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Abstract: Hepatocellular carcinoma (HCC) is the sixth most common cancer and the third
most common cause of cancer-related mortality worldwide. Due to the poor prognosis and
limited therapeutic options, there is great interest in further understanding better the molecu-
lar underpinnings and potential molecular targets associated with HCC. The Hippo (Hpo)
signaling pathway and YAP, its principal downstream effector, represent an innovative area
of research in HCC. Pioneered in Drosophila melanogaster, the Hpo cascade controls tissue
homeostasis including organ size, cell proliferation, apoptosis, as well as cell-cycle regulation
and differentiation. This conserved kinase cascade in mammals depends on central control by
the tumor suppressor mammalian sterile 20-like kinase 1/2 (Mst1/2). The Mst1/2 commences
the downstream kinase cascade, ultimately activating the oncoprotein YAP and allowing its
physical association with downstream targets to enhance the gene expression signatures that
are involved in proliferation and survival. Alterations in YAP expression and defective regu-
lation of other key Hpo pathway members, such as Mst1/2, Salvador, neurofibromatosis and
Mer (Nf2/mer), large tumor suppressor homolog 1/2 (Lats1/2), and Mps one binder kinase
activator-like 1A and 1B (Mobl1) drive carcinogenesis in animal models. The dysregulation of
the Hpo pathway — resulting in an unchecked activation of YAP — culminates in the development
of a broad range of human tumor types, including HCC. The abrogation of Mst1/2-mediated
YAP phosphorylation permits YAP entry into the nucleus in murine models and functions
similarly in human HCCs. Chemoresistance mechanisms displayed by HCC tumors occur in
a YAP-dependent manner. The HCC specimens exhibit YAP overexpression, and YAP serves
as an independent prognostic marker for disease-free survival and overall survival in patients
with HCC. Recently, the small molecule inhibitor, verteporfin has been shown to attenuate
YAP activity in murine models, perhaps offering a novel therapeutic approach for patients
with advanced HCC.

Keywords: hepatocellular carcinoma, yes-associated-protein, Hippo signaling, liver cancer,
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Introduction
Hepatocellular carcinoma (HCC) is the sixth most common cancer worldwide and
the third most common cause of cancer-related mortality, with 746,000 deaths each
year; the estimated survival of patients with advanced HCC is <10%.'? Nearly 80%
of HCC cases occur in the developing world; however, the incidence of HCC in the
USA has increased over the last several decades with the incidence rising from 3.1
per 100,000 persons in the 1990s to 5.1 per 100,000 in the 2000s.3

The increased incidence of HCC in the Western hemisphere is most directly attribut-
able to the hepatitis C virus (HCV) infection, which accounts for approximately one-half
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of HCC cases.* While some data suggest that the incidence of
HCC will continue to rise, based on the increased prevalence
of HCV in the USA, other data imply that the peak of the
HCV epidemic in the West has been reached.*¢
The metabolic risk factors for HCC, such as diabetes and
obesity, have also resulted in an increased incidence of nonal-
coholic fatty liver disease and, in turn, NASH has been associ-
ated with the increased incidence of primary liver cancer in
the USA.¢ In the Eastern hemisphere, hepatitis B virus (HBV)
continues to be a main cause of HCC, due to the endemicity
observed in adults of this geographic region and the paucity
of vaccination programs before the 1980s.%” However, the
institution of vaccination campaigns has begun to decrease
the incidence of HBV infection seen in children.” Similarly,
the ubiquitous spread of HBV and HCV continues to drive the
incidence of HCC in eastern Asia and sub-Saharan Africa.!
While resection, ablation, or transplantation is indicated
for patients with early-stage disease, the treatment options
for patients with advanced HCC are limited. Patients with
early-stage disease who are treated with resection or trans-
plantation can expect a 5-year survival of 40%—75%; in con-
trast, survival among patients with locally advanced disease
is dismal, with a 5-year survival ranging from 5%-13%.38
Chemotherapeutic options are available; however, they pro-
vide limited treatment response.’ For example, studies using
cytotoxic agents, such as doxorubicin or gemcitabine plus
oxaliplatin, show a response rate as low as 18% and combina-
tion therapy with cisplatin, interferon-alpha-2b, doxorubicin,
and 5-fluorouracil (PIAF) report response rates of 26%.°
Targeting signaling pathways for therapeutic use in oncol-
ogy has begun to take root over the last decade. Biologic agents,
such as sorafenib, bevacizumab, and erlotinib, add more to
the clinicians’ armamentarium; however, more options are
needed for patients.” In a recent Phase I1I study, the biologic
agent sorafenib was shown to increase median survival and the
time to radiologic progression by nearly 3 months for patients
treated with sorafenib than for those given a placebo.'” Given
these data, a better and more fundamental understanding of the
genetic and epigenetic mechanisms of hepatocarcinogenesis is
needed. This, in turn, may help lead to the discovery of novel
treatment regimens for patients with unresectable disease.
Several groups have reported that the dysregulation
of the Hippo (Hpo) signaling pathway can lead to HCC
formation.!""'7 YAP, the downstream effector of the Hpo
pathway, controls a myriad of protein targets that influence
gene expression.'®'® The emergence of the Hpo-signaling
pathway in HCC development will hopefully further delin-
eate the molecular drivers of HCC while providing the

clinician avenues for risk stratification and novel therapeutic
strategies.

Hippo signaling pathway
The Hpo signaling cascade regulates the expression of genes
favorable to cell cycle progression, proliferation, differentia-
tion, and survival."® The canonical pathway members Hpo,
Warts (Wrts), and Salvador (Sav) were discovered through
genetic screens in Drosophila melanogaster, while searching
for suppressors of tissue growth.'® The origin of the pathway
names arises from the hippopotamus-like phenotype observed
in D. melanogaster when the members of the pathway are
mutated. The pathway plays an integral role in determining
organ size and the growth control regulation.!®!-20

Core components of the pathway are conserved in mammals
and act in a kinase cascade that exhibits a complex network
of crosstalk with other important signaling pathways, includ-
ing the TGFB/SMAD, WNT/B-catenin, PI3-kinase/AKT, Jnk,
Hedgehog, Jak/Stat, Notch, and apoptotic pathways.'® Ulti-
mately, YAP is the effector of the Hpo pathway and coordinates
interactions with these signaling pathways by the induction of
gene expression.'®!® The Hpo pathway also mediates intercel-
lular signaling responding to external cellular signals, leading
to cell contact-driven proliferation and growth. '8

The individual components of Hpo signaling were linked
to pivotal intracellular processes prior to the delineation of
the pathway. For example, YAP was identified as the first
WW domain containing protein and was reported to enhance
the transcription of genes, serving a constellation of cellular
functions while the transcriptional coactivator with PDZ-
binding motif (TAZ) was linked to cell differentiation.?'
Mammalian sterile 20-like kinase 1/2 (Mst1/2) was identified
as a promoter of apoptosis via the histone modification of
H2B and via FOXO-mediated apoptosis following oxidative
stress.?”?® Concurrently, there are reports that implicate the
scaffolding protein Sav or WW45 as having a role in cell
cycle entry and exit.?’ Finally, the large tumor suppressor
homolog 1/2 (Lats1/2) was observed to regulate mitosis and
cytokinesis by modulating CDC2, LIMK 1, and zyxin.3*-

The Hpo core signal cascade commences with the
Mst1/2-mediated phosphorylation of the Lats1/2 kinases
(Figure 1). The adaptor protein WW45 couples the Mst1/2—
Lats1/2 interaction, increasing the efficiency of the reaction,
while the Mps one binder kinase activator-like 1A and 1B
(collectively, Mob1) enhances the kinase activity of Lats1/2.
These series of events culminate in YAP phosphorylation,
inactivating the oncoprotein’s ability to induce target gene
expression. The protein phosphorylation is a central tenant
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Note: (A) Signaling diagram. Corresponding proteins in Drosophila and mammals are indicated by matching colors and shapes. Direct biochemical interactions are indicated
by solid lines or drawn as proteins in direct contact with each other. Dashed lines indicate genetic interactions for which no direct protein-protein interactions have been
reported. Arrowed or blunted ends indicate activation or inhibition, respectively. Also shown are selected target genes. Yki- or YAP/TAZ-interacting transcription factors
other than Sd (Drosophila) or TEAD (mammals) are collectively listed in a box. Adapted from Dev. Cell, 19(4), Pan D, The hippo signaling pathway in development and
cancer, 491-505, Copyright © 2010, with permission from Elsevier.'® (B) A normal (left) and a yki-overexpressing (right) Drosophila wing imaginal disc. Adapted from Cell,
122(3), Huang J, Wu S, Barrera J, Matthews K, Pan D, The Hippo signaling pathway coordinately regulates cell, 421-434, Copyright © 2005, with permission from Elsevier.”
(C) A normal (left) and a YAP-overexpressing (right) mouse liver. The dramatic increase in organ size induced by Yki/YAP overexpression illustrates the potent growth-
regulatory activity of Hippo signaling in Drosophila and mammals. Adapted from Cell, 130(6), Dong ], Feldmann G, Huang }, et al, Elucidation of a universal size-control
mechanism in Drosophila and mammals, | 1201133, Copyright © 2007, with permission from Elsevier.'?

of transcriptional regulation acting to sequester proteins
inside the cytoplasm via coupling reactions by the 14-3-3
proteins.** Phosphorylated YAP is competent to bind these
14-3-3 proteins, which prevents its intranuclear transport,
thereby rendering it powerless over its transcriptional
targets.>** YAP acts as a transcriptional coactivator,
which partners with transcription factor TEAD to initiate
the transcription on a multitude of genes involved in cell
proliferation, cell contact, and apoptosis, including c-Myc,
survivin, SOX4, cyclin D, and CTGF."®3 Alternatively,
YAP phosphorylation results in proteasomal degradation,

eliminating its ability to bind protein targets and hindering
its transcriptional coactivator role.* Neurofibromatosis
2/merlin (Nf2/mer) and kidney- and brain-expressed protein
are upstream components of the Hpo pathway and act by
translating signals from the cell membrane to Mst1/2.1637
The Nf2/mer inactivation results in carcinogenesis, behaving
antagonistically to YAP as YAP activation leads to the
development of cancer.’’ Importantly, YAP appears to be an
effector of Nf2/Mer as deletion of YAP in Nf2-deficient mice
abrogates the uncontrolled cell growth typically observed in
the Nf2-deficient phenotype.*’

Journal of Hepatocellular Carcinoma 2015:2

submit your manuscript 71

Dove


www.dovepress.com
www.dovepress.com
www.dovepress.com

Valero Il et al

Dove

Hpo pathway members in cancer

The genetic alterations and epigenetic events in the Hpo
kinase cassette drive tumor progression in cancer cell lines,
animal models, and human cancers. While the genetics of the
tumor suppressor members of Hpo signaling play a role, the
epigenetic changes through the CpG island methylation and
microRNA (miR) also prove to be the prevalent mechanisms
of tumorigenesis.!®383

The Hpo pathway is pivotal in the control of cell growth
and dysregulation of the signaling cascade in mammals,
leading to carcinogenesis. The mammalian Hpo orthologs —
Mstl and Mst2 — serve as the critical regulators of the Hpo
pathway. Epigenetic silencing with the hypermethylation of
the CpG island promoter of Mst1/2 is observed in human
soft tissue sarcomas, resulting in the alteration of the Sav—
RASSF1-Hpo tumor suppressor pathway.*

In colorectal cancer, the cytoplasmic loss of Mstl/2 is
predictive of more aggressive tumor biology and is associated
with a higher T stage and N stage, as well as vascular invasion
and worse overall survival (P<<0.05).*' The mechanism of this
phenomena in HCC remains unknown as downregulation of
Mst1/2 was not found to be related to promoter methylation.*!
Interestingly, in prostate cancer, the attenuation of the Mst1/2
expression as manifested through the activation of the PI3K/
AKT/mTOR pathway has been associated with the more
advanced stages of disease.*

WW45, the human Sav ortholog, helps stabilize Hpo,
promoting the phosphorylation of Lats1/2, thereby regulat-
ing YAP/TAZ and promoting cell cycle exit and apoptosis.'®
WW45 maps to the chromosomal region 14q13-14q23,
alocus that is frequently deleted in human renal cell carcinoma,
ovarian cancers, and mesothelioma, thereby substantiating
its importance in regulating carcinogenesis.** Along with the
large multigenic deletions of WW45, various human cancer
cell lines, including those of colorectal, renal, and ovarian
lineage harbor single base substitutions in the WW45 gene.?
Tumorigenesis is driven by the mutations in Sav, leading to
elevated cyclin E and Drosophila inhibitor of apoptosis 1 levels,
resulting in delayed cell cycle exit and impaired apoptosis in
D. melanogaster.”

Lats1/2, the mammalian ortholog of Wrts, operates
as the molecular off switch to YAP, as its phosphoryla-
tion by Lats1/2 downregulates gene expression signatures
associated with proliferation and survival.'® Two distinct
Lats1/2-mediated mechanisms result in YAP inactivation via
Ser-127 phosphorylation-mediated spatial regulation and the
Ser-381 phosphorylation-mediated temporal regulation.*
The first mechanism precipitates YAP phosphorylation at

the Ser-127 residue, leading to the 14-3-3-protein binding,
sequestration from the nucleus, and the inhibition of gene
expression. Moreover, YAP function is alternatively mitigated
via Ser-381 phosphorylation by casein kinase 1 that ushers
the polyubiquitination of YAP, followed by the E3 ubiquitin
ligase degradation.’® The epigenetic modifications are impli-
cated in the dysregulation of Lats1/2 activity. For example,
the hypermethylation of the Lats1/2 promoter induces
carcinogenesis and is identified in human astrocytomas and
breast cancers.**

In astrocytomas, the promoter hypermethylation of
Lats1/2 occurred in 63.6% and 71.5% of CpG islands,
respectively, with a corresponding decrease in the mes-
senger RNA (mRNA) expression, demonstrating the critical
role that Lats1/2 plays in cell cycle modulation.* Breast
cancers also exhibit this hypermethylation pattern of the
Lats1/2 promoter regions (56.7%; 50.0%) and correlate
to a biologically aggressive phenotype.* Recent reports
indicate the novel microRNA-mediated silencing of Lats1/2
by miR-372 and miR-373 leads to the development of
human testicular germ cell tumors by regulating the p53
pathway.*

The Hpo pathway member Mob1 functions to strengthen
the kinase activity of Lats1/2 following phosphorylation
by Mst1/2. This increased kinase activity serves as another
decelerating force in YAP/TAZ target gene expression
thereby inducing growth inhibition and tumor supression.*’
Genetic variants in Mob1 were identified in mammary- and
melanocyte-derived carcinomas resulting in increased cell
proliferation and defective apoptosis.*’ Similarly, evalua-
tion of the colorectal cancer patients revealed significantly
lower mRNA expression of Mobl and clinicopathologic
variables, such as tumor size, lymphatic invasion, and
metastasis were more frequent as the Mobl expression
declined (P<<0.05).*® This same decrement in the mRNA
expression is reported in non-small-cell lung cancer;
however, the decrease was more pronounced in early stage
tumors, indicating an early phase phenomenon in lung
carcinoma.®

Protein phosphatase-1, a recently identified activator of
YAP, acts to dephosphorylate the oncoprotein, allowing its
entry into the nucleus and transcriptional acceleration of
key proliferative genes.’® Investigators noted that protein
phosphatase-1 inhibition occurred following the adminis-
tration of okadaic acid, thereby increasing the percentage
of phosphorylated YAP and abrogating its transcriptional
coactivator potential; this may serve as a possible target for
modulating Hpo signaling.>
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Regulation and function
of YAP/TAZ in Hpo pathway

The regulation of YAP/TAZ activation is pivotal to cellular
homeostasis as they are the final downstream effectors of
the Hpo kinase pathway. In their active form, YAP/TAZ
possess a strong transcriptional coactivation domain and
interact with the DNA-binding proteins that influence gene
transcription of merlin, SMAD7, CTNNBI1, ERBB4, SRC,
ABL, CDHI, PPARYy, RUNXSs, p73, PAX3, PAXS8, TTF-1,
and many more (Figure 2).'822% In healthy tissue, YAP/
TAZ phosphorylation acts a molecular brake triggered by
cell—cell contact. In the functional cells, this cell density-
dependent activation of the Hpo kinase cascade is required
for contact inhibition in mammalian cell lines, corrobo-
rating its role in controlling proliferation and, ultimately,
organ size.’' Important to invasive cancers, the TAZ induc-
tion was reported to promote the epithelial-mesenchymal
transition by forming spindle-shaped cells in the culture
and upregulation of vimentin, N-cadherin, and fibronectin;
the epithelial-mesenchymal transition was mitigated by the
Hpo pathway tumor suppressor Lats1/2.3*

The activation of the YAP/TAZ-TEAD transcription
factor complex initiates carcinogenesis; in addition, ampli-
fication of the YAP gene has been reported in a plethora of
human and murine tumors.'¢ For example, the chromosomal

]

Figure 2 YAP target proteins.

amplification of the 11922 region has been implicated in
various tumor types and is home to the YAP gene locus;
examination of YAP expression in resected colonic adeno-
carcinoma, lung adenocarcinoma, and ovarian serous
exhibited intense and diffuse signals in both the nuclear and
cytoplasmic compartments.?*>? In the HCC cell lines, there
is a marked increase in YAP expression as compared to the
human hepatocyte lines and the short hairpin ribonucleic
acid-mediated knockdown of YAP resulted in a 50% decrease
in cell viability.® In addition, YAP has been reported to be
linked to initiation and recurrence in medulloblastomas, with
expression upregulated in cells following irradiation espe-
cially in the perivascular niche.> Furthermore, YAP is known
to be overexpressed in the areas of the brain responsible for
harboring progenitor cells; in contrast, little immunolabeling
of YAP has been observed in the cerebral cortex, thereby sug-
gesting that YAP may be important in brain development.>
YAP expression is enhanced in brain cancer and loss of
function results in decreased cell growth in vitro.*

The association between elevated bile acids and car-
cinogenesis is well-known, and recent reports indicate that
this process is YAP mediated.* Bile acids act as upstream
regulators of YAP via the induction of the scaffold protein
IQGAPI, and patients with known biliary stasis exhibit
increased expression of YAP and IQGAP1.°® Interestingly,

Z0o1

Note: Summary of TAZ and YAP protein interactions. The known binding partners of TAZ and YAP are illustrated, with those that are common to both TAZ and YAP
depicted in the middle in red and those that are unique to either TAZ or YAP depicted in green. Transcription factors are highlighted with either a dark red (those binding
to both TAZ and YAP) or dark green color (those exclusive to TAZ or YAP). Reprinted by permission from Macmillan Publishers LTD: Oncogene, Mauviel A, Nallet-Staub F,
Varelas X. Integrating developmental signals: a Hippo in the (path)way. Oncogene. 2012;31(14):1743-1756, copyright © 201 .'®
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Sonic hedgehog induces YAP expression and promotes
its nuclear transport in neuronal stem cells, representing a
novel effector for Sonic hedgehog signaling.>* Investigators
have also observed that coamplification of the BIRC3 gene,
an inhibitor of apoptosis and a mammalian homolog of the
Drosophila inhibitor of apoptosis 1 located adjacent to YAP,
confers a selective advantage to primary lung carcinomas,
suggesting synergistic effect on tumorigenesis as seen in
D. melanogaster.”

Hpo pathway members in HCC
Consonant with the fundamental roles of Hpo signaling,
alterations of Mstl/2, Sav, Lats1/2, and Nf2/mer lead to
excess proliferation and — in some cases — carcinogenesis in
the mammalian liver. Across the globe, HBV is the predomi-
nant etiology precipitating HCC, and YAP activation may
play a role. YAP expression is markedly elevated in samples
of HBV-induced HCC, HBV-infected cell lines, and HBV X
protein (HBx) transgenic mice.® HBx upregulates YAP by
the CRE-dependent HBx-binding of the YAP promoter with
subsequent activation of Y4 P target genes. These data further
confirm the importance of the Hpo pathway in cancer and,
possibly, offer novel methods of treating patients with known
HBYV infection to prevent progression to HCC.

The modulation of the Hpo pathway members alters
YAP activity. For example, the transgenic Mst1/2 double-
knockout mice exhibit abrogation of YAP phosphorylation
and a profound nuclear accumulation of YAP.* Other studies
have shown that the specific deletion of Mst1/2 leads to the
development of multiple foci of liver tumors in mice by 5-6
months." The importance of deleting both Mst1/2 has been
demonstrated, as deleting either Mst1 or Mst2 alone did not
potentiate liver size or the number of tumor foci in the liver.!3
These data strongly suggest a pivotal role of Mst1/2 in YAP
activity. In fact, nearly 30% of human HCCs have a loss of
YAP phosphorylation, due to the defective Mstl/2 activity
culminating in carcinogenesis.*

Introducing the active form of Mst1/2 or using upstream
effectors of Mst1/2 activation may decrease the gene expres-
sion of the target genes that can lead to uncontrolled cell
growth, culminating in HCC formation. The attenuation of the
Hpo pathway also results after the liver-specific knockout of
WW45. This leads to progressive liver enlargement secondary
to the aberrant expansion of hepatic progenitor cells result-
ing in the development of HCC.!*** These data indicate the
importance that Sav plays critical role in differentiation of pro-
genitor cells. Delayed proliferation arrest is mechanism, not
accelerated proliferation.®! There is, however, a requirement

for Mst1/2 deletion concurrent with Sav1 deletion to see the
downstream attenuation of the Hpo pathway.

The levels of phosphorylated YAP and Lats1/2 are not
affected in the Savl mutants alone, suggesting that the
Mstl/2 kinase activity may be a more prominent driver of
carcinogenesis.'* The Sav1-deficient mice do develop tumors;
however, the course of tumor development is more indolent
with a mean tumor onset of 14 months.'® The liver-specific inac-
tivation of NF2/mer results in a dramatic expansion of hepatic
stem cells without changing differentiated hepatocytes.* The
analysis of Lats1/2 and YAP/TAZ phosphorylation in Mst1/2-
or Sav-livers has exhibited mixed results concerning the need
for Mst1/2 or Sav in Lats1/2 phosphorylation.*¢! The pathway
also appears to be specific to hepatic tissues, as Mst1/2 are not
required for YAP phosphorylation in mouse fibroblasts.** This
tissue specific divergence from the defined pathway points to
the presence of noncanonical members of the cascade that
remain to be defined.

The biologic importance of Hpo signaling in hepatocellular
carcinogenesis is reinforced by studies of YAP in transgenic
murine models. The harmonious orchestration of cell prolif-
eration and apoptosis is crucial in attaining proper organ size
and maintaining cellular homeostasis. In a transgenic murine
model, YAP induction resulted in uniform liver expansion and
after 8 weeks of YAP induction, numerous nodules appeared
throughout the hepatic parenchyma (Figure 3).!> The nodules
were composed of discrete areas of proliferative hepatocytes
that compressed the adjacent parenchyma and displayed the
pathognomonic features of HCC. Similarly, the liver-specific
deletion of both Mst1/2 in hepatocytes results in significant
liver growth due to uncontrolled cell proliferation."* After
6 months, Mst1/2 conditional mutant livers exhibited numer-
ous liver tumors and an increase in the fraction of progenitor
cells, demonstrating that the combined activities of Mst1/2
act as redundant tumor suppressors in hepatocytes.'>!* These
data prove that the transgenic overexpression of YAP leads
to the dysregulation of organ size and eventual hepatocellular
carcinoma.'?

Clinical implication of aberrant

Hpo signaling

The clinical significance of YAP/TAZ overexpression was
investigated in 177 patients with HCC.® Yap was expressed in
62.1% of the HCC tumor specimens compared with 9.0% in
matched normal specimens (P<<0.0001). Most accumulation
was noted in the nucleus of tumor cells and overexpression
of YAP was significantly associated with a higher serum
a-fetoprotein level (P<<0.001) and worsening tumor grade
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Figure 3 Hepatocellular carcinoma development following YAP induction in a transgenic murine model.

Note: (A) Liver from YAP transgenic mouse model. Forced expression of the YAP protein for 2 months starting at 3 weeks after (A) or at (B) birth. Note the presence of
discrete nodules throughout the liver (arrowheads). (C, D) Histolopathologic examination of murine liver nodules reveals characteristics of hepatocellular carcinoma. Arrow
indicates cellular pleiomorphism by YAP induced HCC (C). Arrows show the loss of the cytoplasmic staining referred to as the clear cell change characteristic of HCC (D).
Reprinted from Cell, 130(6), Dong ], Feldmann G, Huang J, et al, Elucidation of a universal size-control mechanism in Drosophila and mammals, 11201133, Copyright © 2007,

with permission from Elsevier.'?

(P=0.021). Nuclear YAP was also an independent predictor
of HCC-specific disease-free survival (hazard ratio, 1.653;
95% confidence interval 1.081-2.528; P=0.02), implicating
YAP expression in early disease recurrence.®® The increased
YAP induction was also predictive of the overall survival
(hazard ratio, 2.148; 95% confidence interval 1.255-3.677;
P=0.005) with YAP-negative tumors demonstrating a 5-year
survival of 58% versus 36% for patients with YAP-positive
tumors.*

Survivin is a member of the antiapoptotic protein family
and also has been shown to be correlated with a poor prog-
nosis among patients with HCC.* Recently, YAP expres-
sion has been shown to be increased along with survivin in
patients with HCC. It appears that YAP actually potentiates
oncogenic effects on the cell via survivin upregulation result-
ing in carcinogenesis.®

Many patients with HCC present with advanced disease.
Unfortunately, HCC is highly resistant to most systemic
cytotoxic chemotherapy agents, leaving the oncologist with
limited treatment options.®® Resistance to doxorubicin is

observed in many patients with HCC, and the YAP connec-
tion to drug resistance has recently been elucidated.®® YAP
induction in HCC cell lines leads to increased resistance to
doxorubicin-induced apoptosis; whereas, suppression of
YAP expression via RNA interference has been noted to
reverse YAP-augmented chemoresistance.®® These effects
are mediated through the MAP kinase pathway activation
rather than an AKT-driven mechanism of chemoresistance.*
This mechanism of chemoresistance is supported after treat-
ment with the MEK1/2 inhibitor U0126 prior to doxorubicin
administration, which significantly decreases cell viability
in YAP overexpressing HCC lines.*®® Identifying patients
with YAP-induced chemoresistance may alter and enhance
the efficacy of current drug regimens, leading to improved
clinical outcomes in HCC.

The pharmacologic targeting of aberrant YAP induc-
tion may further elucidate the Hpo-signaling network
and lead to the development of novel drugs against YAP-
driven human cancers.®” Previous studies demonstrate that
YAP’s oncogenic capacity is mediated by TEAD factors,
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rendering it pharmacologically targetable.’> Transgenic
murine models that overexpress YAP do not develop HCC
when crossed with mice featuring a truncated form of
TEAD?2 that lacks its DNA-binding domain.®” The abroga-
tion of YAP hyperactivity also resulted in mice with Nf2/
merlin-deficient livers after crossing with mice harboring the
defective TEAD?2 gene, further strengthening the therapeutic
role of targeting the TEAD/YAP complex.®”” Using a drug-
screening library, the small molecule inhibitor verteporfin
was discovered to prevent the physical association between
YAP/TEAD by selectively binding YAP and changing its
conformational structure to preclude any interaction with
TEAD.% Verteporfin administration has been shown to
decrease liver size in YAP transgenic mice and has no effect
on the tissue homeostasis of wild-type mice, highlighting
the compound’s potential for therapeutic use in patients with
HCC.®" Verteporfin exhibits several key features that make
its clinical implementation for HCC promising. Although it
was principally designed for use in phototherapy, it does not
require photoactivation to bind and to inhibit YAP activity.
Moreover, verteporfin use is safe as it has been successful
in mouse models, and the human Phase I/Phase II clinical
trials reported that verteporfin use is feasible and safe with
minimal phototoxicity noted.®** These results stress the need
for future clinical trials in patients with HCC.

Conclusion

HCC remains a disease with a poor prognosis, due to the inef-
fective therapies for advanced disease. Recent studies have
further elucidated the inner workings of the Hpo-signaling
cascade and unmasked this critical pathway’s role in develop-
mental and cancer biology. The Hpo pathway drives hepatocar-
cinogenesis, and YAP serves as a prognostic marker in HCC.
The seminal discoveries of the Hpo pathway and YAP have
opened up a new field of study focused on implementation of
biologically active molecules that can alter the aberrant Hpo
cascade and, ultimately, restore YA P target genes to wild-type
expression levels. The modulation of the Hpo pathway offers
hope for future therapies to improve the survival of this dev-
astating disease. Further study into the upstream regulators
of the pathway is needed. YAP plays a fundamental role in
cancer initiation. In the future, YAP or one of its targets may
serve as a diagnostic marker for early detection in high-risk
individuals, as well as a target for improved therapeutics.
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