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Abstract

A. Subramaniam

Hepatocellular carcinoma (HCC) is the most common type of liver cancer
and the third leading cause of cancer death worldwide, with 75 % of cases
occurring in Southeast Asian countries like China, Hong Kong, Taiwan,
Singapore, Korea, and Japan. The etiology of HCC is likely to involve
interactions between multiple risk factors. The most commonly reported
risk factors are nonspecific cirrhosis (21 %), followed by alcohol-induced
liver disease (16 %), HCV infection (10 %), and HBYV infection (5 %). In
addition, obesity and type II diabetes are also suspected to increase the risk
of acquiring liver cancer. Persistent activation of signal transducers and
activators of transcription-3 (STAT?3) is frequently observed several human
cancers and transformed cell lines including HCC. The significance of
constitutively STAT3 in HCC is due to its induction of several tumorigenic
genes that substantially contribute to the initiation and progression of
the malignancy. These include antiapoptotic proteins like Bcl-2, Bcl-xL,
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Mcl-1, XIAP, and survivin. Examples of other STAT3-regulated oncogenic
genes include c-Myc and cyclin D1, which regulates cell proliferation;
matrix metalloproteinase-9 which mediates cellular invasion; and vascular
endothelial growth factor, which controls angiogenesis. Thus, novel agents
that can suppress constitutive and/or inducible activation of STAT3 have
the potential for HCC therapy. In this chapter, we discuss in detail the
potential role of STAT3 signaling cascade both in HCC initiation and
progression and also various therapeutic strategies employed to block

aberrant activation of this proinflammatory transcription factor in HCC.

HCC « STAT3 e Proliferation * Apoptosis ® Angiogenesis
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Abbreviations

Bad Bcl2 associated death promoter protein

Bax Bcl-2-associated X protein

Bcl2 B-cell lymphoma 2

Bcl-xL.  B-cell lymphoma extra large

Bid BH3 interacting-domain death
agonist

c-myc Myelocytomatosis cellular oncogene

CSF-1R  Colony-stimulating factor-1R

EGF Epidermal growth factor

G-CSF  Granulocyte colony-stimulating
factor

HBV Hepatitis B virus

HCV Hepatitis C virus

HGF Hepatocyte growth factor

IGF Insulin-like growth factor

IL Interleukin

IFN-vy Interferon-gamma

JAK Janus kinase

MMPs  Matrix metalloproteases

NAFLD Nonalcoholic fatty liver disease

NASH  Nonalcoholic steatohepatitis

NF-kB  Nuclear factor kappa B

PDGF Platelet-derived growth factor

PTPase  Protein tyrosine phosphatase

ROS Reactive oxygen species

SOCS Suppressor of cytokine signaling

STAT3  Signal transducer and activator of
transcription 3

TGF Transforming growth factor

VEGF Vascular endothelial growth factor

6.1 Introduction: Risk Factors
Associated with Initiation
and Development of HCC

Hepatocellular carcinoma (HCC) is the fifth most
prevalent cancer worldwide (Ferlay et al. 2010)
and possibly the most common malignant tumor
found among men (Dominguez-Malagon and
Gaytan-Graham 2001; Subramaniam et al. 2013).
Due to its late presentation, aggressiveness, and
limited response to therapy, HCC has become
the third most deadly cancer and causes approxi-
mately one million deaths annually (Ferlay et al.
2010; Carr et al. 2010). While considered a rare
form of cancer in many western countries, HCC
is endemic in East and Southeast Asia where
over three-quarters of liver cancer-caused deaths
occur (Ferlay et al. 2010). Infections with chronic
hepatitis B (HBV)/hepatitis C virus (HCV) and
associated liver cirrhosis/hepatitis have been at-
tributed to more than 80 % of the cases of HCC
(Lau and Lai 2008). For example, chronic hep-
atitis caused by HBV/HCYV can cause significant
damage to hepatocytes and adversely affect their
normal functioning (Subramaniam et al. 2013;
Nakamoto and Kaneko 2003) (Fig. 6.1).

In addition, various environmental risk factors
also including aflatoxin B1 exposure, alcohol
over-abuse, and cigarette smoking have been re-
ported to contribute to the development of HCC
(Subramaniam et al. 2013; Abdel-Hamid 2009).
For example, an increased risk of mortality in
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Fig. 6.1 A multi step cascade for HCC initiation and development

HCC patients has been closely associated with
obesity. It has been found that obesity can in-
duce an inflammatory response, which in turn
may increase levels of proinflammatory cytokines
[interleukin-6 (IL-6) and tumor necrosis factor-
alpha (TNF-a) expression] in adipose tissue and
Kupffer cells (Subramaniam et al. 2013; Toffanin
et al. 2010).

6.2  Role of STAT3 Signaling
Pathway in the Initiation

of HCC

Signal transducer and activator of transcription
(STATs) were initially discovered in 1993 by
James Darnell and can be activated by diverse
stimuli to activate gene transcription (Shuai et al.
1993). STAT proteins have been in particular
shown to play a critical role in cytokine signaling

cascades that regulate various cell growth and
differentiation signal transduction (Subramaniam
et al. 2013). The STAT family consists of seven
members; these are STAT1, STAT2, STATS3,
STAT4, STATS5a, STATSb, and STAT6 that can
be further classified into two groups, according
to their biological functions. The first group com-
prising of STAT2, STAT4, and STAT®6 is reported
to actively participate interferon-gamma (IFN-y)
signaling and T cell maturation. On the other
hand, the second group consisting of STATI,
STAT3, and STATS is involved in development
of mammary glands, embryogenesis, as well as
oncogenesis (Subramaniam et al. 2013; He and
Karin 2011).

Among various STAT family proteins, STAT3
has gained significant attention as it has been
found to be an important regulator of distinct sig-
nal transduction pathways involved in liver dam-
age and repair mechanisms (Subramaniam et al.
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Fig. 6.2 STAT3 activation cascade involved in HCC progression

2013; Strain 1998; Taub 2003). STAT3 was ini-
tially demonstrated to be an acute-phase response
factor that can bind to the IL-6 responsive ele-
ment (Wegenka et al. 1993) and subsequently as
a DNA-binding protein in response to epidermal
growth factor stimulation (Zhong et al. 1994).
STAT3 can be induced by various cytokines such
as IL-6, leukemia inhibitory factor (LIF), onco-
statin M, and ciliary neurotrophic factor (CNTF)
that transmit their signals through the gp130 pro-
tein (Akira et al. 1994; Hibi et al. 1990; Hirano
et al. 1997). Interestingly, the expression of IL-
6 is elevated in various liver ailments and HCC
(Subramaniam et al. 2013; Trikha et al. 2003;
Naugler et al. 2007), and even IL-22-induced
STAT3 phosphorylation on Ser727 residue can
induce acute-phase genes in the liver (Dumoutier
et al. 2000). In addition, STAT proteins can
also be substantially stimulated by receptor ty-
rosine kinases such as epidermal growth factor
receptor (EGFR), platelet-derived growth factor
(PDGF-R), transforming growth factor (TGF),

and colony stimulating factor-1R (CSF-1R) and
seven-transmembrane G-protein-coupled recep-
tors such as angiotensin II receptors (Karras et al.
1997). In fact, EGF, TGF-p, and PDGF receptors
can even directly activate STAT3 proteins lead-
ing to enhanced proliferation and transformation
(Subramaniam et al. 2013; Levy and Darnell
2002) (Fig. 6.2). The possible role of STAT3 in
different aspects of liver tumorigenesis includ-
ing transformation, inflammation, antiapoptosis,
angiogenesis, cell cycle progression, and cellular
invasion is discussed in detail below.

6.2.1 Oncogenic Transformation

Persistent activation of STAT3 is involved in
several critical biological processes including
growth, survival, invasion, and angiogenesis, all
of which promote HCC initiation and progression
(Turkson et al. 1998; Subramaniam et al. 2013).
The first evidence related to the involvement
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of STAT3 in transformation came to light ini-
tially after studies showed that STAT3 is con-
stitutively activated during transformation in-
duced by oncogene v-Src. Several subsequent
studies also reemphasized the important find-
ing that STAT3 signaling is indeed required for
oncogenic transformation by v-Src (Cao et al.
1996; Chaturvedi et al. 1997; Bromberg et al.
1998). Deregulated STAT3 activation has been
consistently observed in HCC clinical samples
and cell lines but not in non-transformed liver
cells (Subramaniam et al. 2013; Yoshikawa et al.
2001; Niwa et al. 2005; Li et al. 2006). On
the contrary, in a recent study, Schneller and
colleagues elucidated the role of STAT3 in Ras-
dependent HCC progression in the presence
and absence of pl19 (ARF)/pl4 (ARF). They
found that constitutive active STAT3 is tumor
suppressive in Ras-transformed pl19 (ARF—/—)
hepatocytes, whereas the expression of STAT3
lacking Tyr (705) phosphorylation (U-Stat3) can
enhance tumor formation. Accordingly, Ras-
transformed STAT3 (Ahc)/p19 (ARF—/—) hep-
atocytes showed increased tumor growth, com-
pared to those expressing STAT3, demonstrat-
ing a tumor-suppressor activity of STAT3 in
cells lacking p19 (ARF) (Schneller et al. 2011).
Moreover, Wu et al. found in another study
that phosphorylated STAT3 expression in mono-
cyte was significantly correlated to advanced
clinical stage of HCC and a poor prognosis.
They also noticed that pharmacological STAT3
inhibitor, NSC 74859, significantly suppressed
tumor growth in mice with diethylnitrosamine
(DEN)-induced HCC. Interestingly, NSC 74859
treatment also attenuated cancer-associated in-
flammation in DEN-induced HCC model (Wu
et al. 2011). Moreover, Chen and coworkers
evaluated the efficacy of combination therapy
using cetuximab and NSC 74859 (a novel STAT3
inhibitor) in EGFR and STAT3 overexpressing
hepatoma cells and found that NSC 74859 po-
tentiated the antiproliferative effect of cetuximab
in all three cell lines. siRNA knockdown of
STATS3 increased the sensitivity of these cell lines
to cetuximab, whereas STAT3 overexpression
antagonized these effects (Chen et al. 2012a).

Also, it has been reported that even multitargeted
tyrosine kinase inhibitor sorafenib can inhibit
growth and metastasis of HCC in part by block-
ing the MEK/ERK/STAT3 and PI3K/Akt/STAT3
signaling pathways, but independent of JAK2
and phosphatase shatterproof 2 (SHP2) activa-
tion (Pfitzner et al. 2004). All these above-cited
reports and also the findings of our recently
published review article (Subramaniam et al.
2013) clearly establish that the aberrant activation
of STAT3 indeed plays a pivotal role in both
HCC initiation and development. This is further
supported by the fact that various novel STAT3
inhibitors have been identified in recent years that
can suppress proliferation and induce apoptosis
in various HCC cell lines and mouse models
(Table 6.1).

6.2.2 Inflammation

Several reports indicate the potential role of
HCC as a proinflammatory transcription factor
in HCC and other liver diseases (Subramaniam
et al. 2013; Pfitzner et al. 2004). STAT3 was
initially discovered as an acute-phase response
protein, thus suggesting its possible connection
to inflammation (Wegenka et al. 1993). IL-6
is one of the key regulators of inflammation
and predominantly exerts its biological effects
through the activation of the STAT3 pathway
(Zhong et al. 1994). Liang et al. recently tested
the effect of IL-6 family cytokines Golgi phos-
phoprotein (GP73) mRNA and/or protein levels
in human hepatoblastoma HepG2 cells. They
found that levels of GP73 mRNA and protein
were upregulated in HepG2 cells following treat-
ment with either proinflammatory cytokine IL-
6 or the related cytokine oncostatin M (OSM).
Induction required the shared receptor subunit
gpl30 and correlated with increased tyrosine
phosphorylation of STAT3. ELISA measurement
of GP73 and IL-6 levels in the sera of pa-
tients with premalignant liver disease revealed
a significant correlation between circulating lev-
els of the two proteins. OSM levels were also
elevated six- to sevenfold in sera from patients
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Table 6.1 Reported STAT3 blockers in HCC cell lines and mouse models

Natural/synthetic
inhibitors
Celecoxib

Parthenolide along with

TRAIL

Galiellalactone — a fungal
metabolite from the
ascomycete Galiella rufa

XZH-5 small molecule

Sorafenib SC-1-synthetic
molecule

Sorafenib with TRAIL

3-[3,4-Dihydroxy-
phenyl]-acrylic acid
2-[3,4-dihydroxy-phenyl]-
ethyl ester

(CADPE)

FLLL32

LLLI2

NSC-74859

ENMD-1198

Decoy ODN

AG490

Mechanism of inhibition
Inhibited JAK2
phosphorylation
Suppressed activation of
JAK proteins

Exerted STAT3 inhibitory
effect by covalently
modifying a cysteine
residue in the STAT3
DNA-binding domain
Reduced constitutive
STAT3 phosphorylation at
Tyr705 and the expression
of STAT3- regulated genes
Caused SHP-1-dependent
STAT3 inactivation

Upregulated SHP-1 activity

Inhibited both
IL-6-mediated STAT3
activation and recruitment
of STAT?3 to the cyclin D1
promoter

JAK/STAT inhibitor
suppressed STAT3
phosphorylation, STAT3
DNA-binding activity, and
STAT3-regulated gene
products

Inhibited IL-6-induced
STAT3 phosphorylation
Abrogated STAT3
activation

Inhibited STAT3
phosphorylation

Caused abrogation of
STAT3-mediated cell cycle
and antiapoptotic genes
Janus kinase
2-specificinhibitor

Cell lines/mouse models
Hep3B, HepG2, Huh-7,
SNU-387, and SNU-449
HepG2, Hep3B, and
SK-Hepl

HepG2

Hep3B, HepG2, Huh-7,
SNU-387, and SNU-449

HCC cell lines (PLCS,
Huh-7, Hep3B, and
Sk-Hep1l)/nude mice with
Huh xenografts

PLCS5, Huh-7, Hep3B, and
Sk-Hepl/nude mice with
PLCS5 xenografts

Huh-7

SNU-449, SNU-398,
HEP3B, and SNU387

Hep3B, SNU-387,
SNU-398, SNU-449
HepG2, PLC/PRF/5,
Huh-7, SNU-398,
SNU-449, SNU-182 and
SNU-475, Huh-7 in nude
mice

Huh-7 and HepG2

HepG2, H7402, and
PLC/PRF/5

Huh-1, Huh-7, HepG2 and
Hep3B cells, Huh-7 tumors
in athymic mice

References
Liu et al. (2011a)

Carlisi et al. (2011)

Lavecchia et al. (2011)

Liu etal. (2011b)

Tai et al. (2011)

Chen et al. (2010)

Won et al. (2010)

Lin et al. (2010) and Liu
et al. (2010b)

Liu et al. (2010a)

Lin et al. (2009)

Moser et al. (2008)

Sun et al. (2008)

Kusaba et al. (2007)

(continued)
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Table 6.1 (continued)

Natural/synthetic
inhibitors

IL-6 receptor fusion
protein (IL-6-RFP)
YC-1

Atiprimod

2/-0-methoxyethylribose-
modified
phosphorothioate
antisense oligonucleotide
(ASO)

Stattic (non-peptide small
molecule)

Statins

SOCS-1 (peptide
inhibitor)

Cyclopentenones,
2-(1-chloropropenyl)-4,5-
dihydroxycyclopent-2-
enone

(CPDHC)

Celastrol

B-Escin

y-Tocotrienol

Butein

Mechanism of inhibition
A high-affinity
cytokine-binding protein
Inhibited STAT3 activity by
enhancing the
polyubiquitination of
p-STAT3 (705) induced by
cisplatin

Suppressed STAT3
mediated through the
inhibition of activation of
upstream kinases c-Src,
JAK1, and JAK2

Caused suppression of
phosphorylated STAT3 and
reduced its DNA-binding
activity

Inhibited SH2 domain,
STAT3 dimerization, and
DNA binding

Reduced IL-6-induced
serine phosphorylation of
transcription factorSTAT3
(SOCS-1; also known as
JAB and SSI-1) switched
cytokine signaling “off” by
means of its direct
interaction with JAK

Suppressed IL-6and
IL-6-dependent pathway by
inhibiting the tyrosine
phosphorylation of the
STAT3 and STAT1 as well
as the serine
phosphorylation of the
STAT3 by direct inhibition
of JAK

Abrogated JAK/STAT
pathway and induced
apoptosis of HCC cells in
vitro and in vivo

Inhibited activation of
upstream kinases c-Src,
JAKI, and JAK2

Increased the expression of
SHP-1 in HCC cells
Inhibited activation of
upstream kinases c-Src and
JAK?2 induced the
expression of SHP-1

Cell lines/mouse models
HepG2

HepG2, Hep3, and PLC

Huh-7, HepG2,
HepG2.2.15, and HepG2

HCCLM3, SNU423, Huh7,
HCCLM3 nude mouse
model

HepG2

Hep3B

Human HCC lines
SNU-182, SNU-423,
SNU-387, SNU-398,
SNU-449, SNU-475, and
PLC/PRF/5

HepG2

C3A, HepG2, Hep3B,
PLC/PRF5, and Huh-7

HepG2, Huh-7, PLC/PRFS,
wild, and STAT3 KO mice
fibroblasts

HepG2, Huh-7 xenografts
in nude mice

HepG2, SNU-387,
HCCLM3, and
PLC/PRF5/HCCLM3 nude
mouse models

References
Metz et al. (2007)

Lau et al. (2007)

Choudhari et al. (2007)

Li et al. (2006)

Schust et al. (2006)

Arnaud et al. (2005)

Yoshikawa et al. (2001)

Weidler et al. (2000)

Rajendran et al. (2012)

Tan et al. (2010)

Rajendran et al. (2011a)

Rajendran et al. (2011b)

(continued)
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Table 6.1 (continued)

Natural/synthetic
inhibitors Mechanism of inhibition
Diosgenin Induced the expression of
Src homology 2
phosphatase 2 (SH-PTP2)
that correlated with
downregulation of
constitutive STAT3

activation

Accelerated
ubiquitin-dependent
degradation in the
Tyr705-phosphorylated
STAT3

Inhibited STAT3
phosphorylation
Reacted with cysteine
residues of JAKSs to form
covalent bonds that
inactivate JAKs

Luteolin

Cucurbitacin B

17-Hydroxy-jolkinolide B
(HIB)

with either cirrhosis or HCC relative to controls
without liver disease. Although there was an
association between levels of GP73 and OSM
in serum from people with liver cirrhosis, there
was not a statistically significant correlation in
HCC, thereby suggesting that the role of the
proinflammatory cytokines in determining circu-
lating levels may be complex (Liang et al. 2012).
Furthermore, in various tumors, STAT3 can di-
rectly interact with nuclear factor NF-kB family
member RELA (p65), keeping it localized in the
nucleus and thereby contributing to constitutive
NF-kB activation in cancer (Lee et al. 2009).
Also, in a recent study, Mano and coworkers
examined STAT3 activation, cytokine expression,
and infiltration of tumor-associated macrophages
in resected HCCs as well as the alteration of
cell growth and migration by cytokine stimu-
lation in HCC cell lines. They observed that
in HCC specimens, the pSTAT3-positive group
showed high levels of a-fetoprotein, large tu-
mor size, frequent intrahepatic metastasis, high
Ki-67 and Bcl-xL, poor prognosis, and high
recurrence rate (Mano et al. 2013). Overall,
their findings clearly indicate that STAT3 activa-
tion was correlated with aggressive behavior of
HCC and may be mediated via tumor-associated
macrophage.

A. Subramaniam et al.

References
Lietal. (2010)

Cell lines/mouse models
HepG2, C3A

HepG2, HLF, and HAK-1B  Selvendiran et al. (2006)

HepG2 cells and mouse
model

HepG2

Zhang et al. (2009)

Wang et al. (2009)

6.2.3 Regulation of Apoptosis

STAT3 hyperactivation can also lead to increased
transcription of various STAT3-regulated cell
survival genes, e.g., Bcl-2, Bcl-xL, and sur-
vivin, Mcl-1, and XIAP, and thereby inhibiting
pro-apoptotic proteins such as Bax, Bad, and
Bid (Subramaniam et al. 2013; Al Zaid Sid-
diquee and Turkson 2008; Germain and Frank
2007). For example, Chen and coworkers re-
ported that sorafenib can augment the antitu-
mor effect of recombinant tumor necrosis factor-
related apoptosis-inducing ligand (TRAIL) in re-
sistant HCC. They found that STAT3 played a
significant role in mediating TRAIL sensitiza-
tion and showed that sorafenib downregulated
phospho-STAT3 (pSTAT3) and subsequently re-
duced the expression levels of STAT3-related
proteins (Mcl-1, survivin, and cyclin D1) in a
dose- and time-dependent manner in TRAIL-
treated HCC cells. Knockdown of STAT3 by
RNA interference overcame apoptotic resistance
to TRAIL in HCC cells, and ectopic expression
of STAT3 in HCC cells abolished the TRAIL-
sensitizing effect of sorafenib (Chen et al. 2010).
Moreover, Liu et al. reported that IL-6 promoted
survival of human liver cancer cells through
activating STAT3 in response to doxorubicin
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treatment. Neutralizing IL-6 with anti-IL-6 an-
tibody decreased survival of SNU-449 cells in
response to doxorubicin. Also, targeting STAT3
with STAT3 siRNA reduced the protection of IL-
6 against doxorubicin-induced apoptosis, indicat-
ing that STAT3 signaling contributed to the anti-
apoptotic effect of IL-6. They also observed that
LLL12, a STAT3 small molecule inhibitor, can
block IL-6-induced STAT3 phosphorylation, re-
sulting in the attenuation of the antiapoptotic ac-
tivity of IL-6. Overall, these results demonstrated
that targeting STAT3 signaling could interrupt
the antiapoptotic function of IL-6 in HCC cells
(Liu et al. 2010a). Furthermore, Peroukides and
colleagues studied by immunohistochemistry the
protein expression of survivin in relation to cyclin
D1, p-STAT3, beta-catenin, E-cadherin, and p-
Akt in 69 cases of HCC and adjacent liver cir-
rhosis. Survivin was expressed in 63/69 (91.3 %)
cases of HCC and in 40/47 (85.1 %) cases of liver
cirrhosis. Survivin localization in HCC was ex-
clusively nuclear, while intense cytoplasmic and
low nuclear expression of survivin was observed
in cases of cirrhosis. Survivin expression in HCC
correlated significantly with low-grade tumors
and expression of cyclin D1 and p-STAT3. Ex-
pression of survivin in liver cirrhosis correlated
with downregulation of E-cadherin expression.
Overall, they noticed a clear association of nu-
clear survivin with well-differentiated HCC, as
well as with the expression of the cell cycle regu-
lator cyclin D1 (Peroukides et al. 2010). Interest-
ingly, Chen and coworkers recently reported that
a novel obatoclax derivative, SC-2001, can in-
duce apoptosis through SHP-1-dependent STAT3
inactivation in HCC cells (Chen et al. 2012b).

6.2.4 Cell Cycle Progression

It has been documented that the expression of
cyclin D1, which can associate with cdk4 or cdk6
and controls progression from G1 to S phase, is
elevated in STAT3-C expressing cells (Bromberg
et al. 1999). Also, several studies have shown
that dysregulated expression of cell cycle-related
proteins, such as cyclin D1, cyclin-dependent
kinase 4 (Cdk4), cyclin E, cyclin A, p16, and p27,

may significantly contribute to both HCC initia-
tion and progression (Subramaniam et al. 2013;
Matsuda and Ichida 2006). Guo and coworkers
recently showed that p27~/~ mice display in-
creased proliferation and decreased apoptosis of
tumor cells, accompanied by an increase in the
serum inflammatory cytokines IL-6 and TNF-a.
Furthermore, they observed that the increased
number and STAT3 phosphorylation status of
infiltrated inflammatory cells was accompanied
by increased IL-6 and TNF-a mRNA levels in
tumor and normal liver tissue in the p27~'~ mice.
Overall, their data demonstrated that the loss of
p27 promotes carcinogen-induced HCC genesis
and progression via the elevation of inflammatory
cytokines and the augmented activation of STAT3
signaling in tumor cells and infiltrated inflamma-
tory cells (Guo et al. 2013). On the contrary, Hu
et al. found that low doses of NSC 78459 (a novel
STAT?3 inhibitor) had little effect on HCC cell
proliferation but efficiently inhibited STAT3 ac-
tivation. Huh-7, Hep3B, and HepG2 cells, with
epithelial phenotypes, displayed significantly en-
hanced doxorubicin cytotoxicity following co-
treatment with NSC 74859, whereas mesenchy-
mal SNU-449 cells did not show significant en-
hancement. NSC 74859 inhibited STAT3 activity
and suppressed doxorubicin-induced epithelial-
mesenchymal transition (EMT) in epithelial HCC
cells. siRNA-mediated STAT3 knockdown re-
sulted in EMT inhibition, which led to attenu-
ation of NSC 74859-mediated chemosensitivity.
Collectively, their data indicated that STAT3 de-
activation and associated EMT attenuation con-
tribute to the synergistic antitumor effects of
combined NSC 74859/doxorubicin therapy (Hu
et al. 2012).

6.2.5 Angiogenesis

A large number of studies have implicated the
critical role of STAT3 in the process of angio-
genesis that facilitates formation of new blood
vessels from existing ones to supply nutrients to
tumor cells (Subramaniam et al. 2013; Folkman
1990). Ji and colleagues found that angiotensin
IT (Ang II) can upregulate angiogenic factors
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production such as vascular endothelial growth
factor (VEGF), angiopoietin-2 (Ang-2), and Tie-
2 in HCC (MHCC97H) cells in a time- and
concentration-dependent manner. Moreover, Ang
II-induced JAK2 and STAT3 phosphorylation
was significantly suppressed by losartan but not
PD123319. Further, STAT3 phosphorylation and
SOCS3 expression induced by Ang II were ev-
idently impaired by AG490. More importantly,
SOCS3 siRNA remarkably reinforced Ang II-
induced VEGF, Ang-2, and Tie-2 generation in
MHCC97H cells (Ji et al. 2012). Additionally, it
has been also noticed that the cross-talk pathway
between Angll and the EGFR mediated by EGF-
like ligands cleaved by a disintegrin and metallo-
protease is involved in the proliferation and inva-
sion activities of several HCC cell lines (Itabashi
et al. 2008). Moreover, aberrant VEGF expres-
sion is considered to be an important clinical
feature in HCC and may correlate with HCC tu-
mor invasion and metastasis (Subramaniam et al.
2013; El-Assal et al. 1998). In another recent
study, Jia et al. tested the effect of a combina-
tion therapy consisting of endostatin (a powerful
angiogenesis inhibitor) and STAT3-specific small
interfering RNA, using a DNA vector delivered
by attenuated S. typhimurium, on an orthotopic
HCC model in C57BL/6 mice. Although antitu-
mor effects were observed with either single ther-
apeutic treatment, the combination therapy pro-
vided superior antitumor effects. Correlated with
this finding, the combination treatment resulted
in significant alteration of STAT3 and endostatin
levels and that of the downstream gene VEGF,
decreased cell proliferation, induced cell apopto-
sis, and inhibited angiogenesis (Jia et al. 2012).
Also, silencing of STAT3 expression by RNA
interference has been reported to significantly
inhibit expression of STAT3 mRNA and protein
and suppress the growth of human HCC in tumor-
bearing nude mice through the downregulation of
survivin, VEGF, and c-myc and upregulation of
p53 and caspase-3 expression (Li et al. 2009).
Interestingly, Lang and coworkers also found that
the dual inhibition of Raf and VEGFR2 reduces
growth and vascularization of HCC in a subcuta-
neous tumor model (Lang et al. 2008).
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6.2.6 Cellular Invasion

Several studies have shown that STAT3 is inti-
mately linked to the process of tumor invasion
in HCC (Subramaniam et al. 2013). STAT3 ac-
tivation can modulate the expression of matrix
metalloproteinases MMP-1, MMP-2, and MMP-
9 which in turn can mediate tumor migration
and invasion (Subramaniam et al. 2013; Xie
et al. 2006). Yan and colleagues recently iden-
tified the presence of mesenchymal stem cells
(MSCs) in HCC tissues. They demonstrated that
liver cancer-associated MSCs (LC-MSCs) sig-
nificantly enhanced tumor growth in vivo and
promoted tumor sphere formation in vitro. LC-
MSCs also promoted HCC metastasis in an or-
thotopic liver transplantation model. cDNA mi-
croarray analysis showed that SI00A4 expression
was significantly higher in LC-MSCs compared
with liver normal MSCs (LN-MSCs) from ad-
jacent cancer-free tissues and that SI00A4 se-
creted from LC-MSCs can promote HCC cell
proliferation and invasion. They also noticed that
S100A4 promoted the expression of miR-155,
which mediates the downregulation of suppres-
sor of cytokine signaling 1 (SOCS1), leading to
the subsequent activation of STAT3 signaling.
This promoted the expression of MMP9, which
resulted in increased tumor invasiveness (Yan
etal. 2013). Lin et al. noticed significantly greater
STAT3 and tyrosine-phosphorylated STAT3 in
human HCC tissues than in human normal liver.
Further, in HCC cells with loss of response
to TGF-beta, NSC 74859, a STAT3-specific in-
hibitor, markedly suppresses growth. In contrast,
CD133 (+4) status did not affect the response
to STAT3 inhibition: both CD133 (+) Huh-7
cells and CD133 (—) Huh-7 cells are equally
sensitive to NSC 74859 treatment and STAT3
inhibition. Thus, the TGF-beta/beta2 spectrin
(beta2SP) pathway may reflect a more functional
“stem/progenitor” state than CDI133. Overall,
their findings indicate that inhibiting interleukin
6 (IL6)/STAT3 in HCCs with inactivation of
the TGF-beta/beta2SP pathway may be an ef-
fective approach in management of HCCs (Lin
et al. 2009).
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6.3 Link Between Oxidative

Stress and STAT3 Activation

Several reports in literature also indicate a critical
link between oxidative stress and STAT3 activa-
tion in various human malignancies, including
HCC (Wang et al. 2011; Toyokuni et al. 1995).
For example, a study by Kamata and coworkers
showed that inactivation of IKK-f in HCC cells
or hepatocytes favors the accumulation of ROS
which oxidize the catalytic cysteine of various
protein tyrosine phosphatases (PTPs) (Kamata
et al. 2005), including SHP1 and SHP2 [the
phosphatases that dephosphorylate STAT3 and
JAK2] (Valentino and Pierre 2006). Oxidation of
SHP1 and SHP2 results in loss of their catalytic
activity and accumulation of phosphorylated and
activated JAK2 and STAT3, which stimulate the
proliferation and tumorigenic growth of NF-kB-
deficient HCC (He et al. 2010). Sustained oxida-
tive stress is continuously maintained in tumor
cells (Toyokuni et al. 1995). Interestingly, many
HCC risk factors, including HCV infection and
hepatosteatosis, cause oxidative stress (El-Serag
and Rudolph 2007; Parekh and Anania 2007,
Wang and Weinman 2006), and just like JNK,
STAT3 can also be activated in response to ROS
accumulation (He et al. 2010). STAT3 was re-
quired for the activation of several immediate-
early genes at the gene expression level, includ-
ing c-fos and junB. These two genes are the
most strongly affected immediate-early genes in
IL-6/livers, and their expression is likely to be
directly regulated by STAT3 because their full
transactivation requires the STAT-binding ele-
ments in their promoters (Wagner et al. 1990;
Coffer et al. 1995). In addition, a positive corre-
lation between c-jun and STAT3 was observed in
the HCC progression (Zhang et al. 1999), c-jun
being the first discovered nuclear proto-oncogene
(Maki et al. 1987). The c-Jun interaction does
not occur with STAT1. Furthermore, there are
a number of enhancer elements that contain c-
Jun and STAT?3 sites. The transcription factor c-
Jun was found to interact with activated STAT3,
and STAT3 supplemented the transcriptional ac-
tivation capacity of c-Jun in a transfection assay
(Schaefer et al. 1995). These results suggest that

STAT3/JAKs signaling cascade may also con-
tribute to malignant transformation of hepato-
cytes besides Ras/Raf/ MAPK signaling pathway
in HCC (Feng et al. 2001). Also, Machida et al.
reported that HCV infection can cause production
of ROS and lead to the reduction of mitochon-
drial transmembrane potential (Delta Psi(m)) in
HCV-infected cell cultures. Furthermore, an in-
hibitor of ROS production, antioxidant N-acetyl-
L-cysteine (NAC), or an inhibitor of nitric oxide
(NO) prevented the alterations Delta Psi(m). The
HCV-induced DSB was also abolished by a com-
bination of NO and ROS inhibitors. These find-
ings indicated that the mitochondrial damage and
DSBs in HCV-infected cells were mediated by
both NO and ROS (Machida et al. 2006).

6.4  Conclusion and Perspectives
This chapter clearly indicates that STAT3 activa-
tion plays a major role in both HCC initiation
and development, and thereby the abrogation of
STAT3 activation using novel pharmacological
inhibitors can form the basis of future HCC ther-
apy. Interestingly, a number of strategies, includ-
ing the use of antisense oligonucleotide targeting
STAT3, synthetic drugs (including AG490, YC-
1, ENMD-1198, LLL12, NSC-74859, XZH-5,
sorafenib, and celecoxib), small molecules de-
rived from natural sources (diosgenin, PB-escin,
butein, celastrol, y-tocotrienol, garcinol, hon-
okiol, emodin, ursolic acid, capsaicin, resver-
atrol, curcumin), and gene therapy techniques
have been reported to suppress STAT3 signaling
cascade in different HCC cell lines and mouse
models. An important issue related to the safety
of these blockers still remains to be addressed as
inhibition of STAT3 in normal tissues may have
detrimental effects. Hence, to further develop
STAT3 pharmacological blockers for potential
clinical application, complete toxicological and
pharmacokinetics analysis in HCC mouse models
should be carried out in future studies.

Acknowledgments This work was supported by grants
from NUS Academic Research Fund [Grants R-184-207-
112] to GS. APK was supported by grants from Singa-
pore Ministry of Education Tier 2 [MOE2012-T2-2-139],



84

A. Subramaniam et al.

Academic Research Fund Tier 1 [R-184-000-228-112],
and Cancer Science Institute of Singapore, Experimental
Therapeutics I Program [Grant R-713-001-011-271].

Conflict of Interest The authors declare that they have no
conflict of interest.

References

Abdel-Hamid NM (2009) Recent insights on risk fac-
tors of hepatocellular carcinoma. World J Hepatol 1:
3-7

Akira S, Nishio Y, Inoue M, Wang XJ, Wei S, Matsusaka
T, Yoshida K, Sudo T, Naruto M, Kishimoto T (1994)
Molecular cloning of APRF, a novel IFN-stimulated
gene factor 3 p91-related transcription factor involved
in the gpl30-mediated signaling pathway. Cell 77:
63-71

Al Zaid Siddiquee K, Turkson J (2008) STAT3 as a target
for inducing apoptosis in solid and hematological
tumors. Cell Res 18:254-267

Arnaud C, Burger F, Steffens S, Veillard NR, Nguyen TH,
Trono D, Mach F (2005) Statins reduce interleukin-6-
induced C-reactive protein in human hepatocytes: new
evidence for direct antiinflammatory effects of statins.
Arterioscler Thromb Vasc Biol 25:1231-1236

Bromberg JF, Horvath CM, Besser D, Lathem WW,
Darnell JE Jr (1998) Stat3 activation is required for
cellular transformation by v-src. Mol Cell Biol 18:
2553-2558

Bromberg JF, Wrzeszczynska MH, Devgan G, Zhao Y,
Pestell RG, Albanese C, Darnell JE Jr (1999) Stat3 as
an oncogene. Cell 98:295-303

Cao X, Tay A, Guy GR, Tan YH (1996) Activation and
association of Stat3 with Src in v-Src-transformed cell
lines. Mol Cell Biol 16:1595-1603

Carlisi D, D’Anneo A, Angileri L, Lauricella M,
Emanuele S, Santulli A, Vento R, Tesoriere G (2011)
Parthenolide sensitizes hepatocellular carcinoma cells
to TRAIL by inducing the expression of death recep-
tors through inhibition of STAT3 activation. J Cell
Physiol 226:1632-1641

Carr BI, Pancoska P, Branch RA (2010) Tumor and liver
determinants of prognosis in unresectable hepatocel-
lular carcinoma: a large case cohort study. Hepatol Int
4:396-405

Chaturvedi P, Sharma S, Reddy EP (1997) Abroga-
tion of interleukin-3 dependence of myeloid cells by
the v-src oncogene requires SH2 and SH3 domains
which specify activation of STATs. Mol Cell Biol 17:
3295-3304

Chen KF, Tai WT, Liu TH, Huang HP, Lin YC, Shiau CW,
Li PK, Chen PJ, Cheng AL (2010) Sorafenib over-
comes TRAIL resistance of hepatocellular carcinoma
cells through the inhibition of STAT3. Clin Cancer Res
16:5189-5199

Chen W, Shen X, Xia X, Xu G, Ma T, Bai X, Liang
T (2012a) NSC 74859-mediated inhibition of STAT3
enhances the anti-proliferative activity of cetuximab in
hepatocellular carcinoma. Liver Int 32:70-77

Chen KF, Su JC, Liu CY, Huang JW, Chen KC, Chen
WL, Tai WT, Shiau CW (2012b) A novel obatoclax
derivative, SC-2001, induces apoptosis in hepatocellu-
lar carcinoma cells through SHP-1-dependent STAT3
inactivation. Cancer Lett 321:27-35

Choudhari SR, Khan MA, Harris G, Picker D, Jacob GS,
Block T, Shailubhai K (2007) Deactivation of Akt and
STAT3 signaling promotes apoptosis, inhibits prolif-
eration, and enhances the sensitivity of hepatocellular
carcinoma cells to an anticancer agent, Atiprimod. Mol
Cancer Ther 6:112-121

Coffer P, Lutticken C, van Puijenbroek A, Klop-de Jonge
M, Horn E, Kruijer W (1995) Transcriptional regula-
tion of the junB promoter: analysis of STAT-mediated
signal transduction. Oncogene 10:985-994

Dominguez-Malagon H, Gaytan-Graham S (2001) Hep-
atocellular carcinoma: an update. Ultrastruct Pathol
25:497-516

Dumoutier L, Van Roost E, Colau D, Renauld JC (2000)
Human interleukin-10-related T cell-derived inducible
factor: molecular cloning and functional characteri-
zation as an hepatocyte-stimulating factor. Proc Natl
Acad Sci U S A 97:10144-10149

El-Assal ON, Yamanoi A, Soda Y, Yamaguchi M, Igarashi
M, Yamamoto A, Nabika T, Nagasue N (1998) Clin-
ical significance of microvessel density and vascular
endothelial growth factor expression in hepatocellular
carcinoma and surrounding liver: possible involvement
of vascular endothelial growth factor in the angiogen-
esis of cirrhotic liver. Hepatology 27:1554—1562

El-Serag HB, Rudolph KL (2007) Hepatocellular car-
cinoma: epidemiology and molecular carcinogenesis.
Gastroenterology 132:2557-2576

Feng DY, Zheng H, Tan Y, Cheng RX (2001) Effect of
phosphorylation of MAPK and Stat3 and expression
of c-fos and c-jun proteins on hepatocarcinogenesis
and their clinical significance. World J Gastroenterol 7:
33-36

Ferlay J, Shin HR, Bray F, Forman D, Mathers C, Parkin
DM (2010) Estimates of worldwide burden of can-
cer in 2008: GLOBOCAN 2008. Int J Cancer 127:
2893-2917

Folkman J (1990) What is the evidence that tumors
are angiogenesis dependent? J Natl Cancer Inst 82:
4-6

Germain D, Frank DA (2007) Targeting the cytoplasmic
and nuclear functions of signal transducers and activa-
tors of transcription 3 for cancer therapy. Clin Cancer
Res 13:5665-5669

Guo J, Ma Q, Zhou X, Shan T, Fan P, Miao D (2013)
Inactivation of p27 promotes carcinogens induced
liver hepatocarcinogenesis through enhancing inflam-
matory cytokine secretion and STAT3 signaling acti-
vation. J Cell Physiol 228:1967-1976



6 Possible Involvement of Signal Transducer and Activator of Transcription-3... 85

He G, Karin M (2011) NF-kappaB and STAT3 - key
players in liver inflammation and cancer. Cell Res
21:159-168

He G, Yu GY, Temkin V, Ogata H, Kuntzen C, Sakurai
T, Sieghart W, Peck-Radosavljevic M, Leffert HL,
Karin M (2010) Hepatocyte IKKbeta/NF-kappaB in-
hibits tumor promotion and progression by preventing
oxidative stress-driven STAT3 activation. Cancer Cell
17:286-297

Hibi M, Murakami M, Saito M, Hirano T, Taga T,
Kishimoto T (1990) Molecular cloning and ex-
pression of an IL-6 signal transducer, gp130. Cell
63:1149-1157

Hirano T, Nakajima K, Hibi M (1997) Signaling mecha-
nisms through gp130: a model of the cytokine system.
Cytokine Growth Factor Rev 8:241-252

Hu QD, Chen W, Yan TL, Ma T, Chen CL, Liang C, Zhang
Q, Xia XF, Liu H, Zhi X, Zheng XX, Bai XL, Yu XZ,
Liang TB (2012) NSC 74859 enhances doxorubicin
cytotoxicity via inhibition of epithelial-mesenchymal
transition in hepatocellular carcinoma cells. Cancer
Lett 325:207-213

Itabashi H, Maesawa C, Oikawa H, Kotani K, Saku-
rai E, Kato K, Komatsu H, Nitta H, Kawamura H,
Wakabayashi G, Masuda T (2008) Angiotensin II and
epidermal growth factor receptor cross-talk mediated
by a disintegrin and metalloprotease accelerates tu-
mor cell proliferation of hepatocellular carcinoma cell
lines. Hepatol ResOff J Jap Soc Hepatol 38:601-613

Ji Y, Wang Z, Li Z, Li K, Le X, Zhang T (2012)
Angiotensin II induces angiogenic factors produc-
tion partly via AT1/JAK2/STAT3/SOCS3 signaling
pathway in MHCC97H cells. Cell Physiol Biochem
Int J Exp Cell Physiol Biochem Pharmacol 29:
863-874

JiaH, Li Y, Zhao T, Li X, Hu J, Yin D, Guo B, Kopecko
DJ, Zhao X, Zhang L, de Xu Q (2012) Antitumor
effects of Stat3-siRNA and endostatin combined thera-
pies, delivered by attenuated Salmonella, on orthotopi-
cally implanted hepatocarcinoma. Cancer Immunol
Immunother CII 61:1977-1987

Kamata H, Honda S, Maeda S, Chang L, Hirata H,
Karin M (2005) Reactive oxygen species promote
TNFalpha-induced death and sustained JNK activa-
tion by inhibiting MAP kinase phosphatases. Cell
120:649-661

Karras JG, Wang Z, Huo L, Frank DA, Rothstein TL
(1997) Induction of STAT protein signaling through
the CD40 receptor in B lymphocytes: distinct STAT
activation following surface Ig and CD40 receptor
engagement. J Immunol 159:4350-4355

Kusaba M, Nakao K, Goto T, Nishimura D, Kawashimo
H, Shibata H, Motoyoshi Y, Taura N, Ichikawa T,
Hamasaki K, Eguchi K (2007) Abrogation of con-
stitutive STAT3 activity sensitizes human hepatoma
cells to TRAIL-mediated apoptosis. J Hepatol 47:
546-555

Lang SA, Brecht I, Moser C, Obed A, Batt D, Schlitt HJ,
Geissler EK, Stoeltzing O (2008) Dual inhibition of
Raf and VEGFR?2 reduces growth and vascularization

of hepatocellular carcinoma in an experimental model.
Langenbeck’s Arch Surg/Deutsche Gesellschaft fur
Chirurgie 393:333-341

Lau WY, Lai EC (2008) Hepatocellular carcinoma: cur-
rent management and recent advances. Hepatobiliary
Pancreat Dis Int 7:237-257

Lau CK, Yang ZF, Lam SP, Lam CT, Ngai P, Tam KH,
Poon RT, Fan ST (2007) Inhibition of Stat3 activity
by YC-1 enhances chemo-sensitivity in hepatocellular
carcinoma. Cancer Biol Ther 6:1900-1907

Lavecchia A, Di Giovanni C, Novellino E (2011) STAT-3
inhibitors: state of the art and new horizons for cancer
treatment. Curr Med Chem 18:2359-2375

Lee H, Herrmann A, Deng JH, Kujawski M, Niu G,
Li Z, Forman S, Jove R, Pardoll DM, Yu H (2009)
Persistently activated Stat3 maintains constitutive NF-
kappaB activity in tumors. Cancer Cell 15:283-293

Levy DE, Darnell JE Jr (2002) Stats: transcriptional con-
trol and biological impact. Nat Rev Mol Cell Biol
3:651-662

Li WC, Ye SL, Sun RX, Liu YK, Tang ZY, Kim Y,
Karras JG, Zhang H (2006) Inhibition of growth
and metastasis of human hepatocellular carcinoma by
antisense oligonucleotide targeting signal transducer
and activator of transcription 3. Clin Cancer Res 12:
7140-7148

Li J, Piao YF, Jiang Z, Chen L, Sun HB (2009) Si-
lencing of signal transducer and activator of tran-
scription 3 expression by RNA interference sup-
presses growth of human hepatocellular carcinoma in
tumor-bearing nude mice. World J Gastroenterol 15:
2602-2608

Li E Fernandez PP, Rajendran P, Hui KM, Sethi G
(2010) Diosgenin, a steroidal saponin, inhibits STAT3
signaling pathway leading to suppression of prolifer-
ation and chemosensitization of human hepatocellular
carcinoma cells. Cancer Lett 292:197-207

Liang H, Block TM, Wang M, Nefsky B, Long R, Hafner
J, Mehta AS, Marrero J, Gish R, Norton PA (2012)
Interleukin-6 and oncostatin M are elevated in liver
disease in conjunction with candidate hepatocellular
carcinoma biomarker GP73. Cancer biomarkers: sec-
tion A of Disease markers 11:161-171

Lin L, Amin R, Gallicano GI, Glasgow E, Jogunoori W,
Jessup JM, Zasloff M, Marshall JL, Shetty K, Johnson
L, Mishra L, He AR (2009) The STAT3 inhibitor
NSC 74859 is effective in hepatocellular cancers with
disrupted TGF-beta signaling. Oncogene 28:961-972

Lin L, Deangelis S, Foust E, Fuchs J, Li C, Li PK,
Schwartz EB, Lesinski GB, Benson D, Lu J, Hoyt
D, Lin J (2010) A novel small molecule inhibits
STAT3 phosphorylation and DNA binding activity and
exhibits potent growth suppressive activity in human
cancer cells. Mol Cancer 9:217

Liu Y, Li PK, Li C, Lin J (2010a) Inhibition of STAT3
signaling blocks the anti-apoptotic activity of IL-
6 in human liver cancer cells. J Biol Chem 285:
27429-27439

Liu Y, Fuchs J, Li C, Lin J (2010b) IL-6, a risk factor
for hepatocellular carcinoma: FLLL32 inhibits IL-6-



86

A. Subramaniam et al.

induced STAT3 phosphorylation in human hepatocel-
lular cancer cells. Cell Cycle 9:3423-3427

Liu Y, Liu A, Li H, Li C, Lin J (2011a) Celecoxib
inhibits interleukin-6/interleukin-6 receptor-induced
JAK2/STAT3 phosphorylation in human hepatocel-
lular carcinoma cells. Cancer Prev Res (Phila) 4:
12961305

Liu Y, Liu A, Xu Z, Yu W, Wang H, Li C, Lin J (2011b)
XZH-5 inhibits STAT3 phosphorylation and causes
apoptosis in human hepatocellular carcinoma cells.
Apoptosis 16:502-510

Machida K, Cheng KT, Lai CK, Jeng KS, Sung VM, Lai
MM (2006) Hepatitis C virus triggers mitochondrial
permeability transition with production of reactive
oxygen species, leading to DNA damage and STAT3
activation. J Virol 80:7199-7207

Maki Y, Bos TJ, Davis C, Starbuck M, Vogt PK (1987)
Avian sarcoma virus 17 carries the jun oncogene. Proc
Natl Acad Sci U S A 84:2848-2852

Mano Y, Aishima S, Fujita N, Tanaka Y, Kubo Y, Mo-
tomura T, Taketomi A, Shirabe K, Maehara Y, Oda
Y (2013) Tumor-associated macrophage promotes tu-
mor progression via STAT3 signaling in hepatocellular
carcinoma. Pathobiol J Immunopathol Mol Cell Biol
80:146-154

Matsuda Y, Ichida T (2006) p16 and p27 are functionally
correlated during the progress of hepatocarcinogene-
sis. Med Mol Morphol 39:169-175

Metz S, Wiesinger M, Vogt M, Lauks H, Schmalzing G,
Heinrich PC, Muller-Newen G (2007) Characteriza-
tion of the Interleukin (IL)-6 Inhibitor IL-6-RFP: fused
receptor domains act as high affinity cytokine-binding
proteins. J Biol Chem 282:1238-1248

Moser C, Lang SA, Mori A, Hellerbrand C, Schlitt HJ,
Geissler EK, Fogler WE, Stoeltzing O (2008) ENMD-
1198, a novel tubulin-binding agent reduces HIF-
lalpha and STAT3 activity in human hepatocellular
carcinoma (HCC) cells, and inhibits growth and vas-
cularization in vivo. BMC Cancer 8:206

Nakamoto Y, Kaneko S (2003) Mechanisms of viral
hepatitis induced liver injury. Curr Mol Med 3:
537-544

Naugler WE, Sakurai T, Kim S, Maeda S, Kim K,
Elsharkawy AM, Karin M (2007) Gender disparity
in liver cancer due to sex differences in MyD88-
dependent IL-6 production. Science 317:121-124

Niwa Y, Kanda H, Shikauchi Y, Saiura A, Matsubara
K, Kitagawa T, Yamamoto J, Kubo T, Yoshikawa H
(2005) Methylation silencing of SOCS-3 promotes cell
growth and migration by enhancing JAK/STAT and
FAK signalings in human hepatocellular carcinoma.
Oncogene 24:6406-6417

Parekh S, Anania FA (2007) Abnormal lipid and glu-
cose metabolism in obesity: implications for non-
alcoholic fatty liver disease. Gastroenterology 132:
2191-2207

Peroukides S, Bravou V, Alexopoulos A, Varakis J, Kalo-
fonos H, Papadaki H (2010) Survivin overexpression
in HCC and liver cirrhosis differentially correlates

with p-STAT3 and E-cadherin. Histol Histopathol
25:299-307

Pfitzner E, Kliem S, Baus D, Litterst CM (2004) The role
of STATs in inflammation and inflammatory diseases.
Curr Pharm Des 10:2839-2850

Rajendran P, Li F, Manu KA, Shanmugam MK, Loo
SY, Kumar AP, Sethi G (2011a) gamma-Tocotrienol
is a novel inhibitor of constitutive and inducible
STAT3 signalling pathway in human hepatocellular
carcinoma: potential role as an antiproliferative, pro-
apoptotic and chemosensitizing agent. Br J Pharmacol
163:283-298

Rajendran P, Ong TH, Chen L, Li F, Shanmugam MK,
Vali S, Abbasi T, Kapoor S, Sharma A, Kumar AP, Hui
KM, Sethi G (2011b) Suppression of signal transducer
and activator of transcription 3 activation by butein
inhibits growth of human hepatocellular carcinoma in
vivo. Clin Cancer Res 17:1425-1439

Rajendran P, Li F, Shanmugam MK, Kannaiyan R, Goh
JN, Wong KF, Wang W, Khin E, Tergaonkar V, Kumar
AP, Luk JM, Sethi G (2012) Celastrol suppresses
growth and induces apoptosis of human hepatocellular
carcinoma through the modulation of STAT3/JAK2
signaling cascade in vitro and in vivo. Cancer Prev Res
(Phila) 5:631-643

Schaefer TS, Sanders LK, Nathans D (1995) Coopera-
tive transcriptional activity of Jun and Stat3 beta, a
short form of Stat3. Proc Natl Acad Sci U S A 92:
9097-9101

Schneller D, Machat G, Sousek A, Proell V, van
Zijl F, Zulehner G, Huber H, Mair M, Muellner
MK, Nijman SM, Eferl R, Moriggl R, Mikulits W
(2011) p19(ARF) /p14(ARF) controls oncogenic func-
tions of signal transducer and activator of transcrip-
tion 3 in hepatocellular carcinoma. Hepatology 54:
164-172

Schust J, Sperl B, Hollis A, Mayer TU, Berg T (2006)
Stattic: a small-molecule inhibitor of STAT3 activation
and dimerization. Chem Biol 13:1235-1242

Selvendiran K, Koga H, Ueno T, Yoshida T, Maeyama
M, Torimura T, Yano H, Kojiro M, Sata M (2006)
Luteolin promotes degradation in signal transducer
and activator of transcription 3 in human hepatoma
cells: an implication for the antitumor potential of
flavonoids. Cancer Res 66:4826-4834

Shuai K, Stark GR, Kerr IM, Darnell JE Jr (1993) A
single phosphotyrosine residue of Stat91 required for
gene activation by interferon-gamma. Science 261:
1744-1746

Strain A (1998) Liver growth and repair. Chapman & Hall,
London

Subramaniam A, Shanmugam MK, Perumal E, Li F,
Nachiyappan A, Dai X, Swamy SN, Ahn KS, Kumar
AP, Tan BK, Hui KM, Sethi G (2013) Poten-
tial role of signal transducer and activator of tran-
scription (STAT)3 signaling pathway in inflamma-
tion, survival, proliferation and invasion of hepa-
tocellular carcinoma. Biochim Biophys Acta 1835:
46-60



6 Possible Involvement of Signal Transducer and Activator of Transcription-3... 87

Sun X, Zhang J, Wang L, Tian Z (2008) Growth inhibition
of human hepatocellular carcinoma cells by block-
ing STAT3 activation with decoy-ODN. Cancer Lett
262:201-213

Tai WT, Cheng AL, Shiau CW, Huang HP, Huang JW,
Chen PJ, Chen KF (2011) Signal transducer and acti-
vator of transcription 3 is a major kinase-independent
target of sorafenib in hepatocellular carcinoma. J Hep-
atol 55:1041-1048

Tan SM, Li F, Rajendran P, Kumar AP, Hui KM, Sethi G
(2010) Identification of beta-escin as a novel inhibitor
of signal transducer and activator of transcription
3/Janus-activated kinase 2 signaling pathway that sup-
presses proliferation and induces apoptosis in human
hepatocellular carcinoma cells. J Pharmacol Exp Ther
334:285-293

Taub R (2003) Hepatoprotection via the IL-6/Stat3 path-
way. J Clin Invest 112:978-980

Toffanin S, Friedman SL, Llovet JM (2010) Obesity,
inflammatory signaling, and hepatocellular carcinoma-
an enlarging link. Cancer Cell 17:115-117

Toyokuni S, Okamoto K, Yodoi J, Hiai H (1995) Persistent
oxidative stress in cancer. FEBS Lett 358:1-3

Trikha M, Corringham R, Klein B, Rossi JF (2003) Tar-
geted anti-interleukin-6 monoclonal antibody therapy
for cancer: a review of the rationale and clinical
evidence. Clin Cancer Res 9:4653-4665

Turkson J, Bowman T, Garcia R, Caldenhoven E, De
Groot RP, Jove R (1998) Stat3 activation by Src
induces specific gene regulation and is required for cell
transformation. Mol Cell Biol 18:2545-2552

Valentino L, Pierre J (2006) JAK/STAT signal trans-
duction: regulators and implication in hematological
malignancies. Biochem Pharmacol 71:713-721

Wagner BJ, Hayes TE, Hoban CJ, Cochran BH (1990) The
SIF binding element confers sis/PDGF inducibility
onto the c-fos promoter. EMBO J 9:4477-4484

Wang T, Weinman SA (2006) Causes and consequences
of mitochondrial reactive oxygen species generation
in hepatitis C. J Gastroenterol Hepatol 21(Suppl 3):
S34-S37

Wang Y, Ma X, Yan S, Shen S, Zhu H, Gu Y, Wang H,
Qin G, Yu Q (2009) 17-hydroxy-jolkinolide B inhibits
signal transducers and activators of transcription 3
signaling by covalently cross-linking Janus kinases
and induces apoptosis of human cancer cells. Cancer
Res 69:7302-7310

Wang H, Lafdil F, Wang L, Park O, Yin S, Niu J, Miller
AM, Sun Z, Gao B (2011) Hepatoprotective versus

oncogenic functions of STAT3 in liver tumorigenesis.
Am J Pathol 179:714-724

Wegenka UM, Buschmann J, Lutticken C, Heinrich PC,
Horn F (1993) Acute-phase response factor, a nuclear
factor binding to acute-phase response elements, is
rapidly activated by interleukin-6 at the posttransla-
tional level. Mol Cell Biol 13:276-288

Weidler M, Rether J, Anke T, Erkel G (2000) Inhibition
of interleukin-6 signaling and Stat3 activation by a
new class of bioactive cyclopentenone derivatives.
Biochem Biophys Res Commun 276:447-453

Won C, Lee CS, Lee JK, Kim TJ, Lee KH, Yang YM, Kim
YN, Ye SK, Chung MH (2010) CADPE suppresses
cyclin D1 expression in hepatocellular carcinoma by
blocking IL-6-induced STAT3 activation. Anticancer
Res 30:481-488

Wu WY, LiJ, WuZS, Zhang CL, Meng XL (2011) STAT3
activation in monocytes accelerates liver cancer pro-
gression. BMC Cancer 11:506

Xie TX, Huang FJ, Aldape KD, Kang SH, Liu M,
Gershenwald JE, Xie K, Sawaya R, Huang S (2006)
Activation of stat3 in human melanoma promotes brain
metastasis. Cancer Res 66:3188-3196

Yan XL, Jia YL, Chen L, Zeng Q, Zhou JN, Fu CJ, Chen
HX, Yuan HF, Li ZW, Shi L, Xu YC, Wang JX, Zhang
XM, He LJ, Zhai C, Yue W, Pei XT (2013) Hep-
atocellular carcinoma-associated mesenchymal stem
cells promote hepatocarcinoma progression: role of
the ST00A4-miR155-SOCS1-MMP?9 axis. Hepatology
57:2274-2286

Yoshikawa H, Matsubara K, Qian GS, Jackson P, Groop-
man JD, Manning JE, Harris CC, Herman JG (2001)
SOCS-1, a negative regulator of the JAK/STAT path-
way, is silenced by methylation in human hepatocellu-
lar carcinoma and shows growth-suppression activity.
Nat Genet 28:29-35

Zhang X, Wrzeszczynska MH, Horvath CM, Darnell JE
Jr (1999) Interacting regions in Stat3 and c-Jun that
participate in cooperative transcriptional activation.
Mol Cell Biol 19:7138-7146

Zhang M, Zhang H, Sun C, Shan X, Yang X, Li-Ling
J, Deng Y (2009) Targeted constitutive activation of
signal transducer and activator of transcription 3 in
human hepatocellular carcinoma cells by cucurbitacin
B. Cancer Chemother Pharmacol 63:635-642

Zhong Z, Wen Z, Darnell JE Jr (1994) Stat3: a STAT
family member activated by tyrosine phosphorylation
in response to epidermal growth factor and interleukin-
6. Science 264:95-98



	6 Possible Involvement of Signal Transducer and Activator of Transcription-3 (STAT3) Signaling Pathway in the Initiation and Progression of Hepatocellular Carcinoma
	6.1 Introduction: Risk Factors Associated with Initiation and Development of HCC
	6.2 Role of STAT3 Signaling Pathway in the Initiation of HCC
	6.2.1 Oncogenic Transformation
	6.2.2 Inflammation
	6.2.3 Regulation of Apoptosis
	6.2.4 Cell Cycle Progression
	6.2.5 Angiogenesis
	6.2.6 Cellular Invasion

	6.3 Link Between Oxidative Stress and STAT3 Activation
	6.4 Conclusion and Perspectives
	References


