
Canadian Journal of Gastroenterology and Hepatology

Hepatocellular Carcinoma: From 
Molecular Basis to Novel Treatment 
Approaches

Lead Guest Editor: Hikmet Akkız
Guest Editors: Ali Canbay, Brian I. Carr, Yaman Tokat, and Shuichiro Shiina



Hepatocellular Carcinoma: From Molecular
Basis to Novel Treatment Approaches



Canadian Journal of Gastroenterology and Hepatology

Hepatocellular Carcinoma: From Molecular
Basis to Novel Treatment Approaches

Lead Guest Editor: Hikmet Akkiz
Guest Editors: Ali Canbay, Brian I. Carr, Yaman Tokat,
and Shuichiro Shiina



Copyright © 2019 Hindawi. All rights reserved.

This is a special issue published in “Canadian Journal of Gastroenterology andHepatology.” All articles are open access articles distributed
under the Creative Commons Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, pro-
vided the original work is properly cited.



Editorial Board

Armand Abergel, France
Luis Arroyo, Canada
Olivier Barbier, Canada
Wael El-Matary, Canada
Joseph Feuerstein, USA
Robert Flisiak, Poland
F. Pierre Gendron, Canada
Alessandro Granito, Italy
Saumya Jayakumar, Canada
Michel Kahaleh, USA
Tatsuo Kanda, Japan
Junichi Kaneko, Japan

Quirino Lai, Italy
Pascal Lapierre, Canada
Anthony J. Lembo, USA
Giovanni Marasco, Italy
José L. Mauriz, Spain
Michele Molinari, USA
Aldo J. Montano-Loza, Canada
Paolo Muratori, Italy
Yousuke Nakai, Japan
Masanao Nakamura, Japan
Helmut Neumann, Germany
Salvatore Oliva, Italy

Kevork M. Peltekian, Canada
Maikel P. Peppelenbosch, Netherlands
Raffaele Pezzilli, Italy
Francesco Paolo Russo, Italy
Maida Sewitch, Canada
Martin Storr, Germany
Pierluigi Toniutto, Italy
Toshio Uraoka, Japan
Geoffrey Williams, Canada
Sergio Zepeda-Gómez, Canada



Contents

Hepatocellular Carcinoma: FromMolecular Basis to Novel Treatment Approaches
Hikmet Akkız
Editorial (2 pages), Article ID 4970731, Volume 2019 (2019)

Pleiotropic Effects of Heparins: From Clinical Applications to Molecular Mechanisms in Hepatocellular
Carcinoma
Peyda Korhan, Yeliz Yılmaz, Ezgi Bağırsakçı, Ayşim Güneş, Hande Topel, Brian I. Carr ,
and Neşe Atabey
Review Article (8 pages), Article ID 7568742, Volume 2018 (2019)

Plexin C1 Marks Liver Cancer Cells with Epithelial Phenotype and Is Overexpressed in Hepatocellular
Carcinoma
Gorkem Odabas , Metin Cetin , Serdar Turhal, Huseyin Baloglu, A. Emre Sayan, and Tamer Yagci
Research Article (9 pages), Article ID 4040787, Volume 2018 (2019)

Molecular Pathogenesis of Nonalcoholic Steatohepatitis- (NASH-) Related Hepatocellular Carcinoma
Ozlem Kutlu , Humeyra Nur Kaleli , and Ebru Ozer
Review Article (9 pages), Article ID 8543763, Volume 2018 (2019)

Macroscopic Portal VeinThrombosis in HCC Patients
Hikmet Akkiz, Brian I. Carr , Sedef Kuran, Ümit Karaoğullarından, Oguz Üsküdar, Salih Tokmak,
Burcu Arslan, Figen Doran, Hüseyin Tugsan Balli, Abdulalh Ülkü, Tolga Atılgan Akçam,
Halil İbrahim Bahçeci, Kamil Yalçın Polat, Necati Örmeci, Halis Şimşek, Abdullah Sonsuz, Ali Demir,
Engin Altıntaş, Mehmet Demir, Kendal Yalçın, Nazım Ekinci, Ayşegül Harmancı Özakyol, Mehmet Yücesoy,
Ahmet Uygun, Vito Guerra, Anıl Delik, Yaman Tokat, Sezai Yilmaz, Ahmet Bektaş, and Murat Kılıç
Research Article (8 pages), Article ID 3120185, Volume 2018 (2019)

Percutaneous Ablation for Hepatocellular Carcinoma: Comparison of Various Ablation Techniques and
Surgery
Shuichiro Shiina , Koki Sato, Ryosuke Tateishi, Motonori Shimizu, Hideko Ohama, Takeshi Hatanaka,
Masashi Takawa, Hiroaki Nagamatsu, and Yasuharu Imai
Review Article (8 pages), Article ID 4756147, Volume 2018 (2019)

http://orcid.org/0000-0001-9745-8875
http://orcid.org/0000-0002-6111-5077
http://orcid.org/0000-0003-4966-2980
http://orcid.org/0000-0003-4238-894X
http://orcid.org/0000-0001-9963-8407
http://orcid.org/0000-0003-2050-7477
http://orcid.org/0000-0002-3769-2536
http://orcid.org/0000-0002-4355-7592
http://orcid.org/0000-0002-7832-3964
http://orcid.org/0000-0002-6111-5077
http://orcid.org/0000-0002-7314-7228


Editorial
Hepatocellular Carcinoma: From Molecular Basis to Novel
Treatment Approaches

Hikmet AkkJz

Professor of Gastroenterology and Hepatology, Head of Gastroenterology and Hepatology, Çukurova University, Turkey
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Hepatocellular carcinoma (HCC) is among the most preva-
lent and lethal cancers in the world and is the fi
h most
common cancer and the second leading cause of cancer-
related deaths. HCC incidence has increased dramatically
during the last decade worldwide. HCC is endemic in East
Asia and sub-Saharan Africa where the major risk factors
are hepatitis B virus (HBV) and hepatitis C Virus (HCV)
infection. Aflatoxin B1 is a relevant cofactor for HCC in sub-
Saharan Africa. In the United States and Western Europe,
Nonalcoholic Steatohepatitis is an emerging risk factor for the
development of HCC.

Recently, Genome-Wide Association Study (GWAS) and
Next Generation Sequencing (NGS) technologies have sig-
nificantly improved our understanding of the molecular
pathogenesis of HCC. Hepatocarcinogenesis is driven by
interaction between host genetic polymorphisms, environ-
mental factors including metabolic syndrome, aflatoxin B1,
alcohol consumption, and viral factors including HBV and
HCV infection. Keymolecular drivers involved in hepatocar-
cinogenesis have been demonstrated. Molecular alterations
at genomic, transcriptomic, and epigenomic level have been
shown to be drivers in hepatocarcinogenesis. Genomic insta-
bility is key driver in hepatocarcinogenesis that may result in
copy number alterations and somatic mutations. Epigenomic
alterations causing DNA mutilation, histone modification,
and chromatin remodeling regulate gene expression at the
genome. Telomere and Telomerase have a key role in HCC
development. Telomerase reverse transcriptase promoter
(TERT) mutation is an early somatic alteration in hepatocar-
cinogenesis. Telomerase reactivation occurs in approximately
90%ofHCCpatients due to TERT promotermutation, TERT
amplification, and HBV insertion into the TERT promoter.
Inactivation of p53 pathway, alterations in cell cycle signaling

pathway, activation ofWnt/B-Catenin signaling and oxidative
stress pathways, epigenetic alterations causing chromatin
remodeling, and activation of Akt-mTOR-MAPK signaling
have been shown to promote HCC progression.

Barcelona Clinic Liver Cancer (BCLC) staging system is
the most used staging system in the world for estimating
the prognosis of HCC patients and contributes to clinicians
choice of an evidence-based allocation of curative and pallia-
tive treatments. According to BCLC staging system, potential
curative treatments such as ablation, hepatic resection, and
liver transplantation are standard options in stage 0 and
A HCC patients. Although BCLC A stage is quite specific,
BCLC stage B HCC (intermediate stage) is characterized
by high heterogeneity which shows a significant challenge
in terms of determining the most effective therapy. BCLC
staging system recommends transarterial chemoemboliza-
tion (TACE) for BCLCBpatients.However, potential curative
treatments may provide more favorable clinical outcomes in
some BCLC B patients with preserved liver function.

�e advanced stage HCC (BCLCC) includes an extreme-
ly heterogeneous patient population characterized by extra-
hepatic metastasis, macrovascular invasion, a wide range
of Child-Pugh scores (A5-B9), and Eastern Cooperative
Oncology Group performance status (PS 0-2) and systemic
therapy with the multikinase inhibitor, sorafenib, being rec-
ommended in patients with advanced stage HCC.

�is special issue includes relevant research articles
and review articles. In the review article titled “Pleiotropic
Effects of Heparins: From Clinical Applications to Molecular
Mechanisms in Hepatocellular Carcinoma” published by P.
Korhan et al., the authors summarize the state of knowledge
whereby heparin may crosstalk with molecules playing a role
in hepatocarcinogenesis, and highlight new experimental and
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clinical research-related personalized therapy in patients with
cancer at risk of thromboembolism.

�e research article published by G. Odabas et al. showed
that Plexin C1 distinguishes HCC cells of epithelial character-
istics from those with the mesenchymal phenotype and HCC
tissue overexpresses Plexin C1 compared to stroma.

In the review article titled “Molecular Pathogenesis of
Nonalcoholic Steatohepatitis- (NASH-) Related Hepatocellu-
lar Carcinoma” written by O. Kutlu et al., the investigators
provide comprehensive knowledge of NASH-related hepato-
carcinogenesis and highlight molecular signaling pathways
that may have a role in HCC development.

H. Akkiz et al. have demonstrated the association be-
tween portal vein thrombosis andmaximum tumor diameter,
multifocality, and AFP in the large cohort study.

In the review article on local ablation therapies for
HCC, S. Shiina et al. have given updated knowledge about
various ablation techniques and compared them to surgical
modalities.

Conflicts of Interest

�e editors declare that they have no conflicts of interest
regarding the publication of this special issue.

Acknowledgments

Finally, I would like to knowledge the Guest Editors DR.
Yaman Tokat, Dr. Brian Carr, Dr. Ali Canbay, and Dr.
Shuichiro Shiina for valuable endeavours and contributions.
Additionally, I would like to thank the Çukurova University
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Hepatocellular carcinoma (HCC) is amajor health problemworldwide andmost cases are incurable because of late presentation. It is
the most common primary neoplasm of the liver and often arises in the context of a chronic liver disease that impairs coagulation.
Portal vein thrombosis (PVT) is a common complication of HCC that is associated with a poor prognosis. Heparin derivatives
are widely used in the management of venous thromboembolism (VTE). Among them low molecular weight heparin (LMWH)
favorably influences the survival in patients with advanced cancer, including HCC. Due to their pleiotropic function, heparins
affect tumorigenesis in many ways and may promote or hamper tumorigenic transformation depending on the cancer type and
cancer stage along with their structural properties and concentration.Thus, their application as an antithrombotic along with the
conventional therapy regime should be carefully planned to develop the best management strategies. In this review, we first will
briefly review clinical applications of heparin derivatives in the management of cancer with a particular focus on HCC. We then
summarize the state of knowledge whereby heparin can crosstalk with molecules playing a role in hepatocarcinogenesis. Lastly,
we highlight new experimental and clinical research conducted with the aim of moving towards personalized therapy in cancer
patients at risk of thromboembolism.

1. Introduction

Worldwide, liver cancer is the sixthmost common cancer and
is the second leading global cause of cancer-related deaths
[1, 2]. Among all primary liver cancers, HCC is the most
prevalent malignancy, accounting for approximately 90% of
cases [1–3]. The prognosis for HCC is very poor, with an
incidence rate almost equaling the mortality rate (overall
ratio of mortality to incidence of 0.95) [1]. The incidence
of HCC increases progressively worldwide with advancing
age in all populations, reaching a peak at 70 years [1]. The
highest incidence andmortality rates of HCC are found in the
less developed regions of the world, such as Southeast Asian
countries [1], as compared to those inmore developed regions
in Europe and North America [1–3]. This global variation in
incidence rates of HCC is closely related to the risk factors
for HCC. HCC is common in patients with advanced hepatic

fibrosis and cirrhosis, particularly with chronic damage
caused by HBV or HCV infection, alcohol abuse, metabolic
disease, and nonalcoholic fatty liver disease/obesity [4].
Tobacco smoke inhalation and dietary ingestion of fungal
aflatoxins have been also recognized as major risk factors
for HCC [4]. HCC originates as a result of an accumulation
of genetic and epigenetic alterations, leading to an aberrant
production of driver molecules.These altered expression pro-
files result in a multistep progression of precursor lesions to
invasive/advanced HCC [4]. Importantly, Cancer Research,
UK, has announced that 49% of liver cancer cases in the
UK are preventable [5]. HBV vaccination, the establishment
of treatments for HBV or HCV infections and widespread
screening for hepatitis B or C viral infection, and interrupting
the transmission of hepatitis virus infection via blood trans-
fusion and blood products have all been shown to prevent
liver cancer in high-incidence countries such as Japan [1, 5, 6].
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Advances in science and technology have resulted in sub-
stantial opportunities for the management of HCC; however,
prognosis of this disease is still poor due to the advanced
stage at disease presentation, often due to absence of pathog-
nomonic symptoms [7–10]. Larger tumor size, vascular inva-
sion, poor liver functional status, and nodal metastasis are
all associated with a poor prognosis [7–10]. Additionally,
extraordinary inter- and intratumor heterogeneity of HCC
contribute to drug resistance and recurrence, which pose a
substantial bar to survival [11].

This complexity of HCC has led to the development of
staging systems which combine both tumor and liver factors
and a set of management guidelines, such as the Barcelona
Clinic Liver Cancer (BCLC) guidelines recommended by
the American Association for the Study of Liver Diseases
(AASLD) and the European Association for the Study of
the Liver (EASL) [8–10]. Surgical resection, transplantation,
and ablation are potentially curative treatment options for
HCC [8–10]. Unfortunately, less than 30% of patients globally
who are diagnosed with early stage disease (Stage 0 or A)
are eligible for these procedures [8–10]. For patients with
intermediate stage disease (stage B), where patients are not
eligible to be operated on, transarterial chemoembolisa-
tion (TACE) or transarterial radioembolisation (TARE) are
recommended to establish local control and palliation [8–
10]. TACE could potentially also be an adjuvant therapy
for resectable HCC patients after hepatectomy, which could
prevent recurrence and improve long-term survival [8–10].
Patientswith advancedHCCwhich is considered as incurable
have limited treatment options and chemotherapy provides
minimal clinical benefit. Currently, Sorafenib, Lenvatinib,
Regorafenib, or Opdivo, which are multitargeted kinase
inhibitors or immune checkpoint inhibitors (Opdivo), are the
only systemic agents demonstrated to extend overall survival
(OS) compared with placebo in patients with advanced HCC
by approximately three months [12–14].

Although TACE is relatively safe, it may cause liver
damage complications, especially in presence of PVT [15].
In addition, like many cancers, HCC is also associated with
hemostatic activation, with a reported incidence of PVT
ranging from 20%-65% [16].The presence of PVT in patients
with HCC is associated with systemic VTE, worse hepatic
function, intraarterial tumor invasion, portal hypertension,
and poorer tolerance to undergoing treatment which are
collectively lead to reduced survival [16, 17]. Not surpris-
ingly, PVT is frequent in patients with liver cirrhosis which
can be life-threatening [18]. Hemostatic alterations are well
documented in liver disease: hemostasis is often impaired by
thrombocytopenia and the reduced synthesis of coagulation
factors that normally takes places in the liver [19].These alter-
ations can be worsened following surgery and chemotherapy
even causing hemorrhagic complications [20, 21]. Thus,
pharmacological prophylaxis of VTE is often needed in HCC
patients. Despite the clinical relevance of the matter, there
are no guidelines available on the administration of anti-
thromboembolic prophylaxis in HCC patients. Currently,
LMWH is strongly recommended for intervention in the
prevention and management of thromboembolism compli-
cations [21–23]. Strikingly, several clinical and experimental

studies have suggested that heparin derivatives affect can-
cer progression independent of their anticoagulant effects.
Considering the fact that heparin derivatives are involved
in a wide variety of biological activities, their application as
an antithrombotic along with conventional therapy regime
should be carefully planned to develop the best management
strategies.

In this review, we firstly briefly review clinical applica-
tions of heparin derivatives in themanagement of cancerwith
a particular focus on HCC. Then we summarize the state of
knowledge whereby heparin can cross-talk with molecules
playing a role in hepatocarcinogenesis. Lastly, we highlight
new experimental and clinical research conducted with the
aimofmoving towards personalized therapy in cancer patient
at risk of thromboembolism.

2. Heparin Derivatives in
the Management of Cancer

As mentioned above, patients with cancer are frequently
treated with anti-coagulants, such as heparins, to treat or pre-
vent thrombosis. Heparins are not absorbed orally, thus, they
must be administrated parentally by intravenous infusion
or subcutaneous injections [24]. UFH and other LMWHs,
such as fondaparinux and danaparoid, do not possess intrin-
sic anticoagulant activity but potentiate antithrombin III
that inhibits activated coagulation agents [25]. For many
years unfractionated heparin (UFH) has been the standard
treatment for initial anticoagulation [26]. However, recent
randomized trials have demonstrated that LMWH is pos-
sibly superior to UFH in the initial treatment of VTE in
people with cancer [26]. Moreover, LMWH provide other
advantages versus UFH, including lower cost and simple
dosing, and is associated with a lower risk for heparin-
induced thrombocytopenia (HIT) [27]. Thus, LMWH is
strongly recommended for intervention in the prevention
and management of thromboembolism complications in
cancer [21–23]. However, long-term use has been associated
with bruising at injection sites, recurrent thromboembolism,
thrombocytopenia, and bleeding which then causes interrup-
tion of essential cancer therapies [22, 26].

Importantly, randomized trials comparing LMWH to
UFH for the treatment of thrombosis have also indicated
that heparins may improve outcomes of patients with cancer,
particularly in those with early stage disease cancer including
HCC and in patients with small cell lung [28, 29]. The PRO-
TECHT study (Prophylaxis of Thromboembolism during
Chemotherapy; ClinicalTrials.gov Identifier: NCT00951574)
has been designed to evaluate if prophylaxis with nadroparin
(LMWH) conferred any additional benefit in terms survival,
depending on whether chemotherapy disease control was
achieved [30]. Notably, a statistically significant interaction
between nadroparin treatment and response to chemother-
apy was found, thus supporting the hypothesis difference
in survival depends on the response to chemotherapy and
nadroparin [30]. LMWHs lend themselves to such studies
because of their pleiotropic effects and the relative ease of
administration compared to UFH. A completed clinical trial,
the results of which have not yet been released, investigated

https://clinicaltrials.gov/ct2/show/NCT00951574
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whether addition of LMWHs to TACE would improve HCC
patient compared with TACE alone (ClinicalTrials.gov Iden-
tifier:NCT00827554). In addition, a current trial, which is not
recruiting yet, aims to examine antithrombotic therapy with
TACE inHCC tominimize mortality and to improve survival
rate without provoking excessive bleeding (ClinicalTrials.gov
Identifier: NCT02715492).

3. Heparin Derivatives

Heparin is a glycosaminoglycan that is synthesized by mast
cells and basophils. Glycosaminoglycans are linear carbo-
hydrate polymers that are composed of alternating uronate
and hexosamine saccharides linked by glyosidic linkages [31].
Heparin undergoes extensive sulfation and rarely phospho-
rylation or carboxylation during synthesis and hence is a
highly negatively charged biological molecule [32]. UHF is
a naturally occurring mixture of glycosaminoglycan chains
from porcine or bovine origin, each consisting of 200-300
saccharides units with molecular weights in the range of
12-14 kDa [33, 34]. LMWH consists of smaller fragments
of UFH (nearly 18 saccharide units long, molecular weight
approximately 5 kDa) produced by controlled enzymatic or
chemical depolymerisation [33, 34]. Due to their struc-
tural differences, LMWHhave relatively little antithrombotic
activity compared to UFH [32].

4. Brief Review for Mechanisms of Heparin
Affects Cancer Pathways

There are multiple experimental studies supporting the
hypothesis that cancer progression can be influenced by
heparins. Several in vitro and in vivo cancermodels supported
the idea that cancer cells exploit the coagulation system to
facilitate cell growth, angiogenesis, immune evasion, and
metastasis formation, by distinct mechanisms. In addition,
numerous studies have demonstrated that heparins do not
affect cancer only by their interaction with the coagula-
tion cascade but also by various other ways, including by
inhibition of cell-cell interaction by blocking cell-adhesion
molecules (selectins), the inhibition of extracellular matrix
proteinase heparanase, and the inhibition of angiogenesis.

Heparins are located primarily in the cell membrane
and the extracellular matrix (ECM). They bind tran-
siently with ECM-associated molecules, like the growth
factors, cytokines, and enzymes, and alter their organi-
zation and functions [35]. One such example is heparin
involvement in vascular epithelial growth factor- (VEGF-)
fibronectin binding, where transient interaction of hep-
arin with fibronectin promotes an open-conformation of
fibronectin, which enhances binding to VEGF [36]. Conse-
quently, VEGF binding to fibronectin is sufficient to mediate
VEGF induced Erk1/2 activation, endothelial cell prolifer-
ation, and migration which are key steps in angiogenesis
[37]. Moreover, blockage of the interaction between heparin
and fibroblast growth factor (FGF), a well-known stimulator
of angiogenesis, inhibits angiogenesis, tumor growth, and
metastasis [38]. Duckworth et al. have shown that chem-
ically modified heparin inhibits galectin-3-ligand binding

and thereby prevents cancer-cell-endothelial adhesion and
angiogenesis [39]. Also, heparin enhances ECM remodeling
through the activation of metalloproteinase-2 and acts as a
heparanase inhibitor that results in in vitro tubular morpho-
genesis of microvessels that is necessary for angiogenesis [33,
40]. Similarly, chemically modified nonanticoagulant species
of heparin that specifically inhibit selectin-mediated hep-
aranase enzymatic activity attenuate metastasis of melanoma
cells [41]. It has been reported that heparin binds to platelets
via P-selectin and prevents tumor invasion in lung can-
cer cells [42] Borsig et al. reported that heparin blocks
P-selectin based platelet interactions through cell surface
proteins such as mucins and thereby attenuates metastasis
[42]. Furthermore, heparin binds L- and P-selectins to inhibit
acute inflammation and thereby suppresses inflammatory
processes in tumormicroenvironment which is important for
immune evasion. Moreover, heparin can also inhibit fibrin
deposition around tumor cells for protecting cells from the
immune system [43].

Another heparin interacting protein is factor 4 (CXCL4-
PF4) which is released from activated platelets during
platelet aggregation and promotes blood coagulation [44].
In addition, CXCL4-PF4 induces immune cells activation,
differentiation, and migration but also inhibits endothelial
cell migration, proliferation, and angiogenesis [44]. Rele-
vant for this review are the effects of CXCL4-PF4 on the
hemostatic system [44]. CXCL4-PF4 and heparin binding
neutralise heparin on the endothelial surface of blood ves-
sels, thereby inhibiting local antithrombin III activity and
promoting coagulation [44]. In some patients exposed to
heparin, CXCL4-PF4/heparin complex triggers an immuno-
genic response eventually leading to production of anti-
CXCL4-PF4/heparin antibodies [44]. This may lead to a
severe clinical condition characterized by platelet activation
and aggregation, thrombocytopenia, and thrombocytopenia,
which is commonly called heparin-induced thrombocytope-
nia (HIT). HIT typically develops 5-14 days after exposure to
prophylactic or therapeutic doses of heparin [45]. In some
cases, patients who previously had been exposed to heparin
trigger HIT quicker [45].

In contrast to the anticarcinogenic effect above, heparin
may also be involved in the activation of the metastatic
cascade by forming a complex with midkine (MK). MK is
highly expressed in HCC and in cancers of the stomach,
colon, esophagus, pancreas lung, neuroblastoma, glioma,
and urinary bladder [46–48]. MK is activated when it
forms homodimers that are stabilised by heparin. Activated
MK/heparin complex leads to metastasis and drug resistance
[49]. Notably, Jia et al. demonstrated that LMWH signifi-
cantly blocked coadhesion between connective tissue growth
factor/CCN family 2 (CCN2) and low-density lipoprotein
receptor-related protein 6 (LRP6) and enhanced chemother-
apeutic effect of oxaliplatin on HCC [50]. CCN2 functions to
orchestrate LRP6 which is coreceptor in Wnt signalling. Wnt
signalling is key signaling related to stem-ness, and chemore-
sistance [50]. Combination treatment with oxaliplatin and
LMWH showed improved response rates to chemotherapy
[50] Likewise, Pfankuchen et al. reported that a therapeutic
dosage of LMWH (tinzaparin) reversed cisplatin resistance in
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Figure 1: Biological effects of heparin. Heparin has inhibitory and activating roles in molecular and cellular mechanisms. It has a role in
degradation of platelets, inhibition of coagulation, and angiogenesis. It also acts as a heparanase inhibitor and blocks P- and L-selectin to
interact with platelets and prevents metastasis. Moreover, it interacts with ECM proteins and enhances remodeling of the ECM. It is involved
in inflammatory processes and regulates inflammation. Heparin interacts with integrins and growth factors. However, in some growth factor
signaling pathways it may have inhibitory as well as activating effects. For instance, it interacts with factors such as FGF, TGFB1, andMK and
regulates the signaling positively. In contrast, it also interacts with FGF and HGF and regulates the signaling negatively (ECM: extracellular
matrix; FGF: fibroblast growth factor; and HGF: hepatocyte growth factor.

a clone of ovarian cancer cell line to the level of sensitive cells
[51, 52]. According to the follow up study, cisplatin resistant
cells showed 3-fold higherWnt signaling activity compared to
wild type cells andWnt pathway blockade increased cisplatin
sensitivity. LMWH treatment reduced Wnt pathway activity
and TCF-4 expression and enhanced cisplatin sensitivity in
cisplatin resistant clones [51].

LMWH is also used as a nanocarrier to deliver drugs
in cancer therapies. Modification of heparin molecules to
generate nanocarriers become useful for applications like
imaging, disease, and cancer treatments. Yan et al. prepared
gambogic acid grafted lowmolecular weight heparin micelles
to combine anti-tumor effect of gambogic acid with anti-
angiogenic and anti-metastatic effect of heparin [53]. This in
vivo study suggested that drugs grafted to LMWHs can be
delivered to the liver and enhance their therapeutic effects
by combining antitumor effects of heparin [53]. Furthermore,
Du et al. modified LMWH to carry doxorubicin to overcome
doxorubicin resistance in HCC [54].

5. Factors Influencing the Pleiotropic
Role of Heparins

Due to their heterogeneity and natural location, heparins are
able to interact with a wide variety molecules and mediate
diverse biological processes (Figure 1). Therefore, it is not
surprising that the role of heparins in tumor genesis is context
dependent.

To clarify the various potential mechanisms of heparin
anticancer activity, Niers et al. evaluated the data from
preclinical studies (published between 1960 and 2005) in
which heparins have been tested as anticancer therapy [32].
They suggested that heparin may affect the formation of
metastasis rather than the growth of primary tumors. They
also documented that chemically modified heparins with no
or limited anticoagulant activity also showed antimetastatic
properties [32].They concluded with possible mechanisms to
explain the effects on the process of metastasis include inhi-
bition of blood coagulation, inhibition of cancer cell-platelet,
and cancer cell-endothelial interactions by inhibition of cell
invasion and angiogenesis [32]. They also documented inter-
esting results highlighting the importance of types, duration,
timing, and dose of heparin used, animal tumormodel tested,
and route of heparin administration in the course of disease
[32]. Similarly, LMWH treatment was shown to inhibit FGF-
induced mitogenesis of tumor derived endothelial cells in a
time and concentration dependent manner [55]. Likewise,
in Jha et al.’s study, to understand the effects of molecular
weight and concentration of heparin on transforming growth
factor (TGF)-𝛽1 signaling, they used heparin-containing
hyaluronic acid based hydrogels to analyze growth factor
affinity and retention [56]. At equal concentrations, high
molecular weight heparin has the highest amount of TGF-
𝛽1 retention from hydrogel compared to low molecular
weight or unfractionated heparin. This response is critical
for stem cell differentiation and lineage specification [56].
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Figure 2: Effects and effectors of heparin binding. Heparin binding has context-dependent roles in Growth Factor (GF) signaling, it might
directly bind to Growth Factor Receptors (GFRs) or it might modulate signaling positively or negatively through binding to both GFs and
GFRs (a). Heparin binding to GFs and GFRs are affected by several factors including sulfation status, the molecular weight of heparin and
the concentrations of both heparin and the GFs (b).

LaRochelle et al. determined that low concentrations of
heparin enhance the binding of keratinocyte growth factor
(KGF) to its receptor in CHO cells lacking HS proteoglycans
but this effect is not observed in wild type CHO cells. In
contrast higher heparin concentrations inhibit KGF signaling
[57]. Furthermore, while heparins with short chain lengths
are not able to activate anaplastic lymphoma kinase (ALK),
heparins with longer chain lengths can induce dimerization
and activation ALK in neuroblastoma cells [58]. Interestingly,
in our previous studies, we showed that heparin can activate
the c-Met signaling pathway by activating dimerization of c-
Met receptor, which can then induce HCC cell invasion [59]
However, when Hepatocyte Growth Factor (HGF), ligand of
c-Met, is in the environment, heparin suppressedHGF/c-Met

signaling mediated adhesion, motility, and invasion [59].
When we performed a microarray analysis to identify the
molecular mechanisms behind heparin mediated biologi-
cal responses, we observed that heparin modulates tran-
scription of several genes involved in glucose metabolism,
tumor angiogenesis, and EMT [60]. In our further analy-
sis, we demonstrated that heparin controlled thioredoxin-
interacting protein (TXNIP) gene expression through two
mechanisms: (1) it can either directly bind to a unique
carbohydrate response element located on the promoter of
this gene or (2) it can trigger epigenetic modifications [60].
In either case, increased expression of TXNIP, which is
a regulator glucose metabolism, accelerates migration and
invasion abilities of HCC cells [60]. These data imply that, in
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addition to its regulatory role on receptor dimerization and
ligand binding to its receptor, heparin also has a transcription
regulatory role in HCC.

Overall, these studies emphasised that both intrinsic
(such as tumor type) and extrinsic (such as heparin type)
determinants play roles in the actions of heparin on tumors.
For instance, while heparin administration increases tumor
growth and metastasis in colon cancer, it reduces metastases
in fibrosarcomas, lung, prostate, and mammary carcinomas
[61–63]. These pleotropic effects of heparin might be related
to expression or activation levels of growth factors and/or
their receptors, as well as by heparin type and concentration.
As summarized in Figure 2, heparin can directly bind to
growth factor receptors or growth factors to stimulate signal-
ing pathways, whereas it could block growth factor-receptor
interaction as a context dependent manner.

6. Conclusions

The management of HCC along with other advanced-stage
cancers remains a challenge. Venous thrombosis is a common
complication in patients with cancer and indicates a poor
prognosis. LMWH is widely used in the clinic as an anticoag-
ulant as part of a treatment regimen in cancer patients to treat
or control thrombosis. Many studies highlight the benefit
of heparin derivatives in increasing patient survival, mostly
through their antithrombotic effect. There is also a growing
amount of evidence for the anticancer effects of heparin,
which are mostly via its inhibition of metastasis rather than
on primary tumor growth. However, there is also evidence
revealing that heparin can act as a metastasis promoting
agent. Clearly, due to its pleiotropic actions, heparin affects
tumorigenesis in many ways and may promote or hamper
cell transformation, depending on the cancer type and stage
along with its structural properties and concentration. This
phenomenon stresses the fact that heparin use in the clinic
should be assessed carefully. In addition, the use of a same
therapy approach for all patients might result in variable and
unpredictable responses, because of heterogeneity among
tumors and genotypic differences between patients. Hence,
personalized medicine (PM) offers an attractive approach for
cancer management and care. PM implements “-omic” sci-
ences (genomics, epigenomics, transcriptomics, proteomics,
etc.) to integrate various data sets with the aim of dissecting
molecular signatures and functional pathways that help to
classify tumor subtypes and determine their natural course,
prognosis, and responsiveness to therapies [64]. Thus, strati-
fication of the subset of patients whomight respond to partic-
ular combinations of therapies is crucial in the management
of cancer. For instance, mutations of the KDM6A, CUL9,
FDG6, AKAp3, and RFN139 genes are associated with the
development of PVT in advanced HBV-related HCC [65].
Since effective management of PVT may improve treatment
results forHCC, these genes can be used for the identification
or prediction of high-risk patients whowill benefitmost from
antithrombotic therapy. Moreover, anti-CXCL4-PF4/heparin
antibodies can be used as a predictive factor to identify
patients who should avoid heparin treatment. Further studies
are needed for better understanding of heparin and tumor

biology and the determination of biomarkers for the planning
of best evidence-based approaches that meet the needs of
patients for disease treatment, reduction of symptoms, and
improvement in quality of life.
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[3] G. Klöppel and World Health Organization Classification of
Tumours, Pathology and Genetics of Tumours of the Digestive
System: Ductal Adenocarcinoma of the Pancreas, International
Agency for Research on Cancer Press, 2000.

[4] J. M. Llovet, J. Zucman-Rossi, E. Pikarsky et al., “Hepatocellular
carcinoma,” Nature Reviews Disease Primers, vol. 2, p. 16018,
2016.

[5] “Cancer Research UK Liver cancer risk factors,” 2014, https://
www.cancerresearchuk.org/health-professional/cancer-statistics/
statistics-by-cancer-type/liver-cancer#heading-Three.

[6] M. Ikeda, S. Mitsunaga, S. Shimizu, I. Ohno, H. Takahashi et al.,
“Current status of hepatocellular carcinoma in Japan,” Chinese
Clinical Oncology, vol. 2, no. 4, p. 40, 2013.

[7] European Association for the Study of The Liver, “EASL-
EORTC Clinical Practice Guidelines: management of hepato-
cellular carcinoma,” European Journal of Cancer, vol. 48, no. 5,
pp. 599–641, 2012.

[8] P. R. Galle, A. Forner, J. M. Llovet et al., “EASL Clinical Practice
Guidelines: Management of hepatocellular carcinoma,” Journal
of Hepatology, vol. 69, no. 1, pp. 182–236, 2018.

[9] J. W. Park, M. Chen, M. Colombo et al., “Global patterns of
hepatocellular carcinomamanagement fromdiagnosis to death:
the BRIDGE Study,” Liver International, vol. 35, no. 9, pp. 2155–
2166, 2015.

[10] J. Bruix, M. Reig, and M. Sherman, “Evidence-based diagnosis,
staging, and treatment of patients with hepatocellular carci-
noma,” Gastroenterology, vol. 150, no. 4, pp. 835–853, 2016.

[11] L. Li and H. Wang, “Heterogeneity of liver cancer and person-
alized therapy,” Cancer Letters, vol. 379, no. 2, pp. 191–197, 2016.

[12] C. J. Wilhelm, R. A. Johnson, P. G. Lysko, A. J. Eshleman, and
A. Janowsky, “Effects of methamphetamine and lobeline on
vesicular monoamine and dopamine transporter-mediated
dopamine release in a cotransfected model system,”�e Journal
of Pharmacology and Experimental �erapeutics, vol. 310, no. 3,
pp. 1142–1151, 2004.

[13] J. M. Llovet, S. Ricci, V. Mazzaferro et al., “Sorafenib in
advanced hepatocellular carcinoma,”�e New England Journal
of Medicine, vol. 359, no. 4, pp. 378–390, 2008.

[14] J. Bruix, S. Qin, P. Merle et al., “Regorafenib for patients
with hepatocellular carcinoma who progressed on sorafenib

https://www.cancerresearchuk.org/health-professional/cancer-statistics/statistics-by-cancer-type/liver-cancer#heading-Three
https://www.cancerresearchuk.org/health-professional/cancer-statistics/statistics-by-cancer-type/liver-cancer#heading-Three
https://www.cancerresearchuk.org/health-professional/cancer-statistics/statistics-by-cancer-type/liver-cancer#heading-Three


Canadian Journal of Gastroenterology and Hepatology 7

treatment (RESORCE): a randomised, double-blind, placebo-
controlled, phase 3 trial,” �e Lancet, vol. 389, no. 10064, pp.
56–66, 2017.

[15] J. P. Silva, N. G. Berger, S. Tsai et al., “Transarterial chemoem-
bolization in hepatocellular carcinoma with portal vein tumor
thrombosis: a systematic review and meta-analysis,” HPB, vol.
19, no. 8, pp. 659–666, 2017.

[16] G.C.Connolly, R.Chen,O.Hyrien et al., “Incidence, risk factors
and consequences of portal vein and systemic thromboses in
hepatocellular carcinoma,”�rombosis Research, vol. 122, no. 3,
pp. 299–306, 2008.

[17] S. L. Chan, C. C. N. Chong, A. W. H. Chan, D. M. C. Poon,
and K. S. H. Chok, “Management of hepatocellular carcinoma
with portal vein tumor thrombosis: Review and update at 2016,”
World Journal of Gastroenterology, vol. 22, no. 32, pp. 7289–
7300, 2016.
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Background and Aims. Hepatocellular carcinoma is an aggressive malignancy of the liver and is ranked as the sixth most common
cancer worldwide. There is still room for novel markers to improve the diagnosis and monitoring of HCC. Our observations in
cancer databases that PLXNC1 is upregulated in HCC led us to investigate the expression profile of Plexin C1 mRNA and protein in
HCC cell lines and tissues.Methods. A recombinant protein encompassing part of the extracellular domain of Plexin C1 was used
as an antigen for monoclonal antibody development. Transcript and protein levels of Plexin C1 in HCC cell lines were determined
by RT-qPCR and Western blotting, respectively. In vivo evaluation of Plexin C1 expression in HCC tissues was accomplished
by immunohistochemistry studies in tissue microarrays. Results. A monoclonal antibody, clone PE4, specific to Plexin C1, was
generated. In silico and in vitro analyses revealed a Plexin C1-based clustering of well-differentiated HCC cell lines. Staining of
HCC and nontumoral liver tissues with PE4 showed a membrane-localized overexpression of Plexin C1 in tumors (p=0.0118). In
addition, this expression was correlatedwith the histological grades of HCC cases.Conclusions. PlexinC1 distinguishesHCC cells of
epithelial characteristics from thosewith themesenchymal phenotype. Compared to the nontumoral liver,HCC tissues significantly
overexpress Plexin C1. The newly generated PE4 antibody can be evaluated in larger HCC cohorts and might be exploited for the
examination of Plexin C1 expression pattern in other epithelial malignancies.

1. Introduction

Hepatocellular carcinoma (HCC) is the fifth most common
cancer amongman and seventh among woman and ranked as
the third most common cause of cancer-related deaths [1, 2].
Chronic liver injury, Hepatitis B (HBV) and C (HCV) virus
infections, alcohol-associated diseases, and aflatoxin intoxi-
cations are the leading causes of HCC development. Several
mutations affecting WNT/𝛽-Catenin, PI3K/RAS, and oxida-
tive stress signaling pathways as well as hot spot mutations in
TP53 were frequently observed in hepatocarcinogenesis [3].
Orthotopic liver transplantation (OLT) is the most effective
treatment option for patients with early diagnosis, albeit not
suitable for advanced cases [4]. Despite the approval of two
tyrosine kinase inhibitors, namely, sorafenib and regorafenib,

for advanced cases, 5-year survival of HCC patients is only
less than 20% [1].

Plexins comprise a large family of receptor proteins
initially described in the nervous system [5]. Their ligands
are semaphorins (Sema), a group of membrane-anchored
or secreted proteins involved in several cellular functions
including axon guidance, cell adhesion, and motility that
altogether drive the development of tissues and organs
[6]. Plexin receptors are characterized by their extracellular
SEMA, PSI (Plexins, Semaphorins, and Integrins) and G-
P (Glycine-Proline rich) domains and are divided into four
subfamilies: Plexin A1-4, Plexin B1-3, Plexin C1, and Plexin
D1 [5, 6]. Plexin C1, previously known as VESPR (Virus
Encoded Semaphorin Protein Receptor), is a receptor for
soluble viral semaphorin A39R originating from Vaccinia
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virus, which stimulates cytokine production frommonocytes
[7]. Later on, Tamagnone et al. reported that human ligand for
PlexinC1 is the GPI-anchored Semaphorin 7A (Sema 7A) [5].
Increased phospho-cofilin level but decreased focal adhesion
kinase (FAK) phosphorylation upon binding of A39R to
PlexinC1 onmouse dendritic cells induced actin cytoskeleton
rearrangement, which resulted in the inhibition of integrin-
mediated adhesion as well as impaired chemokine-induced
migration in vitro [8]. However, Sema 7A binding to Plexin
C1 on melanocytes increased phosphorylation of both cofilin
and FAK and total LIMK2 protein levels as well. These
findings suggested that Plexin C1may act as a tumor suppres-
sor during melanoma progression through phosphorylation-
mediated inactivation of cofilin [9]. Interestingly, Plexin C1
was found to impede Sema 7A functions that emerge from its
binding to 𝛽1Integrin, another receptor for Sema 7A. Plexin
C1 inhibited Sema 7A-𝛽1Integrin mediated events including
spreading and dentricity of melanocytes [10], and migration
capacity of GN11 immortalized mouse cells secreting GnRH-
1 [11]. Like other Plexins, Plexin C1 has a RAS-GAP activity
evidenced by the fact that COS-7 cells transfected with
cytoplasmic region of Plexin C1 display decreased R-RAS
activity and their ECM-mediated migration decreases in a
ligand-independent manner [12]. Sema 7A mediated axon
outgrowth was shown to be mediated through 𝛽1-Integrin
and independent of Plexin C1 [13], yet upregulated Plexin
C1 transcript levels were found in especially early phases of
neuronal development of rats [14]. Immunohistochemistry
studies revealed that 66% of the metastatic melanoma tissues
are devoid of Plexin C1 protein expression, while nontumoral
adjacent tissues have modest to high level of Plexin C1 [9]. In
line with this, Stirewalt et al. have found that Acute Myeloid
Leukemia (AML) cells display decreased PLXNC1 transcript
levels when compared to normal hematopoietic cells [15].
Besides its prominent role in nervous system development,
the aforementioned studies indicated differential expression
of Plexin C1 in humanmalignancies. However, the expression
of Plexin C1 in HCC cell lines and tissues and its role in hep-
atocarcinogenesis have not been defined so far.Therefore, we
investigated Plexin C1 expression at both transcriptional and
protein levels in HCC and studied its expression pattern in
liver tissues by using a homemade anti-Plexin C1monoclonal
antibody.

2. Materials and Methods

2.1. Cell Culture and Reagents. HCC cell lines PLC/PRF/5,
HEP3B, HEPG2, HUH7, and SK-HEP1 were maintained in
low-glucose DMEM medium supplemented with 10% fetal
bovine serum (FBS), nonessential amino acids, and antibi-
otics. SNU387, SNU398, and SNU423 cells were cultured
in RPMI medium supplemented with 10% FBS and antibi-
otics. HEK293T cell line, SP2/0 mouse myeloma cells, and
monoclonal anti-Plexin C1 antibody-secreting hybridoma
cells were cultured in high glucose DMEM supplemented
with 10% FBS and antibiotics. All cells were grown in
a humidified incubator maintained at 37∘C and 5% CO

2

atmosphere.

2.2. In silicoAnalyses. PlexinC1 transcript levels inHCCwere
analyzed at Oncomine database (https://www.oncomine.org/
resource/login.html) across “Chen Liver” microarray data fil-
tered through “Hepatocellular Carcinoma vs. Normal” selec-
tion (104HCCs vs. 76 liver tissues) [16]. In order to determine
the expression of Plexin C1 transcript levels in epithelial
vs. mesenchymal HCC cell lines, a search at “EMBL-EBI
Expression Atlas” website (https://www.ebi.ac.uk/gxa/home)
for PLXNC1,CDH1,VIM, andPRKCA genes onHomo sapiens
dataset with “Cell Line” and “CCLE-Hepatocellular carci-
noma” filters was accomplished. The output was downloaded
and analyzed on R (3.3.3) to generate a heat map.

2.3. Production of shPLXNC1 Lentiviral Particles and
Transduction PLC/PRF/5 Cells. Lentiviral particles were
produced as follows: first, lentiviral PLXNC1 shRNA
(TRCN0000060645, Sigma-Aldrich, St. Louis, MO, USA) or
control pLKO.1 (Addgene #8453) plasmids were mixed with
packaging plasmids pCMV-dR8.2 dvrp (Addgene #8455)
and pCMV-VSV-G (Addgene #8454) at a ratio of 1,5:1,5:1 in
250 𝜇l Optimem (Thermo Fisher Scientific, Rockford, IL,
USA). Then, a second mixture consisting of the transfection
agent PEI (Polysciences, Germany), which was added to 250
𝜇l Optimem at a ratio of 1:3 (DNA 𝜇g: PEI 𝜇l), was prepared.
The two mixtures were assembled in a single tube to generate
a transfection reagent, which was used to transfect HEK293T
cells after incubation for 20 min at room temperature. After
36 hours, viral particles were harvested from the supernatant
of the transfected cells, filtered through 0.45 𝜇m, and stored
at -80∘C. 1.5x105 PLC/PRF/5 cells plated into a 6-well plate
were transduced with viral particles in the presence of 8
𝜇g/ml Polybrene (Thermo Fisher Scientific). The next day,
selection of transduced cells was initiated with the addition
of 2 𝜇g/ml puromycin (InvivoGen, San Diego, CA, USA)
into the culture medium.

2.4. Production of the Recombinant Protein. A partial recom-
binant protein encompassing the extracellular 66-274 aa. of
the proteinwas produced as previously described [17]. Briefly,
the coding region of PLXNC1 corresponding to extracellular
protein domain between 66 and 274 aa was cloned into
pET101/D (Invitrogen, Carlsbad, Ca, USA) vector with an N-
terminal 6-histidine tag. Recombinant protein was produced
inEscherichia coli (BL21) and purified under denaturing con-
ditions using Ni–NTA resin (QIAgen, Valencia, CA, USA).
Refolding of the purified protein was performed by buffer
exchange to phosphate buffered saline (PBS) by using NAP
buffer exchange columns (Amersham, Piscataway, NJ, USA).
Finally, the pure recombinant protein was concentrated
usingCentripreps centrifugal filters (Millipore, Billerica,MA,
USA).

2.5.Monoclonal Antibody Production. 8-10-week-old BALB/c
mice were first immunized with 50 𝜇g recombinant protein
emulsified in Complete Freund’s Adjuvant (Sigma-Aldrich)
and then the following injections were carried out every
3 weeks with recombinant protein mixed with Incomplete
Freund’s Adjuvant (Sigma-Aldrich). Sera of the immunized

https://www.oncomine.org/resource/login.html
https://www.oncomine.org/resource/login.html
https://www.ebi.ac.uk/gxa/home
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and control mice were tested for reactivity against recom-
binant Plexin C1 with indirect ELISA after third and fourth
immunizations. Briefly, ELISA plates were coated with 100
ng of recombinant Plexin C1 protein in carbonate buffer
(pH: 9,6). Mice sera were serially diluted and assessed
for their immunoreactivity with Plexin C1 protein. Alka-
line phosphatase-conjugated goat anti-mouse IgG (Sigma-
Aldrich) was used as secondary antibody (1:1000). Colori-
metric reaction developed upon addition of the substrate
para-nitrophenyl-phosphate (Sigma-Aldrich) was measured
at 405 nm in Varioscan Flash plate reader (Thermo Fisher
Scientific). The mouse with the highest immunoreactivity
against Plexin C1 was further boosted three days before the
fusion. The fusion of freshly isolated splenocytes with SP2/0
myeloma cells was performed as described previously [18].
After fusion procedure, the cells were seeded in 96-well plates
and thenwere selected firstwithHATand thenwithHT.After
single cell subcloning of the hybridoma cells, specific clones
were expanded in culture and hybridomas were stored in
liquid nitrogen. Antibody isotype was determined by Pierce
Rapid Antibody Isotyping Kit (Thermo Fisher Scientific)
according to manufacturer’s instructions.

2.6. Purification of the Antibodies. Anti-Plexin C1 mono-
clonal antibodieswere purified fromhybridoma supernatants
on AKTA-Purifier Chromatography (GE, Massachusetts,
USA) using protein G affinity column (HiTrap protein
G, GE). 50 ml hybridoma supernatant was loaded on
the Protein G column, which was washed rigorously with
sodium phosphate buffer (pH: 7,2). The bound antibodies
were eluted with 0,1 M Glycine-HCI (pH: 2,7) and elu-
ate fractions were neutralized with 50 𝜇l 1.5 M Tris-HCI
(pH: 9,5). Purified antibodies were stored in aliquots at
-20∘C.

2.7. Western Blotting. Cell lysates were prepared by incu-
bating cells on ice for 20 min in Triton X-100 lysis buffer
[50 mM Tris–HCl pH: 8.0, 150 mM NaCl, 1% Triton X-
100 with complete protease inhibitor cocktail tablets (Roche
Diagnostics, Mannheim, Germany)]. Cells were scraped,
transferred to microcentrifuge tubes, and incubated for 20
min on ice with occasional shaking. Then, cell debris was dis-
carded by centrifugation at 18000 g and protein-containing
supernatants were collected and stored at -80∘C until use.
The protein concentration of the samples was determined
by a fluorometric assay using Qubit 3 Flourometer (Thermo
Fisher Scientific). 50 𝜇g total protein samples were separated
by SDS-PAGE gel and the transfer of proteins to PVDF
membrane (Thermo Fisher Scientific) was performed with a
semidry Trans-Blot Turbo Transfer System (Bio-Rad Labo-
ratories, Hercules, Ca, USA). Membranes were first blocked
with 5% skim milk in TBS containing 0.05% Tween-20 (TBS-
T) and then were incubated overnight at 4∘C with primary
antibodies against Plexin C1 (1𝜇g/ml, clone PE4) and 𝛼-
tubulin antibodies (Cell Signaling Technology, 1:10000) for
equal loading control. After washing 3 times with TBS-T,
membranes were treated with the HRP-conjugated goat-anti-
mouse IgG secondary antibody (Cell Signaling Technology,

Danvers, MA, USA, 1:10000) and washed again with TBS-
T for 3 times. Protein bands were developed by using the
Chemiluminescent Substrate Supersignal West Femto ECL
(Thermo Fisher Scientific) and visualized using a ChemiDoc
XRS system (Bio-Rad).

2.8. Immunofluorescence Assay. 5x104 cells were cultured on
glass coverslips in 24-well plates overnight and fixed with
100% cold methanol on ice for 1 h. Fixed cells were blocked
with 2% BSA in TBS for 45 min at room temperature. Cells
were first incubated with the anti-Plexin C1 antibody (1:50) in
blocking buffer containing 0.05%Tween-20 (BSA-T) for 1 h at
room temperature and then with Alexa Fluor 488-conjugated
anti-mouse IgG (Cell Signaling Technology) secondary anti-
body (1:500, in BSA-T) for 1 h at room temperature. After
washing with PBS-Tween-20 the coverslips were mounted on
glass slides with Prolong Gold antifade medium (Invitrogen)
and sealed with nail polish. The staining was visualized
using a Zeiss LSM 800 Airyscan Confocal Microscope (Zeiss,
Germany).

2.9. RNA Isolation and RT-PCR. Total RNA was isolated
from cell lines using a NucleoSpin RNA Plus kit (Macharey-
Nagel, Düren, Germany). cDNAs were synthesized using a
Protoscript M-MulV Taq RT-PCR kit (New England Biolabs,
Massachusetts, USA) according to manufacturer’s protocol.
Real-time quantitative PCR (RT-qPCR) reactions were per-
formed using a Maxima SYBR Green qPCR master mix
(Thermo Fisher Scientific), including 0.2 𝜇M primers and
50 ng cDNA in a total volume of 20 𝜇l. The PCR reactions
were started by an initial denaturation at 95∘C for 10 min,
followed by 45 cycles each consisting of 15 s denaturation
at 95∘C, 30 s annealing at 60∘C, and 30 s extension at
72∘C. Relative expression of PLXNC1 mRNA in HCC cell
lines was measured by normalizing PLXCN1 expression to
that of GAPDH and calculated with 2−Ct formula [ΔCt =
Ct (PLXNC1) - Ct (GAPDH)]. The primers for PLXNC1
were 5-AACTGTTCCCTTCCTTGACTAC-3 and 5-TCG-
TTGGCGTCTCTGTTATG-3 and sequences of primers for
GAPDH were 5-GGCTGAGAACGGGAAGCTTGTCAT-3
and 5-CAGCCTTCTCCATGGTGGTGAAGA-3 .

2.10. Tissue Microarray (TMA) and Immunohistochemistry.
In order to determine the protein levels of Plexin C1 in vivo,
HCC TMA slides containing 90-paired tumoral and adjacent
normal tissues were purchased from US Biomax (Rockville,
MD, USA). Tissue array slides were deparaffinized first at
70∘C and then in xylene. After rehydration in graded alcohol
series, glass slides were immersed in 10 mM citrate buffer,
pH 6.0, and transferred into a microwave oven for 20 min
for antigen retrieval. Endogenous peroxidase was blocked by
incubation of slides in 3% H

2
O
2
for 30 min [17]. Immuno-

histochemical staining of the tissues was carried out in an
autostainer (BenchMark-XT, Ventana Medical Technologies,
Roche Diagnostics). Briefly, tissues were first incubated with
the anti-Plexin C1 monoclonal antibody (1:100) or with iso-
type antibody (Cell Signaling Technology) for 30min at room
temperature, and then with the secondary HRP-conjugated
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anti-mouse IgG antibody (Cell Signaling Technologies). The
probed proteins were then visualized using chromogenic
substrate 3,3-diaminobenzidine (DAB) and examined under
a Leica DM IL LED microscope (Leica Microsystems, NJ,
USA). Photographs were taken with a microscope-attached
Leica MC170 HD camera (Leica Microsystems). The level
of Plexin C1 staining was determined by the histoscore (H-
score) calculated by the multiplication of intensity score (0 =
none, 1 = weak, 2 = moderate, and 3 = strong) with values
representing the percentage of positively stained cells (0 =
<10%; 1= 10-25%; 2= 25–50%; 3= 50 –75%; and 4= >75%). For
chi-square analyses patients were grouped according to their
H-score as follows: 0 = negative, 1-6 =weak, and 7-12 = strong.

2.11. Statistical Analyses. Paired Student’s t-test was used for
statistical analyses of immunohistochemistry scores. Chi-
square analyses were performed to determine the correlation
of Plexin C1 reactivity of HCC tumors with the clinicopatho-
logical characteristics of patients. Significant differences were
denoted as follows: ∗p < 0.05, ∗∗p < 0.01, and ∗∗∗p< 0.001.

3. Results

3.1. In Silico Analyses of PLXNC1 Transcripts on HCC Cell
Lines and Tissues. In order to determine PLXNC1 expression
levels in HCC, “Chen Liver” microarray dataset (containing
10,802 measured genes through 76 normal and 104 HCC
samples) deposited onOncomine database was analyzed [16].
PLXNC1mRNA expression was statistically higher (p=3.62e-
20) in HCC tissues than in nontumoral adjacent tissues
(Figure 1(a)). The differential expression of PLXNC1 between
HCC and normal tissues prompted us to investigate whether
PLXNC1 transcripts segregate the differentiation status of
HCC cell lines. To this end, we explored on “EMBL-EBI
ExpressionAtlas” database the expression ofPLXNC1 inHCC
cell lines along with the epithelial marker CDH1 and the
mesenchymal markers PRKCA and VIM genes. Interestingly,
PLXNC1 expression clustered HCC cells with epithelial char-
acteristics with a distinction capacity comparable to CDH1.
In sharp contrast, no PLXNC1 expression was found in HCC
cells displaying a mesenchymal phenotype (Figure 1(b)).

3.2. Differential Expression of Plexin C1 in HCCCell Lines. To
expand our analyses of Plexin C1 expression in HCC cells
and tissues, we generated a monoclonal antibody of IgG2a
isotype against a partial recombinant protein encompassing
66-274 aa. of Plexin C1 extracellular domain. Designated as
PE4, we tested the specificity of this monoclonal antibody in
shPLXNC1 knockdown PLC/PRF/5 HCC cells (Figure 2(a)).
Further, in immunofluorescence microscopy, PE4 stained the
membrane of pLKO.1-PLC/PRF/5 but the signal disappeared
upon silencing PLXNC1 expression by lentiviral shPLXNC1
transduction (Figure 2(b)). Next, to validate in silico data, the
relative expressions of PLXNC1 were measured in HCC cell
lines by RT-qPCR and the protein levels of Plexin C1 were
detected with PE4 antibody inWestern blotting experiments.
Consistent with our findings in in silico analyses, we observed
in both assays higher expression of Plexin C1 in PLC/PRF/5,

HEP3B, HEPG2 and HUH7 HCC cells with epithelioid
phenotype compared to its highly downregulated expressions
in SNU387, SNU423, SNU398 and SK-HEP1 HCC cell lines
with mesenchymal characteristics (Figure 3).

3.3. Plexin C1 Is Significantly Overexpressed in HCC Tissues.
Finally, we turned to the analysis of Plexin C1 protein expres-
sion in HCC tissues. We performed immunohistochemical
staining of TMA slides containing 90-paired spots of tumoral
and nontumoral tissues of HCC patients. Hepatic cirrhosis
and HCC coexisted in 16 tissues, but data on the etiological
background of nontumoral liver and other HCC tissues
was not available. The clinicopathological characteristics of
patients are given in Supplement Table 1. PE4 antibody
selectively stained the membrane of hepatocytes and HCC
tumor cells (Figure 4(a)), and tumor tissues had significantly
higher Plexin C1 protein levels (p=0.0118) than adjacent non-
tumoral areas (Figure 4(b)). Correlation analyses of Plexin
C1 expression with clinicopathological characteristics of the
samples did not show any correlation between the Plexin
C1 levels of tissues and age, sex, stage and survival status
of patients (Table 1). However, a significant correlation was
found between Plexin C1 reactivity and the grade of HCC
tumors (p<0.05). Grade I, Grade I-II and Grade II were con-
sidered as well-differentiated, and Grade II-III and Grade III
were considered as poorly differentiated HCC tumors. Strong
PlexinC1 staining was found in 66.15% and 55%ofHCCcases
with well-differentiated and poorly differentiated tumors,
respectively. In contrast, weakly stained cases were higher in
poorly differentiated compared to well-differentiated HCCs
(36% vs. 13.85%).

4. Discussion

Hepatocellular carcinoma is the most common type of liver
cancers with a very poor prognosis [19]. Currently, radiology,
serum alpha-fetoprotein (AFP) levels and liver biopsy in
advanced cases are used in clinical practice for the diagnosis
of HCC [20–22]. Isoforms of AFP such as AFP-L3 and other
markers including fucosylated Golgi Protein 73 (FC-GP73),
𝛼-l-fucosidase (AFU) and squamous cell carcinoma antigen
(SCCA) have been evaluated in combination or as a single
indicator and showed a sensitivity superior to AFP [23].
However, new serum and histologic markers are required
to increase the sensitivity and specificity of HCC diagnosis.
Plexin C1 was first discovered in the nervous system as
an axon guidance receptor protein and was associated with
neuronal cell adhesion [24, 25]. Engagement of Plexin C1
with its Sema7A ligand inhibited the spreading and den-
tricity of melanocytes [10]. In relation with this finding, an
immunohistochemistry study in melanoma patients showed
decreased levels of Plexin C1 protein in metastatic cases
but its moderate to strong expression in non-metastatic
melanoma and nevus tissues [9]. Recently, the interaction
of Plexin C1 with its ligand Sema 7A was shown to inhibit
pulmonary melanoma metastasis [26]. In addition, both
Plexin C1 and its positive regulator GAS5, a long non-coding
RNA, were downregulated in glioma tissues and cell lines
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(a)

(b)

Figure 1: In silico analyses of PLXNC1 expression. (a) Chen Liver microarray data compares the expression of 10802 genes between 104 HCC
and 76 normal liver tissues. The mean of PLXNC1mRNA levels in HCCs is 2.77 fold higher than the mean of normal tissues. (b) Segregation
of HCC cell lines with respect to their epithelial versus mesenchymal characteristics is analyzed on “EMBL-EBI Expression Atlas” database
through the transcript levels of PLXNC1, CDH1, PRKCA, and VIM in HCC cells. HCC cells with epithelial phenotype include PLC/PRF/5,
HEP3B, HUH7, and HUH6. HCC cell lines with mesenchymal phenotype are SNU398, SNU1079, SNU878, SNU886, SNU387, JHH2, HLF,
SNU423, SK-HEP1, and SNU449.

[27]. Mechanistically, exogenous GAS5 inhibited miR222,
a repressor of PLXNC1, and upregulated Plexin C1, which
in turn inactivated cell motility protein cofilin. Therefore,
compelling evidence was provided about the metastasis and
tumor suppressor roles of Plexin C1 in human tumors.
However, the expression profile of Plexin C1 in HCC and its
role in hepatocarcinogenesis have not been elucidated so far.

After our initial observations through gene expression
databases, namely, Oncomine and EMBL-EBI Expression
Atlas, that PLXNC1 is upregulated in HCC, we generated a
monoclonal antibody, clone PE4, and demonstrated its speci-
ficity for Plexin C1 in PLXNC1 knockdown and control cell
clones by Western blotting and immunofluorescence. These
results suggested a reactivity of PE4 with both denatured
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Figure 2: Validation of anti-Plexin C1 monoclonal antibody PE4. (a) Total proteins from PLC/PRF/5 cells transduced with shPLXNC1 and
pLKO.1 empty control lentiviral particles are resolved on SDS-PAGE andWestern blotting is carried out with the PE4 monoclonal antibody.
Antitubulin monoclonal antibody is used for loading control. (b) Representative images from indirect immunofluorescence staining of
pLKO.1-PLC/PRF/5 and shPLXNC1-PLC/PRF/5 cells with PE4 monoclonal antibody are shown.
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Figure 3: Expression of Plexin C1 transcripts and proteins in HCC cell lines. Epithelioid HEP3B, HEPG2, PLC/PRF/5, and HUH7 and
fibroblast-like SNU387, SNU423, SNU398, and SK-HEP1 cells are analyzed. The upper diagram shows that the relative mRNA expression
levels of PLXNC1 and lower image display the protein expression profile of Plexin C1. Plexin C1 protein is detected using the PE4monoclonal
antibody. Tubulin is used for equal loading control.

and conformational forms of the protein. Exploration of
mRNA and protein expression across HCC cell lines revealed
that Plexin C1 clustered well-differentiated HCC cells with
the epithelial phenotype. In contrast, HCC cells well known
for their invasive behavior displayed barely detectable Plexin
C1 levels [28]. These results were in line with the afore-
mentioned reports indicating that Plexin C1 is a suppressor
of cell motility and invasiveness, as well as with our in
silico analyses showing increased expression of Plexin C1 in
well-differentiated compared to poorly differentiated HCC
cell lines. Plexin C1 expression in HCC and control liver
tissues was assessed by immunohistochemistry studies using
HCC tissue microarrays. Variable reactivity of PE4 with
membrane Plexin C1 was observed in HCC and control
tissues compared to nonreactive isotype control antibody
staining. A statistically significant overexpression of Plexin
C1 was found in HCC specimens compared to nontumoral

adjacent liver tissues (p<0.05). In correlation analyses, we
could not detect any association between Plexin C1 intensity
and clinicopathological parameters such as age, sex, stage,
cirrhosis background, and survival of patients. However,
a significant correlation of Plexin C1 staining with grade
of HCC tumors was found. As observed in the analysis
of Plexin C1 expression in HCC cell lines, weakly stained
tumors were higher in poorly differentiated HCCs (36%)
compared to well-differentiated cases (13.85%). Despite the
explicit difference of Plexin C1 expression between epithelial-
like and mesenchymal-like HCC cell lines, both tumoral
and nontumoral tissues of HCC cases displayed Plexin C1
reactivity, with a significant superiority of tumors to nonas-
sociated tissues. However, the lower expression of Plexin
C1 in high-grade tumors was in accordance with our in
vitro observation that Plexin C1 segregates well-differentiated
HCC cells. One can also speculate that HCC tumors do not
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Table 1: Correlation of Plexin C1 staining with clinicopathological characteristics of the patients.

Plexin C1 Staining
N Negative Weak Strong P

Age
≤60 65 10 (15.38%) 12 (18.46%) 43 (66.15%)
>60 25 5 (20%) 6 (24%) 14 (56%) 0.67

Gender
F 16 3 (18.75%) 4 (25%) 9 (56.25%)
M 74 12 (16.22%) 14 (18.92%) 48 (64.86%) 0.799

Stage
1&2 52 11 (21.15%) 8 (15.38%) 33 (63.46%)
3 31 4 (12.9%) 8 (25.81%) 19 (61.29%) 0.398

Grade
Well-Differentiated 65 13 (20%) 9 (13.85%) 43 (66.15%)
Poorly-Differentiated 25 2 (8%) 9 (36%) 14 (56%) 0.043

Disease Status
HCC with cirrhosis 16 5 (31.25%) 2 (12.5%) 9 (56.25%)
HCC 74 10 (13.51%) 16 (21.62%) 48 (64.86%) 0.204

N: number of cases. Correlation analyses were carried out with chi-square test. Plexin C1 staining was classified according to H-scores as follows: 0 = negative;
1-6 = weak; 7-12 = strong.
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Figure 4: Immunohistochemical analysis of Plexin C1 in HCC and normal liver tissues. IHC is performed on HCC TMA. Representative
images from nontumoral adjacent (a, c) and HCC tissues (b, d) are shown. The magnifications of the images are 50X for a and b and 200X
for c and d. (e) H-scores of HCC and nontumoral adjacent tissues are compared with paired Student’s t-test (p<0.05) and results are shown
with box and whisker plots.

lose completely their epithelial characteristics and do not
downregulate Plexin C1 extensively. Importantly, our results
provide first evidence for the overexpression of Plexin C1
in tumors of epithelial origin. Specific membrane staining
of Plexin C1 with PE4 antibody in paraffin-embedded HCC
tissues further validated the usability of this monoclonal
antibody for the study of Plexin C1 expression in other
malignancies. Given the possibility of proteolytic ectodomain
shedding of this receptor protein, screening of sera and tissues

in a larger cohort of HCC patients may establish a diagnostic
and/or prognostic value for Plexin C1.

5. Conclusions

In summary, we generated amonoclonal antibody specific for
Plexin C1 capable to detect membrane-localized protein in
paraffin-embedded tumor tissues. Our investigation of HCC
cell lines and tissues revealed that Plexin C1 segregates HCC
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tumors of epithelioid phenotype and is overexpressed inHCC
tissues.
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The proportion of obese or diabetic population has been anticipated to increase in the upcoming decades, which rises the prevalence
of nonalcoholic fatty liver disease (NAFLD) and its progression to nonalcoholic steatohepatitis (NASH). Recent evidence indicates
that NASH is themain cause of chronic liver diseases and it is an important risk factor for development of hepatocellular carcinoma
(HCC). Although the literature addressing NASH-HCC is growing rapidly, limited data is available about the etiology of NASH-
related HCC. Experimental studies on the molecular mechanism of HCC development in NASH reveal that the carcinogenesis is
relevant to complex changes in signaling pathways that mediate cell proliferation and energy metabolism. Genetic or epigenetic
modifications and alterations in metabolic, immunologic, and endocrine pathways have been shown to be closely related to
inflammation, liver injury, and fibrosis in NASH along with its subsequent progression to HCC. In this review, we provide an
overview on the current knowledge of NASH-related HCC development and emphasize molecular signaling pathways regarding
their mechanism of action in NASH-derived HCC.

1. Introduction

Hepatocellular carcinoma (HCC) is an aggressive cancer with
poor prognosis and its incidence increases exponentially in
developing countries. The most common underlying causes
of HCC are chronic liver diseases and cirrhosis, largely
occurring due to hepatitis B, hepatitis C virus (HCV), or
alcoholic liver disease [1]. In recent years, nonalcoholic fatty
liver disease (NAFLD) also becomes one of leading etiologies
for HCC. NAFLD is a spectrum of liver diseases ranging
from simple steatosis to liver injury. The initial stage of an
inflammatory phase in NAFLD is defined as nonalcoholic
steatohepatitis (NASH) [2]. NASH is characterized by inflam-
mation, hepatocellular damage, and fibrosis, which increase
the risk of HCC with high rates of mortality (Figure 1).
The emergence of HCC in NASH patients with or without
cirrhosis is still controversial, such that HCC can also be seen
in NASH patients without cirrhosis [3].

The progression of NASH-related HCC is a complex and
multifactorial process, including several risk factors such as
genomic instability, obesity, or diabetes [4, 5]. Involvement
of the mechanisms related to these factors appears to cause
changes in some common signaling pathways that lead to
transition of dysplastic hepatocytes into hepatocellular carci-
noma. Currently, the proposed mechanisms include genetic,
metabolic, immunologic, and endocrine pathways, which
subsequently activate oncogenic mechanisms [6] (Figure 2).
In this review, we attempt to summarize recent knowledge
in NASH progression and particularly focus on molecular
signaling pathways involved in the conversion of NASH into
hepatocarcinogenesis.

2. Cellular Mechanisms in NASH Progression

Clinical and epidemiological studies support a concept that
multiple mechanisms derive NAFLD, NASH, and HCC
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development. So far, the detailed mechanism of the pro-
gression from NAFLD to NASH has not been completely
explained, yet a “two-hit hypothesis” was initially proposed
[7, 8]. According to this hypothesis, the first hit was insulin
resistance, and steatosis was the initiative cause of NASH
progression [9]. Insulin resistance enhances lipolysis and
increases the level of serum free fatty acid (FFA). Elevation
of FFA leads to delivering triglycerides from the liver to
peripheral organs, which induce hyper-synthesis of lipid
thus causing excessive lipid storage in the liver, called
steatosis. Meanwhile, accumulation of triglycerides promotes
the appearance of the second hit, oxidative stress, that
shows steatohepatitis because of increased level of fatty acid
oxidation [10]. Oxidative stress triggers lipid peroxidation,
release of proinflammatory molecules, and mitochondrial
damage [11], which are the cellular mechanisms involved in
the formation of hepatocellular damage, inflammation, and
fibrosis in NASH pathology [12, 13].

Even though a large number of researches have supported
the two-hit hypothesis, it is still unclear whether NASH
develops sequentially on the background of a fatty liver,
or it is rather a de novo response to the accumulated
lipotoxicity. Instead of the two-hit hypothesis, there is a
new consensus on the multiparallel hit theory, which better
explains NASH development and its progression to HCC
[14]. This theory suggests that NASH is the consequence
of numerous conditions acting in parallel, including genetic
variations, abnormal lipid metabolism, oxidative and/or
endoplasmic reticulum stress, mitochondrial dysfunction,
altered immune responses, and imbalance in gut microbiota
[15]. According to this theory, hepatic inflammation is the
first cause of fibrosis progression in NASH rather than
steatosis [16]. The following section will focus on detailed
mechanisms at molecular level and their related signaling
pathways in NASH-dependent HCC progression (Figures 3
and 4).
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3. Molecular Mechanisms Involved in
NASH-Related HCC

3.1. Genetic and Epigenetic Mechanisms. Recent advances
in genetic technology allow obtaining comprehensive data
on the genetic alterations associated with HCC. Differential
gene expression results from gene mutations in regulatory
elements or epigenetic changes, which plays an important
role in susceptibility to the development of HCC.

Genetic mutation in the gene encoding patatin-like
phospholipase domain-containing protein 3 (PNPLA3) on
chromosome 22 is a well-known factor in NASH-related
HCC progression [17]. The variant (rs738409 c.444 C>G,
p.I148M) causes a cytosine to guanine mutation result-
ing in isoleucine to methionine conversion. This mutation
correlates with increased lipid accumulation in liver and
predisposes individuals to fatty liver-associated diseases,
from simple steatosis to steatohepatitis, NASH, and HCC
[18]. Although the physiological and biological functions
of PNPLA3 within the liver are not fully elucidated, the
association of PNPLA3 mutations with HCC is evident [19].
Overexpression of I148M variant in mouse liver promotes
accumulation of triacylglycerol, increases synthesis of fatty
acids, and impairs triacylglycerol hydrolysis [20]. Moreover,
the PNPLA3 genotype has been reported to influence liver
storage of retinol and retinol serum levels in obese subjects
[21] suggesting a potential role of PNPLA3 in regulating
retinol metabolism and hepatic stellate cells (HSCs) biology.
Similarly, PNPLA3 has been shown to be expressed in HSCs
[22], but its role in HCC progression in these cells still needs
to be investigated [23]. There is an increased prevalence
of another mutation in the transmembrane 6 superfamily
member 2 gene (TM6SF2) in NASH patients. Carriage of a
genetic variant in TM6SF2 (rs58542926 c.449 C>T, p.E167K)
on chromosome 19 (19p13.11) has been reported to correlate
with steatosis and advanced fibrosis in NASH patients [24,
25], independently of diabetes, obesity, or PNPLA3 genotype.
Although, conflicting data exists regarding its role in HCC
progression, the TM6SF2 variant is thought to be associated
with liver injury in NASH-related HCC pathogenesis [26].
Hemochromatosis gene (HFE)mutations (C282Y andH63D)
in NASH increased the susceptibility to more severe form
of disease with fibrosis or cirrhosis [27, 28] and implicated
HCC development in these patients. Particularly, H63D
mutation was found in noncirrhotic HCC and led to hepatic
inflammation, fibrosis, and carcinogenesis due to increased
iron load in these patients [29]. Recently, the rs641738
genotype, encoding the membrane bound O-acyltransferase
domain-containing 7 (MBOAT7), was associated with more
severe liver damage and increased risk of fibrosis in NASH
patients; however, these findings need further investigation
regarding HCC progression [30, 31]. In addition to various
single mutations, the genetic instability in NASH patients
was reported much higher than in NAFLD patients, and
this was considered as one of the inducements for NASH-
related HCC. Quantitative analysis revealed abundant ampli-
fications of DNA, where the genes involved in oncogenic
mechanisms are located. These genes encode telomerase
reverse transcriptase (TERT), vascular endothelial growth

factor A (VGFA), MET, and MYC proteins that are known
to have a role in tumor growth. Moreover, exome-sequencing
analysis of HCC showed the highest prevalence of mutation
in oncogenic genes, like CTNNB1, AXIN1 (involved in 𝛽-
catenin/WNT signaling pathway), albumin (ALB), TP53, and
CDKN2A [32]. Furthermore, differential expressions of the
exportin 4 (XPO4) and phosphodiesterase 1B (PDE1B) genes
were identified in HCC as well as in NASH; however, the
physiological role of these genes inNASH-relatedHCC is still
unknown [33, 34].

Epigenetic changes, causing aberrant DNA methylation,
have been considered another important mechanism in
NASH progression [35]. It occurs through the enzyme
methyltransferases (DNMTs), leading to silence of genes
related to DNA damage and repair, lipid and glucose
metabolism, and fibrosis progression [36]. The methylation
of the CpG island near the PDE1B gene was shown to be
linked with survival in HCC patients; nevertheless, the only
epigenetic change that has clearly been linked to NASH-
related HCC is the gene encoding chromodomain helicase
DNA-binding protein 1 (CHD1) [37].

MicroRNAs (miRNAs) are endogenous, small noncoding
RNAs, having a role in the regulation of gene expression.
Convincing evidence showed that expression of miRNAs is
dysregulated in many cancers through various mechanisms
and theymay function as either oncogenes or tumor suppres-
sors under certain conditions [38]. So far, no studies have yet
significantly focused onmiRNAexpression in humanNASH-
associated HCC; however, genome-wide analysis revealed 23
miRNAs, differentially expressed in NASH patients. Among
them, liver specific miR-122 expression is reduced in NASH
patients and, thus, negatively regulates hepatic lipogenesis
[39]. Downregulation of miR-122 was also demonstrated in
a mouse model of NASH-HCC, indicating direct role of
this miRNA in NASH-associated HCC [40]. To date, most
of the studies indicate a critical role of several miRNAs
(miR-21, miR-29, miR-23, miR-155, miR-221, miR-222, miR-
106, miR-93, miR-519) in NASH-associated carcinogenesis
[32]. Strikingly, altered expression of these miRNAs have
been found to be involved in major hepatocarcinogenic
pathways, including the TGF-𝛽, Wnt/𝛽-catenin, mitogen-
activate protein kinase (MAPK), and phosphatidylinositol 3-
kinases (PI3K)/AKT/mTOR that regulate proliferation and
energy metabolism in the cell [41]. Importantly, several of
these miRNAs target the main inhibitor of the PI3K/AKT
pathway, PTEN protein, and its mutations were found in
HCC patients [42]. In accordance, PTEN deficient mice have
been shown to develop steatosis, hepatomegaly, and HCCs
[43, 44].

3.2.Metabolic Pathways. Thecommon association of high-fat
diet, obesity, and diabetes with NASH andHCC pathogenesis
indicates that the molecular link between energy balance
and cell cycle control in hepatocytes is the key mechanism
for the progression of NASH-related HCC. Indeed, these
metabolic factors are closely related to insulin resistance and
hyperinsulinemia, which activates insulin receptor signaling
via PI3K and MAPK pathway.
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Experimental evidence indicated that insulin resistance
and hyperinsulinemia increased the expression of insulin and
insulin-like growth factor-1 (IGF-1) [45]. Binding of insulin
or IGF-1 to their respective receptors, namely, insulin recep-
tor (IR) and insulin-like growth factor-1 receptor (IGF1R),
triggers signaling cascade via insulin receptor substrate-1
(IRS-1) that results in activation of its downstream PI3K and
MAPK pathways. In fact, these pathways play a significant
role in the carcinogenesis of HCC by induction of cell
proliferation and inhibition of apoptosis [46, 47]. The role of
PI3K pathway in the progression of HCC is mainly mediated
by its effect on cyclin D1-dependent cell cycle, Mdm2/p53-
dependent apoptosis, andmTOR-dependent cell growth [48].
On the other hand, MAPK pathway affects cell growth by
inducing the transcription of protooncogenes, c-fos, and c-
jun. In addition, MAPK pathway eventually activates the
Wnt/𝛽-catenin signaling cascade, which leads to fibrosis and
carcinogenesis in liver [49].

Another important consequence of insulin resistance is
excessive lipid accumulation in liver. In other words, imbal-
ance in energy metabolism increases hepatic lipotoxicity,
resulting in excessive production of FFAs [50]. Indeed, 𝛽-
oxidation of these FFAs in mitochondria induces the for-
mation of reactive oxygen species (ROS). Overproduction
of ROS causes respiratory chain disruption and further
functional defect in mitochondria, which is the main event
for cytochrome c release and triggering apoptotic death
signal. Recently, RIP1- and RIP3-activated JNK (Jun-(N)-
terminal kinase) has been proposed as an apoptotic pathway
responsible for the emergence of liver injury, inflammation,
and fibrosis in NASH patients as well as in mouse model of
steatohepatitis [51, 52].

Insulin signaling and lipotoxicity in mitochondria are
connected to several other mechanisms, such as oxidative
and endoplasmic reticulum (ER) stress, that contribute to
hepatic cell injury and ultimately carcinogenesis in NASH
[53]. Certainly, there is significant cross-talk between ROS
production, oxidative and/or ER stress, and cell death mech-
anisms, correlating to the development of progressive disease
conditions in NASH and HCC. ROS and oxidative stress
disrupt ER functions via increased release of calcium fromER
stores. Excess amount of calcium level inducesmitochondrial
and lysosomal permeabilization, which in turn increased
further mitochondrial ROS release and potentiate sequential
activation of proapoptotic pathway initiated by executive
caspases 9 and 3 [54, 55]. Under normal catabolic condition
in cells, the superoxides (incompletely reduced forms of
oxygen) are converted into nontoxic water by glutathione
peroxidase and catalase. The biochemical function of these
enzymes is to protect the organism from oxidative damage
by reducing the amount of free hydrogen peroxide. The level
of iron is an important factor for glutathione peroxidase
and catalase activities, which is upregulated during intake
of excess iron; otherwise, it induces oxidative stress by
enhancing FA oxidation. Accordingly, elevated level of iron
is observed in NASH patients and considered as a risk factor
for HCC development [56].

Autophagy is one of the important stress response path-
ways in cells, supporting cell survival by recycling metabolic

components.This mechanism reduces cytosolic organelles or
macromolecules by sequestering them in double-membrane
vesicles and delivering them to the lysosomes for degra-
dation. Recent discoveries showed a molecular connection
between lipolysis and autophagy mechanisms. In the liver,
autophagy suppresses protein aggregate, lipid accumulation,
oxidative stress, chronic cell death, and inflammation. On the
contrary, autophagy regulates adipogenesis and adipose tis-
sue differentiation [57]. Now, the emerging role of autophagy
in NASH and NASH-derived HCC is a double-edged sword.
On the one hand, autophagy enables the hepatocytes to tol-
erate stress and promote tumorigenesis. On the other hand,
autophagy plays an important role in damage mitigation
in response to stress that can limit tumorigenesis [58, 59].
Although there is controversy whether autophagy promotes
or inhibits NASH progression, its role in energy metabolism
via PI3K/mTOR pathway strongly supports the idea that
autophagy may be an ideal candidate for therapeutic pur-
poses. Therefore, further investigations are needed to deter-
mine the exact role of autophagy in NASH-associated HCC.

3.3. Immunologic Pathways. Mitochondrial dysfunction and
stimulation of stress mediators not only facilitate the pro-
duction of ROS, but also contribute to the progression of
HCC by immune reactions. Insulin resistance and oxidative
stress stimulate IKK𝛽- (inhibitor of kappa light polypeptide
gene enhancer in B-cells, kinase beta) dependent NF-𝜅B
(nuclear factor kappa-light-chain-enhancer of activated B-
cells) signaling pathway and promote hepatocyte survival
in addition to their crucial role in liver inflammatory
responses [60]. It has been shown that ROS along with
products of lipid peroxidation increases the release of several
inflammatory and inhibitory cytokines such as tumor necro-
sis factor-alpha (TNF-𝛼), interleukin-6 (IL-6), leptin, and
adiponectin [61]. TNF-𝛼 activates prooncogenic pathways
via JNK and IKK𝛽 that promote the synthesis of AP-1
and NF-𝜅B. Phosphorylation and subsequent degradation
of IKK𝛽 lead to the nuclear entry of NF-𝜅B, triggering
inflammatory cascades, which in turn aggravate NF-𝜅B
activation. Extracellular lipid can also activate IKK𝛽 by
engaging TLRs (Toll-like receptors). The TLR-deficient mice
studies revealed the attenuation of severe steatosis, indicating
TLR as an important proinflammatory mediator in NASH
progression [62]. On the other hand, IL-6 activates STAT-
3 (signal transducer and activator of transcription 3), an
oncogenic transcription factor that induces cell proliferation
and antiapoptotic pathways, and was found to be important
for NASH-related HCC development [63]. Leptin has been
described as profibrotic and proangiogenic factor in liver
carcinogenesis by initiating an intracellular signaling cascade
of proinflammatory cytokines (TNF-𝛼 and IL-6). Moreover,
binding of leptin to its respective receptor in HCC cells
activates JAK2/STAT, MAPK, and PI3K signaling pathways
[64]. Interestingly, leptin has also been shown to upregulate
the TERT and thereby lead to immortalization of tumor
cells in HCC [65]. Adiponectin is an anti-inflammatory
cytokine, specifically produced in adipose tissue. Under
normal physiological conditions, it inhibits angiogenesis via
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modulation of apoptosis [66]. However, insulin resistance
reduced level of adiponectin and the release of TNF-𝛼 and
IL-6 that further inhibit adiponectin production and thus
potentiate HCC development [67]. Adiponectin and leptin
act antagonistically on liver fibrogenesis and inflammation
[68]. However, reports of serum levels of adiponectin and
the expression of its receptor are inconsistent [69].Therefore,
further investigations are necessary to clarify the function of
adipokines in NASH and HCC development.

Immune activation is a prerequisite for the development
of NASH, which is also linked to adaptive immune responses.
In several animal models, the potential role of CD8+ T-
lymphocytes, and CD4+ T-lymphocytes in liver damage
and carcinogenesis was demonstrated [70, 71]. Moreover,
liver damage stimulates the recruitment of different types
of immune cells to the site of injury. Kupffer cell (KC)
activation is critical in NASH and precedes the recruitment
of other cells, therefore contributing to NASH progression
[72]. In NASH, a number of ligands and cytokines can also
activate Natural Killer (NK) cells; however, data obtained
from animal models are contradictory, indicating that two
different phenotypes of NK cells have been associated with
liver disease and act oppositely during inflammation [73, 74].
The involvement of adaptive immune system was demon-
strated in response to liver injury and inflammation, but its
exact role in NASH-related HCC is still unknown.

Acute cell injury triggers another signaling pathway,
Hedgehog, a complex cellular pathway for liver repair and
regeneration. This pathway induces mobilization of hepatic
progenitor cells at the site of injury and replaces damaged
hepatocytes [75]. Current data suggest that abnormal Hedge-
hog signaling results in dysregulated cellular repair and
malignant transformation in HCC progression. Moreover,
the development of HCC has been described as a contrary
function of Hedgehog pathway, in which hyperactivation of
progenitor cells could survive independently from regulation
of NF-𝜅B, thereby being less susceptible to NF-𝜅B-driven
apoptosis [76].

The gut microflora plays an important role in the devel-
opment and function of the host immune system. Through
the portal circulation, liver is directly exposed to gut-derived
products, being the first line of defense against bacterial
toxins [77]. The studies in both animal models and human
showed that alteration in intestinal microflora triggers an
immune response, inflammation, and immune cell infiltra-
tion of liver and adipose tissue. Modulation of gut microbiota
induces insulin resistance by inhibiting expression of gut-
secreted anorectic hormones, such as GLP-1 and PYY. In
addition, the reduced expression of a LPL- (lipoprotein
lipase-) suppressor FIAF (fasting-induced adipose factor)
prevents FA release leading to FA and triglyceride accumu-
lation [78]. The shift on the bacterial community prevalence
in gut microbiota results in release of pathogen-associated
molecular patterns (PAMPs). PAMPs are recognized by TLRs
and other pattern recognition receptors (PRRs) and poten-
tiate innate immune responses. Lipopolysaccharides (LPSs),
a major component of outer membrane of gram negative
bacteria, are considered the prototypical class of PAMPs.
While LPSs are specifically recognized by TLR4, the other

PAMPs such as flagellin, lipoteichoic acid, peptidoglycan,
nucleic acid variants (dsRNA), or unmethylated CpG motifs
are recognized by other receptors, such as TLR2, TLR3, TLR5,
and TLR9 [79]. Similarly, human TLR2, TLR4, and TLR9 are
involved in the pathogenesis of NASH [80]. Interaction of
LPSs and TLR4 with the monocyte differentiation antigen
CD14 system on Kupffer cells triggers inflammatory cascade,
which activates NF-𝜅B pathway and induces the production
of TNF-𝛼, IL-1, and IL-6 cytokines [81]. The stimulation
of this pathway was demonstrated in animal model of
NASH, and elevated TNF-𝛼 expression as well as serum LPS-
binding proteins was detected [82]. In HSCs, the activation
of TRL4-dependent pathway was shown to be involved in
fibrosis progression [83]. Although further investigations are
necessary to show the generation of secondary bile acids by
gut microbiota in NASH-HCC, the studies have shown the
induction of DNA damage by one of the secondary bile acids,
sDCA [84, 85].

3.4. Endocrine Pathways. The incidence of NASH and HCC
is higher in males irrespective of the etiology. This suggests
that the differential endocrine signaling might increase the
tendency of HCC development in NASH patients. Both
estrogen and androgen are steroid hormones that mediate
their action by binding to nuclear receptors and acting as
transcription factors to regulate the expression of multiple
genes. It was suggested that androgen and androgen receptors
(ARs) might promote HCC progression and/or that estrogen
and estrogen receptors might suppress HCC development
[86]. The AR gene encodes AR molecule, which is a tran-
scriptional factor able to bind DNA with its DNA-binding
domain. AR is activated directly by androgen hormone and
induces the transcription of cell cycle-related kinase (CCRK)
that upregulates 𝛽-catenin/T-cell factor signaling, leading to
promotion of HCC [87]. ARs can also be activated by other
signaling pathways such as MAPK and PI3K, which are well-
known in the development of HCC in NASH [88]. Although
ARs are extensively studied inHCC, their role inNASH is still
under investigation. Several animal studies demonstrated the
development of liver steatosis, insulin resistance, altered lipid
metabolism, and progression of NASH to HCC via either
SREB1 (sterol regulatory element-binding protein), PEPCK
(phosphoenolpyruvate carboxykinase), and PTB-1B (protein
tyrosine phosphatase 1B) or SREB2 and CYP27A1 [89].
These molecules play significant role in insulin signaling,
cholesterol homeostasis, and vitaminD3metabolism through
activation of the JNK pathway [90].

4. Conclusion and Future Perspectives

NASH is the aggressive form of NAFLD and its prevalence
is progressively increasing due to the growing epidemic of
obesity and diabetes. Accumulated evidence is likely to make
NASH one of the most common causes of HCC in upcom-
ing years. Recent advances in whole genome association
study (WGAS) and next generation sequencing (NGS) allow
clarifying remarkable genetic changes in signaling pathways
related to energy metabolism and cell proliferation that
are directly linked to carcinogenesis. Currently, the data
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obtained from various clinical and in vivo molecular studies
achieve the consensus that genomic instability, abnormal
lipid metabolism, uncontrolled stress mediators, and altered
immune responses are coordinately acting mechanisms,
prompting inflammation, liver injury, and fibrosis along with
HCC. Our understanding of the underlying molecular basis
in the NASH-related HCC development is that the signaling
pathways involved in NASH pathogenesis seem to act simul-
taneously inHCCdevelopment. In this complex scenario, key
molecules involved in reciprocal interaction between several
pathways lead to overactivation of prooncogenic mechanism
and, meanwhile, inactivate tumor-suppressive or antionco-
genic mechanisms. Ongoing clinical trials of a wide range
of molecules, targeting different pathways, have been shown
to reduce the NASH-HCC progression in several pathogenic
aspects, yet the translation of these findings into personalized
therapy is still amajor challenge.Thus, a better understanding
of the molecular signaling pathways involved in NASH-
related HCC will allow the discovery of novel targeting
molecules for therapeutic and preventive approaches.
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Macroscopic portal vein invasion (PVT) by hepatocellular carcinoma (HCC) in the liver is one of the most important negative
prognostic factors for HCC patients.The characteristics of a large cohort of such patients were examined.We found that the percent
of patients with PVT significantly increased with increasing maximum tumor diameter (MTD), from 13.7% with tumors of MTD
<5cm to 56.4% with tumors of MTD >10cm.There were similar numbers of HCC patients with very large tumors with and without
PVT. Thus, MTD alone was insufficient to explain the presence of PVT, as were high AFP levels, since less than 50% of high AFP
patients had PVT. However, the percent of patients with PVT was also found to significantly increase with increasing blood alpha-
fetoprotein (AFP) levels and tumor multifocality. A logistic regressionmodel that included these 3 factors together showed an odds
ratio of 17.9 for the combination of MTD>5.0cm plus tumor multifocality plus elevated AFP, compared to low levels of these 3
parameters. The presence or absence of macroscopic PVT may therefore represent different HCC aggressiveness phenotypes, as
judged by a significant increase in tumor multifocality and AFP levels in the PVT positive patients. Factors in addition to MTD
and AFP must also contribute to PVT development.
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1. Introduction

The prognosis of patients with hepatocellular carcinoma
(HCC) depends upon both tumor factors and liver factors
[1]. The tumor factors include the maximum tumor diameter
(MTD), number of tumors, presence of macroscopic (clini-
cally evident) portal vein thrombosis (PVT), and blood levels
of alpha-fetoprotein (AFP). The presence of PVT may be
the most important tumor factor, as it reflects tumor aggres-
siveness (migration, invasion, and potential for metastasis),
limits the options for curative resection or transplantation,
and can also worsen residual liver function. It is thought that
up to 45% of HCC patients have some form of macroscopic
PVT [2–5] and may be gross or macroscopic as shown
on CT or MRI scan or microscopic as evidenced only on
pathology. It is poorly understood,with fewbiologicalmodels
and little understanding of its causes. However, predisposing
factors include increased MTD, with increased levels of the
HCC plasma tumor markers des-gamma carboxyprothrom-
bin (DCP) and AFP, decreased serum albumin, and elevated
platelet counts [6–11]. The current study in a large HCC
cohort confirms the increased percent of PVTwith increasing
MTD, as well as with increasing multifocality and AFP.
Furthermore, we found that PVT occurred in 13.7% of small
HCCs <5cm, but in 56.4% of large HCCs >10cm.

2. Methods

2.1. Patient Data. We analyzed a database of 1773 prospec-
tively accrued HCC patients who had full baseline tumor
parameter data, including CT scan information on HCC
size, number of tumor nodules, and presence or absence of
PVT and plasma AFP levels; complete blood count; routine
blood liver function tests (total bilirubin, GGTP, ALKP,
albumin, and transaminases); and patient demographics.
Diagnosis was made either via tumor biopsy or according to
international guidelines. Of these patients, 1029 had low AFP
levels (≤100 IU/ml) and are the subject of this study. Database
management conformed to legislation on privacy and this
study conforms to the ethical guidelines of the Declaration
of Helsinki and approval for this retrospective study on
deidentified HCC patients was obtained by the Institutional
Review Board.

2.2. Statistical Analysis. Mean and SD for continuous vari-
ables and relative frequency for categorical variables were
used as indices of centrality and dispersion of the dis-
tribution. For categorical variables, the Chi-square and z
test for proportions were used. The Wilcoxon rank-sum
(Mann–Whitney) test was to test the difference between
two categories and the Kruskal-Wallis rank test to test the
difference among categories.

Logistic regressionmodel was to evaluate the associations
between PVT (No/Yes) on single variables examined.

Final multiple linear or logistic regression models were
obtained with the backward stepwise method and the vari-
ables that showed associations with p<0.10 were left in the
models.

When testing the null hypothesis of no association,
the probability level of 𝛼 error, two tailed, was 0.05. All
the statistical computations were made using STATA 12.1
Statistical Software (StataCorp), 2014, release 12 (College
Station, TX).

3. Results

3.1. PVT in Tumor Size (MTD) Groups. Patients were initially
analyzed according to PVT status in different tumor size
(MTD) groups (Table 1).There was a large percent increase in
PVT positive patients with increase in MTD, 13.7% for small
tumors, 33.9% for intermediate tumors, and 56.4% for very
large tumors. For small and intermediate size tumor patients,
there were more Child-Pugh score A patients without PVT.
However, the prevalence of cirrhosis was not different across
MTD groups, nor were there differences in total serum
bilirubin values. Albumin values were lower in the patients
with PVT, but significant only for the small tumor groups.
Patients with PVT had a small but significant increase in
MTD, in the small and intermediate size tumor groups
compared to patients without PVT. However, the AFP levels
were significantly higher in the PVT positive patients, for all
3 tumor size groups, as was tumor multifocality. Thus, on
the whole, patients with PVT had larger and more multifocal
tumors with higher AFP values, yet similar bilirubin levels,
across the tumor size groups.

3.2. PVT-Associated Parameters. The parameters that were
associated with presence of PVT were next examined. A
logistic regressionmodel of PVT showed significance for sev-
eral single parameters as continuous variables (Table 2(A)),
but when all parameters were considered together, there
was significance in the final model (Table 2(B)) for tumor
multifocality, MTD, AFP, ALKP, and albumin. Two of these
parameters versus PVT values are shown graphically in
Figure 1, which shows significant increases in percent PVT,
in relation to increase of both MTD and AFP. However, even
in the highest AFP categories, less than r50% of patients had
PVT (Figure 2).

A logistic regression model of PVT was then performed
for the variables of MTD (large or small), AFP (high or
low), and tumor multifocality versus unifocality, considered
singularly (Table 3(A)) or together (Table 3(B)), as these were
the 3 parameters with highest odds ratio (OR) in Table 2.
High ORs were found for the high values of each of the
3 parameters, whether considered singularly or together.
However, when we combined all 3 parameters of MTD >5cm
plus tumor multifocality plus AFP >100 IU/ml, an OR of 17.9
was obtained (Table 3(C)).

4. Discussion

Clinical macroscopic PVT is typically diagnosed as obstruc-
tion and expansion of the portal vein on CT or MRI
scan [12–14] or by contrast-enhanced ultrasonography [15].
It is associated with several serum changes, such as the
des-gamma-carboxy-prothrombin/vitamin K pathway [16–
23] and is a well-recognized predictor of poor survival in
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Table 2: Logistic regression model of PVT (No/Yes), on single variables (A). Final multiple logistic regression model in stepwise method of
PVT (No/Yes), on all variables included together in the model (B). All models in total cohort.

Parameter ∗ OR se(OR) p-value 95% C.I.
(A)
Platelet counts (103/𝜇L) 1.002 0.001 0.003 1.001 to 1.004
Hemoglobin (g/dL) 0.899 0.034 0.005 0.835 to 0.969
GGTP (U/L) 1.001 0.0004 0.006 1.0003 to 1.0021
ALKP (U/L) 1.001 0.0004 0.002 1.0004 to 1.0019
Total Bilirubin (mg/dL) 1.042 0.021 0.04 1.002 to 1.084
Albumin (g/dL) 0.711 0.080 0.002 0.571 to 0.887
AFP (IU/mL)
≤100 [Ref. category] 1
>100 2.091 0.354 <0.001 1.500 to 2.913

MTD (cm) 1.178 0.027 <0.001 1.127 to 1.231
Tumor Nodule # 1.714 0.284 0.001 1.238 to 2.372
Cirrhosis (yes) 1.388 0.303 0.13 0.905 to 2.130
(B)
ALKP (U/L) 1.001 0.0004 0.02 1.0001 to 1.0017
Albumin (g/dL) 0.758 0.093 0.02 0.595 to 0.965
AFP (IU/mL)
≤100 [Ref. category] 1
>100 1.632 0.297 0.007 1.143 to 2.331

MTD (cm) 1.166 0.027 <0.001 1.114 to 1.219
Tumor Nodule # 1.558 0.281 0.01 1.094 to 2.219
∗ All variables included in the model were considered as continuous, except the AFP which was considered as categorical.
OR, odds ratio; se(OR), standard error of odds ratio; GGTP, gamma glutamyl transpeptidase; ALKP, alkaline phosphatase; AFP, alpha-fetoprotein; MTD,
maximum tumor diameter; PVT, portal vein thrombosis.
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Figure 1: Percentage of patients with PVThrombosis in (a)MTD (cm) categories, in total cohort (p < 0.0001∗); (b)AFP (IU/mL) categories
(p < 0.0001∗);∗ Chi-square test for trend; PVT, portal vein thrombosis; MTD, maximum tumor dimension; AFP, alpha-fetoprotein.
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Table 3: Logistic regression model of PVT (No/Yes), on single variables (A), all as categories. Final multiple logistic regression model in
stepwise method of PVT (No/Yes), on all variables as categories, included together in the model (B). Combination of MTD (<5.0/≥5.0),
focality (Unifocality/Multifocality), and AFP (≤100/>100) (C).

Parameter OR se(OR) p-value 95% C.I.
(A)
MTD (cm)
<5.0 [Ref. category] 1
≥5.0 3.97 0.53 <0.001 3.05 to 5.17

Tumor Nodule #
Unifocality (n=1) [Ref. category] 1
Multifocality (n≥2) 2.43 0.31 <0.001 1.90 to 3.11

AFP (IU/mL)
≤100 [Ref. category] 1
>100 2.55 0.32 <0.001 2.00 to 3.25

(B)
MTD (cm)
<5.0 [Ref. category] 1
≥5.0 3.49 0.48 <0.001 2.66 to 4.57

Tumor Nodule #
Unifocality (n=1) [Ref. category] 1
Multifocality (n≥2) 2.22 0.29 <0.001 1.71 to 2.88

AFP (IU/mL)
≤100 [Ref. category] 1
>100 2.05 0.27 <0.001 1.58 to 2.65

(C)
Combination of: MTD, Focality, and AFP
MTD<5.0 & Unifocality & AFP≤100 [Ref. category] 1
MTD<5.0 & Unifocality & AFP>100 2.80 0.82 <0.001 1.57 to 4.99
MTD<5.0 & Multifocality & AFP≤100 2.17 0.71 0.02 1.15 to 4.11
MTD<5.0 & Multifocality & AFP>100 6.93 2.31 <0.001 3.60 to 13.31
MTD≥5.0 & Unifocality & AFP≤100 4.68 1.20 <0.001 2.83 to 7.73
MTD≥5.0 & Unifocality & AFP>100 7.48 1.92 <0.001 4.52 to 12.38
MTD≥5.0 & Multifocality & AFP≤100 9.50 2.76 <0.001 5.37 to 16.80
MTD≥5.0 & Multifocality & AFP>100 17.94 4.80 <0.001 10.62 to 30.30
OR, odds ratio; se(OR), standard error of odds ratio; PVT, portal vein thrombosis; MTD, maximum tumor diameter; AFP, alpha-fetoprotein.

HCC patients [1, 5–7, 24–26]. It is typically diagnosed radi-
ologically [13–15] and although pathological confirmation
often requires examination of resected or transplantation
specimens, percutaneous biopsy material can also be used
[27, 28]. Despite this, some factors have been associated with
discriminate better survival among patients with PVT. These
include serum albumin levels [9], C-reactive protein [11],
and AFP levels [29] and some subsets of patients have been
identified as having better prognosis [24, 25, 30, 31]. The
causes of increased death in HCC patients with PVT include
worsened residual liver function and the presence of tumor
cells in the vein as a pathway to systemic spread of tumor and
distant metastasis.

The mechanisms involved in the pathogenesis of PVT
include disruption of the tumor matrix, migration and inva-
sion of the tumor cells, systemic inflammation [32], and DCP
[16–19]. AFP levels are typically elevated inHCCpatientswith
PVT, but whether they are cause or consequence is unclear.

Treatment of HCC patients with PVT is controversial
[5] with more than usual complications and some limited
survival benefit [33, 34]. Recently, radioembolization has
emerged as a safer therapy [35, 36], but its effects on survival
have yet to be proved. However, some evidence suggests that
chemoembolization may also be useful in the presence of
PVT [37, 38]. Furthermore, Sorafenib has been found to be
a safe treatment in this setting [39] and may be as effective as
radioembolization. In additional, multiple different radiation
modalities have been evaluated in the presence of PVT, with
few differences between them [40].

A major finding in this analysis was the increase in %
of patients with PVT as MTD increased (Tables 1, 2, and 3,
Figure 1).We considered 2 possible explanations for this. One
is that the same factors that induce tumor growth, such as
stem cells or growth factors, also enhance tumor invasion and
thusMTD.Alternatively, theremight be some change inHCC
biology beyond a certain size that is associated with more
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aggressive features. Table 1 shows that the proportion of very
large MTD tumors with and without PVT is similar. Further-
more, within this category, average MTD is almost identical.
This suggests that it is not tumor size per se. Perhaps there are
2 different growth pathways, one associated with PVT and
the other not. This could explain why large tumors are well
represented in the PVTpositive andnegative groups (Table 1).
The same Table 1 also shows that both tumor multifocality
and average AFP values are always significantly higher in
everyMTD category that has PVT patients compared to each
PVT negative category, suggesting that the tumors are more
aggressive in the PVT patients, whether they are larger or not.
However, even in the highest AFP groups, less than 50% of
the patients were PVT positive, as shown in Figure 2. Other
reports have found elevated bilirubin levels in PVT patients,
but our data do not really show this. Thus, the patients with
PVT in this cohort have aggressive HCCs which did not
destroy sufficient liver parenchyma to cause liver failure. PVT
is generally classified as macroscopic or microscopic [5]. The
current study was based on clinical/nonsurgical evidence
(macroscopic) for PVT. Thus, a proportion of our patients
classed as PVT negative macroscopically could still be PVT
positive microscopically. It has also been reported that PVT
seems to occur at a very early stage of HCC evolution
[41]. These findings support the idea of 2 possible HCC
developmental pathways, namely, HCCs with and without
macroscopic PVT. Factors other than MTD and AFP must
also be involved in the development of PVT.
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Image-guided percutaneous ablation is considered best in the treatment of early-stage hepatocellular carcinoma (HCC). Ablation
is potentially curative, minimally invasive, and easily repeatable for recurrence. Ethanol injection used to be the standard in
ablation. However, radiofrequency ablation has recently been the most prevailing ablation method for HCC. Many investigators
have reported that radiofrequency ablation is superior to ethanol injection, from the viewpoints of treatment response, local tumor
curativity, and overall survival. New-generation microwave ablation can create a larger ablation volume in a shorter time period.
Further comparison studies are, however, mandatory between radiofrequency ablation andmicrowave ablation, especially in terms
of complications and long-term survival. Irreversible electroporation, which is a non-thermal ablation method that delivers short
electric pulses to induce cell death due to apoptosis, requires further studies, especially in terms of long-term outcomes. It is
considerably difficult to compare outcomes in ablation with those in surgical resection. However, radiofrequency ablation seems to
be a satisfactory alternative to resection forHCC 3 cm or smaller in Child-Pugh class A or B cirrhosis. Furthermore, radiofrequency
ablation may be a first-line treatment in HCC 2 cm or smaller in Child-Pugh class A or B cirrhosis. Various innovations would
further improve outcomes in ablation. Training programs may be effective in providing an excellent opportunity to understand
basic concepts and learn cardinal skills for successful ablation. Sophisticated ablation would be more than an adequate alternative
of surgery for small- and possibly middle-sized HCC.

1. Introduction

Hepatocellular carcinoma (HCC) is the sixth in prevalence
and the second in mortality among malignant neoplasms in
the world [1]. Currently, almost 80% of victims are found in
Asia, and the global incidence of HCC is increasing steadily
[2, 3]. Surgical resection can be applicable in only 20 % of
HCC patients [4]. Furthermore, HCC frequently recurs even
after apparently curative resection. Liver transplantation,
which is the best therapeutic option in some patients because
it can be a treatment not only for HCC but also for cirrhosis,
plays a limited role by organ donor shortage. Thus, various
nonsurgical therapies have developed [3, 5, 6]. Among these,
image-guided percutaneous ablation is regarded as best in
the treatment of early-stage HCC. It includes ethanol injec-
tion [7–9], microwave ablation (MWA) [10], radiofrequency

ablation (RFA) [11–13], irreversible electroporation (IRE), and
cryoablation. Ablation can be curative, minimally invasive,
and easily repeatable for recurrence. Ablation is generally
indicated on patients with small HCC, preferably for those
with Child-Pugh class A or B liver dysfunction, up to three
tumors each 3 cm or smaller in diameter [14, 15].

2. Ethanol Injection

Percutaneous ethanol injectionwas first described in the early
1980s [7–9] and had long been the standard in ablation. It is
a well-tolerated, low-cost, and considerably safe treatment.
Survival of patients who underwent ethanol injection has
been reported to be 38–60% at 5 years [16–19]. In our study
of 685 primary HCC patients on whom we performed 2,147
ethanol injection treatments, with a median follow-up of 51.6
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months, survival rates were 49.0%, 17.9%, and 7.2% at 5, 10,
and 20 years, respectively [19]. It has been reported that local
tumor progression rates after percutaneous ethanol injection
were 6–31%, which were significantly related to the size of
tumor [16, 18, 20, 21]. There has been a general agreement
that percutaneous ethanol injection is a safe procedure, with
mortality and morbidity of 0–3.2% and 0–0.4%, respectively
[18–20, 22]. Nowadays, ethanol injection is a treatment of
choice only in cases in which RFA cannot be feasible because
of either enterobiliary reflux, adhesion of the tumor with the
gastrointestinal tract, or other reasons [15].

3. RFA

RFA uses high-frequency alternating current to destroy
solid tumor tissue. Radiofrequency energy emitted from the
exposed tip of the electrode is converted into heat. Heat
is conducted considerably homogeneously in all directions;
the capsule or septa of the lesion may not be a barrier
of the conduction to a great degree. There are three types
of electrodes: multitined expandable electrodes, internally
cooled ones, and perfusion ones. RFA has recently been
the most prevailing ablation technique for HCC [15]. It
has been reported that survival at 5 years was 39.9–68.5%
[14, 23–27]. In our study of 1,170 primary HCC patients on
whom we performed 2,982 RFA treatments, with a median
follow-up of 38.2 months, survival rates were 60.2 % and
27.3 % at 5 and 10 years, respectively [14]. It has been
reported that local tumor progression rates after RFA were
2.4–27.0% [14, 23–27]. It has been reported that mortality
andmorbidity of RFAwere 0.9–7.9% and 0–1.5%, respectively
[14, 23–26]. Various clinical attempts, such as combination
of transcatheter arterial chemoembolization followed by RFA
[28] and hepatic arterial balloon occlusion during RFA [29],
have been conducted to increase the ablation volume by
decreasing the cooling effect of the arterial flow. There have
also been some studies in which they say that multipolar RFA
would be useful to increase the volume of ablation and reduce
local tumor progression [30].

4. MWA

In MWA, tumor tissue is destroyed by direct hyperthermic
injury produced by electromagnetic wave emitted from the
noninsulated portions of the antenna. Microwave coagula-
tion has been used in transaction of the liver to control bleed-
ing from planes during resection. The first-generation MWA
for clinical practice was reported in the 1990s [10]. However,
its necrotic volume was small. It was prolate spheroid, 1.5 cm
in short diameter and 2.5 cm in long diameter. Still worse,
antenna shaft became hot from reflected power in the first-
generation MWA, which results in development of pleural
effusion or skin burn at the insertion site. We shifted from
ethanol injection and the first-generation MWA to RFA in
Japan [31].

MWA is, however, considered to have physical advantages
in comparison with RFA. These advantages include a larger
volume of active heating resulting in shorter procedure
times, insensitivity to carbonization, higher tissue tempera-
tures beyond the threshold of water vaporization, and less

susceptibility to the heat sink effect of blood flow which
results in incomplete ablation [32–34].Thus, new-generation
MWA systems incorporating water or gas antenna cooling
and high-power generation have been developed and have
recently been attracting large attention [35]. New-generation
MWA may create a more predictable ablation zone and a
larger ablation volume in a shorter time period. However,
its clinical data have been insufficient compared with that of
RFA. Further studies are mandatory especially in terms of
long-term survival [36, 37].

5. IRE

IRE is a non-thermal ablation treatment that delivers short
electric pulses to induce cell death due to apoptosis. The
basic principle of IRE is to create irreversible pores in
cellular bilipid membranes by subjecting them to a series
of high voltage (>640 V/cm) and high intensity (>20 A)
electrical pulses of short duration (70–100 𝜇sec) [38]. With
this method, the skeleton of connective tissue, vessels, and
bile ducts are largely preserved [39]. IRE seems to be an
attractive alternative option for tumors near the porta hepatis
or others inwhich thermal ablations are risky to be performed
[40, 41]. However, IRE is more invasive and troublesome
because general anesthesiawithmuscular blockade is needed.
In addition, IRE also produces some degree of thermal effects
which can injure bile ducts and other structures. Further
studies aremandatory in IRE especially in terms of long-term
outcomes.

6. Cryoablation

In contrast to RFA and MWA, cryoablation uses extremely
low temperature to kill tumors. Tumor tissue is destroyed by
both direct and indirect effects. The direct effect is a result
of intra-and extracellular ice crystal formation and solute-
solvent shifts, which induce cell dehydration and rupture.The
indirect effect resulted from the vascular injury which would
result in ischemic hypoxia. Apoptosis and immunomodula-
tion may also play a role in cell injury [42]. Cryoablation
has an advantage of its precise monitoring of ablated area
during the procedure by various imaging modalities, such as
CT, MRI, or ultrasound [43], therefore optimally controlling
the treatment effects. A meta-analysis concluded that RFA
is superior to cryoablation from the viewpoints of com-
plications, local recurrence of patient, and local recurrence
of tumor although there was no significant difference in
mortality [44]. However, a randomized controlled trial said
that local tumor progression is significantly less frequent in
cryoablation than in RFA, although complications, tumor-
free survival rates, and overall survival rates were not signifi-
cantly different between the two techniques [45].

7. Comparison among Percutaneous
Ablation Therapies

Six randomized controlled trials have been reported to
compare RFA with ethanol injection. Superiority of RFA to
ethanol injection, from the viewpoints of treatment response,
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local tumor curativity, and overall survival, has been found
in four of them [13, 46–48], while the other two trials
showed that the overall survival was not significantly different
between them [49]. Ethanol injection, however, does not need
special instruments and is inexpensive [50]. Ethanol injection
may be an option in very small HCC.

Regarding the first-generation MWA, a randomized con-
trolled trial to compare it with RFA demonstrated that the
number of treatment sessions was smaller in RFA, although
there was no statistically significant difference in terms of
complete therapeutic effect, major complication, and local
tumor progression between them [51]. A cohort study to
compare the first-generation MWA with RFA for HCC of up
to 2 cm in diameter showed that RFA was more effective than
the first-generation MWA, because there was a significant
difference in terms of treatment sessions, size of necrotic area,
local recurrence rate, cumulative survival rate, adverse events
of pain, fever, biliary injury, pleural effusion, and ascites
between the two therapies [52].

Regarding new-generation MWA, many studies failed
to show that new-generation MWA is superior to RFA
from the viewpoint of local control and overall survival. A
cohort study to compare it with RFA showed that there was
no significant difference in complete therapeutic response,
residual foci of untreated disease rate, recurrence rate, or
progression-free survival between the two therapies [53].
Another cohort study to compare new-generationMWAwith
RFA for HCC up to 5 cm in diameter showed that there was
no significant difference in complete ablation, local tumor
progression, overall survival, or disease-free survival rates
[54]. Another study also failed to show that there was a
significant difference in terms of complete ablation, local
recurrence, major adverse events, disease-free survival, or
overall survival rates between the two therapies [55]. Another
study to compare the two therapies for HCC within the
Milan criteria did not demonstrate that complete ablation,
local recurrence, disease-free survival, cumulative survival,
or major complication rates were different between them,
either [56]. Another comparative study showed that there
was no significant difference in complete ablation, compli-
cation, de novo lesions, portal vein thrombosis, abdominal
lymphadenopathy, and overall survival rates between the
two therapies, while local recurrence rates were significantly
lower in MWA [57]. Further comparison studies are manda-
tory between RFA and new-generation MWA, especially in
terms of adverse events and long-term survival.

8. Comparison between Percutaneous Ablation
Therapies and Surgical Resection

Comparison of ablation with surgical resection is consider-
ably difficult; the indications are somewhat different between
the two treatments. Patients ofmultiple lesions, advanced age,
or more deteriorated liver function tend to undergo ablation
while those of a large tumor tend to receive surgical resection.
Furthermore, both treatments are highly operator-dependent
and their indications may be different from institution
to institution. Thus, a patient who is decided by medical
professionals to undergo ablation or surgical resection at

an institution may not be given the same treatment at
others.

There have been four randomized controlled trials to
compare RFA with surgical resection. Three of them demon-
strated that overall survival was not significantly different
between the two treatments. A study on patients with a
solitary HCC up to 5 cm in diameter showed that overall
survival and disease-free survival were not statistically dif-
ferent between the two treatments, but adverse events were
more frequent and severe in surgical resection [58]. Another
study on patients with nodular diameters of less than 4 cm
and one or two nodules showed that there were no significant
differences between the two treatments in overall survival and
recurrence-free survival [59]. In another trial on patientswith
HCC up to 3 cm in diameter, there was no significant differ-
ence of the disease-free and overall survival between the two
treatments, although the postoperative adverse events were
significantlymore frequent and hospital stay was significantly
longer in surgical resection [60]. Only the remaining study
on patients within the Milan criteria showed that there was
a significant difference in overall survival and recurrence-
free survival between the two treatments [61]. There was a
randomized controlled trial to compare chemoembolization
plus RFA with partial hepatectomy for HCC within the
Milan criteria, which said that partial hepatectomy had better
overall and recurrence-free survival than the combination of
chemoembolization with RFA [61, 62]. However, it does not
seem to be widely used to combine chemoembolization with
RFA for HCC within the Milan criteria.

Concerning overall survival, some nonrandomized com-
parative studies reported that RFA had similar outcomes
to resection [63–76] while others found that resection had
better survival [74, 77–82]. There was a study in which RFA
showed a better long-term survival than surgical resection
after propensity score analysis [83]. There was another study
which reported that, in HCC cases of 2 cm or smaller, major
adverse events occurred significantly more often in surgical
resection than in RFA and overall survival was better in RFA
than in surgical resection [84]. Even in studies in which
surgical resection was reported to be superior to RFA, there
were no significant differences in overall survival between the
two treatments in patients with HCC 2 cm or smaller [80] or
3 cm or smaller in diameter [74, 78, 79]. RFA was associated
with less frequent adverse events [71, 79] and shorter hospital
stay [71]. From the viewpoint of cost-effectiveness, RFA may
be superior to surgical resection [85]. RFA seems to be a
satisfactory alternative to resection for HCC up to 3 cm in
diameter in Child-Pugh class A or B cirrhosis. Furthermore,
RFA may be a first-line treatment in HCC up to 2 cm in
diameter in Child-Pugh class A or B cirrhosis.

Most studies reported that recurrence-free survival was
better in surgical resection than in RFA, although overall
survival was not significantly different between the two treat-
ments. This is probably because surgical resection sacrifices
a much larger volume of non-cancerous liver tissue. It may
remove some latent metastases and reduce new carcinogene-
sis, resulting in lower recurrence rates. However, it may lead
to liver decompensation in some cases. In addition, most
recurrence can be treated curatively by iterative RFA but not
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Figure 1: We participated in development of a dedicated ultrasonic
transducer and have used it in 12,000 procedures of radiofrequency
ablation. The dedicated ultrasonic transducer has the following
advantages: (1) needle slot is located inside the transducer, (2) a
puncture angle of 100 degrees is available in addition to 55, 70,
and 85 degrees, (3) the same image is obtained as a regular convex
transducer generates, (4) a puncture attachment is unified with the
transducer, and (5) it is capable of multimodality fusion imaging.

by repeated surgical resection. In our study, the first recur-
rence was treated by iterative RFA in 659 (88.9 %) of the 741
patients. In the remaining, transarterial chemoembolization
in 69 (9.3 %), systemic chemotherapy in 4 (0.5 %), surgical
resection in 3 (0.4 %), radiation therapy in 2 (0.3 %), and
supportive care in 4 (0.5 %) were chosen [14]. On the other
hand, repeated surgical resection can be an option in only 20-
30% of patients with recurrent HCC.

9. Various Innovations and
Sophisticated Instruments

We developed a dedicated ultrasound transducer for punc-
ture (PVT-350BTP, Toshiba, Japan) (Figure 1) in corporation
with Toshiba. We have performed RFA over 10,000 cases of
liver tumors using this dedicated ultrasound probe. Contrast-
enhanced ultrasound is useful to detect viable tumor per-
sistence following locoregional treatment (either ablation
or chemoembolization). There are cases in which B-mode
ultrasound cannot clearly identify a viable portion of the
tumor. Using ultrasound contrast agents, vascular imaging
shows a hypervascular area which represents the residual
cancer tissue. We developed a dedicated procedure bed
(Figure 2). Using this bed, we can keep a patient in an
optimal position.Multimodality fusion imaging is also useful
to detect tumors not clearly identified by ultrasound. It is a
system in which fused CT or MR images created from pre-
viously acquired imaging data demonstrate the same plane
and move synchronously with real-time ultrasound images.
Various innovations would further improve outcomes in
percutaneous ablation.

Figure 2: We developed a dedicated procedure bed. Using this
bed, we can keep a patient in an optimal position, such as right
hemilateral decubitus position, left hemilateral decubitus position,
head-up position, sitting position, and almost standing position.

Figure 3: Lecture topics are current status of ablation, ablation
systems, ultrasound systems, various techniques in ablation, and
others.

10. Training Programs

Because ablation appears a simple procedure, it may be
done without sufficient training. However, ablation is con-
siderably operator-dependent. Its skills and outcomes differ
much from operator to operator. In order to disseminate
skills and know-hows, there are some training programs for
ablation. For example, our training programs are composed
of comprehensive lectures (Figure 3), live demonstrations
(Figure 4), and case studies (Figure 5).We have held domestic
training programs 10 times, and a total of 170 doctors
attended. We also have had international ones 4 times, which
were successfully completed with 49 participants in total.
Training programs may be effective in providing an excellent
opportunity to understand basic concepts and learn cardinal
skills for successful ablation.

11. Conclusions

Ablation has been widely performed in the treatment of
HCC. Ablation is potentially curative, minimally invasive,
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Figure 4: In live demonstrations, we perform ablation on various
cases: a case of first diagnosed cancer not difficult to ablate judging
from its size and location, a case of a tumor beneath the diaphragm
requiring artificial ascites, a case of a tumor in the caudate lobe,
a case of a tumor adjacent to the heart, a case of a tumor next to
portal vein or hepatic vein at porta hepatis, a case of a tumor over
5 cm in diameter, a case of more than five tumors, cases of hepatic
metastasis from the colorectal cancer or the gastric cancer, a case
of simple nodular type HCC with extranodular growth or confluent
multinodular type HCC, a case of a tumor with unclear boundaries
on ultrasound which requires contrast-enhanced ultrasound to
perform RFA, a case in which a tumor cannot be detected on
ultrasound and requires support of fusion imaging, and others.
From these cases, we demonstrate the importance of appropriate
patient posture, usefulness of our original dedicated probe for inter-
ventional procedures and our RFA dedicated operation table, and
the way to carry out ablation under contrast-enhanced ultrasound
guidance and with multimodality fusion imaging.

Figure 5: In case studies, difficult to ablate cases from participants’
institutions are presented and discussed.

and easily repeatable for recurrence. In RFA, outcomes in
over 10-year period clearly show that RFA is a curative
treatment and enables long-term survival. There are still
arguments regarding whether it is proper to perform abla-
tion on resectable cases or not. The number of patients
treated by ablation, however, has been increasing. Various
innovations would further improve outcomes in ablation.
Training programs may be effective in acquiring necessary
skills, knowledge, and experience for successful ablation.
Sophisticated ablation would be more than an adequate
alternative of surgery for small- and possibly middle-sized
HCC.
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