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Disease implications of the Hippo/YAP pathway

Steven W Plouffe, Audrey W Hong, and Kun-Liang Guan
Department of Pharmacology and Moores Cancer Center, University of California, San Diego, La
Jolla, CA, USA

Abstract

The Hippo signaling pathway is important for controlling organ size and tissue homeostasis.
Originally identified in Drosophila melanogaster, the core components of the Hippo pathway are
highly conserved in mammals. The Hippo pathway can be modulated by a wide range of stimuli,
including G protein coupled receptor (GPCR) signaling, changes in the actin cytoskeleton, cell-
cell contact, and cell polarity. When activated, the Hippo pathway functions as a tumor suppressor
to limit cell growth. However, dysregulation by genetic inactivation of core pathway components,
or amplification or gene fusion of its downstream effectors, results in increased cell proliferation
and decreased apoptosis and differentiation. Not surprisingly, this can lead to tissue overgrowth,
tumorigenesis, and many other diseases.
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The Hippo pathway: a kinase cascade to regulate YAP/TAZ

In mammals the Hippo pathway consists of a kinase cascade of Mammalian STE20-like 1/2
(MST1/2; see Glossary) and Large tumor suppressor 1/2 (LATS1/2; Figure 1). MST forms a
heterodimer with the adaptor protein Salvador 1 (SAV1), which enhances MST kinase
activity and facilitates MST-LATS interaction [1, 2]. MST then directly phosphorylates
Mob1 homolog (MOBL1) and LATS. Phosphorylated MOB1 binds to the autoinhibitory
region of LATS, enabling LATS phosphorylation and activation [3, 4]. Once activated,
LATS phosphorylates the main effectors of the Hippo pathway, transcriptional co-activators
Yes-associated protein (YAP) and WW domain containing transcription factor (WWTR1 or
TAZ) [5-7]. LATS kinase activity inhibits YAP/TAZ transcriptional activity by altering
YAP/TAZ localization and protein stability.

Phosphorylated YAP/TAZ are sequestered in the cytoplasm by binding to 14-3-3 and are
ubiquitinated and degraded [8-10]. It was also found in Drosophila that phosphorylated
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Yorkie (the Drosophila ortholog of YAP/TAZ) is actively excluded from the nucleus in an
Exportin 1 (XPO1)-dependent manner [11]. When LATS are inactive, dephosphorylated
YAP/TAZ translocate to the nucleus to initiate transcription [7, 11-13]. YAP/TAZ do not
contain their own DNA-binding motifs and initiate transcription by interacting with the
DNA-binding transcription factors TEA domain family members 1-4 (TEAD1-4) [14-17].
Through these interactions, YAP/TAZ induce the expression of genes regulating
proliferation, differentiation, and apoptosis. YAP/TAZ also interact with other transcription
factors including SMAD family members (Smad), p63/p73, Paired box 3 (Pax3), and T-box
transcription factor 5 (TBX5) [18, 19]. However, the roles of these transcription factors in
mediating the growth promoting activities of YAP/TAZ have not yet been established.

The Hippo pathway can be regulated at many levels. For instance, YAP/TAZ nuclear
localization can be modulated by cell-cell contact [8, 20]. Neurofibromin 2 (NF2) is a tumor
suppressor localized near adherens and tight junctions. NF2 mediates contact inhibition by
recruiting LATS to the cell membrane, where it is phosphorylated and activated by MST and
SAV1 [21]. In addition, nuclear NF2 inhibits E3 ubiquitin ligase CRL4PCAFL_mediated
LATS degradation, resulting in LATS accumulation and Y AP phosphorylation and
inactivation [22]. Several components of adherens and tight junctions, including Angiomotin
(AMOT), a-catenin, and protein tyrosine phosphatase non-receptor 14 (PTPN14) also
directly interact with the Hippo pathway. AMOT induces LATS2-mediated YAP
phosphorylation and sequesters YAP/TAZ to tight junctions, inhibiting YAP’s co-
transcriptional activity [23—-26]. However, a recent report found that AMOT can stimulate

Y AP activity by two mechanisms: (i) binding YAP in the cytoplasm and preventing its
phosphorylation by LATS; and (ii) by forming a transcriptional complex with YAP and
TEAD in the nucleus to induce transcription of YAP downstream target genes [27]. These
seemingly contradictory results could be due to tissue or context-specific roles of AMOT in
regulating the Hippo pathway. a-catenin forms a trimeric complex with phosphorylated
YAP and 14-3-3, sequestering YAP to adherens junctions and preventing its
dephosphorylation [28]. PTPN14 directly binds and sequesters YAP in the cytoplasm [29,
30]. Together, these findings illustrate how the cell’s surroundings tightly regulate the Hippo
pathway.

Whnt signaling and extracellular hormones can also regulate YAP/TAZ activity [31]. A large
number of hormones act through G protein coupled receptors (GPCRs) to either activate or
inhibit YAP/TAZ. Serum, Lysophosphatidic acid (LPA), Sphingosine-1-phosphate (S1P),
and thrombin signal via G12/13 and Gg/11 to activate downstream Rho GTPases, modulate
the actin cytoskeleton, and activate YAP/TAZ [32]. Conversely, epinephrine and glucagon
signal via Gas to activate protein kinase A (PKA), modulate the actin cytoskeleton, and
induce YAP/TAZ phosphorylation [32]. Although it is clear that changes in actin
cytoskeleton dynamics are important for mediating upstream signals to regulate YAP/TAZ,
the full mechanism is unknown. GPCRs play an important role in modulating a wide range
of cellular processes, including cell proliferation and survival, and it is likely that some of
these functions are mediated through the Hippo pathway.

Trends Mol Med. Author manuscript; available in PMC 2016 April 01.
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The Hippo pathway in regeneration and development

The Hippo pathway in liver regeneration

The liver has a remarkable ability to regenerate following injury. Although the primary
source of new tissue during regeneration is proliferating hepatocytes, hepatocytes are
quiescent under normal conditions. MST1/2 inactivation is required to wake hepatocytes out
of quiescence, suggesting the Hippo pathway and active YAP/TAZ play a necessary role in
initiating regeneration [33]. Hepatocyte-specific MST1/2 knockout is sufficient to
dramatically increase hepatocyte proliferation, resulting in massive liver overgrowth due to
aberrant YAP activity [34]. In addition, liver overgrowth caused by inducible, liver-specific
Y AP overexpression is due to an increase in hepatocyte cell number, not cell size,
suggesting that regulation of YAP/TAZ is sufficient to initiate cell proliferation in quiescent
hepatocytes [13]. Indeed, recent work has shown that inducing expression of a constitutively
active YAP in hepatocytes in vivo can cause hepatocytes to dedifferentiate back into
progenitor cells, which may have important implications in our understanding of the
mechanisms behind liver regeneration [35].

Y AP protein levels are markedly increased during liver regeneration in humans [36, 37], as
well as during regeneration following hepatectomy [38], bile acid-induced injury [39], and
bile duct ligation-induced injury [37] in mice. Following bile duct ligation, liver-specific
YAP knockout mice are more susceptible to injury and show reduced hepatocyte
proliferation and increased necrosis, indicating that Y AP is required for regeneration [37].
Deleting MST1/2 to activate YAP also protects the liver from acetaminophen-induced liver
injury [40]. A recent study found that following a partial hepatectomy in rats Y AP activation
is accompanied by MST1/2, LATS1/2, and MOBL inactivation [41]. However, once the
liver reaches its pre-hepatectomy size, MST1/2 activity is restored followed by YAP
inactivation [41]. This study highlights the importance of canonical Hippo pathway
components in dynamically regulating Y AP during regeneration and maintenance of final
liver size. In other genetic models, AMOT can increase YAP activity by preventing YAP
phosphorylation and increasing YAP-TEAD transcriptional activity, so it is not surprising
that liver-specific AMOT knockout mice also have reduced cell proliferation and
regeneration following toxin-induced injury [27]. Liver-specific knockdown of a-catenin
also results in increased YAP activity and liver overgrowth following partial hepatectomy,
indicating that a-catenin may play a role in inactivating Y AP following regeneration [42].
Taken together, these findings suggest that YAP-TEAD transcriptional activity is activated
in response to multiple types of injury and is required for initiating cell proliferation and for
complete hepatic recovery. Following complete regeneration, YAP activity is regulated at
multiple levels, including by canonical Hippo pathway kinases MST1/2, LATS1/2, and
MOBL1, as well as a-catenin, to inactivate YAP and prevent liver overgrowth.

The Hippo pathway in pancreatic development

Intact Hippo signaling is also required for normal pancreatic development. Knocking down
YAP is sufficient to block pancreatic progenitor cell proliferation [43]. miR-375 can also
regulate pancreatic progenitor cell proliferation by inhibiting translation of YAP mRNA via
binding to the 3’ UTR, further supporting a role for YAP/TAZ in pancreatic development
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[43]. YAP’s role in pancreatic development appears to be compartment specific. Pancreas-
specific MST1/2 knockout and ectopic Y AP overexpression both result in decreased
pancreas size [44, 45]. Dysregulation of the Hippo pathway does not appear to play a
significant role for the endocrine compartment, and MST1/2 knockout mice have normal fed
blood glucose levels [45]. However, the exocrine compartment of MST1/2 knockout mice
shows a dramatic increase in cell proliferation, accompanied by a similar increase in cell
death [44]. The decrease in pancreas size is primarily due to loss of tissue architecture in the
exocrine compartment due to dedifferentiation of acinar cells back into ductal cells [44, 45].
This appears to be YAP-dependent because deleting a single allele of YAP in the MST1/2
knockout mice results in improved pancreatic growth and structure [44]. The difference
between endocrine and exocrine compartments is probably due to expression levels, since

Y AP is not expressed in the endocrine compartment following differentiation. Nevertheless,
it will be interesting to see how Y AP becomes differentially regulated in the endocrine
compartment, as well as whether TAZ is similarly regulated.

The Hippo pathway in ocular development

YAP/TAZ are stimulated by both mechanical and biochemical signals to regulate ocular
development, regeneration, and disease. For instance, Sveinsson’s Chorioretinal Atrophy
(SCRA), a rare genetic disease resulting in degeneration of the choroid and retina, is caused
by a mutation in TEAD1 [46]. This mutant TEADL is defective in YAP/TAZ binding and
has no transcriptional activity [46]. Interestingly, this work raised the possibility that Y AP-
TEAD transcriptional activity is important for cell-cell and cell-matrix adhesions, as SCRA
is caused by tearing of the retinal pigment epithelium (RPE) [46]. In other cellular contexts,
increased YAP expression is correlated with epithelial to mesenchymal transition (EMT)
and the loss of cell-cell junctions. In fact, it has been shown in RPE cells that TAZ-TEAD1
transcriptional activity results in ZEB1 expression, loss of cell-cell contact, and EMT [47].
So the observation that defective YAP-TEAD transcriptional activity is also correlated with
defective cell-cell and cell-matrix adhesions may lead to a more dynamic understanding of
the role of YAP in regulating cell-cell interactions. In contrast, NF2 knockout mice develop
cataracts caused by disorganization and accumulation of cells in the lens epithelium due to
abnormal tissue growth [48]. This is rescued by deleting YAP, indicating that this phenotype
is dependent on the Hippo pathway. This phenotype aligns with the current understanding of
elevated YAP activity resulting in overgrowth, as seen in other tissues and organs.

The Hippo pathway in intestinal regeneration

The Hippo pathway is important for maintaining intestinal homeostasis. The intestinal lining
is constantly exposed to a harsh environment and must continually regenerate to replace
dying cells. Intestine-specific YAP knockout mice show no major effects during
development or on normal homeostasis [49]. However, YAP plays an important role in
regeneration following injury. In a Dextran Sodium Sulfate (DSS)-induced colonic
regeneration model, YAP protein levels are increased during regeneration. Deleting YAP
blocks regeneration in this model and results in substantial intestinal damage and increased
mortality [49]. However, another study looked at intestinal regeneration following whole
body irradiation and found that intestine-specific YAP overexpression resulted in impaired
regeneration, and intestine-specific YAP knockout mice developed hyperplasia [50]. They
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also found that expressing constitutively active YAP can suppress growth of colorectal
cancer (CRC) xenografts, suggesting YAP acts as a tumor suppressor. These conflicting
reports may be due to multiple factors. The role of YAP in regeneration may be injury
specific, since the two studies utilized different injury models to induce regeneration. Some
differences might also be explained by the involvement of other signaling pathways. For
instance, YAP overexpression-induced dysplasia can be blocked by y-Secretase, a Notch
signaling inhibitor [51]. Barry et al. found that YAP is silenced in a subset of human CRC,
and YAP blocks regeneration by inhibiting Wnt signaling and preventing Dishevelled
(DVL) nuclear translocation [50, 52]. Loss of YAP results in Wnt hypersensitivity during
regeneration and causes hyperplasia [50, 53]. Further work is needed to fully understand
how these different pathways interface in specific cellular niches and how they may regulate
each other during regeneration.

The Hippo pathway in cardiomyocyte regeneration

During development the heart grows dramatically due to cardiomyocyte proliferation.
However, a week after birth cardiomyocytes stop proliferating and any subsequent growth is
due to cardiomyocyte hypertrophy [54]. As such, the adult heart has a limited ability to
regenerate following injury. Instead, the myocardium replaces lost cardiomyocytes with
fibrotic scar tissue, which reduces heart contractility and function. Recent studies have
identified a potential role for the Hippo pathway in enhancing cardiomyocyte proliferation
following injury. For instance, conditional MST1 overexpression in the heart results in
increased cardiomyocyte apoptosis in vitro and dilated cardiomyopathy in vivo [55].
Conversely, overexpressing dominant-negative MST1 or LATS2 showed improved cardiac
function following either myocardial infarction or ischemia and reperfusion [56, 57]. In
addition, SAV1 deficient cardiomyocytes can re-enter the cell cycle and undergo cell
division, and SAV1 heart-specific knockout mice show improved recovery following
ischemia with ejection fraction and fractional shortening values comparable to control, non-
ischemic mice [58]. These reports suggest that Hippo-deficient hearts exhibit increased
regenerative potential. YAP transgenic mice also show increased regeneration and decreased
fibrosis following heart injury [59]. More specifically, Phosphatidylinositol-4,5-
bisphosphate 3-kinase, catalytic subunit beta (PIK3CB), a catalytic subunit of PI3K, is a
direct target of YAP in promoting cardiomyocyte proliferation [60]. Thus, manipulating the
Hippo pathway following injury could be key to improving heart regeneration, decreasing
fibrosis, and increasing survival.

Dysregulation of the Hippo pathway in human cancer

While YAP/TAZ activity is important for cell proliferation and regeneration, the Hippo
pathway must be tightly regulated. Not surprisingly, dysregulation of the Hippo pathway can
lead to uncontrolled proliferation, resulting in a wide range of diseases (Boxes 1-3) and
cancers. The Hippo pathway can become dysregulated by a variety of mechanisms,
including YAP gene amplification, methylation or deletion of upstream Hippo pathway
components, mutations in upstream GPCRs, or by crosstalk with other signaling pathways
including Wnt signaling.

Trends Mol Med. Author manuscript; available in PMC 2016 April 01.
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Box 1
The Hippo pathway in polycystic kidney disease

Polycystic kidney disease (PKD) is a life-threatening disease caused by cyst formation
throughout the kidneys, and is frequently caused by inactivating mutations in either the
PKD1 or PKD2 [53]. Interestingly, YAP and TAZ appear to serve different functions in
PKD progression. The planar cell polarity component Four-jointed (Fjx1) is required for
regeneration following tubular epithelial injury, but is decreased in a PKD1-inducible
knockout model for PKD [113]. Fjx1 is a transcriptional target of YAP, and Fjx1 and

Y AP expression are both increased during regeneration following injury in both control
and PKD1 knockout mice. However, in PKD1 knockout mice YAP nuclear localization
and transcriptional activity continued to persist after recovery, resulting in cyst formation
[113]. Increased Y AP expression was also observed in human PKD patients [113]. Thus,
while YAP seems to play a role in kidney recovery following injury, sustained signaling
may cause PKD.

TAZ appears to have a more direct contribution to PKD. TAZ forms a complex with
Polycystin-2 (PC2, the protein product of PKD1), thereby targeting it for ubiquitination
and degradation. TAZ knockout results in PC2 accumulation, leading to PKD [53], and
also results in the down-regulation of other genes necessary for proper cilia development
and function [114]. The lack of functional cilia also contributes to cyst formation. In fact,
TAZ knockout mice begin developing cysts as early as embryonic day 15.5, possibly due
to a combination of these factors [115]. This phenotype was also seen in a mouse model
with TAZ conditionally knocked out in nephrons [116].

Box 2

The Hippo pathway in arrhythmogenic cardiomyopathy and Holt-Oram
syndrome

The Hippo pathway has also been implicated in several heart diseases. Arrhythmogenic
right ventricular cardiomyopathy (ARVC) is characterized by thinning of the right
ventricular walls, replacement of the myocardium with fibroadipocytes, and arrhythmias.
ARVC is caused by the loss of intact desmosomes. Recent work has shown that MST1/2,
LATS1/2, and YAP are phosphorylated in human ARVC hearts, as well as in knockout
mouse models for obligatory desmosome components DSP and JUP [117]. In addition,
knocking down LATS1/2 or overexpressing a constitutively active YAP mutant in
cardiomyocytes results in adipogenesis, further supporting a causal role for the Hippo
pathway in ARVC [117].

The Hippo pathway is also involved in Holt-Oram syndrome, which consists of heart
defects and abnormalities of the upper limbs. TBX5, which is essential for cardiac and
limb development, is often mutated in Holt-Oram patients [118]. TBX5 normally
interacts with YAP/TAZ, but mutations in TBX5 prevent its binding to TAZ and results
in a congenital heart defect called Tetralogy of Fallot (TOF) [19]. Taken together, the
Hippo pathway plays an important role in heart development. Future work is needed to
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determine whether the Hippo pathway can be manipulated or therapeutically targeted to
improve regeneration following injury.

Box 3
The Hippo pathway in neurological disease

Hippo pathway components are involved in non-cancer neurological diseases,. For
instance, studies reported that YAP/TAZ mediate gene transcription induced by ABPP,
the precursor of Amyloid 8 which is thought to drive Alzheimer’s disease [119]. In
addition, MST1 is a key mediator of Amyotrophic Lateral Sclerosis (ALS). MST1
activity is increased in motor neurons from SOD1(G93A) mice, an ALS mouse model.
MST1 activates p38 and Caspase-3 and -9, resulting in autophagosome accumulation and
motor neuron death. When MST1 is knocked out in these mice, they show increased
motor neuron viability, delayed symptom onset, and extended survival, although it is not
clear whether YAP or TAZ are involved in this phenotype [120]. These findings
demonstrate the importance of the Hippo pathway in some neurodegenerative diseases
and can hopefully be expanded in the near future.

The Hippo pathway in liver cancer

YAP is frequently amplified in hepatocellular carcinoma (HCC) and is required to sustain
increased cell proliferation and tumor growth [61]. Risk factors for HCC include hepatitis
infection and exposure to xenobiotics, and these have also been implicated in activating
YAP. The Hepatitis B virus X protein (HBXx) directly increases YAP expression by
enhancing YAP gene transcription [62]. 1,4-bis[2-(3,5-dichloropyridyloxy)] benzene
(TCPOBORP) is a xenobiotic mimic that activates constitutive androstane receptor (CAR) to
increase YAP protein levels and induce HCC [63]. In addition, GA-binding protein (GABP),
which is involved in antioxidant defense, can directly promote YAP transcription [40].
Increased GABP nuclear localization and YAP expression are both correlated in liver
cancer, so it is possible that high GABP levels promote increased Y AP expression in HCC
[40].

Inducing YAP overexpression in a liver-specific transgenic model causes abnormal
hepatocyte proliferation and suppressed apoptosis, resulting in increased liver size and HCC
[13, 51]. These findings are consistent with knockouts of other Hippo pathway components.
One study deleted MOBL1A, with a heterozygous mutation for MOB1B, and found that these
mice have an increased lifetime chance of developing HCC [64]. Increased liver growth and
HCC have also been reported in liver-specific SAV1 knockout, NF2 knockout, and MST1/2
knockout mice [48, 65, 66]. These findings implicate the Hippo pathway in both controlling
liver size and preventing tumorigenesis. In addition, NF2 knockout mice show reduced
tumorigenesis when crossed with liver-specific AMOT knockout mice, suggesting AMOT-
YAP interaction is also important for Y AP-driven tumorigenesis [27]. However, much of
the current understanding of the Hippo pathway in HCC has been derived from genetic
models, and few mutations or deletions in Hippo pathway components have been observed
in human HCC [67]. While the mouse work has established a clear role for the Hippo
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pathway in HCC, future work should focus on how the Hippo pathway becomes
dysregulated in human HCC.

YAPITAZ gene fusion in epithelioid hemangioendothelioma

Epithelioid hemangioendothelioma (EHE) is a rare vascular tumor most commonly found in
the lung, bone, and skin. Recently, it has been shown that YAP/TAZ chromosome
translocations occur in virtually all EHE cases [68]. These chromosome translocations result
in a fusion protein between either TAZ and Calmodulin binding transcription activator 1
(CAMTAL), TAZ and FBJ murine osteosarcoma viral oncogene homolog B (FOSB), or YAP
and Transcription factor binding to IGHM enhancer 3 (TFES3) [69-71]. While the fusion
proteins retain their YAP/TAZ TEAD-binding domains, they are missing key
phosphorylation sites required by LATS to inactivate YAP/TAZ, so these fusion proteins
may act as constitutively active transcription factors. Although research on the role of
YAP/TAZ in EHE is at its infancy, the observation that Y AP/TAZ chromosome
translocations occur in virtually all cases of EHE strongly suggest that dysregulated
YAP/TAZ fusion proteins may act as cancer drivers.

The Hippo pathway in breast cancer

YAP/TAZ activity has been correlated with increased risk of metastasis and reduced
survival across all human breast cancer subtypes [72]. However, the role of the Hippo
pathway in breast cancer progression remains controversial. On one hand, TAZ is highly
expressed in invasive breast cancer cell lines and primary breast cancers, and TAZ
overexpression is sufficient to induce cell proliferation, transformation, and EMT in breast
cancer cell lines [6, 73]. Similarly, overexpressing YAP in breast cancer cell lines induces
tumor formation and growth in xenograft experiments [74], and deleting YAP prevents
tumor growth in an oncogene-induced breast cancer model [75]. In addition, leukemia
inhibitory factor receptor (LIFR) has been identified as a tumor suppressor that acts through
the Hippo pathway to inactivate YAP both in vitro and in vivo [76]. These reports support an
oncogenic role for YAP/TAZ. On the other hand, there are reports that suggest YAP acts as
a tumor suppressor. YAP protein expression is decreased in luminal breast cancer tissues,
and YAP knockdown in breast cancer cell lines actually enhances tumor migration,
invasion, and tumor growth in nude mice [77]. A recent study reported that hyperactivation
of YAP alone is not sufficient to drive mammary tumorigenesis in vivo, and Y AP-induced
oncogenic growth may be dependent on the presence of additional mutations or
amplifications [75]. Additional work is needed to determine whether these conflicting
reports may be due to cell type-specific differences.

The Hippo pathway in lung cancer

YAP/TAZ are both highly expressed in non-small cell lung cancer (NSCLC) in humans, and
knockdown of either YAP or TAZ in NSCLC cells is sufficient to suppress proliferation,
invasion, and tumor growth in mice [78, 79]. High YAP expression is correlated with
advanced stage, lymph node metastasis, and decreased survival [78]. In fact, it has been
shown that knockdown of either YAP or TAZ is sufficient to decrease cell migration in vitro
and metastasis in vivo, and expression of constitutively active YAP is sufficient to drive lung
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cancer progression in vivo [80]. However, although these studies strongly point towards an
oncogenic function for YAP/TAZ, the mechanisms by which they become dysregulated in
NSCLC progression was not known until recently.

Overexpression of MST1 is sufficient to inhibit cell proliferation and apoptosis in NSCLC
cells [81]. This is mostly likely due to MST activation of LATS, preventing YAP/TAZ
nuclear localization. LATS1 protein levels are frequently decreased in NSCLC tissues, and
loss of LATS1 expression is correlated with advanced stage, lymph node metastasis, and
decreased survival [82]. In addition, other non-canonical Hippo pathway components have
also been identified to interact with YAP/TAZ in lung cancer. Vestigial-like family member
4 (VGLLA4) is frequently down-regulated in lung cancer, and expressing VGLL4 in lung
cancer cells suppresses cell proliferation and tumor growth in mice by competitively
inhibiting YAP-TEAD binding and transcriptional activity [83]. Another study found that
high YAP expression was correlated with increased AXL receptor tyrosine kinase (AxI)
expression in lung adenocarcinomas, and that knocking down Y AP also resulted in loss of
AxI, proliferating cell nuclear antigen (PCNA), and matrix metalloproteinase-9 (MMP-9)
[84]. This study further confirmed that knocking down Y AP inhibits proliferation and
invasion of lung cancer cells, an effect which is potentially mediated through Axl. Finally,
miR-135b expression increases lung cancer metastasis by targeting LATS2, and inhibiting
miR-135b suppresses tumor growth and metastasis [85]. Expression of miR-135b is
regulated by DNA demethylation and nuclear factor-kappa B (NFKDb) signaling, raising the
possibility that inflammatory and epigenetic modifications may regulate expression of
miR-135b, thereby resulting in LATS2 inhibition, YAP/TAZ nuclear translocation, and
cancer [85].

The Hippo pathway in malignant mesothelioma

Malignant mesothelioma is a rare cancer of the mesothelium, the lining which covers many
of the body’s internal organs, and often comes with a poor prognosis. Recent work has
found that homozygous deletion or inactivating mutations in NF2, SAV1, or LATS2 are
frequently observed in human malignant mesothelioma tissues and cell lines [86, 87].
Moreover, Ajuba LIM protein (AJUBA) can inactivate YAP through signaling via LATS,
and down-regulation of AJUBA has also been associated with malignant mesothelioma [88].
These deletions or mutations contribute to increased YAP protein levels and aberrant Y AP-
TEAD transcriptional activity, which drive increased cell proliferation and anchorage-
independent growth by up-regulating the cell cycle-promoting Cyclin D1 and Forkhead box
M1 [87]. Knocking down YAP in malignant mesothelioma cells is sufficient to inhibit cell
proliferation and anchorage-independent growth [87]. Together, these findings strongly
implicate dysregulation of the Hippo pathway in malignant mesothelioma and YAP as a
potential therapeutic target. As cases of malignant mesothelioma are primarily associated
with asbestos exposure, it may be informative to determine whether there is something about
asbestos that is pre-inclined to inducing mutations in Hippo pathway components.

The Hippo pathway in pancreatic cancer

Pancreatic ductal adenocarcinoma (PDAC) has one of the worst prognoses of all cancers
because often the patient does not experience symptoms until the cancer has reached an
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advanced stage. PDAC tissues often have increased Y AP expression and nuclear
localization, and elevated Y AP expression is correlated with poor prognosis [89]. Moreover,
in pancreatic cancer cells, YAP knockdown results in reduced proliferation and reduced
anchorage-independent growth, suggesting YAP may play an important role in PDAC
progression [89]. These findings are supported by work done in KRAStransgenic mice.
KRAS: s frequently mutated in PDAC, but in a mouse model expressing mutated KRAS
deleting YAP is sufficient to prevent PDAC. In addition, deleting YAP in pancreatic cancer
cells harboring the mutant KRAS s sufficient to prevent proliferation and growth in mice
[90]. A similar study found that in an inducible KRAS-driven PDAC mouse model where
removal of KRAS resulted in complete tumor regression, some mice later developed
spontaneous tumors due to YAP amplification and increased YAP-TEAD?2 transcriptional
activity [91]. This finding suggests that KRAS-driven tumors may acquire additional
mechanisms to further increase proliferation and growth, and YAP may play an important
role in enabling PDAC to escape KRAS addiction.

The Hippo pathway in Kaposi sarcoma

YAP/TAZ play a driving role in Kaposi sarcoma (KS), a tumor caused by the Kaposi
sarcoma-associated herpesvirus (KSHV). KS results in cutaneous lesions which can spread
throughout the skin, mouth, gastrointestinal, and respiratory tracts. Tissue samples from
human KS patients show elevated levels of YAP/TAZ [92]. Recently, it was shown that
KSHYV encodes a viral GPCR (VGPCR), which signals through Gg/11 and G12/13 to RhoA,
inactivating LATS1/2 and activating YAP/TAZ [92]. In addition, cells overexpressing
VGPCR failed to grow in a xenograft mouse model when YAP/TAZ were depleted,
indicating that YAP/TAZ are necessary for KSHV-induced tumorigenesis.

The Hippo pathway in uveal melanoma

Uveal melanoma (UM) is the most common type of eye cancer in adults, with approximately
80% of UM cases characterized by activating mutations in either GNAQ or GNA11.
Although overexpression of mutant Gg/11 is sufficient to transform melanocytes [93], the
signaling events downstream of Gg/11 were unknown. Two studies showed that Gg/11 can
activate YAP by inhibiting LATS1/2 and disrupting AMOT-Y AP interaction [94, 95].
Importantly, both papers demonstrate that treating UM with Verteporfin, a drug which
blocks YAP-TEAD interaction (therefore inhibiting YAP transcriptional activity), is
sufficient to inhibit UM tumor growth in mice [93, 96]. This is an important finding not only
for treating UM, but also has broad implications for how YAP may be involved in other
GPCR-associated cancers.

The Hippo pathway in renal cell carcinoma

YAP has also been implicated in renal cell carcinoma (RCC). A recent report found that the
LATSL promoter is frequently methylated in RCC, resulting in down-regulation of LATS1
and increased YAP activity [97]. Indeed, RCC tissues show elevated levels of YAP, and
knocking down YAP in RCC cell lines blocks cell proliferation and increases apoptosis [98].
Although more work is needed to assess the role of YAP in RCC initiation and progression
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in vivo and whether YAP is essential for RCC survival, this report raises the possibility that
YAP may be a useful therapeutic target for RCC.

The Hippo pathway in colorectal cancer

Although the most common mutations in CRC involve adenomatous polyposis coli (APC)
and dysregulated B-catenin signaling, YAP/TAZ may be required downstream mediators of
these mutations. YAP/TAZ are reported to be degraded by the p-catenin destruction
complex, along with APC, Axin, and glycogen synthase kinase 3 (GSK3) [99]. Beta-catenin
is required to recruit TAZ to the destruction complex, and the absence of Wnt signaling
results in both B-catenin and YAP/TAZ cytoplasmic sequestration, phosphorylation, and
degradation [31]. Cytoplasmic YAP/TAZ can also directly interact with DVL and p-catenin,
inhibiting DVL phosphorylation and preventing -catenin nuclear translocation [50].
Conversely, activation of Wnt signaling results in both p-catenin and TAZ accumulation,
and YAP/TAZ co-transcriptional activity is required for many of the Wnt transcriptional
responses [31]. In fact, one study found that B-catenin-driven tumors require YAP and
TBXS5 to induce expression of genes required to inhibit apoptosis and promote tumor
survival [100]. Finally, B-catenin can interact with TCF/LEF to directly induce YAP gene
transcription [101]. It is clear that crosstalk between the Hippo and Wnt signaling pathways
plays an important role in CRC, and this must be taken into consideration when
therapeutically targeting either pathway.

YAP is often overexpressed in CRC, and YAP/TAZ activity is correlated with decreased
survival [102]. LATSL promoter methylation has also been reported in CRC, which may lead
to increased Y AP activity [103]. In mice, inducing YAP overexpression in the intestine
results in dysplasia after two days, although the intestine regenerates once induction is
stopped [51]. Similar phenotypes were also seen in MST1/2 and SAV1 knockout mice, which
developed adenomas after 13 weeks and polyps after 13 months, respectively [49, 104].
Both of these phenotypes were blocked by deleting YAP, indicating that these pathologies
are YAP-dependent. In addition, one report suggests that YAP may play an important role in
causing CRC cells to become dormant during chemotherapy treatment and active during
relapse [105]. Cells resistant to 5-fluorouracil (5FU) express high levels of YAP, which
becomes phosphorylated and cytoplasmic when the cells are exposed to 5FU, causing the
cells to enter quiescence. Increased YAP protein levels were also seen in human CRC liver
metastases and were correlated with CRC relapse [105]. Although the authors did not show
whether removing 5FU causes increased Y AP nuclear localization and cell proliferation,
these findings are highly significant and may hugely impact the paradigm for treating CRC
and preventing relapse.

The Hippo pathway in multiple myeloma

The Hippo pathway plays an important role in regulating lymphocyte apoptosis. YAP acts as
a tumor suppressor in several hematological cancers, including multiple myeloma (MM),
lymphoma, and leukemia [106]. These cancers are typically characterized by genetic
instability and inactivating mutations in tumor protein p53 (TP53). In human MM patient
samples, YAP is also frequently deleted or down-regulated [106]. YAP interacts with ABL1
to induce p53-independent apoptosis, and inhibiting MST1 in MM cells is sufficient to up-
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regulate YAP protein levels and induce apoptosis, both in vitro and in vivo [106]. This report
raises the possibility that YAP may act as a tumor suppressor and proposes a novel
therapeutic strategy for targeting the Hippo pathway in hematological cancer. Little is
known about YAP/TAZ in hematological cells, and any role of YAP/TAZ as tumor
suppressors would challenge the current paradigm that YAP/TAZ act as oncogenes.

The Hippo pathway in the nervous system

The Hippo pathway is involved in several nervous system tumors. Loss of function
mutations in NF2 causes Neurofibromatosis Type 2, a genetic disorder characterized by the
development of schwannomas and meningiomas with increased Y AP expression and nuclear
localization [107, 108]. NF2 inhibits Y AP activity by promoting LATS activation and
inhibiting LATS ubiquitination and degradation [21, 22]. Loss of function mutations in NF2
results in increased LATS degradation and YAP accumulation, so loss of NF2 and
subsequent tumor growth could be due to aberrant YAP activity. In the central nervous
system, NF2 expression is also significantly reduced in human malignant gliomas, and
expression of NF2 has been shown to inhibit human glioma growth both in vitro and in vivo
[109]. Likewise, YAP is highly expressed in many human brain tumors including infiltrating
gliomas, and YAP overexpression promotes glioblastoma growth in vitro [110].

Concluding remarks

The Hippo signaling pathway plays an important role in regulating key cellular functions,
including cell proliferation, apoptosis, and differentiation. Recognized for its driving
contribution in a wide variety of diseases and cancers (Figure 2, Table 1), research into
identifying new ways to therapeutically target the Hippo pathway has expanded
tremendously in recent years. A screen of FDA approved drugs found that Verteporfin can
bind YAP and prevent YAP-TEAD interaction [96]. As discussed earlier, Verteporfin can
block tumor growth in UM, as well as suppress tumor growth in a NF2 knockout or YAP
overexpression liver cancer model [94-96]. A cell-based screen identified dobutamine, a
beta-adrenergic receptor agonist, as another YAP inhibitor, inducing LATS-independent
YAP phosphorylation [111]. A recent report designed cyclic YAP-like peptides to prevent
YAP-TEAD interaction, although it remains to be seen whether these peptides can block
YARP transcriptional activity [112]. Finally, the finding that some GPCR ligands induce YAP
phosphorylation opens the possibility that YAP activity may be therapeutically altered by
modulating GPCR signaling [32]. This is an exciting time when our knowledge of the Hippo
field is expanding tremendously and will hopefully lead to the development of specific drugs
to manipulate YAP/TAZ activity.

However, many important and fundamental questions still remain (Box 4). Further
elucidating the crosstalk between the Hippo pathway and Wnt, TGF-f, Notch, Ras, mTOR,
and Sonic hedgehog signaling remains a priority. Additional areas of future research include
further elucidating whether YAP/TAZ always function as oncoproteins, or whether they also
have context-specific tumor suppressing functions. Finally, it will be important to dissect
whether YAP/TAZ are differentially regulated and whether they activate different
transcription profiles. Addressing these questions may help open the door to the next wave
of discoveries in the Hippo field.
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Box 4

e Do all cell growth/tumor suppressor functions of LATS go through YAP/TAZ?
If not, what are the other physiological substrates of LATS?

* How do changes in the actin cytoskeleton regulate YAP/TAZ phosphorylation,
localization, and transcriptional activity?

*  Are YAP/TAZ differentially regulated, and do they initiate different
transcription profiles?

* Do YAP/TAZ always function as oncoproteins, or do they also have a tumor
suppressing function?

»  How does the Hippo pathway crosstalk with other signaling pathways, including
the Wnt, TGF-f, Notch, Ras, mTOR, and Sonic Hedgehog signaling pathways?

Outstanding Questions
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Glossary

14-3-3

Angiomotin (AMOT)

Adenomatous polyposis
coli (APC)

Arrhythmogenic Right
Ventricular
Cardiomyopathy
(ARVC)

Constitutive
Androstane Receptor
(CAR)

Calmudulin Binding
Transcription
Activator 1 (CAMTAL)

a binding protein that binds and sequesters phosphorylated
YAP/TAZ in the cytoplasm

AMOT can induce LATS2-mediated Y AP phosphorylation
and sequester YAP/TAZ to the actin cytoskeleton, preventing
their translocation into the nucleus

a tumor suppressor that helps regulate levels of -catenin.
APC is frequently mutated in colorectal cancer

a genetic disease caused by mutations in desmosome
components. ARVC is characterized by thinning of the right
ventricular wall, replacement of the myocardium with
fibroadipocytes, and arrhythmias

CAR is a nuclear receptor which senses xenobiotics and
upregulates expression of proteins to metabolize them

a transcription factor that is frequently fused with TAZ due to
a chromosomal translocation in epithelioid
hemangioendothelioma
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Desmosome

Desmoplakin (DSP)

Dishevelled (DVL)

FBJ Murine
Osteosarcoma Viral
Oncogene Homolog B
(FOSB)

Gg/11

G-Protein Coupled
Receptors (GPCR)

Plakoglobin (JUP)

Large Tumor
Suppressor 1/2
(LATS1/2)
Lysophosphatidic Acid
(LPA)

Mobl Homolog
(MOB1)

Mammalian STE20-
like 1/2 (MST1/2)

Neurofibromin 2 (NF2)
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complex intercellular junctions consisting of multiple protein
subunits and responsible for providing the surrounding tissue
with the resistance necessary to withstand mechanical stress.
Mutations in desmosome components are frequently observed
in ARVC

a required component for intact desmosome assembly. DSP
anchors the rest of the desmosome complex to intermediate
filaments within the cell

DVL is a component of the Wnt signaling pathway, acting
downstream of the Frizzled receptor. YAP may block
intestinal regeneration by preventing DVL nuclear
translocation

a transcription factor that is frequently fused with TAZ due to
a chromosomal translocation in epithelioid
hemangioendothelioma

GNAQ and GNA11 encode the GPCR subunits Gg and G11.
Mutations in GNAQ and GNA11 are frequently observed in
uveal melanoma

GPCRs make up the largest class of receptors in the cell, and
are responsible for regulating a variety of important cellular
responses including cell proliferation and survival

Plakoglobin is a required component for intact desmosome
assembly. JUP helps link the intermediate filaments and DSP
to the desmosome cadherins. Mutations in JUP are associated
with ARVC

LATS1 and 2 are serine/threonine kinases that are
phosphorylated and activated by MST1/2 and MOBL1. Once
activated, LATS1/2 phosphorylate and inactivate YAP

a potent inducer of YAP activity via signaling through GPCRs

MOBL is phosphorylated by MST1/2. Once phosphorylated,
MOBL1 binds the autoinhibitory region of LATS1/2, enabling
LATS1/2 phosphorylation and activation

MST1/2 serine/threonine kinases form a heterodimer with
SAV1 to phosphorylate and activate LATS1/2 and MOB1

NF2 can induce LATS2 phosphorylation and activation,
resulting in YAP inactivation. NF2 is frequently mutated in
Neurofibromatosis Type 2
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Polycystic Kidney
Disease 1/2 (PKD1/2)

Sphingosine-1-
Phosphate (S1P)

Salvador 1 (SAV1)

WW Domain
Containing
Transcription Factor
(TAZ)

T-Box Transcription
Factor 5 (TBX5)

TEA Domain Family
Members 1-4
(TEAD1-4)

Transcription Factor
Binding to IGHM
Enhancer 3 (TFE3)

Verteporfin

Yes-Associated Protein
(YAP)
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PKD1/2 encode proteins Polycystin 1 (PC1) and Polycystin 2
(PC2), respectively. PC1 and PC2 are membrane proteins that
may be involved in signal transduction and enable the cell to
sense the surrounding matrix. PC2 interacts with TAZ, which
targets PC2 for ubiquitination and degradation

a potent inducer of YAP activity via signaling through GPCRs

an adaptor protein which enhances MST1/2 kinase activity
and enables MST1/2-LATS1/2 interaction

TAZ is a transcriptional co-activator and downstream effector
of the Hippo pathway. Similar to YAP, phosphorylated TAZ
is sequestered in the cytoplasm and degraded. When
dephosphorylated, TAZ translocates to the nucleus and
interacts with other transcription factors to drive transcription

TBX5 is a transcription factor which interacts with YAP/TAZ.
Mutations in TBX5 are associated with Holt-Oram Syndrome

the main transcription factors that interact with YAP/TAZ to
drive transcription. Although YAP/TAZ are known to interact
with other transcription factors besides TEAD1-4, their role in
mediating the growth promoting activities of YAP/TAZ have
not been established

a transcription factor that is frequently fused with YAP due to
a chromosomal translocation in epithelioid
hemangioendothelioma

Verteporfin is an FDA-approved drug which blocks YAP-
TEAD interaction, thereby inhibiting Y AP transcriptional
activity

YAP is a transcriptional co-activator and downstream effector
of the Hippo pathway. When phosphorylated, YAP is
sequestered in the cytoplasm by binding to 14-3-3,
ubiquitinated, and targeted for degradation. When
dephosphorylated, Y AP translocates to the nucleus and
interacts with a variety of transcription factors, including
TEAD1-4, to induce gene expression
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Figure 1. The Hippo signaling pathway
When the Hippo pathway is activated, MST1/2 in complex with SAV1 phosphorylate and

activate LATS1/2 and MOB1. When activated, LATS1/2 phosphorylates YAP/TAZ, the
primary effectors of the Hippo pathway. When phosphorylated, YAP/TAZ are sequestered
in the cytoplasm or degraded. When YAP/TAZ are dephosphorylated, they translocate to the

nucleus where they interact with TEAD1-4 to induce transcription and promote cell
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proliferation and inhibit apoptosis. Arrows and blunt ends indicate activation and inhibition,

respectively.
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Figure 2. Disease implications of the Hippo pathway

Dysregulation of the Hippo pathway has been implicated in a number of cancers and
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diseases throughout the body. Dysregulation may be due to genetic inactivation of core
pathway components or amplification or gene fusion of its downstream effectors YAP and

TAZ. Here we briefly summarize some of the diseases covered in this review.
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