cytoplasm. Genes Dev. 2001, 15,
1229–1241. [CrossRef] [PubMed]

17. Zhao, B.; Ye, X.; Yu, J.; Li, L.; Li, W.; Li, S.; Yu, J.; Lin, J.D.; Wang, C.Y.; Chinnaiyan, A.M.; et al. Tead mediates
yap-dependent gene induction and growth control. Genes Dev. 2008, 22, 1962–1971. [CrossRef] [PubMed]

18. Zhang, L.; Ren, F.; Zhang, Q.; Chen, Y.; Wang, B.; Jiang, J. The tead/tef family of transcription factor scalloped
mediates hippo signaling in organ size control. Dev. Cell 2008, 14, 377–387. [CrossRef] [PubMed]

19. Wu, S.; Liu, Y.; Zheng, Y.; Dong, J.; Pan, D. The tead/tef family protein scalloped mediates transcriptional
output of the hippo growth-regulatory pathway. Dev. Cell 2008, 14, 388–398. [CrossRef] [PubMed]

20. 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]

21. 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] [PubMed]

22. Strano, S.; Munarriz, E.; Rossi, M.; Castagnoli, L.; Shaul, Y.; Sacchi, A.; Oren, M.; Sudol, M.; Cesareni, G.;
Blandino, G. Physical interaction with yes-associated protein enhances p73 transcriptional activity.
J. Biol. Chem. 2001, 276, 15164–15173. [CrossRef] [PubMed]

23. Yagi, R.; Chen, L.F.; Shigesada, K.; Murakami, Y.; Ito, Y. A ww domain-containing yes-associated protein
(yap) is a novel transcriptional co-activator. EMBO J. 1999, 18, 2551–2562. [CrossRef] [PubMed]

24. Bryant, D.M.; Mostov, K.E. From cells to organs: Building polarized tissue. Nat. Rev. Mol. Cell Biol. 2008, 9,
887–901. [CrossRef] [PubMed]

25. Ling, C.; Zheng, Y.; Yin, F.; Yu, J.; Huang, J.; Hong, Y.; Wu, S.; Pan, D. The apical transmembrane protein
Crumbs functions as a tumor suppressor that regulates hippo signaling by binding to expanded. Proc. Natl.
Acad. Sci. USA 2010, 107, 10532–10537. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/S0092-8674(03)00557-9
http://dx.doi.org/10.1016/S0092-8674(03)00549-X
http://dx.doi.org/10.1101/gad.9.5.534
http://www.ncbi.nlm.nih.gov/pubmed/7698644
http://dx.doi.org/10.1038/ncb1051
http://www.ncbi.nlm.nih.gov/pubmed/14502295
http://dx.doi.org/10.1016/S0092-8674(02)00824-3
http://dx.doi.org/10.1016/j.cell.2004.12.036
http://www.ncbi.nlm.nih.gov/pubmed/15766530
http://dx.doi.org/10.1038/sj.onc.1208445
http://www.ncbi.nlm.nih.gov/pubmed/15688006
http://dx.doi.org/10.1101/gad.1843810
http://www.ncbi.nlm.nih.gov/pubmed/20048001
http://dx.doi.org/10.1101/gad.1602907
http://www.ncbi.nlm.nih.gov/pubmed/17974916
http://dx.doi.org/10.1128/MCB.01874-07
http://www.ncbi.nlm.nih.gov/pubmed/18227151
http://dx.doi.org/10.1074/jbc.M110.152942
http://www.ncbi.nlm.nih.gov/pubmed/20858893
http://dx.doi.org/10.1101/gad.888601
http://www.ncbi.nlm.nih.gov/pubmed/11358867
http://dx.doi.org/10.1101/gad.1664408
http://www.ncbi.nlm.nih.gov/pubmed/18579750
http://dx.doi.org/10.1016/j.devcel.2008.01.006
http://www.ncbi.nlm.nih.gov/pubmed/18258485
http://dx.doi.org/10.1016/j.devcel.2008.01.007
http://www.ncbi.nlm.nih.gov/pubmed/18258486
http://dx.doi.org/10.1073/pnas.0509109102
http://www.ncbi.nlm.nih.gov/pubmed/16332960
http://dx.doi.org/10.1016/j.cell.2012.11.026
http://www.ncbi.nlm.nih.gov/pubmed/23245941
http://dx.doi.org/10.1074/jbc.M010484200
http://www.ncbi.nlm.nih.gov/pubmed/11278685
http://dx.doi.org/10.1093/emboj/18.9.2551
http://www.ncbi.nlm.nih.gov/pubmed/10228168
http://dx.doi.org/10.1038/nrm2523
http://www.ncbi.nlm.nih.gov/pubmed/18946477
http://dx.doi.org/10.1073/pnas.1004279107
http://www.ncbi.nlm.nih.gov/pubmed/20498073


Genes 2016, 7, 55 16 of 25

26. Robinson, B.S.; Huang, J.; Hong, Y.; Moberg, K.H. Crumbs regulates salvador/warts/hippo signaling in
Drosophila via the ferm-domain protein expanded. Curr. Biol. 2010, 20, 582–590. [CrossRef] [PubMed]

27. Chen, C.L.; Gajewski, K.M.; Hamaratoglu, F.; Bossuyt, W.; Sansores-Garcia, L.; Tao, C.; Halder, G.
The apical-basal cell polarity determinant Crumbs regulates hippo signaling in Drosophila. Proc. Natl.
Acad. Sci. USA 2010, 107, 15810–15815. [CrossRef] [PubMed]

28. Lucas, E.P.; Khanal, I.; Gaspar, P.; Fletcher, G.C.; Polesello, C.; Tapon, N.; Thompson, B.J. The hippo pathway
polarizes the actin cytoskeleton during collective migration of Drosophila border cells. J. Cell Biol. 2013, 201,
875–885. [CrossRef] [PubMed]

29. Varelas, X.; Samavarchi-Tehrani, P.; Narimatsu, M.; Weiss, A.; Cockburn, K.; Larsen, B.G.; Rossant, J.;
Wrana, J.L. The Crumbs complex couples cell density sensing to hippo-dependent control of the tgf-beta-smad
pathway. Dev. Cell 2010, 19, 831–844. [CrossRef] [PubMed]

30. Yu, J.; Zheng, Y.; Dong, J.; Klusza, S.; Deng, W.M.; Pan, D. Kibra functions as a tumor suppressor protein that
regulates hippo signaling in conjunction with merlin and expanded. Dev. Cell 2010, 18, 288–299. [CrossRef]
[PubMed]

31. Maitra, S.; Kulikauskas, R.M.; Gavilan, H.; Fehon, R.G. The tumor suppressors merlin and expanded function
cooperatively to modulate receptor endocytosis and signaling. Curr. Biol. 2006, 16, 702–709. [CrossRef]
[PubMed]

32. Hamaratoglu, F.; Willecke, M.; Kango-Singh, M.; Nolo, R.; Hyun, E.; Tao, C.; Jafar-Nejad, H.; Halder, G.
The tumour-suppressor genes nf2/merlin and expanded act through hippo signalling to regulate cell
proliferation and apoptosis. Nat. Cell Biol. 2006, 8, 27–36. [CrossRef] [PubMed]

33. Zhang, N.; Bai, H.; David, K.K.; Dong, J.; Zheng, Y.; Cai, J.; Giovannini, M.; Liu, P.; Anders, R.A.; Pan, D.
The merlin/nf2 tumor suppressor functions through the yap oncoprotein to regulate tissue homeostasis in
mammals. Dev. Cell 2010, 19, 27–38. [CrossRef] [PubMed]

34. 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] [PubMed]

35. Kim, N.G.; Koh, E.; Chen, X.; Gumbiner, B.M. E-cadherin mediates contact inhibition of proliferation through
hippo signaling-pathway components. Proc. Natl. Acad. Sci. USA 2011, 108, 11930–11935. [CrossRef]
[PubMed]

36. Schlegelmilch, K.; Mohseni, M.; Kirak, O.; Pruszak, J.; Rodriguez, J.R.; Zhou, D.; Kreger, B.T.; Vasioukhin, V.;
Avruch, J.; Brummelkamp, T.R.; et al. Yap1 acts downstream of alpha-catenin to control epidermal
proliferation. Cell 2011, 144, 782–795. [CrossRef] [PubMed]

37. Silvis, M.R.; Kreger, B.T.; Lien, W.H.; Klezovitch, O.; Rudakova, G.M.; Camargo, F.D.; Lantz, D.M.;
Seykora, J.T.; Vasioukhin, V. Alpha-catenin is a tumor suppressor that controls cell accumulation by regulating
the localization and activity of the transcriptional coactivator yap1. Sci. Signal. 2011, 4. [CrossRef] [PubMed]

38. Huang, J.M.; Nagatomo, I.; Suzuki, E.; Mizuno, T.; Kumagai, T.; Berezov, A.; Zhang, H.; Karlan, B.;
Greene, M.I.; Wang, Q. Yap modifies cancer cell sensitivity to egfr and survivin inhibitors and is negatively
regulated by the non-receptor type protein tyrosine phosphatase 14. Oncogene 2013, 32, 2220–2229. [CrossRef]
[PubMed]

39. Wang, W.; Huang, J.; Wang, X.; Yuan, J.; Li, X.; Feng, L.; Park, J.I.; Chen, J. Ptpn14 is required for the
density-dependent control of yap1. Genes Dev. 2012, 26, 1959–1971. [CrossRef] [PubMed]

40. Liu, X.; Yang, N.; Figel, S.A.; Wilson, K.E.; Morrison, C.D.; Gelman, I.H.; Zhang, J. Ptpn14 interacts with and
negatively regulates the oncogenic function of yap. Oncogene 2013, 32, 1266–1273. [CrossRef] [PubMed]

41. Guillemot, L.; Paschoud, S.; Pulimeno, P.; Foglia, A.; Citi, S. The cytoplasmic plaque of tight junctions:
A scaffolding and signalling center. Biochim. Biophys. Acta 2008, 1778, 601–613. [CrossRef] [PubMed]

42. Aase, K.; Ernkvist, M.; Ebarasi, L.; Jakobsson, L.; Majumdar, A.; Yi, C.; Birot, O.; Ming, Y.; Kvanta, A.;
Edholm, D.; et al. Angiomotin regulates endothelial cell migration during embryonic angiogenesis. Genes Dev.
2007, 21, 2055–2068. [CrossRef] [PubMed]

43. Yi, C.; Troutman, S.; Fera, D.; Stemmer-Rachamimov, A.; Avila, J.L.; Christian, N.; Persson, N.L.; Shimono, A.;
Speicher, D.W.; Marmorstein, R.; et al. A tight junction-associated merlin-angiomotin complex mediates
merlin’s regulation of mitogenic signaling and tumor suppressive functions. Cancer Cell 2011, 19, 527–540.

44. Chan, S.W.; Lim, C.J.; Chong, Y.F.; Pobbati, A.V.; Huang, C.; Hong, W. Hippo pathway-independent restriction
of taz and yap by angiomotin. J. Biol. Chem. 2011, 286, 7018–7026. [PubMed]

http://dx.doi.org/10.1016/j.cub.2010.03.019
http://www.ncbi.nlm.nih.gov/pubmed/20362445
http://dx.doi.org/10.1073/pnas.1004060107
http://www.ncbi.nlm.nih.gov/pubmed/20798049
http://dx.doi.org/10.1083/jcb.201210073
http://www.ncbi.nlm.nih.gov/pubmed/23733343
http://dx.doi.org/10.1016/j.devcel.2010.11.012
http://www.ncbi.nlm.nih.gov/pubmed/21145499
http://dx.doi.org/10.1016/j.devcel.2009.12.012
http://www.ncbi.nlm.nih.gov/pubmed/20159598
http://dx.doi.org/10.1016/j.cub.2006.02.063
http://www.ncbi.nlm.nih.gov/pubmed/16581517
http://dx.doi.org/10.1038/ncb1339
http://www.ncbi.nlm.nih.gov/pubmed/16341207
http://dx.doi.org/10.1016/j.devcel.2010.06.015
http://www.ncbi.nlm.nih.gov/pubmed/20643348
http://dx.doi.org/10.1016/j.cell.2013.08.025
http://www.ncbi.nlm.nih.gov/pubmed/24012335
http://dx.doi.org/10.1073/pnas.1103345108
http://www.ncbi.nlm.nih.gov/pubmed/21730131
http://dx.doi.org/10.1016/j.cell.2011.02.031
http://www.ncbi.nlm.nih.gov/pubmed/21376238
http://dx.doi.org/10.1126/scisignal.2001823
http://www.ncbi.nlm.nih.gov/pubmed/21610251
http://dx.doi.org/10.1038/onc.2012.231
http://www.ncbi.nlm.nih.gov/pubmed/22689061
http://dx.doi.org/10.1101/gad.192955.112
http://www.ncbi.nlm.nih.gov/pubmed/22948661
http://dx.doi.org/10.1038/onc.2012.147
http://www.ncbi.nlm.nih.gov/pubmed/22525271
http://dx.doi.org/10.1016/j.bbamem.2007.09.032
http://www.ncbi.nlm.nih.gov/pubmed/18339298
http://dx.doi.org/10.1101/gad.432007
http://www.ncbi.nlm.nih.gov/pubmed/17699752
http://www.ncbi.nlm.nih.gov/pubmed/21224387


Genes 2016, 7, 55 17 of 25

45. 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] [PubMed]

46. Wang, W.; Huang, J.; Chen, J. Angiomotin-like proteins associate with and negatively regulate yap1.
J. Biol. Chem. 2011, 286, 4364–4370. [CrossRef] [PubMed]

47. Mo, J.S.; Yu, F.X.; Gong, R.; Brown, J.H.; Guan, K.L. Regulation of the hippo-yap pathway by
protease-activated receptors (pars). Genes Dev. 2012, 26, 2138–2143. [CrossRef] [PubMed]

48. Yu, F.X.; Zhao, B.; Panupinthu, N.; Jewell, J.L.; Lian, I.; Wang, L.H.; Zhao, J.; Yuan, H.; Tumaneng, K.;
Li, H.; et al. Regulation of the hippo-yap pathway by g-protein-coupled receptor signaling. Cell 2012, 150,
780–791. [CrossRef] [PubMed]

49. Miller, E.; Yang, J.; DeRan, M.; Wu, C.; Su, A.I.; Bonamy, G.M.; Liu, J.; Peters, E.C.; Wu, X. Identification of
serum-derived sphingosine-1-phosphate as a small molecule regulator of yap. Chem. Biol. 2012, 19, 955–962.
[CrossRef] [PubMed]

50. Yu, F.X.; Zhang, Y.; Park, H.W.; Jewell, J.L.; Chen, Q.; Deng, Y.; Pan, D.; Taylor, S.S.; Lai, Z.C.; Guan, K.L.
Protein kinase a activates the hippo pathway to modulate cell proliferation and differentiation. Genes Dev.
2013, 27, 1223–1232. [CrossRef] [PubMed]

51. Azzolin, L.; Panciera, T.; Soligo, S.; Enzo, E.; Bicciato, S.; Dupont, S.; Bresolin, S.; Frasson, C.; Basso, G.;
Guzzardo, V.; et al. Yap/taz incorporation in the beta-catenin destruction complex orchestrates the wnt
response. Cell 2014, 158, 157–170. [CrossRef] [PubMed]

52. Park, H.W.; Kim, Y.C.; Yu, B.; Moroishi, T.; Mo, J.S.; Plouffe, S.W.; Meng, Z.; Lin, K.C.; Yu, F.X.;
Alexander, C.M.; et al. Alternative wnt signaling activates yap/taz. Cell 2015, 162, 780–794. [CrossRef]
[PubMed]

53. Cai, J.; Maitra, A.; Anders, R.A.; Taketo, M.M.; Pan, D. Beta-catenin destruction complex-independent
regulation of hippo-yap signaling by apc in intestinal tumorigenesis. Genes Dev. 2015, 29, 1493–1506.
[CrossRef] [PubMed]

54. Fan, R.; Kim, N.G.; Gumbiner, B.M. Regulation of hippo pathway by mitogenic growth factors via
phosphoinositide 3-kinase and phosphoinositide-dependent kinase-1. Proc. Natl. Acad. Sci. USA 2013, 110,
2569–2574. [CrossRef] [PubMed]

55. Varelas, X.; Sakuma, R.; Samavarchi-Tehrani, P.; Peerani, R.; Rao, B.M.; Dembowy, J.; Yaffe, M.B.;
Zandstra, P.W.; Wrana, J.L. Taz controls smad nucleocytoplasmic shuttling and regulates human embryonic
stem-cell self-renewal. Nat. Cell Biol. 2008, 10, 837–848. [CrossRef] [PubMed]

56. Li, Y.; Hibbs, M.A.; Gard, A.L.; Shylo, N.A.; Yun, K. Genome-wide analysis of n1icd/rbpj targets in vivo
reveals direct transcriptional regulation of wnt, shh, and hippo pathway effectors by notch1. Stem Cells 2012,
30, 741–752. [CrossRef] [PubMed]

57. Wang, W.; Xiao, Z.D.; Li, X.; Aziz, K.E.; Gan, B.; Johnson, R.L.; Chen, J. Ampk modulates hippo pathway
activity to regulate energy homeostasis. Nat. Cell Biol. 2015, 17, 490–499. [CrossRef] [PubMed]

58. Mo, J.S.; Meng, Z.; Kim, Y.C.; Park, H.W.; Hansen, C.G.; Kim, S.; Lim, D.S.; Guan, K.L. Cellular energy
stress induces ampk-mediated regulation of yap and the hippo pathway. Nat. Cell Biol. 2015, 17, 500–510.
[CrossRef] [PubMed]

59. Xiang, L.; Gilkes, D.M.; Hu, H.; Takano, N.; Luo, W.; Lu, H.; Bullen, J.W.; Samanta, D.; Liang, H.; Semenza, G.L.
Hypoxia-inducible factor 1 mediates taz expression and nuclear localization to induce the breast cancer stem
cell phenotype. Oncotarget 2014, 5, 12509–12527. [CrossRef] [PubMed]

60. Ma, B.; Chen, Y.; Chen, L.; Cheng, H.; Mu, C.; Li, J.; Gao, R.; Zhou, C.; Cao, L.; Liu, J.; et al. Hypoxia regulates
hippo signalling through the siah2 ubiquitin e3 ligase. Nat. Cell Biol. 2015, 17, 95–103. [CrossRef] [PubMed]

61. Vogel, V.; Sheetz, M. Local force and geometry sensing regulate cell functions. Nat. Rev. Mol. Cell Biol. 2006,
7, 265–275. [CrossRef] [PubMed]

62. Mammoto, T.; Ingber, D.E. Mechanical control of tissue and organ development. Development 2010, 137,
1407–1420. [CrossRef] [PubMed]

63. Dupont, S.; Morsut, L.; Aragona, M.; Enzo, E.; Giulitti, S.; Cordenonsi, M.; Zanconato, F.; Le Digabel, J.;
Forcato, M.; Bicciato, S.; et al. Role of yap/taz in mechanotransduction. Nature 2011, 474, 179–183. [CrossRef]
[PubMed]

64. Wada, K.; Itoga, K.; Okano, T.; Yonemura, S.; Sasaki, H. Hippo pathway regulation by cell morphology and
stress fibers. Development 2011, 138, 3907–3914. [CrossRef] [PubMed]

http://dx.doi.org/10.1101/gad.2000111
http://www.ncbi.nlm.nih.gov/pubmed/21205866
http://dx.doi.org/10.1074/jbc.C110.205401
http://www.ncbi.nlm.nih.gov/pubmed/21187284
http://dx.doi.org/10.1101/gad.197582.112
http://www.ncbi.nlm.nih.gov/pubmed/22972936
http://dx.doi.org/10.1016/j.cell.2012.06.037
http://www.ncbi.nlm.nih.gov/pubmed/22863277
http://dx.doi.org/10.1016/j.chembiol.2012.07.005
http://www.ncbi.nlm.nih.gov/pubmed/22884261
http://dx.doi.org/10.1101/gad.219402.113
http://www.ncbi.nlm.nih.gov/pubmed/23752589
http://dx.doi.org/10.1016/j.cell.2014.06.013
http://www.ncbi.nlm.nih.gov/pubmed/24976009
http://dx.doi.org/10.1016/j.cell.2015.07.013
http://www.ncbi.nlm.nih.gov/pubmed/26276632
http://dx.doi.org/10.1101/gad.264515.115
http://www.ncbi.nlm.nih.gov/pubmed/26193883
http://dx.doi.org/10.1073/pnas.1216462110
http://www.ncbi.nlm.nih.gov/pubmed/23359693
http://dx.doi.org/10.1038/ncb1748
http://www.ncbi.nlm.nih.gov/pubmed/18568018
http://dx.doi.org/10.1002/stem.1030
http://www.ncbi.nlm.nih.gov/pubmed/22232070
http://dx.doi.org/10.1038/ncb3113
http://www.ncbi.nlm.nih.gov/pubmed/25751139
http://dx.doi.org/10.1038/ncb3111
http://www.ncbi.nlm.nih.gov/pubmed/25751140
http://dx.doi.org/10.18632/oncotarget.2997
http://www.ncbi.nlm.nih.gov/pubmed/25587023
http://dx.doi.org/10.1038/ncb3073
http://www.ncbi.nlm.nih.gov/pubmed/25438054
http://dx.doi.org/10.1038/nrm1890
http://www.ncbi.nlm.nih.gov/pubmed/16607289
http://dx.doi.org/10.1242/dev.024166
http://www.ncbi.nlm.nih.gov/pubmed/20388652
http://dx.doi.org/10.1038/nature10137
http://www.ncbi.nlm.nih.gov/pubmed/21654799
http://dx.doi.org/10.1242/dev.070987
http://www.ncbi.nlm.nih.gov/pubmed/21831922


Genes 2016, 7, 55 18 of 25

65. 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] [PubMed]

66. Gjorevski, N.; Boghaert, E.; Nelson, C.M. Regulation of epithelial-mesenchymal transition by transmission
of mechanical stress through epithelial tissues. Cancer Microenviron. 2012, 5, 29–38. [CrossRef]

67. Kissil, J.L.; Wilker, E.W.; Johnson, K.C.; Eckman, M.S.; Yaffe, M.B.; Jacks, T. Merlin, the product of the nf2
tumor suppressor gene, is an inhibitor of the p21-activated kinase, pak1. Mol. Cell 2003, 12, 841–849.

68. Yu, F.X.; Guan, K.L. The hippo pathway: Regulators and regulations. Genes Dev. 2013, 27, 355–371.
69. Piccolo, S.; Dupont, S.; Cordenonsi, M. The biology of yap/taz: Hippo signaling and beyond. Physiol. Rev.

2014, 94, 1287–1312.
70. Yimlamai, D.; Fowl, B.H.; Camargo, F.D. Emerging evidence on the role of the hippo/yap pathway in liver

physiology and cancer. J. Hepatol. 2015, 63, 1491–1501.
71. 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. 2007, 17, 2054–2060. [CrossRef]
[PubMed]

72. 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]

73. 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.

74. Mo, J.S.; Park, H.W.; Guan, K.L. The hippo signaling pathway in stem cell biology and cancer. EMBO Rep.
2014, 15, 642–656.

75. Harvey, K.F.; Zhang, X.; Thomas, D.M. The hippo pathway and human cancer. Nat. Rev. Cancer 2013, 13,
246–257.

76. Moroishi, T.; Hansen, C.G.; Guan, K.L. The emerging roles of yap and taz in cancer. Nat. Rev. Cancer 2015, 15,
73–79.

77. Overholtzer, M.; Zhang, J.; Smolen, G.A.; Muir, B.; Li, W.; Sgroi, D.C.; Deng, C.X.; Brugge, J.S.; Haber, D.A.
Transforming properties of yap, a candidate oncogene on the chromosome 11q22 amplicon. Proc. Natl. Acad.
Sci. USA 2006, 103, 12405–12410. [CrossRef] [PubMed]

78. Chan, S.W.; Lim, C.J.; Guo, K.; Ng, C.P.; Lee, I.; Hunziker, W.; Zeng, Q.; Hong, W. A role for taz in migration,
invasion, and tumorigenesis of breast cancer cells. Cancer Res. 2008, 68, 2592–2598. [CrossRef] [PubMed]

79. 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] [PubMed]

80. 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.

81. 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.

82. 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 maintain hepatocyte quiescence and suppress hepatocellular carcinoma development through
inactivation of the yap1 oncogene. Cancer Cell 2009, 16, 425–438.

83. Chen, L.; Chan, S.W.; Zhang, X.; Walsh, M.; Lim, C.J.; Hong, W.; Song, H. Structural basis of yap recognition
by tead4 in the hippo pathway. Genes Dev. 2010, 24, 290–300.

84. Chan, S.W.; Lim, C.J.; Loo, L.S.; Chong, Y.F.; Huang, C.; Hong, W. Teads mediate nuclear retention of taz to
promote oncogenic transformation. J. Biol. Chem. 2009, 284, 14347–14358. [PubMed]

85. Zhang, H.; Liu, C.Y.; Zha, Z.Y.; Zhao, B.; Yao, J.; Zhao, S.; Xiong, Y.; Lei, Q.Y.; Guan, K.L. Tead transcription
factors mediate the function of taz in cell growth and epithelial-mesenchymal transition. J. Biol. Chem. 2009,
284, 13355–13362. [CrossRef] [PubMed]

86. Zanconato, F.; Forcato, M.; Battilana, G.; Azzolin, L.; Quaranta, E.; Bodega, B.; Rosato, A.; Bicciato, S.;
Cordenonsi, M.; Piccolo, S. Genome-wide association between yap/taz/tead and ap-1 at enhancers drives
oncogenic growth. Nat. Cell Biol. 2015, 17, 1218–1227. [CrossRef] [PubMed]

http://dx.doi.org/10.1101/gad.173435.111
http://www.ncbi.nlm.nih.gov/pubmed/22215811
http://dx.doi.org/10.1007/s12307-011-0076-5
http://dx.doi.org/10.1016/j.cub.2007.10.039
http://www.ncbi.nlm.nih.gov/pubmed/17980593
http://dx.doi.org/10.1016/j.cell.2007.07.019
http://dx.doi.org/10.1073/pnas.0605579103
http://www.ncbi.nlm.nih.gov/pubmed/16894141
http://dx.doi.org/10.1158/0008-5472.CAN-07-2696
http://www.ncbi.nlm.nih.gov/pubmed/18413727
http://dx.doi.org/10.1016/j.cell.2011.09.048
http://www.ncbi.nlm.nih.gov/pubmed/22078877
http://www.ncbi.nlm.nih.gov/pubmed/19324876
http://dx.doi.org/10.1074/jbc.M900843200
http://www.ncbi.nlm.nih.gov/pubmed/19324877
http://dx.doi.org/10.1038/ncb3216
http://www.ncbi.nlm.nih.gov/pubmed/26258633


Genes 2016, 7, 55 19 of 25

87. Stein, C.; Bardet, A.F.; Roma, G.; Bergling, S.; Clay, I.; Ruchti, A.; Agarinis, C.; Schmelzle, T.; Bouwmeester, T.;
Schubeler, D.; et al. Yap1 exerts its transcriptional control via tead-mediated activation of enhancers.
PLoS Genet. 2015, 11, e1005465. [CrossRef] [PubMed]

88. Hiemer, S.E.; Szymaniak, A.D.; Varelas, X. The transcriptional regulators taz and yap direct transforming
growth factor beta-induced tumorigenic phenotypes in breast cancer cells. J. Biol. Chem. 2014, 289,
13461–13474. [CrossRef] [PubMed]

89. Lu, J.; Getz, G.; Miska, E.A.; Alvarez-Saavedra, E.; Lamb, J.; Peck, D.; Sweet-Cordero, A.; Ebert, B.L.;
Mak, R.H.; Ferrando, A.A.; et al. Microrna expression profiles classify human cancers. Nature 2005, 435,
834–838. [CrossRef] [PubMed]

90. Lee, E.J.; Baek, M.; Gusev, Y.; Brackett, D.J.; Nuovo, G.J.; Schmittgen, T.D. Systematic evaluation of microrna
processing patterns in tissues, cell lines, and tumors. RNA 2008, 14, 35–42. [CrossRef] [PubMed]

91. Maillot, G.; Lacroix-Triki, M.; Pierredon, S.; Gratadou, L.; Schmidt, S.; Benes, V.; Roche, H.; Dalenc, F.;
Auboeuf, D.; Millevoi, S.; et al. Widespread estrogen-dependent repression of micrornas involved in breast
tumor cell growth. Cancer Res. 2009, 69, 8332–8340. [CrossRef] [PubMed]

92. Thomson, J.M.; Newman, M.; Parker, J.S.; Morin-Kensicki, E.M.; Wright, T.; Hammond, S.M. Extensive
post-transcriptional regulation of micrornas and its implications for cancer. Genes Dev. 2006, 20, 2202–2207.
[CrossRef] [PubMed]

93. Mori, M.; Triboulet, R.; Mohseni, M.; Schlegelmilch, K.; Shrestha, K.; Camargo, F.D.; Gregory, R.I.
Hippo signaling regulates microprocessor and links cell-density-dependent mirna biogenesis to cancer.
Cell 2014, 156, 893–906. [CrossRef] [PubMed]

94. Visvader, J.E.; Lindeman, G.J. Cancer stem cells in solid tumours: Accumulating evidence and unresolved
questions. Nat. Rev. Cancer 2008, 8, 755–768. [CrossRef] [PubMed]

95. Kreso, A.; Dick, J.E. Evolution of the cancer stem cell model. Cell Stem Cell 2014, 14, 275–291. [CrossRef]
[PubMed]

96. Cabrera, M.C.; Hollingsworth, R.E.; Hurt, E.M. Cancer stem cell plasticity and tumor hierarchy. World J.
Stem Cells 2015, 7, 27–36. [CrossRef] [PubMed]

97. Basu-Roy, U.; Bayin, N.S.; Rattanakorn, K.; Han, E.; Placantonakis, D.G.; Mansukhani, A.; Basilico, C.
Sox2 antagonizes the hippo pathway to maintain stemness in cancer cells. Nat. Commun. 2015, 6. [CrossRef]
[PubMed]

98. Hayashi, H.; Higashi, T.; Yokoyama, N.; Kaida, T.; Sakamoto, K.; Fukushima, Y.; Ishimoto, T.; Kuroki, H.;
Nitta, H.; Hashimoto, D.; et al. An imbalance in taz and yap expression in hepatocellular carcinoma
confers cancer stem cell-like behaviors contributing to disease progression. Cancer Res. 2015, 75, 4985–4997.
[CrossRef] [PubMed]

99. Song, S.; Ajani, J.A.; Honjo, S.; Maru, D.M.; Chen, Q.; Scott, A.W.; Heallen, T.R.; Xiao, L.; Hofstetter, W.L.;
Weston, B.; et al. Hippo coactivator yap1 upregulates sox9 and endows esophageal cancer cells with stem-like
properties. Cancer Res. 2014, 74, 4170–4182. [CrossRef] [PubMed]

100. Cottini, F.; Hideshima, T.; Xu, C.; Sattler, M.; Dori, M.; Agnelli, L.; ten Hacken, E.; Bertilaccio, M.T.;
Antonini, E.; Neri, A.; et al. Rescue of hippo coactivator yap1 triggers DNA damage-induced apoptosis in
hematological cancers. Nat. Med. 2014, 20, 599–606. [CrossRef] [PubMed]

101. Murakami, H.; Mizuno, T.; Taniguchi, T.; Fujii, M.; Ishiguro, F.; Fukui, T.; Akatsuka, S.; Horio, Y.; Hida, T.;
Kondo, Y.; et al. Lats2 is a tumor suppressor gene of malignant mesothelioma. Cancer Res. 2011, 71, 873–883.
[CrossRef] [PubMed]

102. Asthagiri, A.R.; Parry, D.M.; Butman, J.A.; Kim, H.J.; Tsilou, E.T.; Zhuang, Z.; Lonser, R.R. Neurofibromatosis
type 2. Lancet 2009, 373, 1974–1986. [CrossRef]

103. Hanemann, C.O. Magic but treatable? Tumours due to loss of merlin. Brain 2008, 131, 606–615. [CrossRef]
[PubMed]

104. Modena, P.; Lualdi, E.; Facchinetti, F.; Veltman, J.; Reid, J.F.; Minardi, S.; Janssen, I.; Giangaspero, F.; Forni, M.;
Finocchiaro, G.; et al. Identification of tumor-specific molecular signatures in intracranial ependymoma and
association with clinical characteristics. J. Clin. Oncol. 2006, 24, 5223–5233. [CrossRef] [PubMed]

105. Snijders, A.M.; Schmidt, B.L.; Fridlyand, J.; Dekker, N.; Pinkel, D.; Jordan, R.C.; Albertson, D.G.
Rare amplicons implicate frequent deregulation of cell fate specification pathways in oral squamous cell
carcinoma. Oncogene 2005, 24, 4232–4242. [CrossRef] [PubMed]

http://dx.doi.org/10.1371/journal.pgen.1005465
http://www.ncbi.nlm.nih.gov/pubmed/26295846
http://dx.doi.org/10.1074/jbc.M113.529115
http://www.ncbi.nlm.nih.gov/pubmed/24648515
http://dx.doi.org/10.1038/nature03702
http://www.ncbi.nlm.nih.gov/pubmed/15944708
http://dx.doi.org/10.1261/rna.804508
http://www.ncbi.nlm.nih.gov/pubmed/18025253
http://dx.doi.org/10.1158/0008-5472.CAN-09-2206
http://www.ncbi.nlm.nih.gov/pubmed/19826037
http://dx.doi.org/10.1101/gad.1444406
http://www.ncbi.nlm.nih.gov/pubmed/16882971
http://dx.doi.org/10.1016/j.cell.2013.12.043
http://www.ncbi.nlm.nih.gov/pubmed/24581491
http://dx.doi.org/10.1038/nrc2499
http://www.ncbi.nlm.nih.gov/pubmed/18784658
http://dx.doi.org/10.1016/j.stem.2014.02.006
http://www.ncbi.nlm.nih.gov/pubmed/24607403
http://dx.doi.org/10.4252/wjsc.v7.i1.27
http://www.ncbi.nlm.nih.gov/pubmed/25621103
http://dx.doi.org/10.1038/ncomms7411
http://www.ncbi.nlm.nih.gov/pubmed/25832504
http://dx.doi.org/10.1158/0008-5472.CAN-15-0291
http://www.ncbi.nlm.nih.gov/pubmed/26420216
http://dx.doi.org/10.1158/0008-5472.CAN-13-3569
http://www.ncbi.nlm.nih.gov/pubmed/24906622
http://dx.doi.org/10.1038/nm.3562
http://www.ncbi.nlm.nih.gov/pubmed/24813251
http://dx.doi.org/10.1158/0008-5472.CAN-10-2164
http://www.ncbi.nlm.nih.gov/pubmed/21245096
http://dx.doi.org/10.1016/S0140-6736(09)60259-2
http://dx.doi.org/10.1093/brain/awm249
http://www.ncbi.nlm.nih.gov/pubmed/17940085
http://dx.doi.org/10.1200/JCO.2006.06.3701
http://www.ncbi.nlm.nih.gov/pubmed/17114655
http://dx.doi.org/10.1038/sj.onc.1208601
http://www.ncbi.nlm.nih.gov/pubmed/15824737


Genes 2016, 7, 55 20 of 25

106. Baldwin, C.; Garnis, C.; Zhang, L.; Rosin, M.P.; Lam, W.L. Multiple microalterations detected at high
frequency in oral cancer. Cancer Res. 2005, 65, 7561–7567. [PubMed]

107. Xu, M.Z.; Yao, T.J.; Lee, N.P.; Ng, I.O.; Chan, Y.T.; Zender, L.; Lowe, S.W.; Poon, R.T.; Luk, J.M. Yes-associated
protein is an independent prognostic marker in hepatocellular carcinoma. Cancer 2009, 115, 4576–4585.
[CrossRef] [PubMed]

108. Feng, X.; Degese, M.S.; Iglesias-Bartolome, R.; Vaque, J.P.; Molinolo, A.A.; Rodrigues, M.; Zaidi, M.R.;
Ksander, B.R.; Merlino, G.; Sodhi, A.; et al. Hippo-independent activation of yap by the gnaq uveal
melanoma oncogene through a trio-regulated rho gtpase signaling circuitry. Cancer Cell 2014, 25, 831–845.
[CrossRef] [PubMed]

109. Yu, F.X.; Luo, J.; Mo, J.S.; Liu, G.; Kim, Y.C.; Meng, Z.; Zhao, L.; Peyman, G.; Ouyang, H.; Jiang, W.; et al.
Mutant gq/11 promote uveal melanoma tumorigenesis by activating yap. Cancer Cell 2014, 25, 822–830.
[CrossRef] [PubMed]

110. Wang, Y.; Kaiser, C.E.; Frett, B.; Li, H.Y. Targeting mutant kras for anticancer therapeutics: A review of novel
small molecule modulators. J. Med. Chem. 2013, 56, 5219–5230. [CrossRef] [PubMed]

111. Zhang, W.; Nandakumar, N.; Shi, Y.; Manzano, M.; Smith, A.; Graham, G.; Gupta, S.; Vietsch, E.E.;
Laughlin, S.Z.; Wadhwa, M.; et al. Downstream of mutant kras, the transcription regulator yap is essential
for neoplastic progression to pancreatic ductal adenocarcinoma. Sci. Signal. 2014, 7. [CrossRef] [PubMed]

112. Shao, D.D.; Xue, W.; Krall, E.B.; Bhutkar, A.; Piccioni, F.; Wang, X.; Schinzel, A.C.; Sood, S.; Rosenbluh, J.;
Kim, J.W.; et al. Kras and yap1 converge to regulate emt and tumor survival. Cell 2014, 158, 171–184.
[CrossRef] [PubMed]

113. Kapoor, A.; Yao, W.; Ying, H.; Hua, S.; Liewen, A.; Wang, Q.; Zhong, Y.; Wu, C.J.; Sadanandam, A.;
Hu, B.; et al. Yap1 activation enables bypass of oncogenic kras addiction in pancreatic cancer. Cell 2014, 158,
185–197. [CrossRef] [PubMed]

114. Martello, G.; Smith, A. The nature of embryonic stem cells. Annu. Rev. Cell Dev. Biol. 2014, 30, 647–675.
[CrossRef] [PubMed]

115. Ramalho-Santos, M.; Yoon, S.; Matsuzaki, Y.; Mulligan, R.C.; Melton, D.A. “Stemness”: Transcriptional
profiling of embryonic and adult stem cells. Science 2002, 298, 597–600. [CrossRef] [PubMed]

116. 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]

117. Tamm, C.; Bower, N.; Anneren, C. Regulation of mouse embryonic stem cell self-renewal by a yes-yap-tead2
signaling pathway downstream of LIF. J. Cell Sci. 2011, 124, 1136–1144. [CrossRef] [PubMed]

118. Feng, X.H.; Derynck, R. Specificity and versatility in tgf-beta signaling through smads. Annu. Rev. Cell
Dev. Biol. 2005, 21, 659–693. [CrossRef] [PubMed]

119. Han, M.; Yang, X.; Taylor, G.; Burdsal, C.A.; Anderson, R.A.; Muneoka, K. Limb regeneration in higher
vertebrates: Developing a roadmap. Anat. Rec. B New Anat. 2005, 287, 14–24. [CrossRef] [PubMed]

120. Lin, Z.; Pu, W.T. Harnessing hippo in the heart: Hippo/yap signaling and applications to heart regeneration
and rejuvenation. Stem Cell Res. 2014, 13, 571–581. [CrossRef] [PubMed]

121. Baddour, J.A.; Sousounis, K.; Tsonis, P.A. Organ repair and regeneration: An overview. Birth Defects Res. C
2012, 96, 1–29. [CrossRef] [PubMed]

122. Hayashi, S.; Ochi, H.; Ogino, H.; Kawasumi, A.; Kamei, Y.; Tamura, K.; Yokoyama, H. Transcriptional
regulators in the hippo signaling pathway control organ growth in xenopus tadpole tail regeneration.
Dev. Biol. 2014, 396, 31–41. [CrossRef] [PubMed]

123. Demircan, T.; Berezikov, E. The hippo pathway regulates stem cells during homeostasis and regeneration of
the flatworm macrostomum lignano. Stem Cells Dev. 2013, 22, 2174–2185. [CrossRef] [PubMed]

124. Heallen, T.; Morikawa, Y.; Leach, J.; Tao, G.; Willerson, J.T.; Johnson, R.L.; Martin, J.F. Hippo signaling
impedes adult heart regeneration. Development 2013, 140, 4683–4690. [CrossRef] [PubMed]

125. Xin, M.; Kim, Y.; Sutherland, L.B.; Murakami, M.; Qi, X.; McAnally, J.; Porrello, E.R.; Mahmoud, A.I.; Tan, W.;
Shelton, J.M.; et al. Hippo pathway effector yap promotes cardiac regeneration. Proc. Natl. Acad. Sci. USA
2013, 110, 13839–13844. [CrossRef] [PubMed]

126. Grijalva, J.L.; Huizenga, M.; Mueller, K.; Rodriguez, S.; Brazzo, J.; Camargo, F.; Sadri-Vakili, G.; Vakili, K.
Dynamic alterations in hippo signaling pathway and yap activation during liver regeneration. Am. J. Physiol.
Gastrointest. Liver Physiol. 2014, 307, G196–G204. [CrossRef] [PubMed]

http://www.ncbi.nlm.nih.gov/pubmed/16140918
http://dx.doi.org/10.1002/cncr.24495
http://www.ncbi.nlm.nih.gov/pubmed/19551889
http://dx.doi.org/10.1016/j.ccr.2014.04.016
http://www.ncbi.nlm.nih.gov/pubmed/24882515
http://dx.doi.org/10.1016/j.ccr.2014.04.017
http://www.ncbi.nlm.nih.gov/pubmed/24882516
http://dx.doi.org/10.1021/jm3017706
http://www.ncbi.nlm.nih.gov/pubmed/23566315
http://dx.doi.org/10.1126/scisignal.2005049
http://www.ncbi.nlm.nih.gov/pubmed/24803537
http://dx.doi.org/10.1016/j.cell.2014.06.004
http://www.ncbi.nlm.nih.gov/pubmed/24954536
http://dx.doi.org/10.1016/j.cell.2014.06.003
http://www.ncbi.nlm.nih.gov/pubmed/24954535
http://dx.doi.org/10.1146/annurev-cellbio-100913-013116
http://www.ncbi.nlm.nih.gov/pubmed/25288119
http://dx.doi.org/10.1126/science.1072530
http://www.ncbi.nlm.nih.gov/pubmed/12228720
http://dx.doi.org/10.1101/gad.1903310
http://www.ncbi.nlm.nih.gov/pubmed/20516196
http://dx.doi.org/10.1242/jcs.075796
http://www.ncbi.nlm.nih.gov/pubmed/21385842
http://dx.doi.org/10.1146/annurev.cellbio.21.022404.142018
http://www.ncbi.nlm.nih.gov/pubmed/16212511
http://dx.doi.org/10.1002/ar.b.20082
http://www.ncbi.nlm.nih.gov/pubmed/16308860
http://dx.doi.org/10.1016/j.scr.2014.04.010
http://www.ncbi.nlm.nih.gov/pubmed/24881775
http://dx.doi.org/10.1002/bdrc.21006
http://www.ncbi.nlm.nih.gov/pubmed/22457174
http://dx.doi.org/10.1016/j.ydbio.2014.09.018
http://www.ncbi.nlm.nih.gov/pubmed/25284091
http://dx.doi.org/10.1089/scd.2013.0006
http://www.ncbi.nlm.nih.gov/pubmed/23495768
http://dx.doi.org/10.1242/dev.102798
http://www.ncbi.nlm.nih.gov/pubmed/24255096
http://dx.doi.org/10.1073/pnas.1313192110
http://www.ncbi.nlm.nih.gov/pubmed/23918388
http://dx.doi.org/10.1152/ajpgi.00077.2014
http://www.ncbi.nlm.nih.gov/pubmed/24875096


Genes 2016, 7, 55 21 of 25

127. Wu, H.; Xiao, Y.; Zhang, S.; Ji, S.; Wei, L.; Fan, F.; Geng, J.; Tian, J.; Sun, X.; Qin, F.; et al. The ets transcription
factor gabp is a component of the hippo pathway essential for growth and antioxidant defense. Cell Rep.
2013, 3, 1663–1677. [CrossRef] [PubMed]

128. Hong, A.W.; Meng, Z.; Guan, K.L. The hippo pathway in intestinal regeneration and disease. Nat. Rev.
Gastroenterol. Hepatol. 2016, 13, 324–337. [CrossRef] [PubMed]

129. Gregorieff, A.; Liu, Y.; Inanlou, M.R.; Khomchuk, Y.; Wrana, J.L. Yap-dependent reprogramming of lgr5(+)
stem cells drives intestinal regeneration and cancer. Nature 2015, 526, 715–718. [CrossRef] [PubMed]

130. Barry, E.R.; Morikawa, T.; Butler, B.L.; Shrestha, K.; de la Rosa, R.; Yan, K.S.; Fuchs, C.S.; Magness, S.T.;
Smits, R.; Ogino, S.; et al. Restriction of intestinal stem cell expansion and the regenerative response by yap.
Nature 2013, 493, 106–110. [CrossRef] [PubMed]

131. Cai, J.; Zhang, N.; Zheng, Y.; de Wilde, R.F.; Maitra, A.; Pan, D. The hippo signaling pathway restricts
the oncogenic potential of an intestinal regeneration program. Genes Dev. 2010, 24, 2383–2388. [CrossRef]
[PubMed]

132. Taniguchi, K.; Wu, L.W.; Grivennikov, S.I.; de Jong, P.R.; Lian, I.; Yu, F.X.; Wang, K.; Ho, S.B.; Boland, B.S.;
Chang, J.T.; et al. A gp130-src-yap module links inflammation to epithelial regeneration. Nature 2015, 519,
57–62. [CrossRef] [PubMed]

133. 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] [PubMed]

134. Pobbati, A.V.; Han, X.; Hung, A.W.; Weiguang, S.; Huda, N.; Chen, G.Y.; Kang, C.; Chia, C.S.; Luo, X.;
Hong, W.; et al. Targeting the central pocket in human transcription factor tead as a potential cancer
therapeutic strategy. Structure 2015, 23, 2076–2086. [CrossRef] [PubMed]

135. Li, Z.; Zhao, B.; Wang, P.; Chen, F.; Dong, Z.; Yang, H.; Guan, K.L.; Xu, Y. Structural insights into the yap and
tead complex. Genes Dev. 2010, 24, 235–240. [CrossRef] [PubMed]

136. Zhang, Z.; Lin, Z.; Zhou, Z.; Shen, H.C.; Yan, S.F.; Mayweg, A.V.; Xu, Z.; Qin, N.; Wong, J.C.; Zhang, Z.; et al.
Structure-based design and synthesis of potent cyclic peptides inhibiting the yap-tead protein-protein
interaction. ACS Med. Chem. Lett. 2014, 5, 993–998. [CrossRef] [PubMed]

137. 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] [PubMed]

138. Wang, W.; Li, N.; Li, X.; Tran, M.K.; Han, X.; Chen, J. Tankyrase inhibitors target yap by stabilizing angiomotin
family proteins. Cell Rep. 2015, 13, 524–532. [CrossRef] [PubMed]

139. Lehtio, L.; Chi, N.W.; Krauss, S. Tankyrases as drug targets. FEBS J. 2013, 280, 3576–3593. [CrossRef]
[PubMed]

140. Lau, T.; Chan, E.; Callow, M.; Waaler, J.; Boggs, J.; Blake, R.A.; Magnuson, S.; Sambrone, A.; Schutten, M.;
Firestein, R.; et al. A novel tankyrase small-molecule inhibitor suppresses apc mutation-driven colorectal
tumor growth. Cancer Res. 2013, 73, 3132–3144. [CrossRef] [PubMed]

141. Lin, J.; Huo, R.; Wang, L.; Zhou, Z.; Sun, Y.; Shen, B.; Wang, R.; Li, N. A novel anti-cyr61 antibody inhibits
breast cancer growth and metastasis in vivo. Cancer Immunol. Immunother. 2012, 61, 677–687. [CrossRef]
[PubMed]

142. Neesse, A.; Frese, K.K.; Bapiro, T.E.; Nakagawa, T.; Sternlicht, M.D.; Seeley, T.W.; Pilarsky, C.; Jodrell, D.I.;
Spong, S.M.; Tuveson, D.A. Ctgf antagonism with mab fg-3019 enhances chemotherapy response without
increasing drug delivery in murine ductal pancreas cancer. Proc. Natl. Acad. Sci. USA 2013, 110, 12325–12330.
[CrossRef] [PubMed]

143. Myers, S.H.; Brunton, V.G.; Unciti-Broceta, A. Axl inhibitors in cancer: A medicinal chemistry perspective.
J. Med. Chem. 2016, 59, 3593–3608. [CrossRef] [PubMed]

144. Lin, L.; Sabnis, A.J.; Chan, E.; Olivas, V.; Cade, L.; Pazarentzos, E.; Asthana, S.; Neel, D.; Yan, J.J.; Lu, X.; et al.
The hippo effector yap promotes resistance to raf- and mek-targeted cancer therapies. Nat. Genet. 2015, 47,
250–256. [CrossRef] [PubMed]

145. Sudol, M.; Shields, D.C.; Farooq, A. Structures of yap protein domains reveal promising targets for
development of new cancer drugs. Semin. Cell Dev. Biol. 2012, 23, 827–833. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.celrep.2013.04.020
http://www.ncbi.nlm.nih.gov/pubmed/23684612
http://dx.doi.org/10.1038/nrgastro.2016.59
http://www.ncbi.nlm.nih.gov/pubmed/27147489
http://dx.doi.org/10.1038/nature15382
http://www.ncbi.nlm.nih.gov/pubmed/26503053
http://dx.doi.org/10.1038/nature11693
http://www.ncbi.nlm.nih.gov/pubmed/23178811
http://dx.doi.org/10.1101/gad.1978810
http://www.ncbi.nlm.nih.gov/pubmed/21041407
http://dx.doi.org/10.1038/nature14228
http://www.ncbi.nlm.nih.gov/pubmed/25731159
http://dx.doi.org/10.1101/gad.192856.112
http://www.ncbi.nlm.nih.gov/pubmed/22677547
http://dx.doi.org/10.1016/j.str.2015.09.009
http://www.ncbi.nlm.nih.gov/pubmed/26592798
http://dx.doi.org/10.1101/gad.1865810
http://www.ncbi.nlm.nih.gov/pubmed/20123905
http://dx.doi.org/10.1021/ml500160m
http://www.ncbi.nlm.nih.gov/pubmed/25221655
http://dx.doi.org/10.1016/j.ccr.2014.01.010
http://www.ncbi.nlm.nih.gov/pubmed/24525233
http://dx.doi.org/10.1016/j.celrep.2015.09.014
http://www.ncbi.nlm.nih.gov/pubmed/26456820
http://dx.doi.org/10.1111/febs.12320
http://www.ncbi.nlm.nih.gov/pubmed/23648170
http://dx.doi.org/10.1158/0008-5472.CAN-12-4562
http://www.ncbi.nlm.nih.gov/pubmed/23539443
http://dx.doi.org/10.1007/s00262-011-1135-y
http://www.ncbi.nlm.nih.gov/pubmed/22048717
http://dx.doi.org/10.1073/pnas.1300415110
http://www.ncbi.nlm.nih.gov/pubmed/23836645
http://dx.doi.org/10.1021/acs.jmedchem.5b01273
http://www.ncbi.nlm.nih.gov/pubmed/26555154
http://dx.doi.org/10.1038/ng.3218
http://www.ncbi.nlm.nih.gov/pubmed/25665005
http://dx.doi.org/10.1016/j.semcdb.2012.05.002
http://www.ncbi.nlm.nih.gov/pubmed/22609812


Genes 2016, 7, 55 22 of 25

146. Casey, F.P.; Pihan, E.; Shields, D.C. Discovery of small molecule inhibitors of protein-protein interactions
using combined ligand and target score normalization. J. Chem. Inf. Model. 2009, 49, 2708–2717. [CrossRef]
[PubMed]

147. Anand, R.; Maksimoska, J.; Pagano, N.; Wong, E.Y.; Gimotty, P.A.; Diamond, S.L.; Meggers, E.;
Marmorstein, R. Toward the development of a potent and selective organoruthenium mammalian sterile
20 kinase inhibitor. J. Med. Chem. 2009, 52, 1602–1611. [CrossRef] [PubMed]

148. Zhang, H.; Xu, X.; Gajewiak, J.; Tsukahara, R.; Fujiwara, Y.; Liu, J.; Fells, J.I.; Perygin, D.; Parrill, A.L.;
Tigyi, G.; et al. Dual activity lysophosphatidic acid receptor pan-antagonist/autotaxin inhibitor reduces
breast cancer cell migration in vitro and causes tumor regression in vivo. Cancer Res. 2009, 69, 5441–5449.
[CrossRef] [PubMed]

149. French, K.J.; Zhuang, Y.; Maines, L.W.; Gao, P.; Wang, W.; Beljanski, V.; Upson, J.J.; Green, C.L.; Keller, S.N.;
Smith, C.D. Pharmacology and antitumor activity of abc294640, a selective inhibitor of sphingosine kinase-2.
J. Pharmacol. Exp. Ther. 2010, 333, 129–139. [CrossRef] [PubMed]

150. Sorrentino, G.; Ruggeri, N.; Specchia, V.; Cordenonsi, M.; Mano, M.; Dupont, S.; Manfrin, A.; Ingallina, E.;
Sommaggio, R.; Piazza, S.; et al. Metabolic control of yap and taz by the mevalonate pathway. Nat. Cell Biol.
2014, 16, 357–366. [CrossRef] [PubMed]

151. Wang, Z.; Wu, Y.; Wang, H.; Zhang, Y.; Mei, L.; Fang, X.; Zhang, X.; Zhang, F.; Chen, H.; Liu, Y.; et al.
Interplay of mevalonate and hippo pathways regulates rhamm transcription via yap to modulate breast
cancer cell motility. Proc. Natl. Acad. Sci. USA 2014, 111, E89–E98. [CrossRef] [PubMed]

152. Lin, C.W.; Chang, Y.L.; Chang, Y.C.; Lin, J.C.; Chen, C.C.; Pan, S.H.; Wu, C.T.; Chen, H.Y.; Yang, S.C.;
Hong, T.M.; et al. Microrna-135b promotes lung cancer metastasis by regulating multiple targets in the hippo
pathway and lzts1. Nat. Commun. 2013, 4. [CrossRef] [PubMed]

153. 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]

154. Tian, Y.; Liu, Y.; Wang, T.; Zhou, N.; Kong, J.; Chen, L.; Snitow, M.; Morley, M.; Li, D.; Petrenko, N.; et al.
A microrna-hippo pathway that promotes cardiomyocyte proliferation and cardiac regeneration in mice.
Sci. Transl. Med. 2015, 7. [CrossRef] [PubMed]

155. Steinhardt, A.A.; Gayyed, M.F.; Klein, A.P.; Dong, J.; Maitra, A.; Pan, D.; Montgomery, E.A.; Anders, R.A.
Expression of yes-associated protein in common solid tumors. Hum. Pathol. 2008, 39, 1582–1589. [CrossRef]
[PubMed]

156. Hong, W.; Guan, K.L. The yap and taz transcription co-activators: Key downstream effectors of the
mammalian hippo pathway. Semin. Cell Dev. Biol. 2012, 23, 785–793. [CrossRef] [PubMed]

157. Zender, L.; Spector, M.S.; Xue, W.; Flemming, P.; Cordon-Cardo, C.; Silke, J.; Fan, S.T.; Luk, J.M.; Wigler, M.;
Hannon, G.J.; et al. Identification and validation of oncogenes in liver cancer using an integrative
oncogenomic approach. Cell 2006, 125, 1253–1267. [CrossRef] [PubMed]

158. Avruch, J.; Zhou, D.; Bardeesy, N. Yap oncogene overexpression supercharges colon cancer proliferation.
Cell Cycle 2012, 11, 1090–1096. [CrossRef] [PubMed]

159. Lamar, J.M.; Stern, P.; Liu, H.; Schindler, J.W.; Jiang, Z.G.; Hynes, R.O. The hippo pathway target, yap,
promotes metastasis through its tead-interaction domain. Proc. Natl. Acad. Sci. USA 2012, 109, E2441–E2450.
[CrossRef] [PubMed]

160. Vaudin, P.; Delanoue, R.; Davidson, I.; Silber, J.; Zider, A. Tondu (tdu), a novel human protein related to the
product of vestigial (vg) gene of Drosophila melanogaster interacts with vertebrate tef factors and substitutes
for vg function in wing formation. Development 1999, 126, 4807–4816. [PubMed]

161. Chen, H.H.; Mullett, S.J.; Stewart, A.F. Vgl-4, a novel member of the vestigial-like family of transcription
cofactors, regulates alpha1-adrenergic activation of gene expression in cardiac myocytes. J. Biol. Chem. 2004,
279, 30800–30806. [CrossRef] [PubMed]

162. Paramasivam, M.; Sarkeshik, A.; Yates, J.R., 3rd; Fernandes, M.J.; McCollum, D. Angiomotin family proteins
are novel activators of the lats2 kinase tumor suppressor. Mol. Biol. Cell 2011, 22, 3725–3733. [CrossRef]
[PubMed]

163. Zuo, G.W.; Kohls, C.D.; He, B.C.; Chen, L.; Zhang, W.; Shi, Q.; Zhang, B.Q.; Kang, Q.; Luo, J.;
Luo, X.; et al. The ccn proteins: Important signaling mediators in stem cell differentiation and tumorigenesis.
Histol. Histopathol. 2010, 25, 795–806. [PubMed]

http://dx.doi.org/10.1021/ci900294x
http://www.ncbi.nlm.nih.gov/pubmed/19994847
http://dx.doi.org/10.1021/jm8005806
http://www.ncbi.nlm.nih.gov/pubmed/19226137
http://dx.doi.org/10.1158/0008-5472.CAN-09-0302
http://www.ncbi.nlm.nih.gov/pubmed/19509223
http://dx.doi.org/10.1124/jpet.109.163444
http://www.ncbi.nlm.nih.gov/pubmed/20061445
http://dx.doi.org/10.1038/ncb2936
http://www.ncbi.nlm.nih.gov/pubmed/24658687
http://dx.doi.org/10.1073/pnas.1319190110
http://www.ncbi.nlm.nih.gov/pubmed/24367099
http://dx.doi.org/10.1038/ncomms2876
http://www.ncbi.nlm.nih.gov/pubmed/23695671
http://dx.doi.org/10.1016/j.bbrc.2015.07.149
http://www.ncbi.nlm.nih.gov/pubmed/26241672
http://dx.doi.org/10.1126/scitranslmed.3010841
http://www.ncbi.nlm.nih.gov/pubmed/25787764
http://dx.doi.org/10.1016/j.humpath.2008.04.012
http://www.ncbi.nlm.nih.gov/pubmed/18703216
http://dx.doi.org/10.1016/j.semcdb.2012.05.004
http://www.ncbi.nlm.nih.gov/pubmed/22659496
http://dx.doi.org/10.1016/j.cell.2006.05.030
http://www.ncbi.nlm.nih.gov/pubmed/16814713
http://dx.doi.org/10.4161/cc.11.6.19453
http://www.ncbi.nlm.nih.gov/pubmed/22356765
http://dx.doi.org/10.1073/pnas.1212021109
http://www.ncbi.nlm.nih.gov/pubmed/22891335
http://www.ncbi.nlm.nih.gov/pubmed/10518497
http://dx.doi.org/10.1074/jbc.M400154200
http://www.ncbi.nlm.nih.gov/pubmed/15140898
http://dx.doi.org/10.1091/mbc.E11-04-0300
http://www.ncbi.nlm.nih.gov/pubmed/21832154
http://www.ncbi.nlm.nih.gov/pubmed/20376786


Genes 2016, 7, 55 23 of 25

164. Katsube, K.; Sakamoto, K.; Tamamura, Y.; Yamaguchi, A. Role of ccn, a vertebrate specific gene family, in
development. Dev. Growth Differ. 2009, 51, 55–67. [CrossRef] [PubMed]

165. Holloway, S.E.; Beck, A.W.; Girard, L.; Jaber, M.R.; Barnett, C.C., Jr.; Brekken, R.A.; Fleming, J.B.
Increased expression of cyr61 (ccn1) identified in peritoneal metastases from human pancreatic cancer.
J. Am. Coll. Surg. 2005, 200, 371–377. [CrossRef] [PubMed]

166. Xie, D.; Yin, D.; Wang, H.J.; Liu, G.T.; Elashoff, R.; Black, K.; Koeffler, H.P. Levels of expression of cyr61 and
ctgf are prognostic for tumor progression and survival of individuals with gliomas. Clin. Cancer Res. 2004,
10, 2072–2081. [CrossRef] [PubMed]

167. Lv, H.; Fan, E.; Sun, S.; Ma, X.; Zhang, X.; Han, D.M.; Cong, Y.S. Cyr61 is up-regulated in prostate cancer and
associated with the p53 gene status. J. Cell. Biochem. 2009, 106, 738–744. [CrossRef] [PubMed]

168. Jiang, W.G.; Watkins, G.; Fodstad, O.; Douglas-Jones, A.; Mokbel, K.; Mansel, R.E. Differential expression of
the ccn family members cyr61, ctgf and nov in human breast cancer. Endocr. Relat. Cancer 2004, 11, 781–791.
[CrossRef] [PubMed]

169. Zhao, B.; Lei, Q.Y.; Guan, K.L. The hippo-yap pathway: New connections between regulation of organ size
and cancer. Curr. Opin. Cell Biol. 2008, 20, 638–646. [CrossRef] [PubMed]

170. Xu, M.Z.; Chan, S.W.; Liu, A.M.; Wong, K.F.; Fan, S.T.; Chen, J.; Poon, R.T.; Zender, L.; Lowe, S.W.;
Hong, W.; et al. Axl receptor kinase is a mediator of yap-dependent oncogenic functions in hepatocellular
carcinoma. Oncogene 2011, 30, 1229–1240. [CrossRef] [PubMed]

171. Juan, W.C.; Ong, S.T. The role of protein phosphorylation in therapy resistance and disease progression in
chronic myelogenous leukemia. Prog. Mol. Biol. Transl. Sci. 2012, 106, 107–142. [PubMed]

172. Hanahan, D.; Weinberg, R.A. Hallmarks of cancer: The next generation. Cell 2011, 144, 646–674. [CrossRef]
[PubMed]

173. Hanahan, D.; Coussens, L.M. Accessories to the crime: Functions of cells recruited to the tumor
microenvironment. Cancer Cell 2012, 21, 309–322. [CrossRef] [PubMed]

174. Murdoch, C.; Muthana, M.; Coffelt, S.B.; Lewis, C.E. The role of myeloid cells in the promotion of tumour
angiogenesis. Nat. Rev. Cancer 2008, 8, 618–631. [CrossRef] [PubMed]

175. Qian, B.Z.; Pollard, J.W. Macrophage diversity enhances tumor progression and metastasis. Cell 2010, 141,
39–51. [CrossRef] [PubMed]

176. 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] [PubMed]

177. Busser, B.; Sancey, L.; Brambilla, E.; Coll, J.L.; Hurbin, A. The multiple roles of amphiregulin in human cancer.
Biochim. Biophys. Acta 2011, 1816, 119–131. [CrossRef] [PubMed]

178. Eckstein, N.; Servan, K.; Girard, L.; Cai, D.; von Jonquieres, G.; Jaehde, U.; Kassack, M.U.; Gazdar, A.F.;
Minna, J.D.; Royer, H.D. Epidermal growth factor receptor pathway analysis identifies amphiregulin as
a key factor for cisplatin resistance of human breast cancer cells. J. Biol. Chem. 2008, 283, 739–750. [CrossRef]
[PubMed]

179. Menashi, S.; Serova, M.; Ma, L.; Vignot, S.; Mourah, S.; Calvo, F. Regulation of extracellular matrix
metalloproteinase inducer and matrix metalloproteinase expression by amphiregulin in transformed human
breast epithelial cells. Cancer Res. 2003, 63, 7575–7580. [PubMed]

180. Ma, L.; Gauville, C.; Berthois, Y.; Millot, G.; Johnson, G.R.; Calvo, F. Antisense expression for amphiregulin
suppresses tumorigenicity of a transformed human breast epithelial cell line. Oncogene 1999, 18, 6513–6520.
[CrossRef] [PubMed]

181. Matsui, M.; Miyasaka, J.; Hamada, K.; Ogawa, Y.; Hiramoto, M.; Fujimori, R.; Aioi, A. Influence of aging and
cell senescence on telomerase activity in keratinocytes. J. Dermatol. Sci. 2000, 22, 80–87. [CrossRef]

182. LeJeune, S.; Leek, R.; Horak, E.; Plowman, G.; Greenall, M.; Harris, A.L. Amphiregulin, epidermal growth
factor receptor, and estrogen receptor expression in human primary breast cancer. Cancer Res. 1993, 53,
3597–3602. [PubMed]

183. Fontanini, G.; de Laurentiis, M.; Vignati, S.; Chine, S.; Lucchi, M.; Silvestri, V.; Mussi, A.; De Placido, S.;
Tortora, G.; Bianco, A.R.; et al. Evaluation of epidermal growth factor-related growth factors and receptors
and of neoangiogenesis in completely resected stage i-iiia non-small-cell lung cancer: Amphiregulin and
microvessel count are independent prognostic indicators of survival. Clin. Cancer Res. 1998, 4, 241–249.
[PubMed]

http://dx.doi.org/10.1111/j.1440-169X.2009.01077.x
http://www.ncbi.nlm.nih.gov/pubmed/19128405
http://dx.doi.org/10.1016/j.jamcollsurg.2004.10.005
http://www.ncbi.nlm.nih.gov/pubmed/15737847
http://dx.doi.org/10.1158/1078-0432.CCR-0659-03
http://www.ncbi.nlm.nih.gov/pubmed/15041728
http://dx.doi.org/10.1002/jcb.22075
http://www.ncbi.nlm.nih.gov/pubmed/19180570
http://dx.doi.org/10.1677/erc.1.00825
http://www.ncbi.nlm.nih.gov/pubmed/15613452
http://dx.doi.org/10.1016/j.ceb.2008.10.001
http://www.ncbi.nlm.nih.gov/pubmed/18955139
http://dx.doi.org/10.1038/onc.2010.504
http://www.ncbi.nlm.nih.gov/pubmed/21076472
http://www.ncbi.nlm.nih.gov/pubmed/22340716
http://dx.doi.org/10.1016/j.cell.2011.02.013
http://www.ncbi.nlm.nih.gov/pubmed/21376230
http://dx.doi.org/10.1016/j.ccr.2012.02.022
http://www.ncbi.nlm.nih.gov/pubmed/22439926
http://dx.doi.org/10.1038/nrc2444
http://www.ncbi.nlm.nih.gov/pubmed/18633355
http://dx.doi.org/10.1016/j.cell.2010.03.014
http://www.ncbi.nlm.nih.gov/pubmed/20371344
http://dx.doi.org/10.1158/2159-8290.CD-15-0224
http://www.ncbi.nlm.nih.gov/pubmed/26701088
http://dx.doi.org/10.1016/j.bbcan.2011.05.003
http://www.ncbi.nlm.nih.gov/pubmed/21658434
http://dx.doi.org/10.1074/jbc.M706287200
http://www.ncbi.nlm.nih.gov/pubmed/17942395
http://www.ncbi.nlm.nih.gov/pubmed/14633669
http://dx.doi.org/10.1038/sj.onc.1203042
http://www.ncbi.nlm.nih.gov/pubmed/10597254
http://dx.doi.org/10.1016/S0923-1811(99)00049-3
http://www.ncbi.nlm.nih.gov/pubmed/8101763
http://www.ncbi.nlm.nih.gov/pubmed/9516978


Genes 2016, 7, 55 24 of 25

184. Saeki, T.; Stromberg, K.; Qi, C.F.; Gullick, W.J.; Tahara, E.; Normanno, N.; Ciardiello, F.; Kenney, N.;
Johnson, G.R.; Salomon, D.S. Differential immunohistochemical detection of amphiregulin and cripto in
human normal colon and colorectal tumors. Cancer Res. 1992, 52, 3467–3473. [PubMed]

185. Zhang, J.; Ji, J.Y.; Yu, M.; Overholtzer, M.; Smolen, G.A.; Wang, R.; Brugge, J.S.; Dyson, N.J.; Haber, D.A.
Yap-dependent induction of amphiregulin identifies a non-cell-autonomous component of the hippo pathway.
Nat. Cell Biol. 2009, 11, 1444–1450. [CrossRef] [PubMed]

186. Carvalho, S.; Lindzen, M.; Lauriola, M.; Shirazi, N.; Sinha, S.; Abdul-Hai, A.; Levanon, K.; Korach, J.;
Barshack, I.; Cohen, Y.; et al. An antibody to amphiregulin, an abundant growth factor in patients’ fluids,
inhibits ovarian tumors. Oncogene 2016, 35, 438–447. [CrossRef] [PubMed]

187. Edwards, D.R.; Handsley, M.M.; Pennington, C.J. The adam metalloproteinases. Mol. Asp. Med. 2008, 29,
258–289. [CrossRef] [PubMed]

188. Tape, C.J.; Willems, S.H.; Dombernowsky, S.L.; Stanley, P.L.; Fogarasi, M.; Ouwehand, W.; McCafferty, J.;
Murphy, G. Cross-domain inhibition of tace ectodomain. Proc. Natl. Acad. Sci. USA 2011, 108, 5578–5583.
[CrossRef] [PubMed]

189. Richards, F.M.; Tape, C.J.; Jodrell, D.I.; Murphy, G. Anti-tumour effects of a specific anti-adam17 antibody in
an ovarian cancer model in vivo. PLoS ONE 2012, 7, e40597. [CrossRef] [PubMed]

190. Chen, H.I.; Einbond, A.; Kwak, S.J.; Linn, H.; Koepf, E.; Peterson, S.; Kelly, J.W.; Sudol, M. Characterization
of the ww domain of human yes-associated protein and its polyproline-containing ligands. J. Biol. Chem.
1997, 272, 17070–17077. [CrossRef] [PubMed]

191. Sudol, M.; Chen, H.I.; Bougeret, C.; Einbond, A.; Bork, P. Characterization of a novel protein-binding
module–the ww domain. FEBS Lett. 1995, 369, 67–71. [CrossRef]

192. Sudol, M.; Hunter, T. New wrinkles for an old domain. Cell 2000, 103, 1001–1004. [CrossRef]
193. Chen, H.I.; Sudol, M. The ww domain of yes-associated protein binds a proline-rich ligand that differs

from the consensus established for src homology 3-binding modules. Proc. Natl. Acad. Sci. USA 1995, 92,
7819–7823. [CrossRef] [PubMed]

194. Zhao, B.; Kim, J.; Ye, X.; Lai, Z.C.; Guan, K.L. Both tead-binding and ww domains are required for the growth
stimulation and oncogenic transformation activity of yes-associated protein. Cancer Res. 2009, 69, 1089–1098.
[CrossRef] [PubMed]

195. Oh, H.; Irvine, K.D. In vivo analysis of yorkie phosphorylation sites. Oncogene 2009, 28, 1916–1927. [CrossRef]
[PubMed]

196. Chan, S.W.; Lim, C.J.; Huang, C.; Chong, Y.F.; Gunaratne, H.J.; Hogue, K.A.; Blackstock, W.P.; Harvey, K.F.;
Hong, W. Ww domain-mediated interaction with wbp2 is important for the oncogenic property of taz.
Oncogene 2011, 30, 600–610. [CrossRef] [PubMed]

197. Zhang, X.; Milton, C.C.; Poon, C.L.; Hong, W.; Harvey, K.F. Wbp2 cooperates with yorkie to drive tissue
growth downstream of the salvador-warts-hippo pathway. Cell. Death Differ. 2011, 18, 1346–1355. [CrossRef]
[PubMed]

198. Elbaz, H.A.; Stueckle, T.A.; Tse, W.; Rojanasakul, Y.; Dinu, C.Z. Digitoxin and its analogs as novel cancer
therapeutics. Exp. Hematol. Oncol. 2012, 1. [CrossRef] [PubMed]

199. Zhang, X.; Milton, C.C.; Humbert, P.O.; Harvey, K.F. Transcriptional output of the salvador/warts/hippo
pathway is controlled in distinct fashions in Drosophila melanogaster and mammalian cell lines. Cancer Res.
2009, 69, 6033–6041. [CrossRef] [PubMed]

200. Oka, T.; Schmitt, A.P.; Sudol, M. Opposing roles of angiomotin-like-1 and zona occludens-2 on pro-apoptotic
function of yap. Oncogene 2012, 31, 128–134. [CrossRef] [PubMed]

201. Seshacharyulu, P.; Ponnusamy, M.P.; Haridas, D.; Jain, M.; Ganti, A.K.; Batra, S.K. Targeting the egfr signaling
pathway in cancer therapy. Expert Opin. Ther. Targets 2012, 16, 15–31. [CrossRef] [PubMed]

202. Prestwich, G.D.; Xu, Y.; Qian, L.; Gajewiak, J.; Jiang, G. New metabolically stabilized analogues of
lysophosphatidic acid: Agonists, antagonists and enzyme inhibitors. Biochem. Soc. Trans. 2005, 33, 1357–1361.
[CrossRef] [PubMed]

203. Aoki, J.; Taira, A.; Takanezawa, Y.; Kishi, Y.; Hama, K.; Kishimoto, T.; Mizuno, K.; Saku, K.; Taguchi, R.;
Arai, H. Serum lysophosphatidic acid is produced through diverse phospholipase pathways. J. Biol. Chem.
2002, 277, 48737–48744. [CrossRef] [PubMed]

http://www.ncbi.nlm.nih.gov/pubmed/1596904
http://dx.doi.org/10.1038/ncb1993
http://www.ncbi.nlm.nih.gov/pubmed/19935651
http://dx.doi.org/10.1038/onc.2015.93
http://www.ncbi.nlm.nih.gov/pubmed/25915843
http://dx.doi.org/10.1016/j.mam.2008.08.001
http://www.ncbi.nlm.nih.gov/pubmed/18762209
http://dx.doi.org/10.1073/pnas.1017067108
http://www.ncbi.nlm.nih.gov/pubmed/21415364
http://dx.doi.org/10.1371/journal.pone.0040597
http://www.ncbi.nlm.nih.gov/pubmed/22792380
http://dx.doi.org/10.1074/jbc.272.27.17070
http://www.ncbi.nlm.nih.gov/pubmed/9202023
http://dx.doi.org/10.1016/0014-5793(95)00550-S
http://dx.doi.org/10.1016/S0092-8674(00)00203-8
http://dx.doi.org/10.1073/pnas.92.17.7819
http://www.ncbi.nlm.nih.gov/pubmed/7644498
http://dx.doi.org/10.1158/0008-5472.CAN-08-2997
http://www.ncbi.nlm.nih.gov/pubmed/19141641
http://dx.doi.org/10.1038/onc.2009.43
http://www.ncbi.nlm.nih.gov/pubmed/19330023
http://dx.doi.org/10.1038/onc.2010.438
http://www.ncbi.nlm.nih.gov/pubmed/20972459
http://dx.doi.org/10.1038/cdd.2011.6
http://www.ncbi.nlm.nih.gov/pubmed/21311569
http://dx.doi.org/10.1186/2162-3619-1-4
http://www.ncbi.nlm.nih.gov/pubmed/23210930
http://dx.doi.org/10.1158/0008-5472.CAN-08-4592
http://www.ncbi.nlm.nih.gov/pubmed/19584286
http://dx.doi.org/10.1038/onc.2011.216
http://www.ncbi.nlm.nih.gov/pubmed/21685940
http://dx.doi.org/10.1517/14728222.2011.648617
http://www.ncbi.nlm.nih.gov/pubmed/22239438
http://dx.doi.org/10.1042/BST0331357
http://www.ncbi.nlm.nih.gov/pubmed/16246118
http://dx.doi.org/10.1074/jbc.M206812200
http://www.ncbi.nlm.nih.gov/pubmed/12354767


Genes 2016, 7, 55 25 of 25

204. Visentin, B.; Vekich, J.A.; Sibbald, B.J.; Cavalli, A.L.; Moreno, K.M.; Matteo, R.G.; Garland, W.A.; Lu, Y.;
Yu, S.; Hall, H.S.; et al. Validation of an anti-sphingosine-1-phosphate antibody as a potential therapeutic
in reducing growth, invasion, and angiogenesis in multiple tumor lineages. Cancer Cell 2006, 9, 225–238.
[CrossRef] [PubMed]

205. Kunkel, G.T.; Maceyka, M.; Milstien, S.; Spiegel, S. Targeting the sphingosine-1-phosphate axis in cancer,
inflammation and beyond. Nat. Rev. Drug Discov. 2013, 12, 688–702. [CrossRef] [PubMed]

206. Buhaescu, I.; Izzedine, H. Mevalonate pathway: A review of clinical and therapeutical implications.
Clin. Biochem. 2007, 40, 575–584. [CrossRef] [PubMed]

207. Bartel, D.P. Micrornas: Target recognition and regulatory functions. Cell 2009, 136, 215–233. [CrossRef]
[PubMed]

208. Chen, K.; Rajewsky, N. The evolution of gene regulation by transcription factors and micrornas.
Nat. Rev. Genet. 2007, 8, 93–103. [CrossRef] [PubMed]

209. Krol, J.; Loedige, I.; Filipowicz, W. The widespread regulation of microrna biogenesis, function and decay.
Nat. Rev. Genet. 2010, 11, 597–610. [CrossRef] [PubMed]

210. Lai, D.; Ho, K.C.; Hao, Y.; Yang, X. Taxol resistance in breast cancer cells is mediated by the hippo pathway
component taz and its downstream transcriptional targets cyr61 and ctgf. Cancer Res. 2011, 71, 2728–2738.
[CrossRef] [PubMed]

© 2016 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC-BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.ccr.2006.02.023
http://www.ncbi.nlm.nih.gov/pubmed/16530706
http://dx.doi.org/10.1038/nrd4099
http://www.ncbi.nlm.nih.gov/pubmed/23954895
http://dx.doi.org/10.1016/j.clinbiochem.2007.03.016
http://www.ncbi.nlm.nih.gov/pubmed/17467679
http://dx.doi.org/10.1016/j.cell.2009.01.002
http://www.ncbi.nlm.nih.gov/pubmed/19167326
http://dx.doi.org/10.1038/nrg1990
http://www.ncbi.nlm.nih.gov/pubmed/17230196
http://dx.doi.org/10.1038/nrg2843
http://www.ncbi.nlm.nih.gov/pubmed/20661255
http://dx.doi.org/10.1158/0008-5472.CAN-10-2711
http://www.ncbi.nlm.nih.gov/pubmed/21349946
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Overview of the Hippo Signaling Pathway 
	Regulation of the Hippo Signaling Pathway 
	Regulation by Proteins Involved in Cell Polarity 
	Regulation by Adherens and Tight Junctions 
	Regulation by Cross-Talk between Other Signaling Pathways 
	Regulation by Mechanical Cues 

	The Role of YAP and TAZ in Cancer 
	Mechanisms of Activating YAP and TAZ in Cancer 
	Hippo Signaling in Organ Regeneration 
	Pharmacologic Manipulation of the Hippo Signaling Pathway 
	Disrupting YAP-TEAD and TAZ-TEAD Interactions 
	Tankyrase Inhibitors 
	Inhibiting YAP and TAZ Target Genes 
	Targeting the WW Domains of YAP and TAZ 
	Inhibiting Kinases 
	Modulating GPCR Signaling 
	Targeting the Mevalonate Pathway 
	miRNAs 

	Conclusions 

