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REVIEWARTICLE

Signaling Pathways as Potential Therapeutic
Targets in Hepatocarcinogenesis

Yeliz Yılmaz1,2 & Ayşim Güneş1 & Hande Topel1,2 & Neşe Atabey1,3

# Springer Science+Business Media, LLC 2017

Hepatocellular Carcinoma

Hepatocellular carcinoma (HCC) is the fifth most common
cancer worldwide and has a poor prognosis. HCC is described
as a process with a complex molecular pathogenesis. There
are three common mechanisms in the initiation of HCC: (i)
liver injury, which is induced by etiologic factors such as
chronic viral infections with hepatitis B and hepatitis C virus-
es, alcohol consumption, and obesity; (ii) fibrosis and cirrho-
sis, which are triggered after recurrent damage and regenera-
tion cycles; and (iii) de-regulation of one or more oncogene
and/or tumor suppressor gene [1–5].

Surgical resection, liver transplantation, radiofrequency ab-
lation, and trans-catheter arterial chemoembolization (TACE)
are the primary treatment methods for HCC patients.
However, only 20% of patients are diagnosed at early stage
of HCC and curative treatment options provide low survival
r a t e e s t ima t ed l e s s than 5 yea r s . In add i t i on ,
hypervascularization, inflammation, fibrosis, and cirrhosis,
which are hallmarks of HCC progression, complicate the early
diagnosis of HCC. As a result, most of the patients are diag-
nosed at intermediate or advanced disease stages and curative
treatments can only be applied to 30% of newly diagnosed
patients [6]. In advanced HCC, median survival rate is

extremely poor, 6 to 10 months. Sorafenib has been the only
approved" drug for patients with advanced stage hepatocellular
carcinoma until lately. Regorafenib has completed phase III
trials and was found to increase overall survival of advanced
stage HCC patients; it is granted priority review by Food and
Drug Administration (FDA) early in this year for use in
second-line systemic treatment. However, median overall sur-
vival of these HCC patients is still less than 1 year and further
targeted therapies are needed urgently for advanced stage
HCC patients [7, 8].

Growth factor signaling pathways taking part in every step
of carcinogenesis are known to be deteriorated in cancer and
specifically targeting elements of these pathways would in-
crease overall survival with limited adverse effects. Besides,
signaling pathways controlling hallmarks of cancer have great
importance and should be acknowledged. In this review, we
have focused on the most highlighted signaling pathways in-
cluding receptor tyrosine kinases taking part in development
and progression of HCC, stress-induced signaling like JAK-
Stat or p53-Rb, pathways regulating stem cell fate like Notch-
Hedgehog, signaling molecules that contribute to drug resis-
tance, and the importance of receptor crosstalk in HCC (Fig. 1.
However, other pathways controlling inflammation or meta-
bolic reprogramming not mentioned here should also be ap-
preciated (Fig. 1).

Signaling Pathways Implicated in HCC

Most cases of the HCC develop in the background of fibrotic/
cirrhotic liver. The common outcome for hepatocarcinogenesis is
chronic inflammation that is induced by secretion of pro-
inflammatory cytokines fromKupffer cells, such as tumor necro-
sis factor α (TNFα), interleukin-2 (IL-2), interleukin-6 (IL-6),
and interleukin-1β (IL-1β). Following that parenchymal cells
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are activated to promote regeneration process. If the liver injury
persists, regeneration process is deregulated and liver architecture
is changed via excessive deposition of extracellular matrix
(ECM) components such as collagen 1. This process is deter-
mined as fibrosis and it is generated from wound healing re-
sponse of injured liver. Biological responses such as cell prolif-
eration, growth, and angiogenesis have central roles in that pro-
cess [2].

Signaling Pathways in the Development of HCC

Several factors take role in the development of HCC. Chronic
inflammation is inherent to constant hepatic injury, excessive
regenerative process, and elevated oxidative stress resulting
from hepatitis C infection or a background of non-alcoholic
steatohepatitis (NASH) gives rise to the well-categorized
stages of disease development, fibrosis, cirrhosis, and HCC
[9–11]. Therefore, a deeper understanding of inflammatory
signaling that controls oxidative stress, cell proliferation, sur-
vival, and differentiation, as well as crosstalk of these path-
ways, is vital to diagnose and treatment in HCC. In the scope
of this review, we emphasize signaling elementary to
hepatocarcinogenesis (Fig. 2).

Previous studies have shown that signaling pathways in-
cluding growth factors and their relevant receptors have been
altered in early hepatocarcinogenesis. Growth factors exert
their multiple and overlapping functions in a paracrine/
autocrine manner via binding to transmembranous receptor
tyrosine kinases (RTKs). Ligand binding results in receptor
dimerization and transphosphorylation of tyrosine residues
by partner receptor. The phosphorylation of specific tyrosine
residues creates binding sites for Src homology 2 (SH2) and
phosphotyrosine-binding (PTB) domains on receptor. In the
cytoplasm, specific proteins possessing these domains, lead to
the initiation of signaling cascade. Other proteins that interact

with the activated receptor act as adaptor proteins which link
RTKs with their downstream effector proteins.

The most extensively determined proliferation, growth,
and angiogenesis factors are vascular endothelial (VEGF),
epidermal (EGF), fibroblast (FGF), platelet-derived (PDGF),
and hepatocyte (HGF) growth factors in hepatocarcinogenesis
[12]. Activated EGF receptor (EGFR) signaling in early stages
of hepatocarcinogenesis has been reported. Overexpression of
EGFR is observed 52–71% of the patients with HCC [13].
EGFR, which is a transmembrane protein, is also known as
ErbB1/HER1. ErbB2/HER2, ErbB3/HER3, and ErbB4/
HER4 are other members of the EGFR family. The molecular
mechanisms resulting from EGFR activation are receptor and/
or ligand overexpression through autocrine and paracrine ac-
tivation loops. In autocrine loop, the binding of EGF can ho-
mo or heterodimer ize the EGFR that resul t s in
transphosphorylation. Transforming growth factor (TGF),
amphiregulin (AR), heparin binding EGF (HB-EGF),
betacellulin, and epiregulin are also defined as paracrine li-
gands of EGFR signaling. In the downstream of activated
EGFR, there are several major signaling pathways such as
Ras-ERK, p38 MAPK, PI3K/Akt, mTOR, and STAT [14,
15]. EGFR system plays a central hepatoprotective and regen-
erative role in the liver. Activated EGFR is also determined as
an inducer of pro-inflammatory cytokine secretion. In stellate
and liver myofibroflast cells, activated EGFR signaling regu-
lates the expression levels of collagen, TGF, and connective
tissue growth factor (CTGF) to contribute to the phenotypic
activation of fibrosis [16, 17].

PDGF is also activated in an early stage of chronic inflam-
mation. PDGF family members such as PDGFA, B, C, and D
differently bind to two PDGF receptor (PDGFR-α and
PDGFR-β) isoforms to activate downstream signaling cas-
cade. PDGFR signaling is essential for the development of
liver fibrosis in chronic hepatitis [2].

Fig. 1 Signaling pathways are activated in multiple stages of HCC
development and progression. They activate inflammatory and
oxidative stress-related molecules and promote regeneration in pre-

cancerous liver. Proliferation and survival of tumor cells, angiogenesis,
and stem cell activation contribute to cancer development and advanced
stage HCC
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Liver regeneration also depends on effective angiogenesis.
Angiogenesis is described as an autocrine and paracrine inter-
actions between tumor cells, vascular endothelial cells, and
pericytes. Besides, the existing microvasculature in the liver
is destabilized, and to lead the vascular hyperpermeability,
ECM is remodeled and endothelial cells are activated. The
activated endothelial cells proliferate, migrate, and undergo
cord formation to form new microvessels. Finally, pericytes
are activated and the new blood vessels are stabilized [18].
Pro-angiogenic and anti-angiogenic factors are in a balance
in normal angiogenesis process. In contrast, in the develop-
ment and progression of HCC, angiogenic balance is dis-
turbed and tumor, endothelial, and pericyte cells express an-
giogenic factors persistently. Sinusoidal capillarization, which
is another neo-angiogenic process, has also been defined in
early hepatocarcinogenesis. Transformation of hepatic sinu-
soids into continuous capillaries is the characteristic behavior
of sinusoidal capillarization. Following that, collagenization
of the extravascular spaces and deposition of laminin and
basement membranes take place near the endothelial cells
and hepatocytes [19]. Several studies have shown that
VEGF-A, angiopoetin-2, FGF, PDGF, EGF, HGF, and IL-4,
IL-6, IL-8 are the most common angiogenic growth factors in
HCC development.

Related with that, VEGF is one of the pathways that is
activated in liver regeneration. VEGF is transcribed, alterna-
tively spliced, and translated into four different isoforms.
Their functional effects are mediated through two types of
receptor tyrosine kinases: VEGFR-1 and VEGFR-2 [20].
Although VEGF is determined as a hypoxia sensitive growth
factor, hepatitis B virus infection and EGFR signaling

upregulate VEGF expression and secretion in cirrhotic and
dysplastic liver tissue. Raskopf and colleagues have deter-
mined that inhibition of VEGF production via small interfer-
ing RNA reduces endothelial cell proliferation, tube forma-
tion, and also tumor growth in HCC models [21].

FGF acts as a collaborator with VEGF signaling to promote
pro-angiogenic signal and both of them are found to be
overexpressed in HCC [22]. FGF receptor family includes
four transmembrane receptors with tyrosine kinase activity
(FGF 1-4), one receptor lacking cytoplasmic tyrosine kinase
domain (FGFR-like1) [23]. FGF family consists of more than
20 members acting as ligands in signaling or hormones [24,
25]. FGF1, FGF2, and FGF19 are liver specific types of FGFs
and FGFR1-2 and 4 are liver specific RTKs. These molecules
are only detected in the liver tissues of patients with chronic
hepatitis (CH) type C and HCC, but not in normal liver tissue
[26]. The constitutively active form of FGFR has been in-
volved in aberrant vascular formation. In addition to angio-
genesis, FGFR exerts its functional role through cell prolifer-
ation and growth-related multiple downstream pathways such
as Ras-ERK and PI3K/Akt. FGF-mediated Ras-ERK activa-
tionmainly regulates cellular proliferation and wound healing,
while FGF-trigged PI3K-Akt activation provides cellular sur-
vival [27].

Ras-ERK is one of the pathways that are activated by
growth factor signaling pathways in hepatocarcinogenesis.
Ras proteins have intrinsic GTPase activity and function as a
GDP/GTP-regulated switch. The GTP-bound form of Ras is
characterized as an active and the GDP-bound form is charac-
terized as inactive state. Guanine nucleotide exchange factors
(GEFs) catalyze the replacement of GDP with GTP whereas

Fig. 2 Several pathways are activated during the development of HCC. Signal is transduced via downstreammediators which are shared amongmost of
the signaling pathways to promote cell proliferation, survival, motility, invasion, and hence, metastasis
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GTPase-activating proteins (GAPs) induce GTP hydrolysis to
GDP. When Ras is activated, it binds to a downstream molec-
ular target, Raf, and regulates cell growth, survival, differen-
tiation, and migration [28]. Several human and animal studies
have shown increased expression and activation of the Ras-
ERK pathway is observed in hepatocarcinogenesis, compared
to surrounding non-neoplastic liver tissue. Activated Raf-1
phosphorylates the MAP2Ks, MEK 1, and MEK 2, which in
turn phosphorylate and activate ERK 1/2 [29–31]. ERK1/2 are
transcription factors that, activate several other target mole-
cules via binding to their promoters critical in cell proliferation
and growth. PI3K and mTOR are also other proliferation and
growth related signaling pathways, which are activated by
Ras-ERK axis [32]. Ras also has critical roles in cell cycle
regulation. For instance, Ras induces the expression of cyclin
D1, represses p27KIP1, and activates CDK4–cyclin D and
CDK2–cyclin E complexes [33]. Ras-ERK also promotes cel-
lular survival by repressing the expression or activity of pro-
apoptotic molecules such as BCL-2 family members and Fas,
Trail, and TNF [34].

Signaling Pathways in the Progression of HCC

Pathways related to HCC development and progression
form a great majority of targets in cancer therapy and they
control essential hallmarks of cancer such as sustained
cell proliferation, resistance against apoptosis, genomic
instability and escape from replicative senescence, in-
duced angiogenesis and increased motility, invasion, and
metastasis [35].

Due to the rapid proliferation of HCC cells, the tumor cells
quickly exhaust nutrient and oxygen from the vasculature.
Besides chronic liver injury, fibrogenesis also demolishes the
liver blood system [36]. As a result, HCC cells become hypox-
ic. However, hypoxia is toxic to HCC cells andmost of the cells
are eliminated by cell death mechanisms, hypoxia also gives
opportunity to the rest of the cells to induce adaptive “pro-
survival” changes. Within that period, hypoxia-inducible factor
1 (HIF) is activated under hypoxic conditions. Ras-ERK,
PI3K/Akt, and all other growth factor signaling pathways lead
to the accumulation of HIF1α in both normoxic and hypoxic
conditions [37, 38]. HIFs are transcription factors that are com-
posed of an oxygen sensitive α subunit and constitutively
expressed β subunit. Under hypoxic conditions, hydroxylation
decreases due to inactivation of proline hydroxylases, leading
to the inability of VHL to bind to HIF-1α and diminishes the
degradation of HIF-1α. StabilizedHIF-1α, in turn, accumulates
and translocates from the cytoplasm into the nucleus, where it
dimerizes with HIF-1β and interacts with co-factors, such as
p300/CBP, to bind to DNA on hypoxia response elements
(HREs), ultimately activating target gene transcription and
mRNA, and eventually protein synthesis [39].

HIF1α targets the genes which are essential for several
biological processes that modulate tumorigenesis such as an-
giogenesis, glucose metabolism, survival, invasion, and me-
tastasis. In this way, HIF1α promotes a metabolic and pheno-
typic switch that results in an adaptive stress response [40].
While cell cycle progress and proliferation are inhibited by
HIF1α activation, HCC cells undergo “epithelial-mesenchy-
mal transition (EMT)” in that period. EMT is a transient and
reversible switch from polarized epithelial cells to mesenchy-
mal cell phenotype. Following that, EMT exhibits highly mo-
tile, invasive, and aggressive cell phenotype [41]. Firstly, the
upregulation of mesenchymal markers such as Snail, Twist,
ZEB1, and ZEB2 and downregulation of epithelial markers
such as E-cadherin are induced to change phenotypic proper-
ties of HCC cells [42]. Secondly, focal adhesions and stress
fibers, which are critical for cell motility, comprise in the ma-
lign liver tissue. It has been determined that focal adhesion
kinase (FAK), RhoA and Rac expressions, and activations are
induced by HIF1α activation [43]. Ras-ERK, EGFR, FGF,
and other growth factor signaling pathways also induce
FAK, RhoA, and Rac expression and activation [44].
Following that, fillopodia-like cell morphology is developed
and intracellular cytoskeleton architecture is changed such as
formation of stress fibers. Thirdly, expression and secretion of
proteases and matrix metalloproteinases including
metalloproteinase-2 (MMP2) and MMP9, specific MMP
types for liver, are induced to invade surrounding stroma
and to intravasate the circulatory system. Finally, several re-
searchers have determined VEGF, which is a target of HIF1α,
is secreted from endothelial cells. VEGF is a specific mitogen
and an inducer of angiogenesis. A higher level of VEGF ex-
pression in HCC is correlated with a higher proliferation index
of endothelial cells, poor encapsulation of tumor tissue.
Increased VEGF level is a predictive marker of disease out-
come after curative treatments [45]. Increased levels of VEGF
have been correlated with more invasive phenotype, shorter
survival, and worse outcome [46]. Parallel to VEGF, VEGFR-
1 and VEGFR-2 mRNA and protein expression are found to
be high in HCC [47]. VEGF has also an important role in the
disruption of tight junctions in HCC. In that way, VEGF en-
hances the invasion of HCC cells into normal liver parenchy-
ma [48]. EGFR is also expressed highly in sinusoidal endo-
thelial cells. A strong correlation is observed between
betacellulin expression and EGFR activation, which is impor-
tant for angiogenesis [49]. Platelet-derived endothelial cell
growth factor (PD-ECGF) is another angiogenic factor that
can promote endothelial cell proliferation and migration in
HCC [50].

HGF/mesenchymal epithelial transition factor (Met) sig-
naling is also one of the pathways, which is deregulated in
hepatocarcinogenesis. In HCC, 80% of c-Met was found to be
overexpressed when compared to surrounding non-tumoral
tissue. Although c-Met is not active in normal liver tissue, it
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is activated in early stages of hepatocarcinogenesis and this
activation is highly correlated with liver regeneration, hepato-
cyte survival, and cell proliferation [51]. HGF is the most
potent growth factor for hepatocyte cells. HGF binds to its
high affinity receptor, c-Met, which is expressed dominantly
in hepatocytes and endothelial cells. After chronic liver injury,
c-Met is constitutively activated in liver tissue. The molecular
mechanisms of constitutive c-Met activation are via autocrine
and paracrine ligand production, genomic amplification, re-
ceptor crosstalk with other membrane receptors, and muta-
tions in tyrosine residues of receptor. Activated c-Met signal-
ing regulates multiple downstream effector molecules such as
PI3K/Akt, Ras-ERK, and RhoA-Rac. Besides, activated c-
Met signaling triggers the accumulation of HIF1α, VEGF,
and glucose transporters (GLUTs) to promote EMT and to
support tumor cells with oxygen and nutrients. c-Met activa-
tion also upregulates protease production and matrix metallo-
proteinase (MMPs) secretion and increased cell dissociation
via extracellular matrix degradation, facilitating the motility
and invasion of HCC cells [52–54].

One of the keymechanisms related to progression of cancer
is a shift in cell metabolism. Reprogramming cell metabolism
like in Warburg effect, which is known as a phenomenon of
cancer cells metabolizing glucose in anaerobic glycolysis rath-
er than oxidative pathways or a shift to oxidative phosphory-
lation (OXPHOS), is a fundamental of tumorigenesis [55].
Expression and activity of molecules controlling glucose me-
tabolism and transport are altered in HCC. Among them,
GLUT-1 and GLUT-2 are known to be upregulated and asso-
ciated with worse prognosis in HCC patients, hexokinase fam-
ily members, glyceraldehyde-3-phosphate (GAPDH), pyru-
vate kinases all take part in glycolysis and are also found to
be upregulated in HCC progression, associated with worse
prognosis and recurrence [56–60].

Stress-Mediated Signaling Pathways in HCC

Tumor cells respond and adapt to environmental signals such
as oxidative stress, DNA damage, and inflammatory signals
through multiple mechanisms that involve signal transduction
processes. Since HCC usually develops in the context of he-
patocyte injury and inflammation, ROS and nitrogen oxygen
species generated by both tumor cells, inflammatory cells, and
recur ren t hypoxia - reoxygena t ion cyc les induce
hepatocarcinogenesis through several signaling pathways. In
this part of the review, we will focus on some major signaling
pathways regulating HCC progression.

The JAK/STAT Pathway The JAK (Janus Kinase)-STAT
(Signal transducer and activator of transcription) signaling
pathway is involved in transmitting information from extra-
cellular polypeptide signals to target gene promoters. JAK/
STAT pathway regulates innate and adaptive immune

function, development, proliferation, differentiation, and apo-
ptosis. Mammalian STAT proteins (STAT 1, 2, 3, 4, 5A, 5B, 6)
contain tyrosine residues that are phosphorylated when the
protein is active. STAT proteins may be dimerized either prior
to tyrosine phosphorylation or after and both dimers are struc-
turally different. STATs either have to form dimers in order to
be phosphorylated (STAT4) ormay be activated as monomers.
Canonical STATsignaling is initiated by binding of a cytokine
ligand to a cytokine receptor and subsequent activation of
receptor-associated JAK family tyrosine kinases (JAK1,
JAK2, JAK3, Tyk2) via transphosphorylation. Activation of
JAKs promotes recruitment and activation of specific STATs.
Activation of STAT pathway is not only initiated by cytokine
receptors but also by some growth factor receptor tyrosine
kinases, promoting STAT activation in a direct and indirect
way. STAT proteins can both homo- and heterodimerize and
dimers are imported to the nucleus where they promote tran-
scription of various genes via cooperating with numerous tran-
scription factors (IRFs, Sp1, Jun, Fos, NF-κB, GR) or chro-
matin remodeling coactivators (p300/CBP, PCAF, GCN5,
BRG1, HDACs) [61].

Many genomic alterations of JAK/STAT pathway genes
are reported to contribute to HCC, including mutations in
JAK1 (9%), JAK2 (4.7%), IL6ST (3%), IL21R (3%), and
PRL (3%); amplifications in IL6R (26%), IL20 (20%), and
IL7 (19%); and deletions in PTPN6 (5%) [62, 63].

JAK-STAT3 pathway has been reported to have a crucial
role in cancer inflammation and IL-6-JAK2-STAT3 signaling
was found to accelerate incidence of HCC via promoting met-
abolic stress-induced inflammation in obese mice [64].
Activating mutations in gp130 signaling subunit of IL-6 con-
tribute to HCC development when combined with β-catenin
mutations. STAT3 can be activated via various cytokines but
also by growth factors like EGF family and HGF in liver and it
is reported to be activated in aggressive HCC tumor tissues.
STAT3 can be activated in HCC cells by release of a panel of
cytokines and growth factors including IL-6 by Kupffer cells,
which is triggered by IL-1α induced NF-κB activation in a
paracrine manner [65].

Some JAK/STAT pathway molecules such as STAT4 and
STAT6 are reported to have tumor-suppressing or inhibiting
effect in HCC. Related cytokines of STAT4 such as IL-12
(anti-tumoral effects in HCC via inducing IFNγ production),
IFN-α (synergistically suppressing HCC growth with
Sorafenib), and STAT4 itself (a SNP associated with lower
levels of expression was reported as a risk factor in HCC)
were shown to inhibit HCC growth [66]. Yang et al. reported
that estrogen induced STAT6 activation represses HCC
growth via inhibiting alternative activation of tumor associat-
ed macrophages (TAMs) [67].

DNA-PKcs Pathway DNA-PKcs is a member of
phosphatidylinositol-3 (PI-3) kinase-like kinase family
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(PIKK) and electrostatically binds to Ku-DNA complex fol-
lowing the recognition of double strand DNA ends by Ku-70/
80 heterodimer to initiate non-homologous end joining
(NHEJ) repair. In addition to its role in NHEJ, DNA-PKcs
also contribute to BRCA1mediated DNA repair, maintenance
of telomere end-capping, immune system activation upon rec-
ognition of foreign DNA, RNA polymerase phosphorylation
for transcriptional initiation, co-activation of androgen recep-
tors, lipogenesis, mitosis, and regulation of Golgi apparatus
[68–70].

DNA-PKcs is reported to be upregulated in liver cancer
through four mechanisms: (1) amplification of the DNA-
PKcs gene locus (8q11.21), (2) heat shock factor-1 (HSF1)
induced and AP-1 mediated transcription of DNA-PKcs, (3)
post-translational stabilization of DNA-PKcs protein by
Reptin/RUBVL2, and (4) auto-phosphorylation and activa-
tion of DNA-PKcs mediated by physical interaction of
TNKS1BP1, PARP1, and DNA-PKcs [70–72]. Altogether,
these mechanisms contribute to DNA-PKcs upregulation in
both HCC cell lines and tissues, which result in proliferation,
survival, genomic instability, and microvessel density and
lower survival rates of the patients [72, 73].

P53/Rb Pathway P53 maintains the integrity of the genome
in response to cellular stress by means of initiating cell-cycle
arrest, apoptosis, and senescence. Proteins derived from mu-
tated p53 gene result in increased proliferation, survival, and
metastatic capacity via taking the advantage of dominant-
negative effect over the wild-type p53. P53 is primarily regu-
lated by Murine Double Minute 2 (MDM2) protein which
promotes poly-ubiquitination and proteasomal degradation
of p53. DNA damage induces p53 phosphorylation,
preventing Mdm2-p53 binding that leads to p53 stabilization
and induced DNA damage response.

P53-mediated apoptosis is induced by pro-apoptotic Bax
and Bak and the expression of those is reported to be reduced
in HCC with mutated p53. Activation of wild-type p53 en-
hances the expression of insulin-like growth factor-binding
protein-1 (IGFBP1) in HCC cells that antagonizes the mito-
chondrial apoptosis, so p53 activation promotes cell-cycle ar-
rest rather than apoptosis [74]. p53 activation also induces the
release of senescence-associated secretory factors to inhibit
tumorigenesis by promoting a tumor-suppressive microenvi-
ronment in a paracrine manner. Ablation of p53-dependent
senescence in hepatic stellate cells under chronic liver damage
increases liver fibrosis and cirrhosis and also it enhances the
transformation of adjacent epithelial cells into HCC [75–77].

Mutations of p53 contribute to HCC by decreasing the p53-
mediated induction of Mdm2 and subsequently elevating the
levels of mutated p53, lowering the affinity to bind the
sequence-specific response elements. Unlike the other tissues,
p53 is reported to be unique in terms of regulation. The ex-
pression of p53 seems to be much lower than the other tissues

of the organism. In HCC, p53 mutations occur in aflatoxin-
dependent and independent mechanisms, microdeletions of
p14ARF (alternative reading frame product of CDKN2A lo-
cus), increased Mdm2 expression, and overexpression of
gankyrin which inhibits both Retinoblastoma protein (Rb)
and p53 checkpoint functions contribute to disruption of bal-
ance in Mdm2-p53 feedback and function [77–80]. A recent
study showed that the pRb status regulates the induction of
oxidative stress and mitochondrial production of ROS upon
exposure to Sorafenib in HCC cells [81].

Telomere-, oncogene-, or ROS-dependent senescence stim-
uli induce different cyclin-dependent kinase inhibitors such as
p21Cip1, p15INK4b, and p16INK4a to inhibit cyclin-dependent
kinase mediated release of E2F factors from their inhibitory
partner pRb. Inhibition of Rb phosphorylation by CDK4 and
CDK2 promotes accumulation of senescent cells in G1 phase.
P53 has a crucial role in regulation of DNA damage-induced
senescence via inducing p21Cip1-mediated CDK2 inhibition
which prevents pRb phosphorylation. Chronic liver injury
leading to hepatocarcinogenesis is through induced hepato-
cyte proliferation and progressive telomere-shortening. This
is subsequently followed by bypassing of the senescence bar-
rier of neoplastic cells by inactivating major senescence in-
ducing genes like p53, p15INK4b, and p16INK4a. Acquiring the
ability to proliferate by re-expressing hTERT enzyme, hepa-
tocellular progression is provided via genomic instability and
additional oncogenic alterations [35, 82].

TP53 is one of the most recurrently mutated genes in HCC
and its mutation frequency average is approximately 26%.
Alterations of the genes that belong to P53 signaling like
ATM (upstream regulator of TP53), CDKN1A (target of
TP53), and IRF2 (positive regulator of TP53) are also reported
to be acquired in patients with HCC. Inactivation of RB and
CDKN2A by homozygous deletion, point mutations, or pro-
moter CpG hyper-methylation have also been reported in
HCC patients to contribute to cell proliferation and genomic
instability [63].

Stem Cell Fate

Cancer stem cells (CSCs) are very important properties of self-
renewal, tumor initiation capacity, and tumormetastasis. Currently,
liver CSCs are defined as an important targeting subset for the
treatment of liver cancer. Surface antigens including CD133,
CD90, CD44, EpCAM, and CD13 have been used to identify
CSC properties in hepatocellular carcinoma. Stem cells of the liver
are proposed to arise from two origins, either intrahepatic (hepatic
progenitor cells (HPGs)) or extrahepatic (bonemarrow and periph-
eral blood). In addition to major pathways that regulate stemness
like Notch, Hedgehog, ant Wnt/β-catenin, EpCAM also has a
crucial role in the maintenance of stem cell phenotype in CSCs.
In this part, we reviewed current knowledge on some of the major
signaling pathways that control stem cell fate in HCC.
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The NOTCH Pathway The Notch signaling is a short-range
communication transducer that is involved in proliferation, stem
cell, and stem cell niche maintenance, cell-fate determination,
differentiation, and also cell death during development and re-
newal of adult tissues. Notch signaling mediated by proteolysis
and the amplitude and timing of Notch activity is regulated by
post-translational modifications of ligands and receptors and also
modulating their trafficking in a cellular context [83]. Four re-
ceptors (NOTCH1–4), five canonical ligands (JAGGED1–2 and
DELTA 1, 3, and 4), which generally act as activators, and some
non-canonical ligands such as DLK1, DLK2/EGFL, EGFL7,
and DNER (Delta/NOTCH-like epidermal growth factor
(EGF)-related receptor) which act as inhibitors are expressed in
mammalians [84, 85]. The release of Notch ligands from signal-
sending cell is captured by Notch receptors of responding cell
and through several cleavages, intracellular domain of Notch
receptor becomes ready either to translocate to the nucleus where
it acts as a transcriptional co-activator or interact with cytosolic
proteins [86].

Notch signaling plays a crucial role in the differentiation of
hepatoblasts during embryonic development giving rise to
both hepatocytes and cholangiocytes [87]. Hepatocyte differ-
entiation from hepatoblasts requires activation of HGF/MET
and WNT pathways, whereas EGFR-induced NOTCH path-
way activation is required for suppression of hepatocyte com-
mitment and cholangiocyte differentiation [88, 89]. In adult
liver, Notch signaling is activated in liver injury. Notch1 and
Notch2 are expressed in hepatoblasts and cholangiocytes
whereas Notch 3 and Notch 4 are expressed slightly in mes-
enchymal cells and endothelia following injury, also reported
to be upregulated in cirrhosis [90]. Both loss and gain of
function are reported to contribute to hepatoblastoma (HBT),
hepatocellular carcinoma, and cholangiocarcinoma (CC).
Studies on Notch1 receptor have not achieved a consensus
whether Notch1 is a tumor suppressor or oncogene. While
some studies reported that Notch1 overexpression results in
inhibition of growth and proliferation, cell-cycle arrest, and
apoptosis of HCC cells via interacting with Rb and p53 path-
ways, some others showed that Notch1 can promote cell pro-
liferation and development of hepatocarcinogenesis and im-
prove tumor size via collaborating with TNFα, NFkβ, RAS/
MAPK, and PI3K/AKT/Hdm2 pathways and viral factors [91,
92]. Upregulated expression of Notch2 increases Cyclin D1
and Cyclin A2 levels and by interacting with AKTand NRAS
pathways, it increases tumor burden of HCC. Role of Notch3
is more clearly defined in HCC and overexpression of Notch3
is correlated with aggressive phenotype, larger tumor bulk,
and lower survival rates. Notch3 decreases the levels of p27,
p53, and GADD45α; increases p21 expression; and promotes
tumor progression by cooperating with EGFR/MAPK and
PI3K/AKT pathways. In addition to Notch receptors, dysreg-
ulation of JAGGED1, DLL4, and DLK1 expression and ac-
tivity contribute to liver cancer [91].

Some cancer studies show that Notch signaling prevents
the expansion of premalignant stem/progenitor cells that carry
oncogenic mutations by promoting their differentiation to the
terminal stage. Upon loss of Notch signaling, cells get out of
the control of Notch signaling which result in expansion of
undifferentiated malignant cells, finally acquire secondary on-
cogenic hits to initiate tumor development. Loss of Notch
signaling also promotes induction of pro-tumorigenic stroma
that boosts tumor growth by maintaining an inflammatory
niche. On the contrary of the opinion that Notch pathway
suppress tumor formation and progression, Luo et al. showed
that Notch pathway promotes the cancer stem cell character-
istics of CD90+ HCC cells and inhibition of Notch pathway in
CD90+ CSCs decreased tumorigenicity, cell invasion, and
migration capacity [93].

The Hedgehog Pathway The Hedgehog (Hh) signaling path-
way controls various processes during embryonic develop-
ment and adult homeostasis. Developmental processes like
tissue and organ patterning, proliferation, differentiation, stem
cell maintenance, and maintaining bilateral asymmetry are
controlled by Hedgehog signaling. Dysregulation of Hh sig-
naling mechanism results in congenital defects and
malformations. Mammalian Hh signaling comprise of three
secreted ligands (Sonic Hedgehog (SHH), Indian Hedgehog
(IHH), and Desert Hedgehog (DHH)), a protein that helps
ligand release Dispatched, a negative regulatory receptor
(Patched (PTCH), a positive regulatory protein located in the
membrane (SMO), and the glioma-associated oncogene (GLI)
transcription factors (GLI1, GLI2, and GLI3) that are
translocated to the nucleus to activate expression of target
genes. Hedgehog producing cell synthesizes Hedgehog pro-
tein through a ER/Golgi secretory pathway in which
Hedgehog protein is processed by auto-proteolysis and
Skinny Hedgehog (Ski/Skn) proteins that determine the range
of its effect and stability also by tuning lipid modifications.
Lipid modifications of the protein are important for the activ-
ity of the ligand and its release by Dispatched protein from the
cell. Hh binds to trimeric receptor Patched (Ptc/Ptch1) by the
participation of heparin sulfate proteoglycans (HSPGs) and
additional co-receptors (Ihog family and Gas1). In the absence
of Hh ligand, PTCH repress positive regulatory protein SMO
activity by preventing its trafficking and localization on the
cell membrane. Ligand binding to PTCH allows accumulation
of SMO and its activation. Activated SMO modulates a sig-
naling cascade that enables the activation by inhibiting the
activity of its negative regulators (SUFU and GRK2) and re-
lease of GLI transcription factors from a protein complex that
mediate its sequestration and proteasomal degradation.
Translocation of GLI transcription factors result in expression
of Hh target genes.

Hh signaling is largely inactive in the adult except the sit-
uations like tissue repair and maintenance in which Hh
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activation is required for homeostasis. Activation of
Hedgehog signaling also contributes to tumor formation, car-
cinogenesis, and metastasis via promoting proliferation, sur-
vival, migration, and invasion. Constitutive activation and
dysregulation of Hh pathway in cancer is maintained in a
ligand dependent and independent way. Ligand independent
way occurs as a result of loss-of-function mutations of nega-
tive regulators (SUFU, PTCH) of the pathway or gain-of-
function mutations of positive regulator SMO, GLI1, and
GLI2. Epigenetic regulatory mechanisms also participate in
ligand independent dysregulation. Ligand-dependent auto-
crine and paracrine activation of the pathway promotes tumor
progression. Hh protein produced by cancer cells activates the
own Hh pathway in an autocrine way, but also it activates the
Hh pathway in normal stromal cells in a paracrine manner that
results in the release of cytokines that promote survival and
malignant phenotype of the cancer cell. Stromal cell Hh pro-
tein production and release also contribute to activation of Hh
pathway in cancer cells [94, 95].

Abnormal activation of Hedgehog pathway contributing to
hepatocellular carcinoma has been reported in the literature.
Hedgehog signaling was reported to be activated in HCC cell
lines, as well as in HCC tumor tissues. Upregulation of GLI1
mRNA and protein expression of HCC cell lines and HCC
tissues were reported by various research groups. Expression
of GLI1 is reported to be positively correlated with HCC re-
currence after surgical resection and GLI1 expression found to
induce epithelial to mesenchymal transition (EMT) via tran-
scriptionally activating SNAI1 expression that is required for
TGF-ß induced EMT process [96, 97]. GLI1 is reported to
contribute to cell proliferation viability, migration, invasion,
and colony formation of HCC cells by upregulating MMP-9
through ERK pathway [98]. GLI1 expression was reported as
significantly upregulated in HCC tumor tissues compared to
the tumor-adjacent normal tissues and GLI1 expression was
positively correlated with intrahepatic metastasis, portal vein
invasion, advanced TNM stage, and expression of SHH and
Vimentin [99]. Sicklick et al. reported that whereas normal
liver cells lack Hh pathway activity, HCC cells express Hh
ligands Shh and Ihh, membrane protein Ptch1, proto-
oncogene Smo, and transcription factor Gli1. They also re-
ported that Smo expression is positively correlated with tumor
size in HCC patients [100]. Tada et al. showed that Hedgehog
interacting protein, a negative regulator of Hh signaling, is
hypermethylated and transcriptionally downregulated in hep-
atoma cells which is an important evidence of epigenetic dys-
regulation of Hh signaling in HCC [101]. Chan et al. gave a
metabolic insight to Hh research by defining the paracrine Hh
ligand release fromHCC cells inducing glycolytic metabolism
of neighboring myofibroblasts which results in the release of
myofibroblast-derived lactate, used as an energy source by
HCC cells [102]. Activation of Hh pathway via upregulated
expression of Hh ligands, regulating factors and effectors are

reported to correlate with chronic infection of hepatitis B
(HBV) and hepatitis C (HCV) viruses. Major cell populations
that expand during HBV/HVC induced cirrhosis and HCC
such as myofibroblasts, endothelial cells, and cancer stem
cells were defined to be Hh responsive and promote liver
fibrosis [103, 104]. In addition to viral infection induced liver
fibrosis, Philips et al. reported that Hh pathway activation
promotes liver fibrosis and hepatocarcinogenesis indepen-
dently of viral infection and inhibition of Hh signaling re-
verses both processes even if they reach an advanced level
[105]. In vivo xenograft studies clarified activation of Hh sig-
naling in HCC and the mitigating effect of inhibition of Hh
pathway [106].

The EpCAM Pathway Surface antigens including CD133,
CD90, CD44, EpCAM, and CD13 have been used to identify
cancer stem cell properties in hepatocellular carcinoma. Stem
cells of the liver are proposed to arise from two origins, either
intrahepatic (hepatic progenitor cells (HPGs)) or extrahepatic
(bone marrow and peripheral blood). In addition to major
pathways that regulate stemness like Notch, Hedgehog ant
Wnt/β-catenin, EpCAM also has a crucial role in the mainte-
nance of stem cell phenotype in cancer stem cells. EpCAM is
a transmembrane protein that consists of an extracellular
(EpEX), a single transmembrane and an intracellular
(EpICD) domain. It is expressed during early liver develop-
ment, in hepatic stem cells and hepatoblast whereas it is not
expressed in hepatocytes. EpCAM+ HCC cells express hepat-
ic stem cell markers but not mature hepatocyte markers and
have higher colony formation capacity than EpCAM (−) cells.
As functioning as a cell-to-cell contact protein, EpCAM also
transmits signals from membrane to nucleus to promote tran-
scription of target genes. Sequential cleavage of EpCAM by
TNFα converting enzyme (TACE/ADAM17) and a gamma-
secretase complex containing presenilin 2 (PS-2) release its
EpEX domain to the intercellular space and EpICD domain
to cytoplasm. EpICD becomes a part of LEF/β-catenin tran-
scription factor complex and induces transcription of various
genes that take part in cell-cycle regulation and stemness.
EpCAM regulates Nanog, Oct4, Klf4, Sox2, and Myc tran-
scription in HCC cells [107]. Accumulation of β-catenin and
activation of Tcf/β-catenin induce EpCAM expression [108].
Ji et al. reported inhibition of miR-181 reduces EpCAM+ cell
population and their ability to initiate tumor formation [109].

Even though they have not clarified the molecular mecha-
nism, Su et al. pointed out a potential interaction between
PTEN/AKT/mTOR pathway that HCC patients with
PTEN−/CD133+ or PTEN−/EpCAM+ expression have a
higher risk of recurrence and poor prognosis [110].
Karagonlar et al. demonstrated that adipocyte-derived cyto-
kines induce motility and drug resistance in EpCAM+/
CD133+ hepatic cancer stem cells through activating c-Met,
Stat3, and ERK1/2 [111].
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The Role of Signaling Molecules in Drug Resistance
in HCC

In recent years, the development of anti-neoplastic drugs is a
hot-topic research area. However, their limited curative effi-
cacy, which is associated with multi-drug resistance (MDR),
still remains unclear. The molecular mechanisms of drug re-
sistance in cancer models are induction of EMT, HIF1α, and
DNA damage repair, autophagy, epigenetic regulations, and
receptor crosstalk.

Sorafenib, an oral multikinase inhibitor of Raf, VEGF, and
PDGF molecules, is approved for advanced HCC [112]. One
of the molecular mechanisms for Sorafenib resistance is the
activation of other receptor tyrosine kinases via receptor
crosstalk, by non-target receptors of sorafenib [113]. Firtina-
Karagonlar and colleagues have described that c-Met is acti-
vated in sorafenib resistant cell clones and ERK1/2 are acti-
vated independently from Ras [114]. In furtherance, Xiang
and colleagues propose a c-Met inhibitor (DE605) for com-
bined therapy with Sorafenib in advanced HCC. In that study,
it is shown that treatment of DE605 together with Sorafenib
induces cellular apoptosis and inhibits tumor growth both in
cell culture and animal models [115]. Besides, a randomized,
placebo-controlled, and double-blind phase II study was re-
ported for tivatinib, which is a selective oral inhibitor of c-
Met. After 5 months, tivatinib group has a longer time to
progress than placebo group [116].

Erlotinib is an orally active drug that inhibits EFGR tyro-
sine kinase activity. To evaluate the effect of erlotinib treat-
ment combined with sorafenib, a randomized, placebo-con-
trolled, and double-blind phase III is being studied.
According to their preliminary results, erlotinib has no addi-
tional survival effect on advanced HCC patients [117].

New generation Bevacizumab is a VEGF inhibitor and it
has been reported that median survival rate is 12.4 months in
46 HCC patients with no extrahepatic invasion [118]. Also, in
early stages of hepatocarcinogenesis, the combination of
bevacizumab with other cytotoxic agents, to normalize the
tumor vasculature and to enhance the chemotherapy adminis-
tration, presents current research area for researchers. The
combination of bevacizumab with cytotoxic agents was eval-
uated in phase II study by several researchers. For example,
Zhu and colleagues completed phase II study of the combina-
tion bevacizumab with oxaliplatin and gemcitabine [119].

The Role of Receptor Crosstalk
in Hepatocarcinogenesis and Treatment Response
in HCC

Lipid rafts play an important role in RTK crosstalk via bring-
ing different receptors into proximity and thus promoting in-
teractions between receptors and intracellular signaling

proteins. Several researchers have determined four types of
crosstalk: ligand, receptor, mediator, and downstream target
molecule. When one of the RTKs are inhibited, to compensate
the blockage of signaling, other types of RTKs are activated,
which share the same downstream targets. Samemechanism is
also obtained for ligands, mediators, and downstream effector
molecules [120]. Jo and colleagues have described the coop-
erative action of c-Met and EGFR; this interaction facilitates
c-Met activation in the absence of HGF [121]. EGF is also
determined as a ligand for c-Met signaling. Following that,
EGF is transcriptionally upregulated by c-Met activation-me-
diated Ras-ERK. Then, secreted EGF is transported out of the
cell to activate EGFR in a paracrine way [122]. Besides,
EGFR activation is also induced by c-Met activation through
Ras-ERK signaling to activate metalloproteinase-3 (TIMP-3).
TIMP-3 then cleaves c-Met from its ectodomain. The truncat-
ed c-Met promotes cell proliferation and differentiation [123].
In addition, cooperative action of c-Met and EGFR activate
PI3K/Akt and Ras-ERK signaling in their downstream. EGFR
can form complexes with PDGFR, insulin-like growth factor
receptor (IGFR) to promote malign transformation of HCC
cells.

In recent years, the interaction of RTKs with other mem-
brane proteins has also been determined in previous studies.
Korhan P and colleagues have shown that c-Met and
Caveolin-1, which is a lipid raft membrane protein, co-
localize in HCC cells and HGF induction enhances this inter-
action [124]. Also, same researchers have described that HGF-
induced c-Met activation downregulates c-Met-Mucin 1 inter-
action in HCC cells [125].

Heparan sulfate proteoglycans (HSPGs) also regulate sig-
naling pathways in hepatocarcinogenesis. Heparan sulfate
(HS) comprise of variably sulphated and repeating disaccha-
ride units. HS is synthesized in mast cells of the liver and with
a post-translational modification; it is determined as HSPG.
HSPGs are present on plasma membrane and in the ECM.
They are important structural components of the basal mem-
brane. Besides that, HSPGs constitute a protein core that have
protein-binding domain to interact with various types of pro-
teins. As a result, HSPGs have critical roles in signaling.
HSPGs can bind to growth factors to facilitate or inhibit its
binding to receptor. Besides, HSPGs might act as a low affin-
ity receptor for growth factors to activate signaling pathway.
Cell surface HSPGs act as receptors for adhesion molecules
and growth factors and are involved in the regulation of cell
proliferation, differentiation, motility, and invasion [126]. In
HCC, glypican-3 (GPC-3) is determined as cell surface type
of HSPGs. GPC-3 expression is significantly higher in HCC
than that in normal liver tissues and non-tumorous liver tissues
[127]. Suzuki M and colleagues determined that GPC-3 mod-
ulates signals such as Wnt, Hedgehog, and FGF. Kemp L and
colleagues also showed that heparin enhances the stability of
FGF-FGFR complex by crosslinking the ligand and receptor
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[128, 129]. Heparin also binds to HGF and its receptor c-Met.
In our previous studies, we have determined that heparin in-
hibits HGF induced cellular motility and invasion [130].
However, in the absence of HGF, heparin activated c-Met
signaling and promoted motility and invasion in HCC cells.
Heparin treatment led to c-Met receptor dimerization and ac-
tivated c-Met signaling in an HGF-independent manner [131].
Receptor crosstalk is frequently associated with poor progno-
sis and resistance against traditional drug therapy, radiothera-
py, and chemotherapies.
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