Emerging roles of FGF signaling in hepatocellular carcinoma
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Introduction

Liver cancer is the fifth most common malignance in the
world (1). It has been known that 90% of liver cancers
are hepatocellular carcinoma (HCC). It is estimated that
more than 740,000 new cases of HCC were diagnosed and
approximately 700,000 deaths were occurred worldwide (1).
In the USA, 35,660 people will be diagnosed with HCC
and 24,550 patients will die from HCC in year 2015 (2).
In China, more than 400,000 new cases will be developed
and 370,000 patients will die due to this deadly disease (3).
Although surgical resection and liver transplantation have
been improved, the 5-year survival rate has no significant
decrease in part due to the fact that most patients are in
the late stage at diagnosis (4). Additionally, many HCC
patients exhibit low sensitivity to standard radiotherapy and
chemotherapy (5,6). For example, sorafenib is the standard
drug for the treatment of advanced HCC cases; however,
the median overall survival of these HCC patients is still
less than 1 year partly due to drug resistance (7). Therefore,
it is pivotal to discover the new therapeutic drugs for the
treatment of HCC patients (8,9). Emerging evidence has
suggested that hepatitis C virus (HCV) and hepatitis B
virus (HBV) infection are important risk factors for the
incidence of HCC (10,11). In addition, obesity, diabetes and
nonalcoholic steatohepatitis have been found to contribute
to HCC incidence (12). Without a doubt, the presence of
cirrhosis is the overriding risk factor for HCC. In recent
years, several lines of evidence has defined that some
genes and cellular signaling pathways play a key role in the
development and progression of HCC, including Notch,
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PI3K (phosphatidylinositol 3-Kinase)/Akt, extracellular-
regulated kinase (ERK), mammalian target of rapamycin
(mTOR), mitogen-activated protein kinase (MAPK),
Hedeghog, and Wnt (13-18) pathways. Moreover, some
growth factor signaling pathways such as epidermal growth
factor (EGF), hepatocyte growth factor (HGF), insulin-like
growth factor (IGF), transforming growth factor (T'GF),
platelet-derived growth factor (PDGF) and fibroblast growth
factor (FGF) have also been emerged as critical players
in tumorigenesis including liver carcinogenesis (19-21).
Among some of these pathways, FGF has recently gained
high attention in HCC development and progression (22).
Therefore, in this article, we will briefly describe recent
advances in the physiological function and molecular
mechanism of FGF in HCC. We also present the current
chemical inhibitors of FGF/FGFR and natural agents that
inactivate FGF signaling pathway. Lastly, we will discuss
whether FGE/FGFR could be the prognostic markers and/
or potential targets for the treatment of HCC patients.

FGF signaling pathway

FGF was identified forty years ago and has been
extensionally studied over the last three decades (23).
There are 22 human FGFs, which are encoded by different
genes. It has been known that most FGFs are secreted
and contain signal-peptide sequences (23). Structurally,
the FGF protein has FGFR-binding domains and HS
(heparin sulfate)-binding domains, which is required for
FGFR dimerization and activation (23). There are four
types of FGFRs (FGFRI, 2, 3, 4) that have been identified
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to function as RTKs (receptor tyrosine kinases) (24).
Specifically, FGFRs family contains FGFR1b, FGFRIc,
FGFR2b, FGFR2¢, FGFR3b, FGFR3c, and FGFR4 (25).
FGFR proteins consist of extracellular immunoglobulin-like
domains and the cytoplasmic tyrosine kinase domain. It has
been demonstrated that FGFs function as ligands that bind
to multiple FGFRs, leading to the autophosphorylation
of FGFR at an important tyrosine residue and subsequent
activation of its tyrosine kinase domain (26). The activated
receptor signals exert their physiological functions through
multiple downstream pathways such as RAS-MAPK, PI3K-
AKT or PLCy. Interestingly, FGF-mediated RAS-MAPK
activation mainly regulates cellular proliferation, while
FGF-trigged PI3K-AKT activation largely controls cellular
survival (26). FGF signaling pathway was initially studied
in wound healing in skin. In recent years, the FGF pathway
was found to also play a critical role in carcinogenesis
including HCC (27-33). In the following paragraphs, we
will describe an overview of this growth factor pathway
in the development and progression of HCC, which have
largely burst onto the scene.

The role of FGF in HCC

Recent some studies have highlighted the important role
of FGF in HCC progression and metastasis. For example,
FGEF2 expression was only detected in the liver tissues of
patients with chronic hepatitis (CH) type C and HCC, but
not in normal liver tissue (34). Similarly, the serum FGEF2
levels were higher in patients with CH, liver cirrhosis
(LC) or HCC compared with healthy volunteers (34).
Interestingly, the serum FGE2 levels were largely associated
with the progression of chronic liver disease. Further study
indicates that HCC cells could produce FGF2 to eliminate
HCC cells by innate immunity (34). Another independent
study showed that at least one member of the FGF8
subfamily (FGF8, FGF17, and FGF18) was up-regulated
in HCC patients (35). Consistently, the levels of their
corresponding receptors (FGFR2, FGFR3, and FGFR4)
were also increased in HCC samples. Mechanistically,
down-regulation of FGF18 by its siRNA inhibited cell
proliferation, whereas FGF8, FGF17, and FGF18 induced
the cell proliferation and tube formation (35). Thus,
FGFS8, FGF17, and FGF18 enhanced the survival of HCC
cells, suggesting that they are critically involved in the
development and progression of HCC (35). Furthermore,
FGF15 has been known as a gut-derived hormone that
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regulates bile acids and carbohydrate metabolism. FGF15
is involved in liver regeneration after partial hepatectomy
through enhancing hepatocellular proliferation. Depletion
of Fgfl5 in mice showed less and smaller tumors after these
mice underwent carcinogenesis (36). Furthermore, this
study further demonstrated that FGF15 might contribute to
HCC development in a context of chronic liver injury and
fibrosis (36).

Notably, ectopic expression of FGF19 in mice corrects
bile acid signaling defects in a transgenic mouse model,
leading to the size of the bile acid pool and liver size in mice
comparable with humanized livers (37). On the other hand,
Wu er al. reported that FGF19 can increase hepatocyte
proliferation and induce HCC formation (38). Further
observation identified that amino acids residues at 38-42
of FGF19 are sufficient to confer both FGFR4 activation
and increased hepatocyte proliferation (38). Moreover,
FGF19 promotes epithelial-mesenchymal transition (EMT)
in HCC cells through modulating the GSK3f/B-catenin
signaling cascade via FGFR4 activation (39). Specifically,
overexpression of FGF19 promoted EMT and invasion in
HCC cells via repression of E-cadherin expression, whereas
depletion of FGF19 enhanced E-cadherin expression and
diminished EMT traits. Moreover, the expression of FGF19
is significantly elevated and negatively associated with
E-cadherin expression in HCC tissues and cell lines (39).
It has also been found that FGF19 recombinant protein
could increase the proliferation and invasion capabilities of
HCC cells and inhibit their apoptosis (40). However, down-
regulation of FGF19 expression by its siRINA significantly
suppressed proliferation and induced apoptosis in HCC
cells (40). Furthermore, one study demonstrated that the
progeny of FGF19 transgenic mice developed HCC (41).
Importantly, it has been reported that FGFR4 is required for
hepatocarcinogenesis because FGF19 transgenic mice failed
to develop liver tumors after they bred with FGFR4 knockout
mice (41). Miura et /. examined the expression of FGF'19
in HCC specimens and found that FGF19 was significantly
overexpressed in HCCs as compared with corresponding
noncancerous liver tissue (40). Moreover, FGF19 mRNA
expression was an independent prognostic factor for overall
and disease-free survival in HCC patients (40).

FGFR mediated survival and proliferation of murine
hepatoblasts and hepatic tumor initiating stem cells in part
through activation of AKT-B-catenin-CBP pathway (42).
Another study identified that FGFR4 expression is elevated

in several types of cancers including liver cancer, suggesting
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that FGFR4 could be an important and novel therapeutic
target in HCC (41). Consistently, inhibition of FGFR4
expression by its siRNA induced apoptosis and retarded
proliferation in HCC cells (40). However, Huang et al.
revealed that FGFRI is a strong promoter of hepatoma
due to depressing cell death, whereas FGFR4 serves to
suppress hepatoma progression (43). Specifically, FGFR4-
deficient mice accelerated diethylnitrosamine (DEN)-
initiated hepatocarcinogenesis. Mechanistically, FGFR4
failed to sustain ERK activation and did not trigger AK'T
pathway (43). In keeping with this finding, FGFR-1 was
overexpressed in HCC, suggesting that FGFR-1 is potential
prognostic markers and therapeutic targets in HCC (44).
However, further investigation is necessary to explore the
role of various FGFR isoforms in HCC progression.

FGF as a HCC cancer therapeutic target

Given the range of important functions of FGF in HCC
progression, it is pivotal to find the novel strategy to modify
the FGF/FGFR signaling pathway. Specific antibodies
targeted against the members of FGF family could be
useful. For instance, an anti-FGF19 monoclonal antibody
that selectively blocks the interaction of FGF19 with
FGFRA4, effectively prevented HCC in FGFI9 transgenic
mice due to inhibition of FGF19-dependent activation
of FGFR4, FRS2, ERK and beta-catenin (45). Another
independent study also validated that anti-FGF19 antibody
led to reduction of growth of colon tumor xenografts and
prevents HCC in FGF19 transgenic mice (46). Similarly,
LD1, a blocking anti-FGFR4 monoclonal antibody,
inhibited FGF1 and FGF19 binding to FGFR4, leading to
inhibition of colony formation, proliferation, and tumor
growth in a mouse model of liver cancer (41). However,
antibody-mediated inhibition of FGF19 treatment increased
bile acids synthesis and malabsorption of bile acids in
cynomolgus monkeys, leading to severe diarrhea and low
food consumption (46).

There is growing interest in the development of chemical
inhibitors of the FGF/FGFR pathway. For example, LY-
2874455 could potently inhibit all FGFRs and BGJ398 is
potent and selective inhibitor of FGFR1-3 kinases (47).
SSR128129E (SSR), a small molecule allosteric inhibitor
of FGFR, binds to the extracellular part of the receptor.
Interestingly, SSR inhibits FGF-induced signaling linked
to FGFR internalization, but not compete with FGF
for binding to FGFR (48). BLU9931, a potent, paralog-
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selective, and irreversible inhibitor of FGFR4, inhibited
FGFR4 signaling and suppressed proliferation in HCC cell
lines with an activated FGFR4 signaling pathway (47). More
importantly, BLU9931 showed remarkable anti-tumor
activity in mice bearing an HCC tumor xenograft with
FGF19 overexpression (47). Brivanib attenuated hepatic
fibrosis in viveo and decreased stellate cell activation in vitro
through inhibition of FGF, VEGF and PDGF signaling,
indicating that brivanib is a selective inhibitor of VFGFR
and FGFR, which could be useful for the treatment of liver
fibrosis and prevention of HCC (49). Similarly, brivanib
was found to induce growth inhibition, apoptosis and cell
cycle arrest through targeting VEGFR2, FGFR1, ERK and
AKT phosphorylation (50). On the other hand, Dovitinib
treatment led to significant anti-tumor and anti-metastatic
activities partly through inhibition of FGF-induced
phosphorylation of FGFR-1 in HCC xenograft models (51).
Additionally, natural agent EGCG (epigallocatechin-gallate)
increased the animal survival and decreased cell viability in
HCC partly through reducing expression of FGF-2 (52).
In addition, Suramin exerts its anti-tumor activity as well
as hepatoprotective effects in part via inhibition of FGF-2
expression (53).

Conclusions and overall perspectives

In conclusion, FGF plays a critical role in the development
and progression of human HCC due to that FGF governs
various cellular processes such as cell proliferation,
migration, invasion, angiogenesis, drug resistance and
metastasis (Figure 1). FGF/FGFR has been identified
to exert its physiological function through governing its
downstream targets. Thus, targeting FGF/FGFR could be
a potential approach for the treatment of HCC. However,
further in-depth investigation is required to address some
questions. For example, how to target FGF/FGFR in
the specific organism, with minimal effect on the entire
organism? Which molecules in FGF/FGFR signaling
pathways are more important as the therapeutic targets?
How to target downstream of FGF/FGFR interactions?
How to use combination therapies to maximize the success
of future clinical treatments?

Recent studies demonstrated that miR-214 could inhibit
liver cancer cell invasion through downregulation of FGFR1
expression (44). Consistently, downregulation of miR-
214 and overexpression of FGFR1 were observed in HCC
samples. This study indicates that upregulation of miR-214
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Figure 1 Role of the FGF/FGFR signaling pathway in the development and progression of HCC. FGF signaling pathway governs multiple

cellular processes including cell proliferation, differentiation, apoptosis, drug resistance, migration and invasion. FGF/FGFR exerts its

physiological function through governing its downstream targets. The chemical inhibitors of FGF/FGFR, antibodies, miRNAs, and natural

agents could inactivate FGF signaling pathway. Thus, FGEF/FGFR could be explored as potential drug targets for the treatment of HCC

patients. FGE, fibroblast growth factor; HCC, hepatocellular carcinoma.

could be an alternative approach to inhibit the expression
of FGFR1 for the treatment of HCC (44). However, RNA-
based drugs often have off-target effects and have no
good delivery method yet. Since antibodies, peptides, and
inhibitors could have toxic side-effects, natural compounds
without non-toxic nature could be safer agents to inactivate
FGF signaling pathway for treating HCC, which warrant
further in-depth investigation.
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