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The regulation of Hippo pathway and implications for anticancer
drug development

Hyun Woo Park and Kun-Liang Guan”
Department of Pharmacology and Moores Cancer Center, University of California San Diego, La
Jolla, CA 92093, USA

Abstract

Research in the past decade has revealed key components of the Hippo tumour-suppressor
pathway and its critical role in organ size regulation and tumorigenesis. Recent progress has
identified a wide range of upstream factors that control the Hippo pathway, which include cell-cell
contact, various diffusible signals, and cognate receptors. Dysregulation of the Hippo pathway,
caused by gene mutation or aberrant expression, promotes cell proliferation and tumorigenesis.
Here, we discuss the current state of Hippo pathway research, primarily focusing on upstream
regulators and protein-protein interactions as potential therapeutic targets. Consideration of
pharmacological intervention of the Hippo pathway may provide novel avenues for future
therapeutic treatment of human diseases, particularly in cancer.
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The Hippo Pathway: a new link from the outside to inside

Core Components of the Hippo pathway

The Hippo tumour suppressor pathway plays a key role in regulation of organ size, and
dysregulation of the pathway results in tissue overgrowth and tumorigenesis [1-3]. Many
components of the Hippo pathway were identified by Drosophila mosaic genetic screens to
search for genes whose loss of function mutation leads to strong overgrowth phenotype [4].
In mammals, the core components of the Hippo pathway consist of serine/threonine kinases
MST1/2 (homologues of Hippo/Hpo in Drosophila), Lats1/2 (homologues of Warts\Wts),
and their adaptor proteins Sav1l (homologue of Salvador/Sav) and Mob (MOBKL1A and
MOBKL1B; homologues of Mats), respectively [5-7]. The final effectors of Hippo tumour-
suppressor pathway are the transcription co-activators YAP and its paralogue TAZ
(homologues of Yorkie/Yki). The Hippo kinase cascade phosphorylates and inhibits YAP/
TAZ/Yki by promoting its cytoplasmic retention and degradation, therefore inhibiting the
growth promoting function of these transcription co-activators. The TEAD family
transcription factors were identified as critical partners of YAP/TAZ, which drive the
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oncogenic potential of YAP/TAZ by inducing target genes involved in anti-apoptosis and
proliferation such as CTFG, Cyr61 and FGF1 [8-10].

The Hippo pathway as mediator of extracellular diffusible signals

Although several properties of tissue architecture, such as apicobasal polarity, adhesion, and
cell-cell contact inhibition, have been implicated in Hippo regulation, the extracellular
diffusible signals mediating those biological features were unknown until the discovery that
Hippo-YAP/TAZ pathway was linked to diverse G protein-coupled receptor (GPCR) ligands
and receptor signaling [11-13]. GPCRs comprise the largest family of cell surface receptors
(>800 members) involved in signal transduction, and represent the most prominent family of
validated pharmacological targets [14-16]. Recent reports show that Gajz/13, Gagi1, Gaijo-
coupled GPCRs activate YAP/TAZ and promote nuclear translocation [11-13], whereas
Gag-coupled GPCRs suppress YAP/TAZ activity [12, 17-19]. These findings open the
possibility that GPCRs could be pharmacologically targeted to regulate the Hippo pathway.
Upon stimulation of Gayy/13 coupled receptor agonists, the activated small GTPase Rho
family inhibits Lats1/2 and facilitates YAP/TAZ nuclear activity. LPA, S1P and thrombin,
which are ligands highly implicated in tumorigenesis, have been shown to activate YAP/
TAZ [11, 12]. By contrast, dobutamine, a Gas-coupled -adrenergic agonist, inhibits YAP-
dependent gene transcription [19]. Moreover, epinephrine and glucagon also inhibit YAP/
TAZ activity by activation of Gas-CAMP-PKA-Lats1/2 [18]. Aberrant expression and
mutations in Ga proteins and GPCRs are implicated in cancer progression [15, 20].
Modulating the Hippo pathway by diverse agonists and antagonists of GPCRs could have
clinical impact on human cancer in which YAP/TAZ are highly expressed and functionally
relevant.

In addition to its interaction with GPCR ligands, the Hippo-YAP/TAZ pathway has been
shown to mediate diverse growth factor signaling, which includes epidermal growth factor
(EGF), insulin growth factor (IGF), transforming growth factor-beta (TGFp) and Wnt
pathways. YAP and TAZ have also been reported to interact with several effectors of those
pathways such as -catenin and Smad proteins [21]. However, not all reports are consistent
regarding the mechanism and function of YAP/TAZ in these signaling processes. For
example, it has been reported that the EGF-PI3K pathway does not affect YAP S127
phosphorylation and nuclear localization [12, 22], while another report indicates that it
induced YAP activation [23]. In addition, PI3K inhibitor showed opposite effects on serum-
induced YAP activation in different cell lines [12, 23]. Therefore, the effect of growth
factors and PI3K on YAP/TAZ might be cell content dependent. Also, insulin/IGF signaling
has been shown to activate Yki by PI3K-PDKZ1 in Drosophila [24], however, there is no
solid evidence to date that has confirmed this mechanism in mammalian systems.

There are several reports demonstrating that the Hippo-YAP/TAZ pathway can suppress
Whnt signaling by inhibiting the function of Dishevelled [25-27]. In contrast, a separate
report showed that TAZ is an effector of Wnt signaling and mediates Wnt inducible gene
expression [28]. Therefore, the functional relationship between YAP/TAZ and Wnt
signaling is currently unclear and certainly requires further investigation. Since many of
these growth factor signaling pathways have been previously implicated as therapeutic
targets in cancer drug development, it will be important to clearly demonstrate how diverse
signaling pathways can impinge on the Hippo pathway to properly regulate YAP/TAZ with
drugs targeting different pathways.

The Hippo pathway as a mediator of contact inhibition and mechanotransduction

The Hippo-YAP/TAZ pathway has been implicated in diverse cellular and tissue properties,
which includes apicobasal polarity, cell-cell adhesion, contact inhibition, planar cell polarity
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(PCP) and mechanotransduction [22, 29-32]. At high cell density, sensing neighboring cells
through junctional structures is known to activate the Hippo pathway, leading to
sequestration of YAP/TAZ at cell junctions, and proliferation arrest. Several components of
the adherens junction (KIBRA, NF2, a-catenin, and E-cadherin) and tight junction (CRB,
PATJ, PALS1, aPKC, PAR3, and AMOT) have been shown to interact with the core Hippo
pathway to inhibit YAP/TAZ nuclear accumulation [31, 33-37]. Thus, overexpression of

Y AP or loss of junctional proteins leads to defects in cell polarity and contact inhibition.
Furthermore, YAP/TAZ is activated and translocate into the nucleus on stiff matrix or upon
cell attachment, which induce F-actin polymerization via activation of small Rho GTPases.
It was demonstrated in vivo that the small Rho GTPase Cdc42 was essential for nuclear
translocation of YAP during kidney development [38]. Tumors have altered mechanical
properties and are surrounded by stiff matrix [39, 40], which may underlie the frequent
upregulation of YAP/TAZ observed in human cancer. Recent study also demonstrated YAP
activation in cancer-associated fibroblasts (CAF), which promote matrix stiffening and
cancer progression as a feed-forward mechanism [41]. Regulation of the Hippo pathway by
cytoskeleton and mechanical forces therefore adds another exciting aspect of how
pharmacological regulators that inhibit actin polymerization, such as Rho kinases and
ROCK inhibitors, could be used to suppress YAP/TAZ activity (Figure 1a) [29, 42].

Mechanisms of YAP/TAZ inhibition by the Hippo pathway

Phosphorylation-dependent inhibitory mechanisms

Recent findings place the Hippo pathway as a central hub to functionally interact with and
integrate diverse signaling networks. The most critical and best-characterized function of the
Hippo pathway is to relay multiple signals and fine-tune the activity of YAP/TAZ
transcription co-activators. Lats1/2 phosphorylates YAP on five [HXRxxS] consensus motifs
[43]. Phosphorylation of YAP S127 promotes 14-3-3 binding which results in cytoplasmic
sequestration, separating it from nuclear transcription factors and target gene promoters [8,
44, 45]. Therefore, YAP is inactive when it is phosphorylated on S127. Mutation of YAP
S127 disrupts the 14-3-3 interaction and promotes nuclear translocation of YAP. Lats1/2
phosphorylation of corresponding sites in TAZ and Yki (by Wis in Drosophila) also
generates 14-3-3 binding sites and inhibition by cytoplasmic retention [45, 46].
Phosphorylation by Lats1/2 can also suppress YAP activity by inducing proteasomal
degradation. Phosphorylation of S381 in YAP, and of the corresponding site on TAZ,
primes them for further phosphorylation by CK16/¢ in the degradation motif (termed a
phosphodegron), and subsequently, the B-TRCP E3 ubiquitin ligase binds to the
phosphodegron, leading to polyubiquitination and degradation of YAP [43, 47].

Notably, many known activators of the core Hippo pathway are components of cell
adhesion, such as the basolateral surface, adherens, and tight junctions, implying that the cell
adhesion and polarity complex activates Hippo kinase activity and promotes YAP/TAZ
phosphorylation by Lats1/2 [2, 31]. In addition, PKA has recently been shown to inhibit
YAP by activating Lats1/2 and subsequent phosphorylation of YAP on S127 and S381 [17].

Physical interaction-mediated inhibitory mechanisms

Protein-protein interactions mediated by specific modular domains are crucial in governing
the dynamic signaling network of the Hippo-YAP/TAZ pathway. YAP and TAZ have WW
domains that recognize PPXY motifs in proteins. YAP/TAZ also have C-terminal motifs that
can be recognized by PDZ domains. Of note, the high prevalence of WW domains and
PPxY (PY) matifs, as well as PDZ, provides means to predict possible interaction of Hippo
pathway components [48, 49]. Furthermore, many components of the Hippo pathway
contain SARAH (Salvador/RASSF/Hippo) domains that can interact with each other.

Trends Pharmacol Sci. Author manuscript; available in PMC 2014 October 01.
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DCHS1/2 (Drosophila homologue of Dachsous), Fat1-4 (homologue of Fat), CRB1-3
(homologue of Crumbs), MST1/2, and Lats1/2 contain one or multiple PY motifs. In
addition, angiomotin (AMOT) [33, 50, 51] and PTPN14 [52, 53], which have emerged as
negative regulators of YAP/TAZ, also contain PY motifs. The PY motif was identified as
the first ligand of the YAP WW domain [54]. ITCH, Savl and KIBRA in the Hippo
pathway, as well as the effectors YAP and TAZ, harbor the WW domain. Among the
abundant WW-PY interaction within the Hippo network, the PY motifs on Lats1/2, AMOT,
and PTPN14 have been shown to directly interact with WW domains on YAP/TAZ and
thereby convey inhibitory signals by sequestering YAP/TAZ in the cytosol or junctional
compartments [2, 48].

PDZ domains in junctional proteins (PATJ, ZO-2) interact directly with the PDZ binding
motif (PDZbm) of YAP/TAZ, or indirectly via PDZbm of KIBRA or AMOT [31, 55-57].
The SARAH domain mediates RASSF-MST-Sav1 interaction [58, 59]; however, whether
SARAH domain interaction confers an inhibitory effect on YAP/TAZ has not been
documented. A detailed summary of nomenclatures and domain/motif information is shown
in Table 1. Thus, categorizing the modularity in the Hippo pathway will help selecting
protein targets as well as predicting the outcome of compounds that influence protein-
protein interaction on YAP/TAZ activity.

Hippo signaling in human cancers

Uncontrolled tissue overgrowth induced by inactivation mutants of the Hippo pathway was
seen originally in Drosophila but has recently been recapitulated in mammals;
overexpression of YAP/TAZ or inactivation mutants of Hippo components induce
transformation in mammalian cells [29, 46, 60] and promote tumorigenesis in transgenic
mice models [61-64]. In humans, hereditary or sporadic inactivating mutations in
neurofibromatosis tumour suppressor NF2 (Merlin), which is a Hippo component upstream
of MST1/2, promote brain tumor development [65]. Inactivation of NF2 in mice liver results
in hepatocellular carcinoma (HCC) and bile duct tumours [61, 62] that show a similar
phenotype to mice harboring mutations in MST1/2 and Sav1 [63, 64]. Importantly,
heterozygous deletion of YAP is able to prevent the liver pathology, which provides strong
evidence that NF2 functions upstream of the Hippo pathway to restrict YAP activity [61]. It
is noteworthy that primary cells isolated from patients with the NF2 mutation demonstrated
F-actin abnormalities and morphological changes [65]. Since the Y AP activation status is
sensitive to the actin cytoskeleton, altered actin organization by NF2 mutations may be a
factor leading to Y AP activation.

On the other hand, TEAD1 Y421H mutation is associated with human genetic disease,
Sveinsson’s chorioretinal atrophy (SCRA), which is defined by degeneration and atrophy of
the choroid [66]. Recent structural studies on YAP-TEAD interaction clearly show that
Y421 in TEADL and its equivalent in TEAD4 form a hydrogen bond with a conserved
serine residue in YAP, which is disrupted by the Y to H mutation, revealing the structural
basis of YAP-TEAD interaction and emphasizing their critical function in tissue growth [10,
67, 68]. Although Hippo pathway genes are infrequently mutated in human cancers,
numerous studies report the altered expression and activity of the Hippo pathway, and YAP/
TAZ in wide range of human cancers [69-71]. The overexpression of YAP/TAZ oncogenes,
as well as epigenetic silencing of Hippo components are commonly reported in human
cancer [1, 72, 73], suggesting that non-mutational mechanisms may also contribute to
tumorigenesis. These studies firmly suggest that manipulation of Hippo pathway and
relevant upstream regulators by small molecules may provide means to control cell growth
by restricting the oncogenic potential of YAP/TAZ-TEAD transcription factor complex.
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Targeting Hippo-YAP/TAZ pathway for drug development

Accumulating evidence suggests that the Hippo tumour-suppresser pathway, and its
effectors, the YAP/TAZ-TEAD transcription complex, may be potential targets for
anticancer therapy. Most importantly, the recent discovery of GPCRs as regulators of the
Hippo-YAP/TAZ pathway has broadened the scope of upstream targets to include wide
variety of extracellular ligands and receptors. Another intriguing aspect of Hippo pathway is
the structural basis of each component interacting through well-characterized modules such
as WW domain and PY motifs. These properties of the Hippo network impart significant
potential and advantages to be an attractive target for drug development.

Targeting YAP/TAZ-TEAD complex for drug development

The key downstream effectors of Hippo pathway are the YAP/TAZ transcription
coactivators that bind to TEAD transcription factors to induce target gene expression. In this
regard, recent expansion of the Hippo pathway components, and upstream regulatory
mechanisms are all in the context of controlling the nuclear activity of YAP/TAZ-TEAD
complex. Hence, designing compounds that directly dissociate the interaction between Y AP/
TAZ and TEAD will be the most direct and effective approach to suppress YAP/TAZ-
induced oncogenic events [3, 49].

A screening of >3300 drugs by Pan and colleagues led to the identification of the Porphyrin
family, such as verteporfin (VP), hematoporphyrin (HP), and protoporphyrin IX (PPIX), as
Y AP inhibitors [74] (Figure 1b). Porphyrin abrogates the interaction between YAP and
TEAD. Most importantly, VP abolishes liver overgrowth induced by YAP overexpression or
by inactivation of Nf2 in vivo [74], which clearly demonstrates the therapeutic potential of
disrupting YAP/TAZ-TEAD interaction. Direct inhibition of YAP-TEAD may reduce
possible side effects that might be caused by targeting upstream components that likely
affect multiple intracellular signaling besides Hippo-YAP.

GPCR-Hippo signaling pathway as druggable targets

GPCRs function as key transducers of extracellular signaling molecules (lipids, small
molecules, and peptides/proteins) to the inside of the cell by utilizing heterotrimeric G
proteins and a number of secondary messengers. GPCRs are favorable targets of drugs as
more than 25% of therapeutic drugs are targeting GPCRs either directly or indirectly [15,
20]. Recent deep sequencing of the cancer genome revealed nearly 20% of human cancers
harbor mutations in GPCR signaling, which includes high frequency of mutations in GPCRs
(TSHR, SMO, GRMs) and G proteins in many prevalent malignancies [15].

Among the Ga proteins, Gagp/13 and Gagi1 (and Gaiyo to a lesser extent) have been shown
to be potent activators of YAP and TAZ. In hyperplastic mammary gland obtained from
LPA receptor 1 or 2 overexpressing transgenic mice, YAP/TAZ were dephosphorylated and
accumulated in the nucleus [12]. Of note, LPA and autotaxin (ATX) have been suggested as
biomarkers for human cancers, such as ovarian cancer, HCC, and lymphoma [75, 76]. In
addition to LPA, S1P and thrombin also stimulate YAP/TAZ by binding to their cognate
receptors, which results in activation of Gayy/13-Rho GTPase and inhibition of Lats1/2 [11,
12]. Therefore, antagonizing LPA, S1P, and thrombin-mediated receptor signaling will be
attractive strategies to suppress YAP/TAZ activity in cancer [77]. Phosphatase-resistant
LPA analogues have been developed as receptor antagonist, such as a-fluoromethylene and
a-hydroxymethylene phosphonates [78]. Monoclonal antibodies with high specificity to
LPA and S1P have been developed [79, 80] (Figure 1c). For example, the S1P-blocking
antibody Sphingomab has been shown to reduce lung tumor metastasis [81]. In addition,
ATX, which generates LPA from lysophosphatidylcholine, plays a role in breast cancer

Trends Pharmacol Sci. Author manuscript; available in PMC 2014 October 01.
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invasion and metastasis [82]. Sphingosine kinase 1 (SPHK1), which generates S1P, is also
increased in cancer and shows oncogenic effects [83]. Phenoxodiol, an isoflavone-derivative
SPHK1 inhibitor, is under clinical trial in patients with advanced cancer [84]. Therefore,
simultaneous inhibition of both receptor-ligand interaction and ligand production may
provide an effective approach to blocking LPA and S1P actions, thereby inhibiting tumors
with elevated signaling of these pathways. One example is the palmitoyl a-
bromomethylenephosphonate-1 (BrP-LPA), which can antagonize LPA receptor 1-4 as well
as inhibit ATX activity [85] (Figure 1d).

In contrast to other Ga proteins, Gag-coupled GPCR agonists increase Lats1/2 activity,
leading to suppression of YAP and TAZ activity. Dobutamine and epinephrine, which are 3-
adrenergic receptor agonists, as well as forskolin and phosphodiesterase (PDE) inhibitors,
which elevate cAMP level, activate Lats1/2 and promote YAP/TAZ phosphorylation and
inhibition [17-19]. Recently, cAMP-PKA has been identified as potent activator of Hippo
pathway [12, 17, 18]. PKA activates Lats1/2 either by directly phosphorylating Lats1/2 [17]
or by suppressing RhoA activity [18]. When PKA is inhibited, YAP activity is increased and
thus capable to suppress anoikis and promote anchorage-independent growth, suggesting
that Gas-CAMP-PKA activating molecules may have therapeutic benefit in inhibiting YAP/
TAZ-induced tumorigenesis. Elevated intracellular cAMP concentration can arrest growth,
induce apoptosis, and suppress cancer cell migration in various cancers such as breast cancer
and colon cancer [86]. Forskolin activates adenylyl cyclase and increases intracellular
cAMP concentration. Topical forskolin pretreatment shows protective effect against UV-
induced carcinogenesis in mice [87]. In addition, several forskolin derivatives, such as
FSK88 and coleusin factor (CF), have been shown to inhibit proliferation and induce cell
cycle arrest and apoptosis in human gastric cancer cells both in vitro and in vivo [88, 89].

Overexpression of PDE isoforms has been reported in various cancers [86].
Phosphodiesterase (PDE) inhibitors also increase cAMP levels. For example, Rolipram, a
PDE4 inhibitor, suppresses tumour growth and augments anticancer effect of chemotherapy
in brain tumour cells [90]. In addition, combination of low dose of forskolin with rolipram
induces growth arrest in chemoresistant colon cancer cells [91]. Dobutamine/epinephrine (-
adrenergic receptor agonists), forskolin, IBMX/theophylline (nonselective PDE inhibitors),
and rolipram/ibudilast (PDE4 selective inhibitors) are all shown to inhibit YAP/TAZ by
increasing CAMP level and activating PKA-Lats1/2 pathway [18] (Figure 1 e—g). In this
regard, the regulation of Hippo-YAP/TAZ pathway may be a useful readout for predicting
the potential therapeutic effects of drugs that modulate cAMP-PKA activity.

However, it is noteworthy that the Gas-coupled GPCR signaling pathway also displays a
pro-tumorigenic role in some tumour types [15]. Therefore, the effects of cAMP and PKA
on cell growth are likely to be cell-context dependent. Activating mutations in Gag proteins
or Gas-coupled GPCRs are found in a number of cancers, especially in growth-hormone-
secreting pituitary tumours and thyroid adenomas, in which cAMP has been shown to
stimulate proliferation and hormone secretion [92]. Also, in some cases, f-adrenergic
signaling has been documented to contribute to cancer progression and epithelial-
mesenchymal transition (EMT) [93]. It will be important to test if certain mutations in Gas,
or other B-adrenergic pathways beside CAMP-PKA, such as Src-STAT3, could activate
YAP/TAZ by circumventing the inhibitory effect of PKA-Hippo pathway. For example, -
adrenergic antagonists (“p-blockers™) have been implicated as possible anticancer drugs
[93]. However, it is strongly advised that the activation status of YAP/TAZ by these f3-
blockers should be monitored in preclinical studies. In addition, combination therapy of -
blockers together with direct inhibitors of YAP/TAZ activity such as verteporfin (VP)
should be considered, because this may allow for inhibition of $-adrenergic signaling
without activation of YAP/TAZ.
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Modular protein domains in Hippo pathway; the WW domain-PY motif

One of the most unique features of Hippo pathway is the unusual prevalence of modular
structures; WW domains and its interaction with PPxY (PY)-containing cognate ligands
[48]. To date, the WW domains of YAP/TAZ have been shown to interact with several
components harboring the PY motif, which can be categorized into two groups: the first
group consists of Lats1/2, AMOT, AMOTL1/2, and PTPN14, which negatively regulate
YAP/TAZ activity by WW-PY interaction; the second group consists of WBP2 and ASPP2,
which promote YAP/TAZ activation through WW-PY interaction. Similar to 14-3-3 binding
to YAP/TAZ, the first group of partners, Lats1/2 PTPN14, and AMOT proteins, sequester
YAP/TAZ in the cytosolic compartments, therefore suppressing its oncogenic properties [2,
33, 44, 49, 52]. In this regards, it is conceivable to speculate that small molecules or
adaptors, which can stabilize those WW-PY complexes, may harbor anti-proliferative
effects. By contrast, the second group, WBP2 and ASPP2, promote YAP/TAZ
dephosphorylation and tissue growth through WW-PY interaction [94, 95]. In this case,
molecules disrupting such interaction would inhibit YAP/TAZ activity. Effort has been
made to build a structural model of the WW domain of YAP bound to digitoxin, which is a
cardiac glycoside that has been predicted to have affinity for WW domains by in silico
analysis [49]. These studies show potential opportunities for chemical modification of
digitoxin to compete specifically with PY ligands that bind to YAP WW domains. In
addition, the phosphorylation status adjacent to PY motif of Smad1/5 conferred selectivity
toward WW domain of YAP [96]. Phosphorylation of Smad PY motif by CDK®8/9 increased
the binding affinity of YAP WW domain, whereas phosphorylation by GSK3 diminished
their interaction. Therefore, phosphomimetic peptides containing PY motif could be used as
blockers of the PY motif-mediated interaction with YAP. However, inhibitors of WW-PY
interaction should be carefully designed since WW domains of YAP/TAZ convey both
positive, as well as inhibitory signals. For example, it will be important to analyze the
relative expression level of different binding partners depending on cell and tissue context.
Moreover, the large numbers of WW domain containing proteins in the cell may complicate
specificity issues of such compounds.

14-3-3 and PDZ binding motif in YAP and TAZ as druggable targets

Among the inhibitory mechanisms of YAP/TAZ by the Hippo pathway identified to date,
the cytosolic sequestration induced by 14-3-3 interaction is the best-characterized and
appears the most important mechanism in YAP/TAZ inhibition [22, 45, 46, 97, 98]. Lats1/2
phosphorylate YAP on five HXRxxS consensus motifs, including S127 and S381, which are
the most crucial sites to repress its oncogenic activity. The 14-3-3 protein family has seven
isoforms in humans and directly binds to phosphorylated serine or threonine residues in
specific sequence motifs. 14-3-3 proteins play pivotal role in physiological processes such as
gene expression, signal transduction, enzyme activation, and apoptosis, which lead to broad
spectrum of human diseases when dysregulated. Accumulating evidence has established a
strong connection between dysregulation of 14-3-3 and many types of cancer such as lung,
breast, head and neck cancers [99, 100]. Recently, the structure of the 14-3-3 binding
domain of YAP (YAP pS127 peptide) in complex with 14-3-3c isoform has been resolved at
1.15 A resolution, which shows similar binding mechanism to other known target proteins
[101]. It is interesting to note that 14-3-3c is the only known 14-3-3 isoform that harbors
tumor suppressor function in epithelial cells [99]. Several molecules have been developed to
either disrupt or stabilize 14-3-3 interaction with its binding partners, such as FOBISIN101
and Pyrrolidone 1 [99] (Figure 1h). In the case of YAP/TAZ and 14-3-3c interaction, it will
be most interesting to test the effect of 14-3-3/client protein stabilizers in combination with
Hippo pathway activators such as PDE inhibitors, which will simultaneously activate
Lats1/2 and stabilize 14-3-3 binding to YAP/TAZ.

Trends Pharmacol Sci. Author manuscript; available in PMC 2014 October 01.
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YAP and TAZ contain highly conserved PDZ binding motifs (-FLTWL) at their C-termini,
which are required for nuclear translocation and target gene expression as well as binding to
the plasma membrane [98]. Recently, ZO-2, which is a tight junction protein in epithelial
cells, has been shown to interact with YAP through the PDZ domain and promote YAP
nuclear translocation [55] (Figure 1i). In addition, most of the cell polarity complex proteins,
such as Crumbs (CRB3/PALS1/PATJ), PAR (PAR3/PARG), and the SCRIB complex
(Scribble/DLG), also harbor multiple PDZ domains, which are suggested to interact with
Hippo pathway and negatively regulate YAP/TAZ [31, 36]. For example, loss of apicobasal
polarity during the EMT process changes the subcellular localization of Scribbled, which
inhibits the Hippo pathway, resulting in TAZ activation [102]. Thus, PDZ interaction with
YAP/TAZ may either inhibit or stimulate YAP/TAZ activity. A thorough functional
characterization would be needed before one may consider interfering the PDZ and YAP/
TAZ interaction for therapeutic purpose.

Serine/Threonine Protein Phosphatase Inhibitors

The activation of YAP/TAZ is induced by dephosphorylation of consensus Lats1/2
phosphorylation sites followed by nuclear accumulation and target gene expression [43].
The dephosphorylation of YAP/TAZ is rapid upon stimulation with GPCR agonists, such as
LPA and thrombin, which suggests the dynamic engagement of protein phosphatases in this
process [11, 12]. Recently, it has been shown that PP1A and PP2A phosphatase interact with
YAP/TAZ and induce dephosphorylation, thereby disrupting the binding between YAP/TAZ
and 14-3-3 [35, 95, 103].

Selective serine/threonine phosphatases have been targeted for anticancer drug development,
such as cantharidin, fostriecin, and their analogs, which are inhibitors of PP1 and PP2A
[104]. Phosphatases play crucial roles in the progression through cell cycle, and these
inhibitors promote G2/M phase growth arrest, aberrant mitotic spindles, and apoptosis in
wide range of tumor cells both in vitro and in vivo. Notably, Lats1/2 activation also results
in G2/M cell cycle arrest through CDK1 inhibition [105], which resembles the effect of PP1
and PP2A inhibitors. Although, the role of YAP/TAZ in mitotic exit and cytokinesis has not
yet been documented, these results suggest that stabilizing Lats1/2 phosphorylation on YAP/
TAZ with phosphatase inhibitors may synergistically induce growth arrest and apoptosis.

Concluding remarks

The Hippo pathway has gained significant attention in the last few years, owing to its
diverse biological functions such as cell contact inhibition, apicobasal cell polarity,
mechanotransduction, and cell survival. Uncontrolled Hippo pathway activity is directly
relevant to various aspects in cancer biology, which includes cell proliferation, EMT, and
metastasis. Several factors have contributed to the rapid expansion of the field; i) its
fundamental importance in tissue and organ growth, ii) the highly conserved functional
network that synergized research from Drosophila to mammals, iii) the unusual prevalence
of modular domains mediating the protein-protein interaction, and iv) wide range of
upstream signals encompassing GPCRs, cell contact, and mechanotransduction. Rapid
progress in the field has prompted researchers to recognize the Hippo-YAP/TAZ signaling
pathway as a therapeutic target for anticancer drug development. As suggested in the current
review, there are numerous potential drug targets that directly or indirectly modulate the
Hippo pathway. However, further research is necessary to address several issues relevant to
these therapeutic opportunities. Many of the upstream regulators, such as GPCRs, although
they are highly druggable targets, have broad physiological functions, and hence general
interference of GPCR signaling may cause side effects. In this regard, targeting the core
components of the Hippo pathway would be an attractive approach. However, a key caveat
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for this approach is that majority of kinases such as MST1/2 and Lats1/2 are tumor
suppressors, which requires activators to inhibit YAP/TAZ. Recently, mir-135b, an intronic
microRNA, was shown to target multiple components in the Hippo pathway, including
Lats2, which promoted lung tumor growth and metastasis in mice [106]. Inhibition of such
negative regulators of Hippo pathway could provide alternative means to activate Hippo
pathway. The abundant protein-protein interactions in the Hippo pathway offer multiple
targets for intervention; however, developing drugs to enhance or interfere protein-protein
interaction is a rather challenging task. Notably, YAP/TAZ have also been implicated in
stem cell biology [107, 108], which suggests inhibitors of the Hippo kinase cascade may
have value of treating wound healing and tissue regeneration. Further in-depth
characterization of regulatory mechanisms will provide valuable information for drug
development of targeting the Hippo-YAP/TAZ pathway.
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Figure 1. Regulation of Hippo pathway and putative targetsfor therapeutic intervention of YAP/

TAZ inhibitors

Activating components upstream of YAP/TAZ are in green, inhibitory components are in
red, and putative YAP/TAZ inhibitors are in gray box. (a,c,d) Antagonists of Gay/13-
coupled GPCRs, LPA/S1P receptors, and downstream effectors Rho/ROCK activate Hippo
pathway and inhibit YAP/YAZ activity. (e-g) Agonists of Gag-coupled GPCR and increase
in CAMP-PKA signaling activate Hippo pathway and inhibit YAP/TAZ activity. (b,h,i)
Modulating physical interaction between YAP/TAZ and its binding partners abrogate Y AP/
TAZ nuclear translocation and target gene expression.
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