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Hepatic Hippo signaling inhibits development of

hepatocellular carcinoma
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Primary liver cancer is one of the most common cancer worldwide. Hepatocellular carcinoma (HCC) in particular,
is the second leading cause of cancer deaths in the world. The Hippo signaling pathway has emerged as a major
oncosuppressive pathway that plays critical roles inhibiting hepatocyte proliferation, survival, and HCC formation. A
key component of the Hippo pathway is the inhibition of yes-associated protein (YAP)/transcriptional co-activator with
PDZ-binding motif (TAZ) transcription factors by the Hippo kinase cascade. Aberrant activation of YAP or TAZ has been
found in several human cancers including HCC. It is also well established that YAP/TAZ activation in hepatocytes causes
HCC in mouse models, indicating that YAP/TAZ are potential therapeutic targets for human liver cancer. In this review,
we summarize the recent findings regarding the multifarious roles of Hippo/YAP/TAZ in HCC development, and focus on
their cell autonomous roles in controlling hepatocyte proliferation, differentiation, survival and metabolism as well as
their non-cell autonomous in shaping the tumor microenvironment. (Clin Mol Hepatol 2020;26:742-750)
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INTRODUCTION

Hepatocellular carcinoma (HCC) is the fifth most common can-
cer and second leading cause of cancer deaths in the world."” It is
known that hepatocyte proliferation and survival are tightly con-
trolled by signaling pathways, which also mediate the interactions
between hepatocytes and the stroma. Miss-regulation of these
signaling pathways led to malignant changes of hepatocytes
causing HCC in human and animal models."**® It is imperative to

understand how these signaling pathways are requlated and in-
teract with each other.

The Hippo signaling pathway is evolutionarily conserved and
plays critical roles restricting cell proliferation and survival in em-
bryonic development and tumorigenesis in adult lives.”® Key
components of this signaling pathway in mammalian cells include
a kinase cascade that contains serine/threonine-protein kinase
4/3 (MST1/2, respectively), large tumor suppressor kinases (LATS)
1/2, the transcription coactivators yes-associated protein (YAP)
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and its paralog WW domain-containing transcription regulator
protein 1 (WWTR1; or transcriptional co-activator with PDZ-bind-
ing motif [TAZ])."" The Hippo pathway receives and is critically
regulated by many signaling inputs such as cell contacts, mechan-
ical cues, and G protein-coupled receptors (GPCRs).”™ The Hippo
kinase MST1/2 are activated by phosphorylation or trans-auto-
phosphorylation of its activation loop site. MST1/2 bind to its
scaffold protein Salvador family WW domain containing protein 1
(SAV1) in a heterotetramer form to facilitate MST1/2 activation
and localization to the plasma membrane. Monopolar spindle-
one-binder (MOB) 1 helps recruit LATS1/2 to MST1/2 to allow
LATS phosphorylation by MST1/2 to promote LATS autophosphor-
ylation and activation. The linker phosphorylation sites of MST1/2
also recruit the striatin-interacting phosphatase and kinase com-
plex to dephosphorylate and inactivate MST1/2, therefore creating
a negative feedback to restrict MST activity.”" Upstream regula-
tors such as KIBRA and Mer/NF2 facilitate the Hippo kinase cas-
cade by recruiting LATS to the plasma membrane for its activation
by Hippo/MST.” Activated LATS1/2 phosphorylate and inactivate
YAP/TAZ subsequently, as phosphorylated YAP and TAZ are se-
questered in the cytoplasm by binding to the 14-3-3 protein or are
ubiquitinated by SCF*™ E3 ligase, resulting in proteasomal deg-
radation.”®” When the Hippo kinase cascade is inactivated, YAP

Table 1. Mouse models of Hippo deficient liver
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and TAZ are not phosphorylated and therefore stabilized and
translocate into the nucleus, bind to transcription factors to requ-
late target gene expression that promotes cell proliferation and
survival.”*”" TEA/ATTS domain (TEAD) family transcription factors
(TEAD1-4) are key partners for YAP/TAZ.”"*® The Hippo signaling
pathway is oncosuppressive as there are four tumor suppressors
intrinsic to this pathway: Hippo kinase MST1/2, LATS1/2, SAV1,
and MOB. In the mouse liver, the Hippo kinase MST1 and MST2
inhibit hepatocyte proliferation, survival, and HCC formation by
inhibiting YAP/TAZ activation.”>' Many studies have shown that
genetically inactivating core components of Hippo pathway leads
to development of liver cancer in mice (Table 1).

In the past decade, many studies have established the Hippo
signaling pathway as a key regulator of liver growth and tumori-
genesis. In mouse liver tumors, the chromosome region of YAP is
amplified and nucleus localization of YAP is significantly in-
creased.” Overexpressing activated form of YAP, as well as delet-
ing upstream kinases, leads to hepatomegaly and liver tumorigen-
esis.**?"*%% |n human HCC and cholangiocarcinoma (CCA), the
other common type of primary liver cancer that originates from
bile duct epithelial cells," abnormal activation of YAP and TAZ
has been observed and correlates with high progressive and low
differentiated tumor types, resulting in poor prognosis.”"* Al-

Gene Mouse model Experimental phenotype and tumor type Reference
YAP ApoE/rtTA; TRE-Yap (overexpression) Hepatomegaly, trabecular type of HCC 16
LAP1-tTA; TetOYapS127A (overexpression)  Hepatomegaly, dysplastic hepatocytes with irregular, enlarged 33
nuclei, a high nuclear to cytoplasmic ratio, HCC
AAV-TBG-Cre; R26LSLrtTA; TetOYapS127A  Hepatomegaly, HCC 34
(overexpression)
Mst1/2 Ad-Cre; Mst1”, Mst2” Hepatomegaly, HCC 30
Alb-Cre; Mst1”, Mst2”" Hepatomegaly, HCC/ICC 29
Alb-Cre; Mst1”, Mst2" Hepatomegaly, both well and poorly differentiated HCC, ICC 25
Nf2 Alb-Cre; Nf2™ Hepatocyte and biliary epithelium over proliferation, HCC/ICC 37
Ad-Cre; Nf2™ Variety of histopathological types of HCC, poorly differentiated ICC 38
Savl Alb-Cre; Sav1”" Expansion of hepatic progenitor cells, HCC/CC 46
Mobla/b Alb-Cre; Mob1a” Mob1b™ Hyperplasia of oval cells, hepatocellular adenomas, HCC, ICC or 36
cHCGCCA
Lats1/2 Alb-Cre; Lats1” Lats2” Expansion of immature BECs, bile duct malformation, perinatal 49,51
lethality
Ad-Cre; Lats1” Lats2™ Hepatomegaly, biliary cell expansion, ICC 48
Kibra Alb-Cre; WWC1”, ww2" HCC/CC 47

YAP, yes-associated protein; HCC, hepatocellular carcinoma; ICC, intrahepatic cholangiocarcinoma; cHCC-CCA, combined hepatocellular-cholangiocarcinoma;

BEC, biliary epithelial cell.

http://www.e-cmh.org

https://doi.org/10.3350/cmh.2020.0178 743



CLINICAL and MOLECULAR
HEPATOLOGY
Volume_26 Number_4 October 2020

though inactivation of the oncosuppressive Hippo signaling path-
way in the liver promotes tumor formation rapidly, no mutation
has been found in core Hippo components in human HCC yet. Re-
cent studies have further identified key function of the Hippo
pathway in diverse physiological and pathological processes such
as cell fate determination, stem cell requlation, regeneration, and
immunity, beyond organ size control in development.” In this re-
view, we discuss the roles of hepatic Hippo signaling pathway in
liver tumorigenesis and progression.

HEPATIC HIPPO SIGNALING INHIBITS TUMORI-
GENESIS BY CONTROLLING HEPATOCYTE
PROLIFERATION AND FATE REPROGRAMMING

The roles of hepatic Hippo signaling components in liver size
control and tumor formation have been extensively studied in
mouse mutants (Table 1). Inactivation of Sav7,*"*® N2 Kibra,"
Mst1/2,7°" Mobia/b,’® or Lats1/2*** results in hepatomegaly and
tumor formation. YAP/TAZ are activated in these tumors and liver-
specific overexpression of ¥AP'** results in liver tumor formation
too. Furthermore, the Hippo-deficient liver tumors can be rescued
by reducing YAP/TAZ levels,””*" indicating that YAP/TAZ activation
mediates the tumorigenic effects. Although enhanced cell prolif-
eration and survival have been observed in these Hippo-deficient
liver tumors, change of hepatocyte fate has also been found,
which ultimately determines the liver tumor types. For instance,
while Mst1/2 loss driven by the Alb-Cre in mice led to both HCC
and intrahepatic cholangiocarcinoma (ICC) formation,”?' Nf2- or
Lats1/2-deficient livers develop liver tumors with both HCC and
ICC features (Table 1).*****' It is possible that the differences are
due to different levels of YAP/TAZ activation, but the underlying
molecular mechanisms are still not clear. Indeed, it has been
found that in human HCC and CCA, combined HCC-CCA and CCA
patients showed high expression levels for YAP and TAZ, while
only some patients of the HCC group were positive.” In addition,
when challenging diagnosis of combined HCC-CCA (cHCC-CCA)
was helped with markers of Hippo components, positivity for YAP
and TAZ was observed in the hepatocellular and cholangiocellular
components of cHCC-CCA, and suggests a single cell origin in
combined HCC-CCA. K19 is a specific marker for cholangiocytes.
Within the K197 HCC group, YAP and TAZ expression are statisti-
cally significant predictor of poor prognosis.”

It has been shown that induced YAP activation in mouse hepa-
tocytes leads to hepatocyte dedifferentiate to hepatic progenitor

744 https://doi.org/10.3350/cmh.2020.0178

cells (HPCs), which are clonogenic progenitor/stem cells that can
differentiate into both hepatocytes and cholangiocytes.** High
YAP levels further push the HPCs to become cholangiocytes as
termination of YAP activation leads to restoration of hepatocyte
fate of the HPCs.** Consistent with findings in mouse models,
transcriptome analyses of human liver cancers showed that HCC
patients with the silence of Hippo signaling (SOH) signature had a
significantly poorer prognosis than those without the SOH signa-
ture. In addition, there was a significant concordance between
the SOH HCC subtype and the hepatic stem cell HCC subtype.* It
has been reported that 5-10% of human HCC has genomic am-
plification of the genomic locus containing YAP,* and high levels
of YAP protein expression have also been detected in a majority
of human liver cancers**** supporting that increased YAP/TAZ ac-
tivities contribute to liver tumorigenesis. Treatment for advanced
HCC in mice using small interfering RNA targeting Yap restores
hepatocyte differentiation, leading to tumor regression.>*

One way for hepatic Hippo signaling to control cell proliferation
and differentiation is by interacting with other transcription fac-
tors and oncogenic signaling pathways.”>** Among these, activa-
tion of Notch, Wnt/B-catenin, and Stat3 signaling pathways have
been found to cause liver cancers.”® The Notch signaling path-
way has been identified as a functional target of YAP. In human
HCC, a Notch ligand JAGGED 1 (JAG 1) has been identified as a
direct YAP downstream target contributes to high Notch signaling
activity in tumor.” In mice, Notch ligand JAG 1 and Notch recep-
tor Notch2 have been also identified as downstream targets of
YAP.**** Removing Rbpj, which encodes a core transcriptional fac-
tor of Notch signaling pathway, or Jag 7 in hepatocytes or inhibit-
ing Notch signaling pharmacologically with DAPT, largely blocked
liver tumor formation and hepatocyte to cholangiocyte transdif-
ferentiation.”**® The positive feedback between Notch signaling
and YAP/TAZ suggests that Notch signaling could be a therapeu-
tic target for treating HCCs caused by Hippo signaling inactivation
or YAP/TAZ activation. Crosstalk between the Hippo/YAP/TAZ and
Whnt/B-catenin signaling pathway in HCC and control of hepato-
cyte fate are complex. In mice, B-catenin activation and inactiva-
tion both promote HCC formation, and B-catenin activation has
been found in liver tumors caused by Mst1/2 deletion.” Coactiva-
tion of B-catenin and YAP was also found in Human hepatoblas-
toma (HB)—a rare and severe less-differentiated malignant liver
tumor, but not in most human HCC or CC. Co-expressing activat-
ed forms of B-catenin and YAP together in mouse hepatocytes in-
duced severe HB-like tumor, which was first found in the central
vein area.” While all these studies argue for possible synergistic
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interactions between B-catenin and YAP during HCC formation,
B-catenin deletion in the Mst1/2 double knock-out mouse liver
also significantly promoted initiation and progression of liver tu-
mors formed by hepatocyte-derived HPCs, often found in the por-
tal vein area.”® These findings suggest that B-catenin may play
dual roles in regulating YAP activities and cell fate determination.
In the peri-central vein area of the liver, Notch signaling activity is
low, high B-catenin levels in hepatocytes coordinate with Yap to
promote HB formation under pathological conditions, but in the
peri-portal vein area where Notch signaling is higher and HPCs
are found, B-catenin in hepatocytes maintains hepatocyte fate
and suppresses hepatocyte dedifferentiation or transdifferentia-
tion by inhibiting Notch signaling activation.

In addition to requlating hepatocyte fate in the liver, Hippo sig-
naling also regulates hepatocyte survival. In the liver-specific
Mst1/2 conditional double knock-out mice, hepatocytes are resis-
tant to tumor necrosis factor a-induced apoptosis and acetamino-
phen-induced hepatotoxicity.”**® Further studies showed that Yap
promoted degradation of proapoptotic factors Fox01/3 through
Skp2-induced acetylation,®’” YAP also induced chromosome insta-
bility by interacting with FoxM1.*” These studies suggest that YAP
may promote tumorigenesis by restricting cell death and promot-
ing chromosome instability.

THE HIPPO-YAP SIGNALING PATHWAY REGU-
LATES TUMOR MICROENVIRONMENT (TME)

Since Virchow hypothesized that cancer originated at sites of
chronic inflammation in 1863, recent studies have expanded the
concept that inflammation is a critical component of tumor initia-
tion and progression. It is now clear that TME largely orchestrated
by inflammatory cells, is an indispensable participant in neoplastic
process, fostering proliferation, survival, and migration. In the last
few decades, immunotherapy has shed new light in and become
an important part of treating some devastating cancers. There-
fore, there is an urgent need to better understand cancer immune
interactions, particular under specific contexts of cells, tissues,
and molecular pathways involved. Human HCC is an example of
inflammation-induced cancer. Chronic viral hepatitis, metabolic
liver diseases, and alcohol abuse cause chronic inflammation,
which in turn, induces fibrosis, cirrhosis, and cancer.””" Specifi-
cally, macrophages function in the initiation and maintenance of
inflammation and tumor-associated macrophages (TAMs) play
critical roles during cancer progression.””

http://www.e-cmh.org

Yuchen Liu, et al.
Hippo signaling in HCC

The oncosuppressive Hippo signaling pathway not only plays
critical roles inhibiting hepatocyte proliferation, survival, and HCC
formation,”" its activity in hepatocytes also shapes the immune
microenvironment by regulating macrophage infiltration and TAM
differentiation.””*® We and others recently showed that loss of
Hippo kinases MST1/2 or YAP activation in hepatocytes signifi-
cantly enhanced macrophages infiltration through YAP-dependent
monocyte chemoattractant protein-1 (MCP1) expression.”*”*
MCP1 deletion dramatically reduced the hepatomegaly and tumor
formation in the liver specific Mst1/2 double knock-out mice,
demonstrating that infiltrated macrophages are critical for initia-
tion and progression of liver tumor. The recruited macrophages
further protect the Yap-high tumor initiating cells from immune
clearance to promote tumorigenesis.”* Related to these findings,
TAZ activity in hepatocytes mediates macrophage accumulation in
the inflamed and fibrotic liver parenchyma in mouse models of
nonalcoholic steatohepatitis,” which often precedes HCC.

Programmed cell death ligand 1 (PD-L1) is an immune check-
point molecule that inhibits cytotoxic T cell function to allow tu-
mor cells evade immune surveillance. Interestingly, PD-L1 is a tar-
get of Hippo signaling, and TAZ-induced PD-L1 upregulation was
sufficient to inhibit the function of cytotoxic T cells.”® Moreover,
tumor-derived lactate also induced PD-L1 expression in a TAZ-de-
pendent manner.”®”” However, clinical studies for HCC revealed
that the efficacy of blocking PD-L1 is not significantly better than
existing drugs. But recently, more encouraging results showed
that combination of atezolizumab (anti-PD-L1) and bevacizumab
(anti-vascular endothelial-derived growth factor) had better over-
all and progression-free survival than sorafenib in treating unre-
sectable HCC (IMbrave 150).% In addition, Moroishi et al.” also
observed that tumor cells with deleted Lats7/2, while activated
YAP/TAZ, significantly boosted anti-tumor immune responses and
inhibited tumor growth by secreting nucleic-acid-rich extracellular
vesicles, which induced a type I interferon response via the Toll-
like receptors-MYD88/TRIF pathway. It will be important to fur-
ther understand the underlying mechanism for the difference.

It is known that a Hippo kinase MST1 plays important roles in
human immune system. Mst7 deficiency in human patients caused
immunodeficiency and lymphopenia.®® Animal studies also
showed that Mst7/2 conditional deletion in immune cells results
in features of autoimmune phenotypes including lymphocyte infil-
tration, Th-17 overactivation and autoantibody production.®’
While TAZ was shown to inhibit regulatory T cells (Treg) differen-
tiation and promote Th-17 differentiation,* YAP was found to be
necessary for Treg differentiation and function in the suppression
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of antitumor immunity by activating activin/SMAD signaling® or
through increasing the expression of transforming growth factor g
receptor-2.*? YAP and TAZ are both downstream effectors of
MST1/2, the distinct roles of TAZ and YAP in Treg differentiation
indicate the necessity to further investigate their regulations and
targets in T cells.

HIPPO SIGNALING PATHWAY IN TUMOR META-
BOLIC REPROGRAMMING

As Hippo signaling critically controls cell proliferation and sur-
vival, it is not surprising that this pathway both regulates and is
requlated by cell metabolism and energy availability. YAP and TAZ
have emerged as nodes in coordinating nutrient and energy pro-
duction and expenditure. While high levels of glucose and fatty
acids activate YAP/TAZ transcription, YAP/TAZ have also been
shown to promote metabolic processes such as glycolysis, lipo-
genesis, and glutaminolysis to ensure adequate nutrient supply
for cell and tissue growth.®* Aerobic glycolysis has been recog-
nized as a common hallmark of solid tumors. Glycolytic metabo-
lism provides the majority of chemical precursors required for the
synthesis of nucleotides, amino acids, and lipids which are neces-
sary building blocks for cell growth and proliferation. In the liver,
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excess nutrient supply can lead to steatosis and steatohepatitis,
conditions called nonalcoholic fatty liver disease (NAFLD), in
which abnormal lipid accumulation results in inflammation and
death of hepatocytes, promoting fibrosis, cirrhosis, and eventually
liver cancer. In mouse NAFLD models and in human steatohepati-
tis samples, increased YAP/TAZ levels have been observed, asso-
ciated with ductular reactions. It has been reported that expres-
sion of activated TAZ promotes inflammation, NAFLD, and tumor
formation, linking TAZ — but not YAP, to NAFLD, but not steatosis,
in tumor development.”*> One mechanism how steatosis could
promote YAP/TAZ activation is through the obesity-associated
protein JCAD that inhibits upstream LATS2.% The differential roles
of YAP and TAZ have been reported under multiple context in-
cluding NAFLD, it will be important to further understand the mo-
lecular mechanisms that determine the functional specificity of
YAP and TAZ.

Glycolytic metabolism in tumor cells also plays crucial roles in
rewriting the TME, and facilitates the tumor growth, angiogene-
sis, metastasis, as well as immune surveillance. For example, lac-
tate, the metabolite of glycolysis could directly trigger M2 polar-
ization of the macrophages; suppress the proliferation and
cytotoxic function of T cells. Recent studies showed that aerobic
glycolysis increased YAP/TAZ transcriptional activity through the
interaction with PFK1 or AMPK inhibition.®” On the other hand,
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Figure 1. Schematics of the roles of Hippo signaling in hepatocytes. Hippo signaling plays multiple roles in hepatocytes, and these functions may all
shape tumor microenvironment if tumor arises as a result of Hippo signaling deficiency. In addition, Hippo signaling activities are intimately regulated
by the microenvironment surrounding the hepatocytes. SAV1, Salvador family WW domain containing protein 1; LATS, large tumor suppressor kinases;
YAP, yes-associated protein; PD-L1, programmed cell death ligand 1; JAG 1, JAGGED 1.
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glucose starvation or the glycolysis inhibitor 2-deoxy-D-glucose-
induced cellular energy stress, which increased AMPK-dependent
LATS activation that inhibits YAP/TAZ activation.®® In addition,
administration of methylglyoxal, a metabolite of glycolysis, in-
creases YAP activation and nuclear translocation by increasing
heat shock protein 90 glycation and LATS1 degradation.*”

YAP/TAZ activation also regulates the cellular metabolic repro-
gramming in tumor cells. Hypoxia is a well-known common fea-
ture in most solid TME. A recent study revealed that hypoxic stress
promoted YAP/HIFTA interaction and PKM2 expression to further
increase glycolysis in HCC cells.” In addition, HMGB1 was found
to increase glycolysis and liver tumorigenesis in a YAP/HIF1-a de-
pendent manner, and inhibition of the HMGB1-YAP-HIF1-a path-
way reduced glycolysis and liver tumor growth.” The mevalonate
pathway is responsible for production of cholesterol, bile acids
and steroid hormones and is often upregulated in liver tumor. It
was shown that the mevalonate pathway is critical for YAP/TAZ
activity and the underlying mechanism is mediated by RHO mem-
brane localization and activity.” Inhibiting the mevalonate path-
way by statins significantly suppressed TAZ levels and improved
the prognosis of HCC patients.”” Therefore, the mevalonate path-
way could be a therapeutic target to reduce YAP/TAZ activation
for liver tumor treatment. Taken together, these findings indicate
that Hippo/YAP signaling can also control tumor initiation and
progression by regulating cell metabolism.

CONCLUSION AND FUTURE PERSPECTIVES

The hepatocyte appears to be a major cell type that is regulated
by the Hippo signaling pathway in multiple ways (Fig. 1). As our
knowledge about how Hippo signaling is transduced and regulat-
ed in hepatocytes expands over the last decade, the molecular
mechanisms whereby Hippo signaling reqgulates multiple aspects
hepatocyte physiology and pathology remain to be further eluci-
dated. For example, although YAP/TAZ promote hepatocyte pro-
liferation and survival, YAP/TAZ-deficient liver can still regenerate.
In addition, in acute and chronic liver injury, it will be important
to understand how Hippo signaling regulates HPC formation and
hepatocyte/cholangiocyte fate determination. Hippo signaling in-
teracts with many signaling pathways and therefore, when con-
sidering the Hippo pathway as therapeutic targets, its pleiotropic
functions must be carefully considered. While inhibition of YAP or
TAZ is beneficial to reducing steatohepatitis, cirrhosis, and cancer,
it could inhibit liver regeneration upon liver cell damage. In addi-
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tion, it is still a mystery in several cases why YAP and TAZ appear
to differentially requlate a similar process. Finally, because of the
proved roles of Hippo signaling in regulating factors important in
TME (Fig. 1), and the success of immune therapy, blocking Hippo
signaling in mediating reciprocal interactions between pre-tumor/
tumor cells and TME may provide promising HCC/ICC therapeutic
strategies. However, there are many unanswered fundamental
questions regarding hepatic function of Hippo signaling in regu-
lating TME and TAM differentiation. 1) What are the populations
of the TAMs and how are they induced by Hippo-deficient hepa-
tocytes? 2) What are the other immune cells in the TME and how
are they regulated by hepatic Hippo signaling? The knowledge
gained by answering these questions will establish a solid new
foundation for further mechanistic investigation of hepatic Hippo
signaling in inducing inflammation, TME remodeling and provide
new targets and strategies to treat HCC.
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