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Preface

Hepatocellular carcinoma (HCC) is the predominant primary malignant cancer in
the liver. It is one of the most common and malignant cancers in the world. There
are 700,000 deaths due to HCC every year. The cancer incidence is increasing in
many countries, including the United States. Unfortunately, the treatment options
are very limited compared to other human cancers. Many clinical trials have been
conducted over the years, but the results are generally disappointing. The high fail-
ure rate for clinical trials is partially attributed to lack of adequate biomarkers for
patient selection. Developing molecular markers is paramount for early diagnosis
and optimal treatment of HCC. This book provides the most updated knowledge on
the advancement of molecular pathogenesis, molecular diagnosis, and therapy
development. The authors are experts in the topics they have contributed. Besides
reviewing the current available knowledge, the authors also discuss their prospec-
tive for future developments in precision/personalized medicine approach for HCC.

Newark, New Jersey, USA Chen Liu
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Etiology and Pathogenesis
of Hepatocellular Carcinoma

Tony S. Brar, Eric Hilgenfeldt, and Consuelo Soldevila-Pico

1.1 Introduction

Worldwide, hepatocellular carcinoma (HCC) ranks as the third leading cause of can-
cer-related deaths [1, 2]. Historically, HCC has been more prevalent in the developing
world; however, in the last two decades the incidence has nearly doubled in developed
countries; this has been largely due to liver cirrhosis [2, 3]. The 5-year survival rate of
HCC in the United States is only 8.9% [4]. Even with aggressive conventional ther-
apy, this malignancy is the second most lethal cancer after pancreatic adenocarcinoma
[4]. This review summarizes the etiology and pathogenesis of HCC.

1.2  Etiology

HCC has been associated with various risk factors including viral hepatitis, cirrho-
sis (with any underlying etiology including nonalcoholic fatty liver disease
(NAFLD)), and toxin-mediated disease (Fig. 1.1). There are two main hepatitis
viruses associated with the development of HCC: hepatitis B virus (HBV) and hepa-
titis C virus (HCV) [5]. The major toxins that predispose to HCC include alcohol
and aflatoxin-B1 [6]. During the last 10 years, there has been a clear delineation of
the nature of the genetic alterations in HCC, including homozygous deletions in
chromosome 9 (CDKN2A) and high-level DNA amplifications in chromosome
11q13 (FGF19/CNND1) and 6p21 (VEGFA) [7]. Associated with an increased
telomerase expression, the most frequent mutations affect TERT promoter [7].
CTNNBI1 and TP53 are the next most prevalent mutations [7]. Other etiological fac-
tors have been proposed to develop into HCC but at a much lower frequency.

T.S. Brar, M.D. ¢ E. Hilgenfeldt, M.D. ¢ C. Soldevila-Pico, M.D. (P<)
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Fig. 1.1 Hepatocarcinogenesis mechanisms. The various risk factors are shown. Hepatitis B virus
(HBV) and hepatitis C virus (HCV)

1.3  Virus-Induced Hepatocarcinogenesis

As mentioned previously, the two major viral contributors to HCC are HBV and
HCV. Worldwide, HBV infects over two billion individuals and accounts for more
than 300,000 deaths annually [8], and close to half of all HBV-related deaths are
attributable to HCC [8]. A strong correlation between elevated serum HBV DNA
levels and incidence of HCC has been described [9]. The prevalence of HCV is
much lower than that of HBV [10]. There are over 170 million individuals world-
wide infected with HCV [11], but only 2.5% develop HCC. However, over 20% of
chronic cases result in liver cirrhosis [12]. Both viral and host factors are involved
in driving hepatocarcinogenesis.

1.3.1 HBV

Classified as a member of the Hepadnaviridae family, HBV is a partially double-
stranded hepatotropic DNA virus [13]. During the transformation process, there is
direct involvement of HBV. To illustrate, HBV genomic integration has been linked
to host DNA microdeletions, which target cancer-related genes such as
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mitogen-activated protein kinase 1 (MAPK1), platelet-derived growth factor recep-
tor-beta (PDGFR-p), and telomerase reverse transcriptase (TERT) [14]. There are
several other mechanisms that have demonstrated the direct involvement of HBV in
the development of HCC [15]. The expression of growth control genes (JNK, ERK,
Raf, Ras, MAPK, and SRC tyrosine kinases) can be altered by protein x (HBx)
transcriptional activation [16]. Lastly, tumor-suppressor p53 can be bound and inac-
tivated in vitro by HBx; this compromises DNA damage checkpoints and increases
cellular survival and proliferation [17].

There are several ways in which host-viral interactions play a role. HBV muta-
tions may result in retention of the virus within the hepatocyte, allowing the virus to
escape the host’s system, leading to liver disease [18]. An alternative mechanism
involves the generation of free radicals which activate stellate cells through the
induction of oxidative stress, thus stimulating survival-signaling pathways [19] cre-
ating a pro-carcinogenic state in the liver. Most HBV infections are acute; however,
10% of adults have reduced clearance leading to chronic active infection [20]. This
creates sustained cycles of necrosis-inflammation-regeneration [4]. This process
can lead to genomic instability through the propagation of oncogenic lesions and
telomere erosion [21].

1.3.2 HCV

As a member of the Flaviviridae family, HCV is a non-cytopathic positive-stranded
RNA genome [22]. There are several important distinctions between HCV and
HBYV that are relevant to hepatocarcinogenesis. First, HCV is a RNA virus so it can-
not integrate into host genomes as it has no DNA intermediate [23]. Second, HCV
is much more likely to yield chronic infection: 80% of HCV vs. 10% of HBV [24].
This can be attributed to high rates of replication errors, which result in immune
avoidance by HCV [25]. Lastly, after 10 years of infection, about 10% of HCV-
infected patients develop liver cirrhosis, a percentage that is almost 20 times larger
than that of HB V-infected patients [24].

Core proteins and HCV RNA impair important steps involved with T-cell activa-
tion and dendritic cell functions [26]. NS5A nonstructural protein and HCV core pro-
tein are involved with evasion from immune-mediated cell killing [27]. This process
involves interactions with various factors that include but are not limited to tumor
necrosis factor-alpha (TNF-o) receptor and interferon-alpha (IFNa) [28]. Furthermore,
NS3 and NS4A HCV proteins cleave and activate components through their protease
function that is vital in signaling an immune response [29, 30]. HCV core proteins
have been shown to modulate cell proliferation by interacting with components of the
MAPK signaling pathway which includes Raf, MEK, and ERK [31]. The p53-regu-
lated pathways that control tumor angiogenesis, cell-cycle progression, response to
hypoxic and genotypic stresses, and cellular survival are inactivated by NS5A through
sequestration of the perinuclear membrane [32, 33]. An oxidative stress-mediated
mechanism is likely involved with HCV-induced HCC due to the carcinogenic poten-
tial of the HCV core proteins that lead to hepatic steatosis [34].
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1.4  NAFLD Cirrhosis-Induced Hepatocarcinogenesis

The rise in NAFLD can be associated with the increase in the prevalence of
diabetes mellitus and obesity [6]. It has been estimated that close to two thirds
of the diabetic and obese population ultimately develop NAFLD [35]. Globally,
the most common etiology for chronic liver disease is NAFLD [35]. NAFLD
can be viewed as a spectrum of disease ranging from an accumulation of fat
greater than 5% of liver weight known as simple steatosis to an aggressive form
with fibrosis and necroinflammation nonalcoholic steatohepatitis (NASH) [36].
Up to 20% of the patients who develop NASH are likely to advance to cirrhosis
and are at risk for complications of end-stage liver disease [37]. One of these
complications is HCC.

There are numerous mechanisms underlying the pathogenesis of NASH-related
HCC (Fig. 1.2). Pro-inflammatory cytokines including IL-6 and TNF-a and free
fatty acids are produced with insulin resistance which is associated with NAFLD
[38]. Pro-oncogenic pathways are promoted by TNF-a that specifically involve
mammalian target of rapamycin complex (mTOR), c-Jun amino acid-terminal
kinase (JNK), and nuclear factor kB [39, 40]. A decreased carcinogenic response
occurs with weight loss through reduced levels of IL-6 and TNF-a [41]. Continued
malignant transformation is likely with prolonged upregulation of the IL-6/STAT3
axis [42].

Metabolic risk factors associated with HCC

Visceral obesity
inflammation Free fatty acids
Insulin Resistance

- Lipid dysfunction
Glucose intolerance

Stress mediators

Hepatic steatosis

Steatohepatitis

Cirrhosis

HCC

Fig. 1.2 Metabolic pathogenetic pathways to hepatocellular carcinoma (HCC)
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Insulin-like growth factor-1 (IGF-1) is produced through the upregulation by
insulin resistance [43]. HCC development is linked to IGF-1-promoted processes
such as activating mitogen-activated protein kinases (MAPK) and the expression of
proto-oncogenes c-jun and c-fos in vitro [43]. A MAPK, JNK, is downregulated by
weight loss [44]. The role of phosphorylated JNK in the development of HCC is
demonstrated by histopathological analysis revealing that over 70% of HCC tissue
specimens stain positive for the protein kinase [44]. The frequency of TERT pro-
moter mutations rapidly increased during the different steps of the transformation of
premalignant lesions into HCC on cirrhosis [45]. Consequently, somatic TERT pro-
moter mutation is a new biomarker predictive of transformation of premalignant
lesions into HCC [45].

1.5 Toxin-Mediated Hepatocarcinogenesis

1.5.1 Alcohol Induced

Chronic alcohol use is an important risk factor for the development of HCC [46].
Chronic alcohol use causes activation of monocytes through the production of
inflammatory cytokines [47]. Circulating endotoxin concentrations are increased,
activating Kupffer cells and resulting in the release of many cytokines and che-
mokines (including prostaglandin E2, IL6, TNF-a, interleukin-1); these factors
have an adverse effect on the survival of hepatocytes [48]. An increased sensitiv-
ity to TNF-a in the setting of chronic alcohol exposure leads to stellate cell acti-
vation, chronic hepatocyte destruction-regeneration, cirrhosis, and eventually
HCC [49].

Other alcohol-induced oxidative stress mechanisms include changes in hepato-
carcinogenesis signaling pathways with the loss of protective effects of IFNYy,
reduced STAT1 (signal transducer and activator of transcription 1) tyrosine phos-
phorylation, and diminished STAT1-directed activation of IFNy signaling, which
result in subsequent hepatocyte damage [50]. Fibrosis and/or cirrhosis can be the
result of oxidative stress [51] creating a permissive HCC microenvironment that has
a pro-carcinogenic effect which has been shown in PDGF transgenic mice [52]. The
fibrotic response involves elevated collagen synthesis and cell proliferation that
occurs with oxidative stress induction of cultured stellate cells with isoprostane
treatment [53]. In the injured liver, the main source of collagen deposition are the
stellate cells [54].

1.5.2 Aflatoxin-B1 Induced

An increased risk for the development of HCC also occurs with ingestion of the
fungal toxin aflatoxin-B1 [55]. Cooperating mutational activation of oncogenes
such as HRAS and associated with a particular p5S3 mutation, aflatoxin-B1 func-
tions as a specific mutagen [56]. The major difference between this etiology and
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alcohol-induced and HCV-induced hepatocarcinogenesis is that there is no clear
connection between the development of cirrhosis and aflatoxin-B1 exposure [57].
The primary drivers of HCC development are the mutational activities of the toxin
itself. It is important to note that HBV infection coexists with aflatoxin-B1 exposure
and there is a tenfold increased risk of developing HCC compared with exposure to
just one of these factors [58].

1.6 Common Themes

After review of the major etiologies present in the development of HCC, it is evi-
dent there are common pathogenetic processes and pathways. To illustrate, p53
mutation or inactivation is consistent with aflatoxin-B1, HBV, and HCV-induced
HCC [59]. Furthermore, characteristics inherent to alcohol-, HBV-, and HCV-
induced hepatocarcinogenesis such as oxidative stress, inflammation, and con-
tinuous cycles of necrosis and regeneration suggest the importance of these
fundamental mechanisms in the development of HCC [60]. HBV and HCV acti-
vate the MAPK pathway, indicating its pathogenetic relevance. Epidermal growth
factor (EGF), hepatocyte growth factor (HGF), platelet-derived growth factor
(PDGF), and vascular endothelial growth factor (VEGF) participate in the activa-
tion of RAS/MAPK signaling pathway playing a key role in cell proliferation
[61]. The abnormal activation of RAS/MAPK pathway results from an aberrant
upstream signals from EGFR and IGF [62]. VEGF, PDGF, and FGF are important
proangiogenic factors that play a role in neovascularization, invasiveness, and
metastatic potential of HCC [63]. VEGFR-1 and VEGFR-2 are expressed on the
endothelial cells and initiate the cascade. PDGF is helpful for angiogenesis by
recruiting pericytes and smooth muscle cells around nascent vessel sprouts [64].
As VEGF, FGF, and PDGF expression correlates with metastatic potential of
tumor cells, inhibitors of VEGF, FGF, and PDGF signaling pathways are useful as
therapeutic agents [65].

The drug discovery industry will find the common molecular changes among the
different etiologies to be very important [4]. This will hold the largest plausibility
for investment and increase the probability of deploying and developing the agents
necessary that would benefit particularly the underserved populations [66]
(Table 1.1).

Table 1.1 Hepatocarcinogenesis mechanisms with respect to etiology

Etiologies Mechanism

HBYV, HCYV, aflatoxin-B1 p53 inactivation or mutation

HBYV, HCV, alcohol Inflammation, necrosis/regeneration
HBYV, HCV, alcohol Oxidative stress

HCYV, alcohol Liver cirrhosis
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1.7 Molecular Mechanisms

The neoplastic evolution of HCC follows through a several staged histologic mecha-
nism that is not as properly defined as that of other cancer types. First step toward
HCC involves regenerating hepatocytes that have hyperplastic nodules with normal
cytological features [67]. Abnormal liver architecture is noted when there is increased
thickening of the trabeculae, nuclear crowding, and clear cell changes [68]. This
occurs when the hyperplastic nodules progress to premalignant dysplastic nodules
[69]. Metastatic potential is achieved, and these dysplastic nodules gain the capacity
to invade the vessels and surrounding fibrous stroma [70]. Several key tumor-sup-
pressor genes and oncogenes are deregulated through many epigenetic and genetic
alterations that occur during the pathway to HCC, and they include cyclooxygenase
2 (COX2), E-cadherin, pl6(INK4a), MET and its ligand hepatocyte growth factor
(HGF), ErbB receptor family members, B-catenin, and TP53 [71].

1.7.1 Methylation

Deviant DNA methylation forms have been documented in the development of
human HCC [72]. In the earliest stages of hepatocarcinogenesis, methylation has
played a vital role in the tumor progression [73]. There are specific hypermethyl-
ation events that targeted apoptosis-associated speck-like protein (ASC), COX2,
E-cadherin, pl6(INK4x), and deleted in liver cancer 1 (DLC1) [74-77]. Abnormal
apoptotic activity has been shown to play a role in the pathogenesis of HCC, and
agents have been in developmental phases targeting pro-apoptotic receptors.
Apoptosis can occur intrinsically or extrinsically. In HCC some pro-apoptotic mol-
ecules like p53, PTEN, and Bax are downregulated, and anti-apoptotic signals like
Snail, B-catenin, NF-Kb, and Ras/ERK are overexpressed, leading to imbalance
and evasion of apoptosis [61, 78]. The significance of hypermethylation of some of
these genes has shown relevance in silencing these key genes, which would provide
an alternate route for the development of anti-oncological medications [79, 80].

1.7.2 MET and HGF

In advanced HCC, there have been reports of overexpression of the MET receptor
[81]. This role has actually been confirmed in mouse models. One of the most lethal
hepatocyte mitogens, MET ligand HGF, in developed HCCs by one and a half years
of age [82]. Tumor regression by impaired cell proliferation and apoptosis resulted
from the termination of transgene expression and hepatic-driven expression of the
inducible activated MET transgene leading to HCC [83]. IGF-I and IGF-II have a
limited role in the pathogenesis of HCC, but downregulation of tumor-suppressor
IGFBP-1, IGFBP-2, IGFBP-3, and IGFBP-4 was found to be associated with HCC
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[84]. Overexpression of IGF-1 and IGF-2 receptors and downregulation of IGF
binding proteins contribute to proliferation of cancer cells, anti-apoptosis, and inva-
sive behavior [65, 78]. Some agents are in developmental stages targeting IGF-1
receptors.

1.7.3 ErbB Receptor Family

There are four members of the ErbB family of receptor tyrosine kinases (ERBB1-
ERBB4) that have been involved in the process of several different types of human
cancers [85]. There is in fact overexpression of ERBB3 about 85% of HCC cases,
ERBBI1 (epidermal growth factor receptor (EGFR)) in about 70%, ERBB4 in 60%),
and ERBB2 (also known as HER2) in 20% [86]. Dedifferentiation and tumor size,
intrahepatic metastasis, and high proliferation index were some of the more aggres-
sive presentations that were correlated with ERBB3 and ERBB1 expression [86,
87]. Gefitinib inhibits ERBB1, and this shows further support of its involvement in
hepatocarcinogenesis [88]. This results in apoptosis, cell-cycle arrest, and growth
inhibition [88]. Erlotinib, another ERBB1 inhibitor, also showed clinical efficacy
with evidence by disease control with about 60% of participating patients and about
35% remained progression-free after 6 months of treatment [89]. Further evidence
of ErbB family of receptor involvement comes from studies in mice. Mice trans-
genic for transforming growth factor-alpha (TGFa) (a ligand for ErbB receptors and
a member of the EGF family) have been shown to develop HCC [90, 91]. In TGFa-
deficient mice, there are smaller hepatic neoplasms, whereas hepatocarcinogen
treatment increases HCC development in the TGFa transgenic strain [92, 93]. HBV
transgenic strains can also cooperate with TGFa to effectively increase the inci-
dence of HCC [94].

1.7.4 B-Catenin

A crucial downstream component of the Wnt signaling pathway is B-catenin.
Aberrant Wnt/B-catenin signaling activity has been demonstrated in up to one third
of cases of HCC secondary to HCV. The pathway is dysregulated primarily as a
result of mutations in CTNNB1 or AXINI or altered expression of Wnt receptors
inducing changes in oncogenes like CCDN1, Cmyec, or BIRC [95, 96]. The pathway
can be exploited as a target for treatment of HCC. Increased nuclear expression and
B-catenin mutations have been detected in human HCC [97].

There are some reports that indicate that B-catenin mutations and overexpression
have related to HCC progression and others that showed early-stage HCC [98-100].
More frequently mutations and overexpression of B-catenin occur in HCV-related
HCC compared with HBV-related HCC [98, 101]. However, in hepatoma cells, the
HBx protein stabilizes B-catenin and as a result is implicated in HB V-related HCC
[102]. There has been an association of increased nuclear p53 expression and loss
of E-cadherin with the accumulation of nuclear B-catenin [103].
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In HCCs that are not characterized by genomic instability, there have been sug-
gestions that B-catenin mutations are in fact typical. Detected by their elevated loss
of heterozygosity (LOH), human HCCs with increased rates of genomic instability
demonstrate decreased mutations of B-catenin [104]. While studies in the mouse
show that there is a high genomic instability or high rate of B-catenin mutations in
HCCs [105]. This indicated that the Wnt signaling pathway might represent another
route to hepatocarcinogenesis [104, 105].

1.7.5 p53 Tumor Suppression

It is widely accepted that deficiency of p53 participates in the pathogenesis of
HCC, but there still remains some issue as to whether a p53 mutation contributes
to cancer progression, initiation, or both, and this remains an active area of inves-
tigation [106]. In an HBx transgenic mouse model, p53 was involved with con-
straining progression to HCC by the functional inactivation of p53 by HBx
(through sequestration in the cytoplasm) but not in altered foci (initiation foci)
[15, 107]. Full genetic inactivation of p53 is associated with progression to late-
stage disease as is evidenced by mutations in p53 being detected only in larger
HCCs [108]. There has been an increased association with advanced malignances
(greater than 40%) with p53 mutations in HBV- and HCV-related HCCs as com-
pared to regenerative nodules (less than 7%) [109]. Even though this pattern might
indicate some role of progression, it does not exclude the chance that the p53
mutant generative nodules initiated the productive carcinogenic process [109].
Also, conventional sequencing approaches may not detect rare p53 mutant cells
that are more common in regenerative nodules [110]. Furthermore, in regions of
low aflatoxin-B1 exposure, there are p53 mutations in very late stages of HCC,
but in regions of high aflatoxin-B1 exposure, the p53 mutations are in very early-
stage HCC lesions [111].

Depending on the sequence of events, it is likely that a p53 mutation can either
operate in HCC initiation or progression. In the presence of aflatoxin-B1, initiation
of tumor can be driven by the mutation with other cooperating events with other
etiologies, specifically those that provoke telomere erosion, oxidative stress, and
regeneration; the loss of p53 has a more prominent role in HCC progression [112].
This can contribute to HCC genomic instability which is facilitated by the continued
proliferative potential occurring by activated DNA damage signaling [113]. This is
evident in liver tumor progression with telomere-induced chromosomal instability.
The p53 heterozygosity through germline mutation allows progression of HCC in
mice with short telomeres in chronic liver disease [114].

Conclusion

It is evident that HCC is an enigmatic and aggressive disease that is driven by
various etiologies ranging from viruses to metabolic disorders. There are many
opportunities to study further in the areas relating to the environment, genetic,
and cell biology mechanisms of hepatocarcinogenesis that are applicable to the
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differing etiologies. It is clear that early diagnosis and treatment are essential due
to the high levels of genomic instability in chronic disease and the lethality of
HCC. As we continue to further our understanding of human HCC and the mech-
anisms involved, the field will gain a solid foundation that can help to refine
animal models and truly comprehend the entire range of human disease.
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Histologic Classification
of Hepatocellular Carcinoma and Its
Clinical Implications

Amy Leigh Collinsworth

Hepatocellular carcinoma (HCC) is the most common type of primary hepatic
malignancy. The focus of this chapter is to review the histologic classification of
HCC and the clinical implications of the various subtypes. Conventional HCC is the
most common subtype, and the assigned nuclear grade is considered to have impact
on prognosis. Many of the subtypes are so rare, including lymphoepithelioma-like
and diffuse cirrhosis-like, that we have not yet accumulated enough data to assign
prognostic significance. For the scirrhous variant, reports are conflicting as to
whether they behave differently than conventional HCC [1]. While it may seem that
assigning a histologic subtype may be an exercise in futility, we are making advances
in the molecular classification that may potentially bring together histologic pat-
terns with the molecular profile and ultimately result in a targeted treatment
strategy.

2.1 Conventional Hepatocellular Carcinoma (HCC)

Some tumors form an expansile mass well demarcated from the surrounding back-
ground liver with or without a capsule (Fig. 2.1). Other tumors show an infiltrating
edge at the tumor margin [2]. Vascular invasion is frequent in HCC with involve-
ment of the portal vein, hepatic veins, or vena cava. Bile duct invasion is infrequent.
Grossly HCC displays a variety of colors: cream-colored, yellow, green, brown, or
mixed.

Histologically, the tumor cells of HCC resemble normal liver cells to a variable
extent depending on the degree of differentiation. Nuclei are prominent with
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Fig. 2.1 HCC arising in the
background of cirrhosis

prominent nucleoli and cells have a high nuclear-cytoplasmic (N:C) ratio. There is
typically some degree of nuclear pleomorphism and hyperchromasia, but this is
highly variable. Cell membranes are usually distinct, and the cytoplasm is eosino-
philic and finely granular (Fig. 2.2a, b) [2].

The cells of HCC can contain cellular products that mimic normal liver cell func-
tion. Bile canaliculi are almost always present and can be highlighted by an immu-
nohistochemical (IHC) stain for polyclonal CEA (Fig. 2.2c). Bile pigment is seen in
approximately 50% of tumors. Cytoplasmic fat and/or glycogen can be abundant
and produce a clear cell appearance. Approximately 20% of tumors contain Mallory-
Denk bodies and/or hyaline globules of alpha-1-antitrypsin.

Tumor cells grow in a pattern that mimics the cell plates of normal liver result-
ing in a classic trabecular growth pattern with thickened cell plates separated by
capillarized sinusoids. The cells lining the thickened trabeculae phenotypically
resemble capillary endothelial cells and can be highlighted with an immunohisto-
chemical (IHC) stain for CD34 which would not stain normal hepatic sinusoidal
endothelium (Fig. 2.2d). Both polyclonal CEA and CD10 show a canalicular
staining pattern in HCC (Fig. 2.2c). Often the center of the trabeculae contains a
dilated canaliculus producing a “pseudoglandular” appearance (Fig. 2.2b) [2].
Other than the scirrhous and fibrolamellar variants, fibrous stroma is not usually
observed.

Stains can be a useful adjunct in both confirming hepatocellular differentia-
tion and in distinguishing malignant from benign hepatocellular neoplasms.
Multiple IHC stains are currently available to confirm hepatocellular differen-
tiation including HepPar-1, arginase, and glypican-3. Glypican-3 is also useful
to differentiate benign versus malignant hepatocellular tumors as it is found
in 70-90% of HCCs and has not been reported in adenomas or normal hepato-
cytes [3].
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Fig. 2.2 Histological features of HCC. Immunohistochemical stain for polyclonal CEA (¢) and
CD34 (d)
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2.2 Small HCC

Small HCCs, less than 2 cm, are divided into two groups. The first group is termed
early HCC which are grossly nodular, very well-differentiated, and difficult to dis-
cern from a high-grade dysplastic nodule. The second group, called progressed
HCC, shows a distinctly nodular pattern and is easily recognized as HCC, typically
moderately differentiated, and often with evidence of vascular invasion. Making
this distinction has clinical implications because compared to progressed HCC,
early HCC has a better 5-year survival rate [3, 4].

In an effort to increase reproducibility of applying diagnostic criteria to these
small lesions, the International Consensus Group for Hepatocellular Neoplasia
(ICGHN) published a summary of their recommendations in a 2009 consensus
paper. They found the greatest degree of interobserver variability in differentiating
high-grade dysplastic nodules from early HCC. Increased diagnostic agreement was
achieved by recognizing stromal invasion as a criterion for diagnosis of
HCC. Diagnosing stromal invasion is subjective and may require ancillary stains
including reticulin and Victoria blue stains as well as immunohistochemical stains
for CK7 or CK19 which aids in differentiating from pseudoinvasion [4].

2.3  Special Histologic Subtypes
2.3.1 Fibrolamellar HCC

Fibrolamellar HCC (FHCC) is a variant with clinicopathologic features that are
distinct from classic HCC. This variant has no gender predilection and typically
occurs in children and young adults in a non-cirrhotic liver. Two-thirds of cases
involve in the left lobe [5]. FHCC is associated with fewer chromosomal alterations
and genomic heterogeneity compared to HCC. Serologic markers that are typically
elevated in HCC such as alpha-fetoprotein (AFP) are normal or mildly elevated in
FHCC [6].

Grossly, FHCC are yellow to pale tan and firm and many have a central scar
(Fig. 2.3). Histologically, the tumor cells are large and polygonal with hyperchro-
matic eosinophilic macronucleoli and abundant mitochondria-rich cytoplasm.
Lamellar, collagenous stroma is typical but can be scant on a biopsy (Fig. 2.4a, b).
Cytoplasmic “pale bodies” are frequent and represent hyaline bodies containing
fibrinogen (Fig. 2.4c). Characteristically, PAS-positive globular hyaline cytoplas-
mic inclusions can be found and typically contain al-antitrypsin (Fig. 2.4d).
FHCC is more frequently positive for cytokeratin 7 (CK7) than classic HCC [2].

The prognosis of FHCC is similar to classic HCC that arises in a non-cirrhotic
liver but better than HCC arising in a cirrhotic liver [5]. The prognosis may be due
in part to the younger age at presentation, non-cirrhotic background, and lack of
other comorbidities. Surgical resection remains the mainstay of treatment due to a
lack of alternative therapy [6].
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Fig. 2.3 Fibrolamellar
HCC. Gross photo showing
a mass in the background
of normal liver
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Fig. 2.4 Histologic features of Fibrolamellar HCC
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Fig. 2.4 (continued)

2.3.2 Scirrhous HCC

The scirrhous variant of HCC (ScHCC) is rare, comprising less than 5% of all
HCCs. Radiologic findings are atypical and often show peripheral enhancement in
the arterial phase and persistent enhancement in the venous phase [1]. Most cases
arise in a subcapsular location. Histologically, SCHCC shows marked sinusoidal
fibrosis with atrophy of the tumor trabeculae [5].

ScHCC needs to be differentiated from FHCC, cholangiocarcinoma, and meta-
static adenocarcinoma due to the widely different therapeutic and prognostic implica-
tions [1]. SCHCC is frequently negative for HepPar-1 (Fig. 2.5d), may lack canalicular
pCEA staining, and frequently expresses adenocarcinoma markers including CK7,
CK19, and EPCAM. Two newer immunohistochemical markers, glypican-3 (Fig.
2.5b) and arginase-1 (Fig. 2.5¢), can aid in the differentiation of SCHCC from intrahe-
patic cholangiocarcinoma [1]. Arginase-1 has higher sensitivity for hepatocellular dif-
ferentiation than HepPar-1. Glypican-3 is expressed in greater than 80% of HCC, but
it is not a specific marker of hepatocellular differentiation (Fig. 2.5) [1].

Studies are conflicting regarding the prognostic significance of this subtype
with data showing a mixture of better, similar, and worse prognoses than classic
HCC [1].
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Fig. 2.5 Scirrhous variant of HCC. (a) H&E stain; (b) Glypican 3 immunostain; (¢) Arginase
immunostain; (d) Hepar 1 immunostain
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Fig.2.5 (continued)



2 Histologic Classification of Hepatocellular Carcinoma and Its Clinical Implications 27

2.3.3 Steatohepatitic HCC

The influence of nonalcoholic fatty liver disease (NAFLD) on the development of
HCC is an active area of research. NAFLD is considered the chief hepatic mani-
festation of obesity, diabetes mellitus, and syndromes related to insulin resistance
[7]. While multiple studies support the role of NAFLD in hepatocarcinogenesis,
there is a subset of SH-HCC that arise in the absence of background steatosis and/
or steatohepatitis that may be caused by tumor-specific pathways and genetic
alterations [8].

Steatohepatitic HCC (SHCC) has histologic features similar to nonneoplastic
steatohepatitis, including steatosis, hepatocyte ballooning, Mallory-Denk bodies,
inflammation, and pericellular fibrosis [7]. One study showed two distinct patterns
of fibrosis on the trichrome stain, a pericellular fibrosis similar to the pattern seen in
steatohepatitis and a trabecular pattern consisting of thicker fibrous bundles with a
haphazard arrangement [7]. Typically SHCC has an infiltrative growth pattern with
some areas of conventional HCC but more distinctive areas of SHCC.

2.3.4 Lymphoepithelioma-Like HCC (LEL-HCC)

Lymphoepithelioma-like carcinomas (LELC) have been reported in many organs
including nasopharynx, salivary glands, lungs, stomach, trachea, lacrimal glands,
ureters, urinary bladder, uterus, vagina, ovaries, breast soft tissues, and skin. The
WHO has recognized lymphoepithelioma-like HCC (LEL-HCC) as a variant of
HCC. LEL-HCC is extremely rare with less than 20 cases reported showing fea-
tures of HCC rather than cholangiocarcinoma [9, 10]. LEL-HCC is characterized
by areas of poorly differentiated or undifferentiated HCC associated with a
marked lymphoplasmacytic infiltrate that may be so dense as to mimic a lym-
phoma. The most recent study reports a majority of the LEL-HCCs arising in
non-cirrhotic livers with no evidence of underlying liver disease [10]. Association
with Epstein-Barr virus (EBV) has only been shown in one reported case [10,
11]. Little is known about the prognostic significance of this variant due to its
rarity.

2.3.5 Sarcomatoid HCC

Sarcomatoid HCC is partially or completely composed of malignant spindle cells
with or without heterologous differentiation [12]. Sarcomatoid changes are seen in
1.1-5.9% of HCCs and are associated with an aggressive clinical course, regardless
of the initial stage [9]. Sarcomatoid changes can be seen in tumors after locore-
gional therapy and in tumors with no prior therapy. The sarcomatous component can
be discrete or intimately admixed with classic HCC. Immunophenotypically, the
sarcomatous component may stain similar to various sarcomas including fibrosar-
coma, leiomyosarcoma, or rhabdomyosarcoma, or it may be undifferentiated [9].
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2.3.6 Undifferentiated Carcinoma

Undifferentiated carcinoma is a rare neoplasm defined as a primary hepatic malig-
nancy that can only be diagnosed as carcinoma with the use of immunohistochem-
istry and cannot be further subclassified. These tumors are thought to have a worse
prognosis than conventional HCC [5, 12].

2.3.7 Diffuse Cirrhosis-Like HCC (CL-HCC)

CL-HCC is a rare variant with only ten cases reported. Clinically, these tumors are
undetectable using standard imaging protocols for HCC and instead are identified at
the grossing bench after transplant. These occur in a background of cirrhosis and are
composed of innumerable pale and/or cholestatic small nodules of HCC which have
thin sclerotic rims. Reportedly, these have a propensity to invade small vessels and
lack large vessel invasion of classic HCC. Histologically, these tumors are easily
differentiated from the nonneoplastic nodules of cirrhosis and frequently display
cholestasis and ballooning with Mallory-Denk bodies. The immunohistochemical
profile is the same as expected in classic HCC. The Ki-67 proliferation index tends
to be low, but prognostic information is currently lacking due to this tumor’s rarity
[13].

2.3.8 Combined Hepatocellular-Cholangiocarcinoma

Combined hepatocellular-cholangiocarcinomas (HCC-CC) comprise less than
1% of all primary hepatic carcinomas. The World Health Organization (WHO)
in their most recent classification has accepted the concept that HCC-CC arise
from hepatic progenitor cells (HPCs). HPCs (also called oval cells) reside in the
adult liver and harbor facultative bipotential and can give rise to both hepato-
cytes and cholangiocytes [14]. Terminology of the WHO embraces this concept
and divides HCC-CC into classic type and those with stem cell features. The
classic type has unequivocal areas of both HCC and CC (Fig. 2.6). The stem cell
type is further subdivided into three subtypes: typical, intermediate, and cholan-
giolocellular [14].

The typical subtype is characterized by nests of mature hepatocytes with
peripheral clusters of small cells that are positive for CK7 and CK19, nuclear cell
adhesion molecule (NCAM1/CD56), KIT, and/or epithelial cell adhesion mole-
cule (EpCAM). Intermediate type has features intermediate between hepatocytes
and cholangiocytes, characterized by oval cells in trabeculae, nests, or strands
within fibrous stroma, that have positivity for both hepatocellular and cholangio-
cyte markers. Cholangiolocellular type is characterized by small cells with high
nuclear-cytoplasmic ratio growing in tubular, cord-like, anastomosing architec-
ture within fibrous stroma and can be positive for CK19, KIT, NCAM, and
EpCAM [14].
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Fig. 2.6 Mixed HCC with both hepatocellular differentiation and cholangiolocellular differentia-
tion. (a) H&E stain; (b) Immunohistochemical stain for CD19 showing cholangiolocellular
differentiation
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Differentiating CC, HCC, and HCC-CC does have clinical implications. Serum
CA19-9 and/or carcinoembryonic antigen (CEA) may be elevated in patients presumed
to have HCC, and serum AFP may be elevated in patients presumed to have CC. Overall
HCC-CC has a worse prognosis than classic HCC with more frequent lymph node
metastasis, but the prognosis of each HCC-CC subtype remains unknown. In addition,
a diagnosis of HCC-CC can preclude a patient from transplant consideration [12].

24 Grading and Staging
2.4.1 Grading HCC

Several grading systems have been proposed. Generally, the higher the grade, the
less the resemblance of the tumor to the “normal” liver. Both the College of
American Pathologists (CAP) and the AJCC Cancer Staging Manual recommend
using the Edmondson-Steiner grading system although the correlation between this
grading system and prognosis has been disputed [2]. The Edmondson-Steiner sys-
tem grades HCC on a scale from I to IV based on nuclear irregularity, hyperchroma-
sia, and increasing N:C ratio with the greatest emphasis placed on the amount of
cytoplasm and the N:C ratio (Table 2.1). The AFIP uses a modified four-category
grading system based primarily on nuclear features alone, and this staging system
has been reported to correlate survival with tumor grade (Table 2.2). The WHO
recognizes four types: well-differentiated, moderately differentiated, poorly differ-
entiated, and undifferentiated [5]. While histologic grade has been shown to have a
relationship to tumor size, tumor presentation, and metastatic rate, it is not evident
that in individual cases, the grade is clinically relevant [2]. In many cases, you can
find a mixture of grades throughout a tumor.

Table 2.1 Edmondson-Steiner grading system (adapted from [15])

Grade 1 Reserved for hepatocellular carcinomas where the difference between the tumor
cells and hyperplastic liver cells is so minor that a diagnosis of carcinoma rests
upon the demonstration of more aggressive growths in other parts of the neoplasm.
Grade is assigned based upon the highest grade present. In fact grade I is rarely
used for overall tumor grade designation

Grade 11 Cells show marked resemblance to normal hepatic cells. Nuclei are larger and
more hyperchromatic than in normal cells. The cytoplasm is abundant and
acidophilic. Cell borders are sharp and clear-cut. Acini are frequent and variable in
size. Lumina are often filled with bile or protein precipitate

Grade III | Nuclei are larger and more hyperchromatic than in grade II cells. The nuclei
occupy a relatively greater proportion of the cell (high nuclear to cytoplasmic
[N:C] ratio). The cytoplasm is granular and acidophilic but less so than grade IT
tumors. Acini are less frequent and not as often filled with bile or protein
precipitate. More single-cell growth in vascular channels is seen than in grade II

Grade IV | Nuclei are intensely hyperchromatic and occupy a high percentage of the cell. The
cytoplasm is variable in amount and often scanty and contains fewer granules. The
growth pattern is medullary in character, trabeculae are difficult to find, and cell
masses seem to lie loosely without cohesion in vascular channels. Only rare acini
are seen. Spindle cell areas have been seen in some tumors. Short plump cell forms,
resembling “small-cell” carcinoma of the lung, are seen in some grade I'V tumors
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Table 2.2 AFIP grading system (adapted from [2])

Grade | | Nearly indistinguishable from hepatocellular adenomas with cells with abundant
cytoplasm and minimal nuclear pleomorphism

Grade 2 | Nuclei have prominent nucleoli, hyperchromasia, and mild nuclear pleomorphism
Grade 3 | Tumors have even more nuclear pleomorphism and angulated nuclei

Grade 4 | Tumors have marked nuclear pleomorphism and typically have anaplastic giant
cells

2.4.2 Staging HCC

The majority of hepatocellular carcinomas occur with a background of chronic liver
disease, which has a significant impact on prognosis irrespective of tumor stage
[16]. This is the reason staging systems that only include the anatomic characteriza-
tion of the tumor do not necessarily have good predictive value. These staging sys-
tems include the American Joint Committee on Cancer (AJCC)/Union for
International Cancer Control (UICC) staging systems.

Other staging systems provide a clinical classification of HCC that incorporates
the tumor characteristics (tumor size, number, and vascular invasion), the degree of
liver function (Child-Pugh score), and the general health of the patient (ECOG
classification). Of these available systems, the Barcelona Clinic Liver Cancer
(BCLC) staging system is recommended for prognostic prediction and treatment
allocation [17].
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Molecular Classification
of Hepatocellular Carcinoma
and Precision Medicine

Michael Feely

3.1 Introduction

The incidence of hepatocellular carcinoma in increasing globally and malignant
liver tumors now represents the second leading cause of cancer-related mortality
worldwide [1-3]. In the United States, the incidence of hepatocellular carcinoma
has tripled over the past 30 years where it has become the fastest rising cause of
cancer-related deaths [4]. With this emergence has come an increased effort,
largely within the preceding decade, to better appreciate the molecular pathogen-
esis of this disease. As with other malignancies that have been examined in this
way, the eventual goal of these investigations is to identify potential targets for
therapy and to correlate these molecular mechanisms with patient prognosis. Here
a summary of many of the molecular mechanisms identified in hepatocellular car-
cinoma is provided as well as outline of the current attempts at a molecular clas-
sification system of these tumors.

3.2 Molecular Alterations
3.2.1 TERT

Alterations in telomerase reverse transcriptase (TERT) expression, mainly through
promoter mutation, have been identified in a diverse group of malignancies including
melanoma, urothelial carcinoma of the bladder, anaplastic thyroid carcinoma, malig-
nant glioma, and hepatocellular carcinoma [5, 6]. These alterations lead to increased
levels of telomerase, a protein complex that is responsible for telomere maintenance
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and elongation during normal cell division [7]. These telomeres, which consist of
short repeats of DNA, are essential for the protection of chromosomes during this
process [8]. While telomerase remains functioning during development, this com-
plex is relatively inactive during adulthood which contributes to the shortening of
telomeres and the subsequent normal process of cell senescence and apoptosis [8].

Despite the vast diversity of molecular pathways and etiologies which contribute
to hepatocellular carcinogenesis, TERT upregulation with telomerase reactivation is
commonly appreciated in hepatocellular carcinomas. In fact, alterations in TERT
expression have been demonstrated in greater than 90% of these malignancies,
which makes these changes the most common alterations in hepatocellular carci-
noma [9]. This prevalence is likely why telomere maintenance through increased
levels of telomerase is considered to play a key role in tumor initiation [10]. In addi-
tion, while alterations in TERT expression appear quite common in hepatocellular
carcinoma, other primary liver malignancies such as intrahepatic cholangiocarcino-
mas and classic pediatric hepatoblastomas have not been shown to have similar
changes [11, 12].

While telomerase is not typically found to any significant level in normal human
hepatocytes, reactivation of this complex is frequent in the early stages of hepato-
cellular carcinoma development [13]. Indeed, studies have shown an increased fre-
quency of TERT alterations in premalignant lesions arising in cirrhotic livers
including dysplastic nodules and early hepatocellular carcinomas [ 14]. Additionally,
TERT promoter alterations have also been implicated in the progression of hepato-
cellular adenomas to their malignant counterparts [15]. Just as the molecular
underpinnings of hepatocellular carcinogenesis are quite varied, the means by
which telomerase reactivation occurs is also diverse and includes TERT promoter
mutations (54-60%) [9, 16], TERT amplification (5-6%) [9], and HBYV insertion in
the TERT promoter (10-15%) [17-19]. Of these, TERT promoter mutations are
associated with hepatocellular carcinomas developing through the p-catenin path-
way, and these mutations are frequently located 124 base pairs upstream of the
start codon [16].

3.2.2 Wnt/p-Catenin

[-catenin functions in normal cells as a mediator of cell adhesion as well as an acti-
vator of the Wnt signaling pathway. Alterations in this protein, or those responsible
for regulating levels of p-catenin, contribute to elevated cytoplasmic and nuclear
accumulation which activates the transcription of Wnt target genes [20]. This inti-
mate association between f-catenin and the Wnt ligands has been termed the canon-
ical Wnt pathway. This differs from the non-canonical Wnt pathway which is largely
independent of B-catenin [21]. In normal human hepatocytes, the Wnt/p-catenin
pathway plays a crucial role in a number of processes including liver growth and
regeneration, metabolic zonation, and biliary homeostasis [22].

While normal development requires activation of this pathway, aberrant stimu-
lation is implicated in a significant percentage of hepatocellular carcinomas
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through a number of alterations including activating mutations of CTNNBI
(B-catenin) (11-37%) and less frequently inactivating mutations of AXINI (5-15%)
or APC [23-25]. The most common defect leading to activation of the Wnt signal-
ing pathway in hepatocellular carcinoma, CTNNBI mutations, typically consists of
in-frame deletions or substitutions in a hotspot on exon 3. These mutations affect
the domain of $-catenin which is the target of the APC/AXIN1/GSK3B inhibitory
complex [23]. Tumors with these mutations have been shown to have a specific
gene expression profile with overexpression of classic Wnt pathway targets such as
LGRS5 and GLUL [26].

While Wnt signaling activation, involving (-catenin, has been associated with
well-differentiated hepatocellular carcinomas, upregulation of the canonical Wnt
signaling pathway has been more closely associated with poorly differentiated
aggressive tumors [27]. Corroborating this dichotomy is the finding that hepatocel-
lular carcinomas harboring mutations in CTNNBI have been noted to have an
increased incidence of specific histologic findings including microtrabecular and
pseudoglandular architecture, well-differentiated cytology, and bile accumulation
within the tumor [28]. This latter finding is thought to be directly related to
[-catenin’s role in bile homeostasis within normal liver tissue. Given these findings,
it has been suggested that while Wnt signaling is a common theme across hepatocel-
lular carcinomas, the specific pathways and affected cellular processes are different
for tumor initiation than they are for tumor progression [28].

3.23 p53

p53, encoded by TP53, is a well-known tumor suppressor which functions as a
transcription factor involved in many cellular processes including cell cycle regula-
tion and cellular development and differentiation. While the role of this protein has
traditionally concentrated on its function as a tumor suppressor, it is now under-
stood that p53 is also involved in seemingly contrary processes such as supporting
cell survival [29]. Given its integral role in crucial cellular activities, it is not sur-
prising that 7P53 is the most frequently altered gene in human malignancies [30].
This finding is exemplified by hepatocellular carcinoma where alterations in p53
pathways have been found to be involved in the development of at least half of these
tumors [31].

Alterations in p53 expression have been associated with a number of hepatocel-
lular carcinoma etiologies including metabolic derangements, toxin exposure, and
involvement of HBV or HCV [32]. In the multifaceted network of hepatocellular
carcinoma molecular alterations, it should come as no surprise that changes in this
pathway do not occur as singular events, and other genetic findings such as chromo-
somal instability are commonly found in 7P53-mutated tumors [33].

While mutations in 7P53 do not appear to characteristically occur in specific
hotspots in hepatocellular carcinoma, there is a single exception [34]. Tumors that
develop in the setting of aflatoxin B1 exposure have been shown to have recurrent
TP53 mutations involving codon 249 [35]. This toxin, which is produced by several



36 M. Feely

Aspergillus species, is a common contaminate of a variety of food products includ-
ing corn and other grains. Exposure is most common in developing countries of
Southeast Asia, South America, and sub-Saharan Africa [36]. Consequently, hepa-
tocellular carcinomas that develop in these regions often contain 7P53 R249S muta-
tions, the hallmark of aflatoxin B1 exposure [35].

Just as in other malignancies, 7P53 mutations in hepatocellular carcinomas have
been known to be characterized by poor differentiation [37]. Indeed recent studies
comparing the histologic features of tumors with specific genetic alterations have
shown hepatocellular carcinomas with 7P53 alterations to frequently harbor a mac-
rotrabecular architecture, compact growth pattern, and nuclear pleomorphism.
Additionally, in contrast to CTNNBI-mutated tumors, these lesions are not associ-
ated with intratumoral cholestasis [38]. Beyond the correlations to aggressive histo-
logic features, hepatocellular carcinomas with 7P53 mutations are also associated
with a worse patient prognosis [39—41].

3.2.4 CDKN2A (p16)

Cyclin-dependent kinase inhibitor 2A, also referred to as p16, is regarded as a tumor
suppressor protein and acts as a potent negative modulator of cell cycle progression
at G;. Alterations in p16 expression and loss of function are therefore commonly
associated with uncontrolled cellular proliferation [42]. While decreased expression
of p16 has been reported in hepatocellular carcinomas for some time, it was origi-
nally believed that this alteration was largely mediated by homozygous deletions in
chromosome 9 or mutations in CDKN2A [43, 44]. It has now been recognized that
the absence of pl6 expression in hepatocellular carcinoma is more often due to
methylation of the CDKN2A promoter, which has been documented in 30-70% of
tumors [31, 45]. The significance of this finding is difficult to ascertain however
since methylation of CDKN2A has also been documented to occur in chronic liver
disease in the absence of tumor [46].

3.2.5 AXIN1and?2

Axis inhibition proteins 1 and 2 (Axinl and 2) are tumor suppressors whose roles
are intimately associated with B-catenin and the Wnt signaling pathway. Mutations
of the AXINI gene prevent the phosphorylation of f-catenin, thereby contributing to
its accumulation by preventing its degradation [47]. While the percentage of hepa-
tocellular carcinomas exhibiting accumulation of p-catenin is relatively high, this
phenomenon appears more frequently than the reported rate of CTNNBI mutations
in these tumors. Given this finding it was presumed that other mechanisms existed
for this increase and contributing alterations in AX/INI and AXIN2 were encountered
[24]. While the overall prevalence of mutations in these genes in hepatocellular
carcinoma is relatively low, of those tumors exhibiting activation of the Wnt signal-
ing pathway, alterations in AXINI and AXIN2 have been reported in 54% and 38%
of those lesions, respectively [48]. Given that overexpression of AXIN/ has been
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shown to downregulate B-catenin and lead to cycle inhibition and tumor cell apop-
tosis, it has been suggested that this pathway may be a potential target for future
therapy [49].

3.2.6 RAS

The RAS family of proto-oncogenes consists of three highly homologous genes con-
sisting of HRAS, NRAS, and KRAS. The Ras proteins function in signaling pathways
which when activated contribute to cell growth, differentiation, and survival [50].
While alterations in this pathway play a significant role in the development of other
malignancies such as pancreatic and colon cancers, only a small percentage of hepa-
tocellular carcinomas have been identified as having mutations within the RAS fam-
ily of genes [51]. The exception to this finding is hepatocellular carcinoma arising
in the setting of vinyl chloride exposure. This carcinogen, which is more often
implicated in the development of angiosarcomas of the liver, has been strongly asso-
ciated with KRAS2 mutations [52]. Beyond this exceptional occurrence, it has been
suggested that persistent activation of the Ras pathway may be one mechanism by
which tumors resist the multikinase inhibitor sorafenib, the only approved systemic
therapy for advanced hepatocellular carcinomas [53, 54].

3.2.7 MET

The MET proto-oncogene encodes for the receptor of the ligand hepatocyte growth
factor (Hgf) [55]. In this signaling pathway, these proteins contribute to liver devel-
opment and regeneration through activation of cell proliferation, survival, and
angiogenesis [56]. Given its function in normal liver tissue, multiple investigations
have looked into the role MET plays in the development of hepatocellular carci-
noma. While Hgf appears to play no direct role in carcinogenesis, increased expres-
sion of MET has been well documented in hepatocellular carcinoma [57]. In fact,
increased concentrations of the Met protein have been observed in up to 70% of
tumors [58]. This is typically secondary to activation elsewhere as somatic muta-
tions in MET occur in less than 5% of tumors [59]. While transcriptome-based stud-
ies have suggested that MET overexpression is not an oncogenic driver in
hepatocellular carcinomas, increased activation of this pathway has been associated
with metastases, tumor recurrence, and poor overall survival [60]. Recent investiga-
tions in the use of the oral Met inhibitor tivantinib have shown some benefit in
patients with tumor found to have high MET expression [61].

3.2.8 TGFp

The cytokine transforming growth factor § (TGF) is involved in a number of essen-
tial biologic processes such as cellular proliferation, differentiation, migration, and
adhesion [62]. This pathway exerts its influence through a number of mediators
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including the small mothers against decapentaplegic (SMAD) family of transcrip-
tional regulators [63]. The role of this pathway in neoplasia is complex as TGFf has
been found to act as both a tumor suppressor in the early stages of carcinogenesis
and as a promoter of tumor progression later on in this process [64]. It has also been
regarded as a driver of epithelial-mesenchymal transitions [65]. In terms of hepato-
cellular carcinoma development, the dichotomous activity of the TGFp pathway has
been documented [66]. Furthermore, it has been suggested that activation of the
TGFp pathway may represent an alternative method of Wnt signaling stimulation,
independent of B-catenin [67, 68]. In fact, TGFf stimulation in hepatocellular carci-
noma cell lines has resulted in induced expression of Wnt target genes. Interestingly,
this activation has also been associated with suppressed expression of AFP protein
[68]. Manipulation of the TGFp pathway is being investigated as a potential thera-
peutic target in hepatocellular carcinomas through the use of a small-molecular
inhibitor [69].

3.2.9 VEGFA

Vascular endothelial growth factor A (VEGFA) is a potent angiogenesis regulator
with significant impacts on tumor progression by promoting endothelial growth
and migration [70]. Given the vascular nature of hepatocellular carcinomas, it has
been postulated that VEGFA may play a role in the carcinogenesis of these liver
tumors.

Indeed, overexpression of the VEGFA gene has been shown to occur in a subset
of hepatocellular carcinomas through focal gains in chromosome 6p21 [71]. There
also appears to be an association of increased expression of VEGFA protein with
vascular density and tumor size on hepatocellular carcinomas [70].

3.2.10 EpCAM

The glycoprotein epithelial cell adhesion molecule (EpCAM) has been recognized
for some time for its role in the growth and differentiation of epithelial cells. While
EpCAM mediates cell-to-cell adhesions, this action appears to restrict the develop-
ment of such junctions formed through classic cadherins [72]. Additionally,
increased expression of EpCAM has also been associated with epithelial prolifera-
tion and decreased cellular differentiation [73]. Just as in other epithelial malignan-
cies, hepatocellular carcinomas with increased expression of EpCAM often
demonstrate stem cell-like features such as the ability to self-renew and differentiate
[74]. Furthermore, hepatocellular carcinomas with increased expression of the
EpCAM gene or its protein product have been shown to overexpress other stemness
markers such as KRT19 and AFP as well as FGF19 [75, 76]. Tumors found to have
this set of gene expression have been associated with an overall poor patient prog-
nosis [68].
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3.2.11 PTEN

Phosphatase and tensin homolog (PTEN) is a tumor suppressor which oversees a
variety of cellular processes such as proliferation, metabolism, and survival by
downregulating the PI3K/AKT/mTOR pathway [77]. Somatic alterations in the
expression of PTEN have been linked to a number of malignancies including pros-
tate cancer and glioblastoma, while germline mutations are associated with the
development of Cowden syndrome. Given the number and variety of malignancies
affected by PTEN, it should come as no surprise that PTEN also appears to play a
role in the development and progression of hepatocellular carcinomas. While muta-
tions in the PTEN gene have only been identified in 5% of these tumors, loss of
PTEN expression has been documented in up to 40% of hepatocellular carcinomas
[78-80]. Reduced expression has also been associated with higher recurrence rates
and shorter overall patient survival [78]. Not only is PTEN expression altered within
neoplastic lesions of the liver, it has also been found to be dysregulated in liver dis-
eases associated with obesity, viral infections, and alcohol abuse [81].

3.2.12 Epigenetic Alterations

While the role of genetic modifications through the process of mutations in the
development of neoplasia has been recognized for some time, there is increasing
evidence that epigenetic alterations also play a critical role in this process. Through
aberrant hypermethylation of gene promoters or global genomic hypomethylation,
the expression of particular genes can be manipulated in the absence of direct
sequence changes [82]. In hepatocellular carcinoma, the relative frequency of
genetic alterations through mutations is relatively low and limited to a small subset
of tumor suppressor and proto-oncogenes [31]. In contrast, epigenetic modifications
occur far more frequently in these tumors and are responsible for many of the altered
gene expressions that are observed over the course of their development [83].

The understanding of the mechanisms by which the methylation process is
altered in hepatocellular carcinogenesis is still being explored. However, several
important insights have been uncovered. It has been shown that the process of epi-
genetic modification through hypermethylation can be detected in diseased livers in
the absence of tumor [84]. Similarly, hepatitis B and C proteins have been shown to
alter the expression of DNA methyltransferase, an enzyme responsible for epigen-
etic changes [85, 86]. These findings suggest that viral hepatitis and other chronic
liver diseases may be laying the groundwork for carcinogenesis by intervening
through aberrant methylation. Indeed it has also been shown that hepatocellular
carcinomas associated with viral hepatitis have a tendency to harbor more frequent
epigenetic alterations than tumors unassociated with these infections [87].

The expression of miRNAs is intimately associated with epigenetic mechanisms
and has been increasingly recognized as a potent disease modifier through posttran-
scriptional gene regulation. In liver disease and carcinogenesis, increased and
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reduced expression of various miRNAs has been associated not only with specific
disease etiologies but also with tumor progression. For example, decreased expres-
sion of miR-26 within tumor cells has been linked to poor patient survival but
increased susceptibility to adjuvant therapy with interferon alfa [88]. Potential ther-
apeutic targets have also been identified among miRNAs, including miR-122,
whose expression is significantly reduced in hepatocellular carcinomas despite it
being the most abundant miRNA in the liver, constituting up to 72% of the total liver
miRNA [89]. Restoration of miR-122 has been shown to significantly inhibit hepa-
tocellular carcinoma growth and increase tumor sensitivity to sorafenib [90, 91].

3.2.13 Chromosome Instability

While genetic alterations within tumors can occur at the level of methylation or
individual gene mutation, genetic instability can also occur in the setting of large
gains or losses of whole or parts of chromosomes. These changes, which contribute
to tumor aneuploidy and intratumoral heterogeneity, have been termed chromo-
somal instability. Evaluations of chromosomal changes in hepatocellular carcinoma
have revealed chromosomal instability in approximately half of these tumors. These
lesions demonstrated loss of heterozygosity at chromosomes 1p, 4q, 13q, and 16
and mutations of TP53 and AXINI. In contrast, tumors which were found to be
chromosome stable were closely associated with alterations in chromosome 8p and
CTNNBI mutations [33].

While the circumstances contributing to chromosomal instability in hepatocellu-
lar carcinoma are likely multifactorial, the presence of this genomic volatility appears
more closely related to HBV infection than other chronic liver disease etiologies.
This is supported by the fact that HBV infection can promote carcinogenesis by inte-
grating viral DNA in the host genome inducing a chromosomal unstable state [92].

Furthermore, although there is a suggestion in some tumor types that increased
epigenetic dysfunction or instability contributes to chromosomal instability through
genome-wide hypomethylation, these two processes appear to be largely indepen-
dent of one another in hepatocellular carcinoma [87].

While the relationship of chromosomal instability in hepatocellular carcinomas
to other molecular alterations remains complicated, liver tumors demonstrating
chromosomal instability are associated with a poor prognosis, a finding which is
echoed in other malignancies [33, 93-95]. The degree of chromosomal changes is
also reflected in the histologic findings of such tumors with the level of chromo-
somal instability paralleling the degree of tumor differentiation [96].

3.3 Molecular Classification
3.3.1 Overview

As our understanding of the molecular and genetic processes involved in carcino-
genesis has advanced, the study of some tumor types such as colorectal and breast
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Proliferation class Nonproliferation class
Tors
| EpCAM/KRT19| | CTNNB1 mutations |
Molecular
features TP53 mutations Classical WNT
Canonical WNT
Macrotrabecular
Microtrabecular
i i h itic H
Histologic | Steatohepatitic HCC | Cholestasis
features
Clear cell HCC - —
| Well differentiation |
| Poor differentiation |
Alcohol/HCV
Clinical
features High AFP Low AFP
| Worse outcome | | Better outcome |

Fig. 3.1 Summary of the basic dichotomous classification of hepatocellular carcinomas and the
associated clinical, histopathologic, and molecular themes common to those groups

carcinomas has resulted in widely accepted classification schemes which have both
prognostic and therapeutic implications. Although much work has been done
exploring the molecular underpinnings of hepatocellular carcinomas, and many
investigators have proposed various classification schemes, no single system has
gained wide adoption [33, 68, 71, 97]. Despite arriving at diverse final classifica-
tions based on the epigenetic alterations, somatic mutations, chromosomal stability,
and gene expression profiling revealed in these studies, several general themes have
been observed. So while investigators may have described various groups of hepa-
tocellular carcinomas in several terms, the groupings themselves are remarkably
similar. With that in mind, hepatocellular carcinomas can be broadly classified into
two major subgroups, described by many as the proliferation and nonproliferation
subclasses (Fig. 3.1).

3.3.2 Proliferation Class

The proliferation class of hepatocellular carcinomas, which represents approxi-
mately 55% of tumors, is characterized by lesions which harbor molecular features
associated with cellular propagation and activation of prosurvival pathways such as
MET and TGFf [75, 98]. This group of tumors is also enriched for lesions with
impaired expression of the tumor suppressor 7P53 [38]. These tumors tend to be
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large, less differentiated, and aggressive with lower survival rates and a higher risk
of recurrence following surgery [68, 99, 100].

The proliferation class of lesions has been further divided into two groups
based on a meta-analysis of the gene expression data from multiple previously
published patient cohorts [68]. Following this scheme, the first subclass of this
aggressive group is characterized by relatively higher activation of the TGFf
pathway with subsequent upregulation of the Wnt/B-catenin pathway and target
genes such as CCNDI and MYC [101]. This is accomplished in the absence of
actual CTNNBI (p-catenin) mutations, which are more strongly associated with
the nonproliferation class of hepatocellular carcinomas. These tumors, like all
those in the proliferation class, tend to be less differentiated and may appear
histologically as the so-called steatohepatitic variant of hepatocellular carcinoma
[75, 102].

The second subclass within the proliferation group is characterized by increased
expression of stemness markers such as EpCAM and KRT19. Increased protein
expression and serum levels of GPC3 and AFP are also hallmarks of this group. This
latter finding has noteworthy clinical consequences as serum AFP levels have been
criticized as lacking sufficient sensitivity for hepatocellular carcinoma detection
when in fact increased serum levels may be an indication of this particularly aggres-
sive subclass of tumors [103]. While the predisposing etiologies of this subclass and
the others are not strictly delineated among the groups, HBV infection is more
strongly correlated with this subset of lesions [68, 75]. Histologically, these carci-
nomas appear as poorly differentiated tumors with a macrotrabecular or compact
architecture. This subclass has also been associated with the clear cell variant of
hepatocellular carcinoma [75].

3.3.3 Nonproliferation Class

The final class of hepatocellular carcinomas consists of tumors which are char-
acterized by overexpression of liver-specific WNT targets such as GLUL and
LGR5 [26]. While CTNNBI mutations and activation of the Wnt/p-catenin
pathway are common in this group, these changes do not appear to regulate the
canonical Wnt targets associated with the proliferation class such as cyclin D1
and MYC [68]. TP53 alterations are not a feature of this group and have been
found to be mutually exclusive with CTNNBI mutations [38]. Furthermore,
these lesions tend to be characterized by chromosome stability, as opposed to
the proliferation class which often exhibits chromosomal instability [33].
While the etiologic factors vary, tumors in the nonproliferation class are more
strongly correlated to alcohol-related liver disease and HCV [98]. Histologically,
these lesions tend to be well differentiated, demonstrating a microtrabecular
growth pattern and more often harboring a pseudoglandular architecture and
intratumoral cholestasis than the proliferation class [28, 75]. Clinically, tumors
with features of this class tend to be less aggressive with better patient out-
comes [102].
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4.1 Hepatocellular Carcinoma and Its Heterogeneity

Hepatocellular carcinoma (HCC) accounts for 80% of all primary liver cancers
worldwide and is a clinically and biologically heterogeneous disease. It ranks at the
fifth most prevalent cancer and the third most deadly malignancy globally. Although
most HCC patients are resided in eastern Asia and sub-Saharan Africa, it is along
the way to be more prevalent in Western countries [1-5].

4.1.1 HCCHeterogeneity in Etiology

Various risk factors give rise to HCC, and the tumorigenesis of HCC exerts distinct
regional differences [5]. Hepatitis B virus (HBV) infection and hepatitis C virus
(HCV) infection are the two major risk factors of HCC, accounting for about 80%
of HCC tumorigenesis globally. HBV infection is the dominant risk factor in eastern
Asia and sub-Saharan Africa. While in Europe and North America, more than half
of HCC are due to HCV infection [6-8]. Analysis of HBV genome sequencing data
identifies eight distinct genotypes (A—H), which also exert obvious geographical
and ethnic distributions [7]. HBV infection generally gives rise to the integration of
viral DNA into the host genome, especially in hosts with attenuated immunity.
While as a RNA virus, HCV is not able to integrate into host genome. HCV tends to
escape from host’s immune responses, implicates in chronic infection, and gives
rise to liver cirrhosis. HCV proteins seem to change many potentially oncogenic
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pathways and promote the malignant transformation of hepatocytes [1, 9]. In addi-
tion, hepatitis delta virus (HDV) is a defective RNA virus, which could also contrib-
ute to hepatic carcinogenesis [10, 11].

Many metabolic-related diseases also contribute to HCC development, which
includes alcoholic fatty liver disease (AFLD), non-AFLD (NAFLD), diabetes, obe-
sity, etc. Alcohol consumption and alcoholism is prevalent worldwide. Excessive
alcohol consumption may cause AFLD, which ultimately gives rise to HCC [12—
14]. NAFLD is one of the prevalent clinicopathological syndromes associated with
insulin resistance and dyslipidemia. Synergistically with chronic HCV infection,
alcoholic liver injury, or risk factors, NAFLD evolves into cirrhosis and HCC ulti-
mately. As the prevalence of obesity in the industrialized countries, NAFLD has
been a dominant element for chronic liver disease [15, 16]. Obesity itself is also
proposed to relate with increased risk of HCC. In patients with chronic viral infec-
tion, obesity synergistically increases the risk of HCC by 100 folds [17, 18].
Meanwhile, diabetes is an independent risk factor for the development of HCC and
ranks second of the most prevalent cause for HCC in the USA after viral infection
[19-21].

In addition, HCC has been also associated with the increased exposure to afla-
toxin B1, which mainly happened in Africa and Asia. Other HCC risk factors
include neonatal hepatitis, autoimmune hepatitis, hereditary diseases (hemochro-
matosis, a-1AT deficiency, tyrosinemia, and Wilson’s disease), other immune disor-
ders, etc. [2, 22, 23].

4.1.2 HCCHeterogeneity in Clinical Presentation

HCC develops generally in a previously diseased liver that is related to various HCC
risk factors as above. Either HCC tumor or previously diseased liver can be at dif-
ferent disease-progressing stage at the time of diagnosis and has diverse therapeutic
perspectives. HCC population is therefore very heterogeneous. According to tumor
size, differentiation grate, and nodular type, HCC could be presumably divided into
early HCC and progressed HCC [24, 25]. The global HCC BRIDGE study scientifi-
cally documents various therapeutic approaches across regions and/or countries
[26]. Tumor classification can help us identify the difference between various sub-
types of HCC with comparable criteria and possibly provide specific subgroup can-
didate patients with appropriate therapeutic interventions [27].

A number of HCC staging systems and related treatment algorithms have been
developed, which facilitate prognosis and guide clinical practice, prolonging sur-
vival of HCC patients eventually. These systems include Barcelona-Clinic Liver
Cancer (BCLC) staging system, the Cancer of the Liver Italian Program (CLIP)
score system, Okuda system, the Hong Kong Liver Cancer (HKLC) classification
system, etc. [28-31]. Among them, HCC BCLC staging and treatment algorithm
has been widely applied. At early stage, HCC patients with carcinoma in situ can be
reliably curable. Curative therapies include liver transplantation, tumor resection,
and local ablation. However, the number of nodules is relevant to resectability, and



4 Genomics Studies in Hepatocellular Carcinoma via Next-Generation Sequencing 51

post-resection survival rates are variant [32]. Most HCC patients are diagnosed at
intermediate stage and even advanced stage. In this case, trans-arterial chemoembo-
lization (TACE) is the first-line option to extend live-life expectancy, but the overall
survival is variable and limited. For those failed by TACE, sorafenib (a multi-
tyrosine kinase inhibitor) and radioembolization merit consideration [32]. Sorafenib
currently is the only FDA-approved systemic therapy for advanced HCC. However,
it only has a modest 2-month survival benefit for HCC patients without any prese-
lection in several clinical trials.

4.1.3 HCC Heterogeneity at the Biological Level

Multiple array technologies including expression examination methods (cDNA/
oligo/noncoding RNA arrays) and genetic assays (CGH/methylation arrays) have
provided powerful tools to amend our understanding on the tumorigenesis, progres-
sion, and metastasis of HCC and hold potential of improving HCC therapeutic effi-
cacy [33-44]. The accumulated studies have revealed that diverse changes in HCCs
were associated with different viral backgrounds as well as different HCC
subtypes.

Chronic HBV and HCV hepatic lesions present differential gene expression pro-
files. Genes being affected by HBV were related to inflammation, while HCV-
associated genes were involved into the anti-inflammatory process [45]. Studies
have also revealed increases of DNA copy number at 10p and decreases at 10q in
HCV-HCCs [46], while gains on 1q, 6p, 8q, 9p, and losses at 1p, 16q, and 19p in
many HBV-HCCs [47].

Several array studies have compared numerous HCC tumors to distinguish HCC
subtypes. Via the combination of genomic and transcriptomic analysis, researchers
have identified six robust HCC subclasses with distinct activation of biological
pathways and therapeutic implications [48, 49]. Primary HCC tissues with a pro-
pensity for metastasis had a significantly different cDNA and microRNA expression
profiles compared to profiles of relapse-free HCC tissues [40, 41, 43]. A 20-miRNA
metastasis signature was significantly associated with recurrence in HCC at early
stage [34].

In our group, we have found that a subgroup of HCCs with EpCAM and alpha-
fetoprotein (AFP) high expression displayed a high rate of metastasis and poor out-
come and were biologically different from other HCCs based on their stem
cell-related gene expression profiles and singling pathway analysis [37, 42, 50].
Stem cell-related signaling pathways were highly active in these HCC cases, and
isolated EpCAM + AFP + HCC cells were enriched hepatic cancer stem cells. In
addition, our studies also revealed that HCC patients with low level of microRNA-26
had a significant prolonged survival after adjuvant interferon alpha (IFNa) therapy
compared to the control treatment group. However, HCC patients with high level of
microRNA-26 did not have survival benefit from adjuvant IFNa therapy [51, 52].

In this vein, HCC is a heterogeneous disease. It is thus important to identify the
HCC tumor subtypes, in-depth study of each subtype using an unbiased
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high-throughput method to explore the potential early diagnostic, prognostic, as
well as therapeutic biomarkers. The array technologies have been well established
and widely used. However, they mainly focus on gene expression, only to detect
known genes, and are at one genomic level per technology at a time. Recent advances
in massively parallel nucleotide sequencing technologies allow for simultaneous
identification of genetic substitutions, insertion/deletions, expression changes, and
structural alterations with high accuracy and sensitivity. It is so-called next-
generation sequencing (NGS) technology.

4.2 Next-Generation Sequencing System

NGS is now known as high-throughput parallel nucleotide sequencing. In 2005,
a new massively parallel sequencing technique emerged and sequenced over 20
megabase data in a single run, which eventually launched the “next-genera-
tion” of genomic science [53]. Since that, NGS has largely revolutionized
omics study in this decade. Now, the wide application of NGS has transformed
the way scientists think about genetic information. Currently there are a num-
ber of different modern sequencing technologies including three dominate
commercial platforms, i.e., Roche Genome Sequencer, Illumina Genome
Analyzer, and Life Technologies Sequencing by Oligo Ligation Detection
(SOLiD) System (Table 4.1).

4.2.1 Roche 454 Sequencing

In 2005, 454 Life Sciences (now Roche) developed the first commercially available
NGS platform. Now the 454 family of platforms has been utilized for many

Table 4.1 Summary of major NGS technologies

Sequencing method Reads/run
Technology | (type, amplification, chemistry) | (length, reads #) | Time/run | Advantages
Roche 454 | Seq-by-synthesis, emulsion 700 bp, 1 million | ~24h Long reads, fast
PCR, pyrosequencing reads
Illumina Seq-by-synthesis, bridge 50-300 bp, up to 6| 1-10 days | High yield,
amplification, reversible dye million reads cost-effective
terminator
SOLiD Seq-by-ligation, emulsion PCR, | 35-75 bp, 1 billion| 1-2 weeks | High accuracy,
8-mer oligo chained ligation reads high yield,
cost-effective
Ton Torrent | Seq-by-synthesis, emulsion up to 400 bp, up to| ~2 h High yield, fast,
PCR, proton detection 80 million reads portable
equipment
The third Seq-by-synthesis, N/A, >1000 bp,upto1 |0.54h Longest read
generation | phosphor-linked fluorescent million bases length, fast
(PacBio) bases
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applications due to its long reads. The overall approach for 454 is pyrosequencing
based. It depends on the detection of pyrophosphate release on nucleotide incorpo-
ration [54]. The library DNAs with adapters are prepared using PCR primers or by
ligation. These DNAs are then fixed to amplification beads followed by emulsion
PCR. An emulsion PCR step produces a set of beads, and each set contains many
cloned copies from the same DNA. The beads are loaded into PicoTiterPlate with
one bead per well, and the sequencing by synthesis begins in a system with a group
of enzymes and the substrates. The four DNA nucleotides are added sequentially in
a fixed order. A nucleotide complementary to the template strand triggers pyrophos-
phate release, which generates a signal being recorded to infer the sequence of the
DNA fragments as each base type is added. During the nucleotide flow, millions of
copies of DNA are sequenced in parallel.

Currently Roche sequencing platforms are mainly GS-FLX and GS Junior
Systems, which may be a good choice for certain applications where long read
lengths are needed [55]. GS-FLX Titanium could generate about one million reads
with the length of 700 bp per run within 24 h [53], while GS Junior Systems simpli-
fies the library preparation and data processing.

The advantages of Roche sequencing are long read length (which generally
offering higher accuracy) and sequencing speed (about 10 h). One shortcoming for
this approach is the misidentification of homopolymers length [56]. In addition, 454
is relatively cost-ineffective compared to other sequencing platforms such as
Illumina and SOLiD [57]. For downstream analysis, the GS Data analysis software
packages are also available.

4.2.2 Illumina Sequencing

Illumina sequencing, Solexa platform, was first introduced in 2006. Now Illumina
produces the most widely used platforms and have been used by numerous
researchers due to its production of a large amount of data in a cost-effective man-
ner. Similar to 454 technology, Illumina sequencing also uses a sequencing-by-
synthesis method [58—60]. There are two major differences of Illumina technology
from 454 sequencing. One is that [llumina uses a flow cell with coated oligoes
instead of microwells with beads. As the DNA enters the flow cell, one of the
adapters attaches to a complementary oligo. The other is that [llumina sequencing
uses fluorescent reversible termination approach instead of pyrosequencing. A
reversible terminator is on every nucleotide to prevent multiple additions in one
round, one base per round and one unique emission for each of the four bases.
After each round, the added base is recorded.

Now Illumina has many different sequencing platforms on the market including
Genome Analyzer, HiSeq, MiSeq, and NextSeq [58, 59]. Each one has several dif-
ferent versions. Among them, MiSeq could produce the longest reads, about 300 bp
and use the minimum sequencing time. It could sequence one sample in 10 h
including sample and library preparation. MiSeqDx platform is the only one
approved by the FDA for in vitro diagnostics. HiSeq could produce the greatest
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output amount. For example, HiSeq 2500 could generate four billion reads with
125 bp/read in a single run.

The superiorities of the Illumina system include small sample requirements,
simple process, short run time, and high-quality data [58, 59]. It also has the proper
data analysis flow and tools developed by Illumina so that the researchers can easily
analyze and manage genome data. The major flaw is false positive when identifying
sequence variations [60]. At this stage, more than 90% of sequencing data have been
produced via Illumina technology.

4.2.3 SOLiD Sequencing

SOLID system is appeared in 2006 and commercialized in 2009. This technology
uses a sequencing-by-ligation method. After adaptor ligation and emulsion PCR,
the library DNAs are sequenced in an entirely different method compared to 454
and [llumina. In SOLiD there are a set of four fluorescently labeled di-base probes
and four di-base probes per dye. It uses DNA ligase for di-base incorporation, which
makes a “sequencing by ligation” approach. Following each ligation cycle, the sys-
tem removes the extension product and resets DNA template with a primer comple-
mentary to the n — 1 position for the next round ligation. There are several rounds
of reset, by which each base is interrogated in two independent ligation reactions.
Due to two-base probing and two-color encoding per base, the sequencing accuracy
is very high (about 99.99%), and the systemic noise is very low [61, 62].

Now the updated version of SOLID system can produce a mass of data, and the
cost is substantially low. Since its read has relatively short length (up to 75 bp) but
high accuracy, SOLiD technology has some advantages in detecting single-
nucleotide polymorphism (SNP), small RNA sequencing, and ChIP-seq over other
sequencers [55].

4.2.4 lonPersonal Genome Machine

Ion Torrent entered the sequencing market in 2010. The first semiconductor sequenc-
ing device was Ion Personal Genome Machine. This technology is mainly used for
small genome sequencing and exome sequencing. It begins with a similar method
with 454, which uses a chip of microwells containing beads being fixed with DNA
fragments [63]. However, this chip is a semiconductor chip with micro-detectors
sensitive to pH. As a base incorporation, a proton is released and alters the sur-
rounding pH, and micro-detector could record the change. As each base type is
added in turn and washed sequentially, the sequence is informed. Now, the accuracy
rate of this instrument on a per read basis averages approximately 99%.

Ion Torrent Personal Genome Machine technology does not require fluorescence
and camera recording, which leads to a higher speed, smaller instrument size, and
lower cost. It now produces the highest output. Ion Torrent Sequencer can complete
a DNA sequencing workflow in just 1 day. Since Ion AmpliSeq being launched in
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2012, this technology has seen broad global adoption. However, similar to 454, Ion
Torrent suffers homopolymer-related errors.

4.2,5 TheThird-Generation Sequencers

Above NGS technologies start by fragmenting and amplifying DNA, which often
sacrifices vital long-range connectivity. The third-generation sequencing is then
developed to possibly overcome such defects. It has two major characteristics dif-
fering from the above sequencing technologies. One is that amplification of DNA
fragments is not needed before sequencing. The other is that the base signal is
obtained in real time during the enzyme reaction of adding nucleotide. Thus, the
third-generation sequencing gains the advantages of high speed and long read
length. Currently it mainly concentrates in the optical or electrical signal detection
at single molecular level, such as single-molecule real-time (SMRT) and MinION
system [64].

SMRT was developed by Pacific Biosciences, which uses nanotechnology (zero-
mode waveguide, ZMW) [54]. The ZMW is a structure that is small enough to
observe only a dye-labeled single nucleotide of DNA being incorporated by DNA
polymerase. Four different fluorescent dyes are attached to A, T, C, and G. The
sequencing is performed on a chip containing numerous ZMW detectors. As DNA
strands are synthesized, the dye-labeled nucleotide incorporation is imaged in real
time. SMRT completely depends on the role of DNA polymerase that enabled the
length of sequencing.

The MinION system was released by Oxford Nanopore Technologies in 2014,
which delivered long read real-time sequencing of individual molecules. It is the
first commercial nanopore-based sequencer, small and portable. Nanopore is a tiny
biopore with diameter in nanoscale and can facilitate ion exchange. Current MinlON
nanopore sequencing methods rely on the measurement of changes in ionic current
at the time of a DNA molecule translocating through a protein nanopore. Biological
nanopores aim at single nucleotide, so that this technique has good continuity and
accuracy. Moreover, there is no need DNA polymerase ligase or ANTPs or complex
optical detection system. It could potentially reach long read at length over 5 kb.

Fluorescence resonance energy transfer (FRET) is another third-generation
sequencing technology, which is developed by VisiGen (now Life Tech). It uses a four-
color set of FRET dideoxy nucleotide terminators. The fluorescence is cleaved off dur-
ing the base incorporation and generates an optical signal to achieve the purpose of
testing the sequence of DNA bases. The obvious advantages of FRET sequencing are
simple and straightforward; the speed can reach one million bases per second.

Now sequencing technologies are widely utilized for mutation profiles, gene
expression analysis, methylation analysis, metagenomics, disease-related gene
identification, etc. [65]. It has also started to provide service of establishing personal
genome information as well as noninvasive prenatal testing [66]. Since these, NGS
has accelerated biological research by providing researchers a better understanding
of the biology of diseases including carcinogenesis.
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4.3 HCC Genomics Studies via NGS Technology

NGS has provided a sensitive, accurate, and cost-effective method to uncover the
genetic basis of human disease including cancer at a single-nucleotide resolution
[67, 68]. The tumorigenesis and progression of HCC are accompanied by the accu-
mulation of somatic genetic variations. Previous microarray-based technologies
have analyzed variations of HCC genome, transcriptome, epigenome, etc., which
improved our understanding on HCC tumorigenesis, progression, and inter-/intra-
heterogeneity as well as promoted HCC translational research. Here we summa-
rized the original NGS studies in HCC as well as its potential clinical utilization,
with an emphasis on understanding HCC heterogeneity (Table 4.2).

4.3.1 HCCViral Risk Factors in Viral-Related HCCs

HBYV Integration in HBV-Related HCCs

HBYV is the most prevalent risk factor of HCC and the integration of HBV DNA into
the host genome has been reported in 1980s [69]. Now, deep sequencing has been
successfully applied to the study of HBV genome integration.

Whole-genome sequencing of 11 HBV-related HCC samples has revealed the
HBYV genome integration to the telomerase reverse transcriptase (TERT) locus [70],
which is consistent with previous reports [71]. After that, a study of whole-genome
sequencing using 88 HCC patients (§1 HBV+ and 7 HBV—) further noted that HBV
integration was more significantly frequent in tumors compared to control liver tis-
sues and that about 40% of HBV breakpoints were around the HBV X and core
genes [72]. Moreover, via a comparison of gene expression array data between
tumors with and without HBV integration, the authors reported that five genes
(TERT, MLL4, CCNEI, SENPS5, and ROCK]I) were recurrently affected by HBV
integration. HCC patients with several HBV integration sites had shorter overall
survival time [72].

One group recently reported that HBV was apt to integrate into promoters of
genes, and recurrent integration into the promoter of TERT seemed to increase the
expression level of TERT. HBx 3’-end was preferred to involve into integration,
resulting into the expression of HBV-human chimeric proteins [73]. Li et al. devel-
oped high-throughput viral integration detection method to enrich and sequence
HBV fragments. They identified 246 integration breakpoints in the gene TERT,
MLILA4, and CCNE]I [74]. Meanwhile, the whole-exome sequencing and oncovirome
sequencing in 68 HBV positive HCC cases have also revealed a group of genes
close to the recurrent HBV integrations, including TERT, MLL4, ALOXS, etc. [75].

HCV Quasispecies Diversity in Chronic Liver Disease and HCC

In human, HCV presents as a group of genetic variants, which is known as “quasi-
species.” HCV quasispecies has been revealed to act as an important factor in HCC
pathogenesis [76]. Park et al. performed pyrosequencing to compare the structural
protein-coding genes of HCV genome between patients with chronic hepatitis C
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Table 4.2 Summary of original NGS studies in HCC

Ref

‘ Study design

‘ Summary of two major results for each study

Genome and/or exome sequencing

[109]

WGS of a HCV-HCC tumor and
lymphocytes from a male

>11,000 somatic substitutions in HCC with less in
genic region, 8§1/90 somatic variants in protein-
coding regions was validated

[72] WGS of 88 HCC tumor/ HBYV integration was more frequent in tumors;
non-tumor pairs (81 HBV, 7 ~40% of HBV breakpoints were around the X and
HBV) core genes
[70] | WGS of 27 HCC tumors (11 Multiple chromatin regulators were mutated in
HBYV, 14 HCV) ~50% of the tumors; HBV integration was found in
the TERT locus
[110] |HBV integrates Seq of 40 HCC | HBV integration favored chromosome 17; 8 genes
tumor/non-tumor pairs (40HBV) | were recurrent target genes by HBV integration
including TERT1
[111] | WES of 10 HBV-HCCs with 475 candidate somatic substitutions were identified;
portal vein tumor thromboses genetic lesions in ARIDIA contribute to high
metastatic potential
[92] | WES of 3 matched HBV-HCC 59 genes had mutations in HBV-related HCCs;
tumors and normal tissues variants of ZNF717 and PARP4 were detected in
>10% HCCs from a validation cohort
[85] WES of 87 HCC tumor/normal Recurrent mutations in some key genes, such as
tissue pairs (38HBV; 19HCV) TP53 and CTNNBI. Some gene families were
affected such as calcium channel subunits
[88] | WGS of 88 HCC tumor/normal | CTNNBI was the most frequently mutated oncogene
pairs (81 HBV) (15.9%); TP53 was the most frequently mutated
tumor suppressor (35.2%)
[73] |HBV Seq of 48 matched HCC HBYV integration favored chromosome 10; HBV
tumor/normal pairs recurrent integration was found in the promoter of
TERT
[74] | HBV integrates sequencing of High-throughput viral integration detection method;
28 HBV-HCC tumors HBYV integration in TERT, MLL4, and CCNE1 genes
[75] WES and oncovirome Seq of Reveal 30 candidate driver genes and 11 core
503 liver tumor/normal pairs pathway modules in HCC. Multiple types of TERT
(488HCC, 117HBY, 212HCV) genetic alteration in HCC
[81] WGS and RNA Seq of 12 HCC Frequent mutations in 7P53, CTNNBI, and AXIN1,
tumor/normal pairs; WES of 30 | LAMA2 had multiple high-allelic frequency
HCC tumor/normal pairs mutations and related to HCC prognosis
[102] | Targeted DNA Seq of 14 HCC Find mutations in Wnt, mTOR, etc. pathway; 2 out
tumors (3HBYV, 5SHCV) of 3 cases with mutations in mTOR pathway
benefited from mTOR inhibitor therapy
[104] | WGS of 4 matched HCC/ Similar genetic variations in primary and metastatic
normal/lung metastatic tissues tumors, a few somatic mutations (such as ZNF) were
(4HBV) only in metastatic tumors
[90] | WGS of 88 matched HCC 4314 genomic rearrangements in HCCs,
tumors/normal tissues (§1HBV) | Chromothripsis in 5 HCC genomes recurrently
affecting chromosomal arms 1q and 8q
[103] | WGS of CTC/HCCs/PBMC Characteristic gene mutations in CTC DNAs could

from 20 HCCs and 10 controls

stratify HCC metastasis patients; low frequency
variants were higher in CTCs

(continued)
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Table 4.2 (continued)

Ref Study design Summary of two major results for each study
[82] WES of 243 tumors/normal 161 HCC driver genes associated with 11 recurrently
tissue pairs (34HBV; 63HCV) altered pathways. Many alterations were potentially
targetable by FDA-approved drugs
[91] NGS of plasma DNAs from 31 Visual CNV were identified in 13 HCCs at 150 kb

HCCs and 8 controls

per bin CNV plots; develop a CNV scoring method
to evaluate the risk of HCC

RNA transcriptome sequencing

[78] | HCV viral Seq of 79 HCV HCYV isolates differed genetically based on the
patients (25HCCs) mutation status at HCV core aa 70; a ratio of mutant
Q/H vs. wild R was increased in HCC
[98] | RNA Seq of 4 AFB1-treated rat | Gene profiling differed between AFB1 treatment and
livers and 4 control rat livers controls Several low copy and novel transcripts were
found in AFB1 group
[87] | RNA Seq of 1 matched HCC Identify a novel gene with coding regions, termed
tumor/normal liver pairs DUNQU 1. The abundance of FGFR2-IlIc is
associated with HCC prognosis
[89] | RNA Seq of normal, low-/ Transcriptome changes in early lesions were modest
high-grade dysplastic lesion, and homogenous. Extensive alterations happened in
early/progressed HCC of 8 progressed HCCs and changes were mainly on
HBV-HCCs TGF-beta, WNT, NOTCH, and EMT-associated
genes
[93] | RNA Seq of 3 HCC tumor/ Gene expression differed between HCCs and normal
normal liver pairs (2ZHCV) controls; five non-synonymously mutational genes
were related to metabolic diseases
[77] |HCV RNA Seq of 499 HCV Quasispecies diversity of HCV E1 was low in

patients (23 HCCs)

HCCs. 14 amino acid positions differed in HCC
patients compared to chronic HCV patients

Small RNA deep sequencing

[96] |2 HCC cell lines and 1 piR-Hepl, a new PIWI-interacting RNA was
immortalized hepatocyte lines identified and involved in liver carcinogenesis. Show
the abundance of miR-1323 in HCC
[94] | 14 HCCs and 6 matched NGS was comparable to microarray; several novel
non-tumor livers (3HBYV, microRNAs were identified
10HCV)
[99] 1 pooled liver from AFB1- HCC-associated microRNAs were abnormally
treated rat and 1 from control rat | expressed in rats under AFB1 stress; 16 novel
microRNAs were identified
[95] 24 matched HCC tumors and MiR-122-5p was the most abundant microRNA of
non-tumor tissues the hepatic miRnome. Almost every microRNA gene
produced isomiRNAs
[39] |2 paired of EpCAM+/— primary | Ten microRNAs were specifically altered in
HCC cells, 2 hepatic stem cells | EpCAM+ primary HCC cells. MiR-155, one of
and 2 hepatoblasts, 3 these microRNAs, was validated at the expression
hepatocytes and 1 pooled human | level and functionally related to HCC malignant
ESC, etc. feature
[97] 12 matched HCC tumors and 5" tRNA-halves were abundant in nonmalignant

non-tumor pairs (4HBV, 4HCV)

liver; 5’ tRNA-halves abundance was increased
under chronic hepatitis but reduced in HCC
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Table 4.2 (continued)

Ref ‘ Study design ‘ Summary of two major results for each study
Bisulfite DNA sequencing
[100] | Plasma DNAs of 26 HCCs/32 Significant hypomethylation in the plasma DNAs of

controls; 15 matched HCC HCC patients, genome-wide methylation and CNV
tumor DNAs and buffy coat analysis could be detected at the same time and
DNAs likely be used synergistically to predict cancer

[101] | Targeted Seq of 28 genes in 24 Methylation status of all 28 amplicons were

paired tumor/non-tumor DNAs significant different between tumor and non-tumors.
Preform the correlation of methylation status and
expression of these amplicons

Notes: [llumina sequencing platforms were used in majority of above HCC NGS studies. A few of
studies have used Roche technology [73, 77, 78], SOLiD technology [39, 111], and Personal
Genome Machine technology [103]. Abbreviations: CNV copy number variation, CTC circulating
tumor cell, AESC human embryonic stem cells, PBMC peripheral blood mononuclear cell, WES
whole-exome sequencing, WGS whole-genome sequencing

(n = 26) and HCC patients (n = 23) [77]. Data analysis revealed that quasispecies
diversity in HCV E1 was significantly lower in HCC patients compared to patients
chronic HCV, and 14 amino acid positions significantly differed between two
groups. Miura et al. also conducted deep sequencing of serum samples from 79
HCV-infected patients (25 of chronic hepatitis, 29 of liver cirrhosis, 25 HCCs) to
examine the association of HCV quasispecies with HCC [78]. They have found the
HCV core amino acid that 70 residue sequencing data could reflect the status of
liver disease. The ratio of mutant residue to wild-type one in HCV core was
increased as liver disease advanced to liver cirrhosis and HCC.

4.3.2 Mutational Landscapes in HCC

NGS technologies have discovered many known and novel genetic alterations in
numerous cancers including HCC. Recently, accumulated NGS studies in HCC
have suggested that some genetic alterations being grouped in several important
HCC oncogenic pathways are likely to be oncogenic driver mutations [70, 75,
79-82].

WNT/Beta-Catenin Pathway and P53 Pathway

It has been known that CTNNB] (encoding protein beta-catenin) and 7P53 are two
frequently mutated genes in HCC [83, 84]. Many recent NGS studies in HCCs have
confirmed CTNNBI as the most frequently mutated oncogene while 7P53 as the
most frequently mutated tumor suppressor [74, 75, 80-82, 85]. These studies have
also consistently revealed that CTNNBI mutation was more frequent in HCV and
non-viral-related HCC cases (20-40%) but less frequent in HB V-related HCC cases
(~10%). In a recent study, Schulze et al. performed a large scale of whole-exome
sequencing in 243 HCCs with different etiologic background [82]. In their study,
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CTNNBI mutation was associated with alcohol-related HCCs, while 7p53 mutation
was related with HBV-HCCs. Further, two studies reported that AXINI, one of
WNT pathway regulators, had a high mutation rate in HCCs [75, 81]. Its mutation
was more frequent in HBV-HCCs compared to HCV-HCCs and non-viral-related
HCC:s [75]. These results indicate that different viral etiologies might activate WNT
pathways in distinct ways. Strikingly, about 66% of HCCs presented WNT pathway-
related genetic alterations [75]. In P53 pathway, besides 7P53 mutation, CDKN2A/
CDKN2B, MDM?2, and IRF2 mutation have also been noticed in a rate of over 1%
in HCC, respectively. Together, about 49% of HCCs presented P53 pathway-related
genetic alterations [75, 82].

Chromatin Regulators

Using exome sequencing of 24 HCC samples, researchers demonstrated that chro-
matin regulation pathway was commonly altered by genetic alterations including
somatic mutations and gene deletions [80]. They noticed the frequent mutation of
ARIDIA, a chromatin-remodeling gene, in alcohol-related HCC. This study was
further confirmed by Huang and his colleagues [47]. ARID 1A mutations were found
in 13% of HBV-related HCCs, and mutated ARIDIA played an important role in
HCC invasion and migration [47]. Interestingly, ARID2 mutation was also identified
in HCCs, and its mutation was significantly enriched in HCV-HCC cases compared
to HBV-HCCs (14% vs. 2%) [86]. Furthermore, using whole-genome sequencing of
HCC samples, Fujimoto et al. found recurrent somatic mutations in a group of chro-
matin regulation-related genes [70]. These genes were ARIDIA, ARIDIB, ARID?2,
MLL, MLL3, etc. In more than 50% of HCC tissues, they noticed mutations in at
least one of these chromatin regulator genes. Therefore, dysregulated chromatin
remodeling might play a key role in HCC.

Several studies have also revealed that genetic alterations of transcription modu-
lators. Cleary et al. performed whole-exome sequencing for 87 pairs of HCC tumors
and adjacent normal tissues and identified several significantly mutated transcrip-
tion modulators, including genes in NFE2L2-KEAP1 pathways [85]. Totoki’s study
has also revealed the frequent alterations in NFE2L2 [75].

PI3K/Akt/mTOR-Pathway and MAPK Pathway

Two groups have consistently reported that about 50% of HCC cases have genetic
alterations in mTOR/PI3K pathway [75, 82]. They have noticed recurrent inacti-
vating mutations in tuberous sclerosis 1 (7SC/7) (3%) and TSC2 (5%), activating
mutations and copy again in PIK3CA (2%), and mutations in other modulators
including RPS6KA3 (7%), PTEN (3%), DAPK1 (3%), MTOR (2%), etc. In MAPK
pathway, a group of growth factors and their receptors have shown mutations in
HCCs, including FGF3 (4%), FGF4 (5%), FGF19 (19%), HGF (3%), PDGFRs
(3%), IGFIR (2%), etc. Meanwhile, Lin et al. have also detected three cancer-
related alternative splicing events including FGFR2, ADAM15, and abundance of
FGFR2-Illc (one of FGFR2 isoform) that were associated with tumor recurrence
[87]. Mutations of IGFALS and JAK have also been found as key genetic determi-
nants in HCC [88, 89].
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Others

Fernandez-Banet et al. provided a comprehensive set of somatic genomic rearrange-
ment and gene fusion predictions in HCCs by performing whole-genome sequenc-
ing with 88 pairs of primary HCC tumor and non-tumor tissues [90]. They predicted
4314 genomic rearrangements and 260 gene fusions that frequently result in aber-
rant overexpression of the 3’ genes in tumors. Further, 18 gene fusions, including
recurrent fusion (2/88) of ABCBI1-LRP2, were validated in HCCs. Xu et al. ana-
lyzed copy number variations using DNA sequencing in plasma samples from 31
HCC patients and 8 patients with chronic hepatitis or cirrhosis [91]. They found that
copy number variations were recognizable in the majority of HCC plasma samples
with large tumor size, and in few HCCs with small tumor size, but not in samples
from chronic hepatitis/cirrhosis-related patients. Chen et al. sequenced the exomes
of three pairs of HBV-HCC tumor and normal tissues and identified 59 original
genes mutated in HBV-associated HCCs [92]. In combination with whole-genome
sequencing data from the European Genome-phenome Archive database, 33 of
these 59 genes were confirmed, and variants of two mutated genes, ZNF717 and
PARP4, were detected in more than 10% of samples from this database. In addition,
high-proportion mutations of LAMA2 (encoding an extracellular matrix protein),
BAPI, and IDHI in HCCs have also been reported [81]. The sequencing in three
HCCs and adjacent tissue pairs revealed five non-synonymously mutational genes
(IRS1, HMGCS1, ATP8BI, PRMT6, and CLU), which were associated with meta-
bolic diseases diabetes and obesity [93].

4.3.3 Expression Profiles of HCC

Besides the genetic changes, whole transcriptome sequencing also reveals gene
expression levels from mapped RNA-seq reads. Compared to microarray, RNA
sequencing could identify low copy and novel transcripts and is affected at a mini-
mum level by probe efficacy and hybridization condition. Murakami et al. have
performed both small RNA sequencing and microarray in 11 HCCs and found that
microRNA profiling from sequencing is comparable and reproducible to that from
microarray. Moreover, RNA sequencing discovered novel microRNAs (such as
miR-9985 and miR-1843) that were otherwise undetectable by array [94]. Wojcicka
et al. performed microRNA transcriptome sequencing on total RNAs from 24 paired
HCC tumors and adjacent non-tumor tissues [95]. Among all 374 detected microR-
NAs, miR-122-5p was the most abundant, 64 miRNAs were differentially expressed,
and almost every microRNA generated isomiRNAs. Among the most deregulated
miRNAs, miR-199a-3p/miR-199b-3p was significantly downregulated in HCCs
compared to adjacent non-tumor tissues, expressed in nine isoforms with three dif-
ferent seeds, dramatically activated TGF-f signaling pathway [95].

We have also performed small RNA deep sequencing using isolated EpCAM+
cancer cells with stem cell features and EpCAM— cancer cells with mature hepato-
cyte features, as well as EpCAM+ normal hepatic stem cells and EpCAM— hepato-
cytes from health liver donors [39]. Through the comprehensive comparison, we
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have discovered a group of microRNAs with a specific altered level in purified
EpCAM+ hepatic cancer stem cells but not in other cells. The expression of miR-
155 in EpCAM+ hepatic cancer stem cells was further validated, and the putative
miR-155 targets were correlated with overall survival or time to recurrence [39].
Other groups have revealed the upregulation of a new PIWI-interacting RNA (piR-
Hepl) via small RNA deep sequencing using RNAs from an immortalized hepato-
cyte and two HCC cell lines [96]. The functional study has also discovered that
piR-Hepl was involved in the regulation of HCC cell viability, proliferation, and
invasiveness. Selitsky et al. performed small RNA sequencing on liver samples
from advanced hepatitis B or C and HCC patients [97]. Compared to microRNAs,
small RNAs derived from tRNAs, specifically 5’ tRNA-halves (5’ tRHs), were more
abundant in nonmalignant liver. However, 5' tRH abundance was reduced in
matched cancer tissue.

As the development and progression of HCC is a multistage process,
Thorgeirsson’s group has performed sequential transcriptome analysis with liver
samples in various HCC stages [89]. These samples include tumor-free surrounding
liver (n = 7), low (n = 4)- and high (n = 9)-grade dysplastic lesions, early HCCs
(n=15), and progressed HCC (n = 3) from a total of eight HBV-HCC patients. They
further integrated genetic and transcriptomic changes during hepatic carcinogenesis
to characterize the genomic alteration. In their study, transcriptomes changes of
early lesions (from low-grade dysplastic lesion to early HCC) were modest and
homogenous. Extensive genetic and transcriptomic alterations occurred at late stage
during hepatic carcinogenesis. The deregulated pathways were centered on TGF-
beta, WNT, NOTCH, MYC, and EMT-related genes highlighting HCC molecular
diversity. Meanwhile, other researchers reported that Aurora B signaling, Wnt path-
ways, and FOXMI1 transcription factor network were altered in HCC via transcrip-
tome sequencing [93]. In addition, two groups have performed transcriptome
sequencing on RNAs obtained from rats with or without Aflatoxin B1 (a potent
HCC carcinogen) treatment. A group of known and novel transcripts were identified
to be differentially expressed under Aflatoxin B1 stress [98, 99].

4.3.4 Epigenetic Alterations in HCC

It has been shown that HCC has large panels of genes with aberrant DNA methyla-
tion. Whole-genome bisulfite sequencing could provide a comprehensive view of
methylation patterns at single-base resolution across the genome. Chan et al. first
explored the detection of genome-wide methylation in plasma from HCC patients
using shotgun bisulfite sequencing [100]. Plasma DNAs from 26 HCC patients and
32 non-tumor control subjects were submitted to bisulfite conversion and then mas-
sively parallel sequencing. Meanwhile, available tumor DNAs and buffy coat DNAs
from 15 HCC cases were also subjected to massively parallel bisulfite sequencing.
Analysis of sequencing data revealed hypomethylation was pervasive across the
genome. The hypomethylation pattern has high sensitivity and specificity for HCC
diagnosis. They further applied the same analysis using copy number variation.
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However, the diagnostic role of tumor-associated copy number variation is much
more dependent on the depth of sequencing. Meanwhile, Shen et al. performed
targeted bisulfite sequencing with 24 pairs of HCC tumor and adjacent non-tumor
tissues, to investigate associations of DNA methylation and mRNA expression in
HCC [101]. In this study, they reported that downregulation of GRASP and TSPYL5
in HCC were regulated by DNA hypermethylation.

4.3.5 Potential Clinical Utilization in HCC

Inter- and intra-tumor heterogeneity has been observed in HCC tumors from both
array-based technology and NGS-based technology. Thus HCC patient stratification
is important for the introduction of precision medicine for clinical cancer care.
Large-scale NGS mutational screening approaches have revealed some key driving
signaling pathways in HCC based on the most frequent mutation profiles. Since
these, HCC might be subjected to different subgroups based on their genetic altera-
tions in TP53 pathway, WNT pathway, chromatin-remodeling regulation, PI3K/
mTOR signaling, MAPK pathway, etc. [75, 82, 89]. For patients who have distinct
genetic profiles, different treatment might be required for the best care. It is expected
that patient survival will be largely improved with molecular-targeted therapies
directed against these pathways. Encouraging data have been shown in a small-scale
study. Two HCC patients at advanced stage had genetic alteration in PI3K/AKT/
mTOR pathway being identified via targeted NGS and benefited from the treatment
of an mTOR inhibitor, everolimus [102]. Schulze et al. reported that 28% of HCC
patients harbored at least one damaging genetic alteration potentially targetable by
one FDA-approved drug [82]. Meanwhile, some genetic alterations might be poten-
tially related to the drug sensitivity in HCC cells such as NQO/ mutation increasing
the sensitivity of HCC cell growth inhibition with HSP90 inhibitor treatment.

In addition, Kelley et al. performed Personal Genome Machine sequencing using
DNAs from circulating HCC cells and showed that analysis of genomic interroga-
tion of circulating tumor cells could provide precise information for stratifying
patients with metastatic HCC [103]. Ouyang et al. performed whole-genome
sequencing with primary HCC and paired lung metastases samples and identified
very similar genomic variations including genetic mutations and copy number alter-
ations between primary and metastatic pairs [104]. These indicate the possibility of
using the genomic variations to identify the primary tumor site for patients having
cancer in multiorgans.

4.4  Conclusion and Prospective

NGS analysis for identifying genetic profiles in human malignancies has become a
research priority. It has enabled the identification of new cancer drivers in several
solid tumors including lung and melanoma. Molecular-targeted cancer therapies
against genetic alterations in oncogenic genes have prolonged patient survival, such
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as vemurafenib treatment in BRAF-mutated melanoma [105, 106], crizotinib in
lung cancer with ALK rearrangements [107]. Unfortunately, the molecular-based
HCC treatment stratification has not been fulfilled reached for HCC. Now, sorafenib
is the only FDA-approved molecular drug in HCC and could only moderately
improve survival of patients with advanced HCC [108]. It might be valuable to test
whether HCC patients with genetic alterations in PI3K and MAPK signaling could
gain significant survival benefit from sorafenib instead of nonselected HCC
populations.

A group of NGS data have shown HCC heterogeneity and identified several pos-
sible drivers that might be useful for sub-classifying HCC populations. However,
such subgrouping should be further confirmed through basic and clinical investiga-
tion. Meanwhile, therapies targeting the most prevalent genetic alterations includ-
ing TERT, CTNNBI, and TP53 in HCC have not been clinically applied. It is also
necessary to discover new therapeutic targets that come from genomic studies
assessing chromosomal amplifications or deletions. Overall, HCC NGS studies
have improved our understanding on HCC biological features and would eventually
contribute to the treatment selection for heterogeneous HCC populations. Further
efforts are needed to investigate the application the genomic information in patient
decision-making and the utilization of molecular-targeted therapies against genetic
alternations in some key signaling pathways.
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Epigenetic Regulations
in the Pathogenesis of HCC
and the Clinical Application

Williams Puszyk, Keith Robertson, and Chen Liu

5.1 Introduction

Hepatocellular carcinoma (HCC) arises from hepatocytes, which constitute 70-80%
of all liver cells, and is the most frequent liver malignancy, causing more than 80%
of liver cancer cases globally. HCC is rarely associated with the inheritance of famil-
ial genetic mutations [73, 135]; this explains in part why pediatric HCC cases are so
rare. In fact most HCC cases are diagnosed later in life and are caused by prolonged
exposure to environmental factors known to damage the liver progressively over
time. Two of the major risk factors associated with the development of HCC include
chronic infection with hepatitis B virus (HBV) and chronic infection with hepatitis C
virus (HCV); these viruses are detectable in approximately 80% of all HCC cases
[113, 128, 138]. Another contributing factor driving the development of viral HCC is
the accidental consumption of aflatoxin B, (AFB;). The toxin is found in contami-
nated food stores containing Aspergillus fungal species. Heavy chronic cigarette
smoking has also recently emerged as a contributory factor [21]. Apart from the
hepatitis viruses, the other major independent risk factor for the development of
HCC is chronic over consumption of alcohol [37, 95]. Another emerging risk factor
is overnutrition. Consumption of excess calories routinely can lead to nonalcoholic
fatty liver disease (NAFLD). NAFLD can progress to nonalcoholic steatohepatitis
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(NASH) which may then further develop into HCC. HCC caused by overnutrition is
also linked to obesity and diabetes [125].

These environmental risk factors cause both genetic and epigenetic changes that
have been shown to drive the progression of liver disease, leading to the develop-
ment of HCC [103]. HCC is often identified by biopsy followed by the application
of traditional immunohistochemical staining. Immunological markers can be infor-
mative and provide additional diagnostic features to traditional histological staining
techniques. However, biopsies for liver cancer are often only obtained after the
patient has presented with late stage disease. Over the past few decades, the fields
of molecular genetics and epigenetics have emerged as an area of intense clinical
translational research. Due to the complex nature and a lack of key-shared genetic
mutations in HCC, the development of epigenetic molecular biomarkers may prove
useful in the detection and characterization of HCC [62, 127, 154].

5.2  Epigenetics

In normal healthy cells, epigenetic pathways function to allow cells to follow pro-
grams of development and differentiation; when the epigenetic signature or profile of
a cell becomes corrupted, this may lead to a loss of cell identity and function. This
may eventually lead to the development of tumor cells. There are many different epi-
genetic mechanisms that enable the coordinate gene expression of healthy cells; these
mechanisms may act independently or synergistically to maintain healthy cellular
activity. In cancer cells epigenetic changes may initiate and drive tumor progression,
by altering normal cellular gene expression without causing changes to the DNA
sequence [103]. Epigenetic regulation occurs at the transcriptional, posttranscrip-
tional, and posttranslational levels. Epigenetic mechanisms include DNA methyla-
tion, micro RNA (miR) expression, posttranslational modification of histone proteins,
and structural chromatin changes [6, 48, 53, 78, 82, 144, 145, 152].

5.2.1 DNA Methylation

DNA methylation occurs predominantly in the mammalian genomes at CpG sites
[32]. CpG sites are regions of DNA where a cytosine nucleotide is followed by a
guanine nucleotide in the linear sequence of bases, that is to say that cytosine and
guanine are separated by only one phosphate group on the same strand of DNA
[32]. In this conformation the cytosine is capable of receiving a methyl group con-
ferred by enzymes known as DNA methyl-transferase family, which is a family of
enzymes that are able to regulate gene transcription by the addition of methyl groups
at CpG sites located throughout the genome. The average frequency of occurrence
of CpG sites across the human genome is approximately 1 in every 100 nucleotides;
however, many genes have regions which are CpG enriched; these are known as
CpG islands (CGlIs) [4]. CpGs may occur as frequently as one in every ten nucleo-
tides in CGls. CGIs are predominantly located upstream of coding genes in a region
that is termed the gene promoter. Many commonly transcribed genes including
housekeeping genes have a CGI in the promoter [74]. Most transcriptionally active
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genes are relatively unmethylated at the gene promoter and methylated in tran-
scribed gene body; therefore, the transcriptional effects conferred by DNA methyla-
tion are greatly dependent on the relative position of the methylated DNA [86].

DNA methylation changes that are known to occur in the development of liver
cancer include hypermethylation of gene promoters and global hypomethylation of
genomic DNA. While cumulative DNA methylation of gene promoters has been
associated with loss of function of tumor suppressor genes in HCC, global DNA
hypomethylation has been associated with genome instability and chromosomal
rearrangement [18, 56]. This chapter will explore the role of DNA methylation
changes in the development of HCC and also discuss the utility of DNA methylation
biomarkers for the development of HCC diagnosis toward the goal of better person-
alized medicine.

5.2.2 Micro RNAs

Recently another epigenetic mechanism involving the transcription of short RNA mol-
ecules known as micro RNAs (miRs) has been identified. miRs are typically 21-23
nucleotides in length and have the capability to modify gene expression at the post-
transcriptional level by binding to the 3’ untranslated region of target messenger RNA,
preventing the translation of target mRNAs [52, 59]. Micro RNAs may be found within
coding genes (intronic miRNAs) and act in cis to downregulate the coding gene they
are located within. Micro RNAs may also be found either upstream of genes around
enhancer sites or even gene deserts and may be trans-acting in their targeting of mRNAs
[5, 14, 35, 102]. miRs are also highly evolutionarily conserved among species and rela-
tively well conserved compared to other noncoding RNAs; this high level of evolution-
ary conservation indicates the importance of miRs in the epigenetic regulation of genes
at the posttranslational level [139]. Micro RNAs may exert their effects by several
alternative degradation pathways including; the cleavage of mRNA targets into two
strands, the destabilization of mRNA through the shortening of the poly A tail, and the
less efficient translation of the mRNA into proteins by ribosomes [9, 42]. Altered miR
expression has been associated with metabolic and phenotypic changes in HCC.
Alterations in miR expression have been shown to be tumor-specific, indicating the
potential for the development of biomarkers based on miR expression profiles and the
expression profile of miR target genes [16, 96, 114]. Aberrant miR expression has been
linked to the repression of tumor suppressor genes and may also contribute to the over-
expression of proto-oncogenes in HCC [88, 148, 156]. In this chapter we aim to discuss
the role of miRs that are most frequently altered in HCC and represent significant puta-
tive biomarkers of HCC; we will also discuss how miR expression may also be used to
indicate tumor stage and aggression.

5.2.3 Histone Modifications and Histone Variants

Histones are alkaline proteins which function to package and order genomic DNA
into structures known as nucleosomes. Histones exist as dimers, with four dimer
subunits coming together to form an octameric histone core. 147 bp of DNA
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wraps around each core approximately 1.65 times [87, 91]. The histone family is
made up of a linker histone H1 and the core histones H2A, H2B, H3, and H4.
Each family has several variants that may constitute part of the nucleosomal struc-
ture; these variants are also associated with altered transcriptional activity [111,
157]. The study of histone modifications has emerged as an area on intense scien-
tific investigation in cancer research. Histone proteins can be modified at the N
terminal tails, which protrude from the histone core and serve to act as binding
sites for histone modification proteins. Histone modifiers may then confer chemi-
cal marks to the histone tails; these marks or histone modifications act as signals
to recruit proteins that alter the structure of chromatin. These modification signals
may act to recruit proteins that can then go on to open the chromatin into an acces-
sible conformation (euchromatin). Chromatin modification signals may also act
as repressive markers for the recruitment of chromatin modifiers which alter chro-
matin structure into a non-accessible conformation (heterochromatin). Histone
modifications include methylation, acetylation, sumoylation, and ubiquitination.
Amino acids frequently modified on the histone tails include lysine, arginine,
serine, threonine, and glutamate. Histone modification nomenclature is summa-
rized concisely in [130]. It is known that aberrant alterations to histone modifica-
tions and chromatin structure are associated with HCC, and histone-modifying
proteins are druggable targets for the treatment of HCC [22, 26, 158].
Semiquantitative detection of histone modifications by immunohistochemistry
may provide additional clinical information regarding the identification and strati-
fication of diseased tissues, and some studies have shown the utility of this
approach [54, 99]. Immunostaining for histone modifications and variants may
potentially improve the diagnosis of HCC over currently available immunohisto-
chemical approaches. However, due to the paucity of studies in this area of
research, the utility of immunostaining of histones for the detection of HCC has
yet to be verified. In this chapter we will not discuss histone modifications further
as the molecular approaches for the identification of histone modifications remain
technically challenging; this is due to the relatively larger amounts of tissue sam-
ples required compared with RNA and DNA techniques. Many archived tissue
collections or biobanks maintained for clinical purposes store tissue as “formalin-
fixed paraffin-embedded tissue” (ffpe). This is the standard method employed to
preserve tissue samples in many pathology departments, this method enables
samples to be stored for many years. Molecular markers based on DNA methyla-
tion and miRs also have a greater potential to be developed using ffpe tissue sam-
ples, as DNA and RNA can be extracted even from relatively small amounts
obtained from just a few recut slides [93, 155]. DNA methylation markers and
miR markers also have the possibility to be developed into minimally invasive
diagnostic tests, using patient sera [38, 39]. Therefore the overall aim of this chap-
ter is to summarize the current knowledge regarding the alterations to DNA meth-
ylation and aberrant miR expression in HCC and to comment on the future
direction of these approaches for improving patient care through personalized
medicine.
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5.3  Hepatitis B Virus-Associated Hepatocellular Carcinoma

Hepatitis B virus (HBV) is a member of the small enveloped DNA virus family
known as hepadnaviruses; these viruses preferentially infect human hepatocytes
inducing minimal cytotoxicity. The HBV genome is a double-stranded circular
DNA structure and is approximately 3.2 kb in length and consists of four over-
lapping reading frames, coding for five mRNA transcripts [1, 25]. The smallest
transcript is just 0.8 kb in length and encodes the HBx protein; this protein is
essential for viral replication [1, 25]. The precise mechanism of HBV entry into
hepatocytes has yet to be fully elucidated. However, it is known that upon entry
the virus nucleocapsid disintegrates and releases a relaxed form of viral circular
DNA into the cytoplasm. The DNA is then quickly transported into the host cell
nucleus and converted into a more rigid covalently closed circular DNA struc-
ture. Chronic infection with HBV is a major risk factor for the development of
HCC. Currently there are more than 350 million individuals living with chronic
HBYV infection globally. Chronic HBV infection accounts for around 55% of
HCC incidence, with increased prevalence in China and sub-Saharan Africa
[116]. As a double-stranded DNA virus, HBV is able to integrate into the human
genome. One of the proposed mechanisms by which HBV promotes disease pro-
gression to HCC is by integration into the host genome. Multiple integration sites
have been identified. It is also possible for one or more copies to cocurrently
infect each host cell. However, there is little evidence to suggest that HBV inte-
gration drives HCC by inserting into preferential sites to alter expression of spe-
cific genes. HBV integration is a stochastic process of random insertion, and the
most likely contribution of these random insertions toward the development of
HCC is the production of mutated HBx proteins that retain the ability to block
P53 activity [138].

So far, tissue testing of HCC has revealed that the majority of HCC cases do not
have a distinctive set of coding gene mutations that can account for all of the cases.
P53 is the most frequently occurring coding mutation, with mutations of P53
detected in over 60% of cases (dependent on the cohort). The next most frequent
coding gene mutation is beta-catenin, occurring in 20-40% cases [117, 134, 136].
During the development of HBV-related HCC, many epigenetic changes in DNA
methylation have been observed. Both genome-wide DNA hypomethylation and
promoter-specific DNA hypermethylation have been shown to occur. HB V-related
HCC is characterized as a CpG island methylator phenotype positive (CIMP+)
tumor type [140]. CIMP+ cancers progress by a process of cumulative hypermeth-
ylation of DNA at gene promoters, where both the number of methylated CpGs and
methylated gene promoters increase over time [78, 82, 144, 145].

In cases of HBV-related HCC, the HBx protein induces increased expression of
two proteins known to regulate the methylation of DNA. The HBx protein induces
the expression of both DNA methyltransferase 1 (DNMT1) and DNA methyltrans-
ferase 3a (DNMT?3a) [81]. DNMT1 is required for methylation of hemi-methylated
DNA, acting as the maintenance methyltransferase, maintaining methylation levels
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during DNA replication. DNMT3a is a de novo methyltransferase conferring meth-
ylation marks to unmethylated DNA without the need for a hemi-methylated primer
[65]. Studies have shown that the recruitment of these enzymes to specific gene
promoters induces DNA methylation-mediated silencing [80, 112]. Perhaps coun-
terintuitively HBx expression has also been shown to induce gene-specific DNA
hypomethylation also. Recent studies have shown that HBx induces the expression
of several genes by inducing DNA hypomethylation at the gene promoter [83]. The
mechanism of this hypomethylation effect is unknown. However, it has been pro-
posed that the effect may be caused by sequestration HBx binding to the promoter
of DNMT3a [75]. Genes frequently aberrantly methylated in HBV-related HCC
include GSTP1, XAF1, CAV1, APC, RASSF1A, SOCS1, p16, and COX2. GSTP1
downregulation exposes cells to oxidation damage by inhibiting the glutathione-
mediated removal of endogenous and exogenous electrophiles. Notably both COX?2
and p16 showed correlation between tumor progression and hypermethylation inci-
dence. Loss of pl6 function directly influences the p53 degradation pathway, and
COX2 loss promotes a more pro-inflammatory state [132]. COX2 and p16 could be
utilized and developed into epigenetic biomarker assays of HB V-related HCC; these
assays may be informative of HCC recurrence risk when used to analyze biopsied
tissue or patient sera. (See Table 5.1.)

Although HBV is a DNA virus, it may be targeted by host cell micro RNAs. HBV
may also target transcripts in the host and alter normal host gene expression in order
to promote viral replication. miRs overexpressed at different stages of liver disease
induced by HBV have the potential to be utilized as markers of liver disease progres-
sion. Altered miR expression profiles may be useful for the stratification of HCC in
order to determine aggression and risk of recurrence. miRs under expressed at differ-
ent stages of liver disease may also be useful in treating HBV-HCC, as replacing
these miRs may reduce the stability of viral products or inhibit viral replication.

miR-602 is upregulated in hepatitis, indicating an early role for miR-602 expres-
sion in liver disease; miR-602 downregulates RASSF1A gene, a gene known to be

Table 5.1 HBV-related HCC methylation markers

Gene Gene function Methylation Effect
APC Tumor suppressor protein Hypermethylated in WNT activation
antagonist of the WNT pathway | cirrhotic and HCC
cases
RASSF1A | Tumor suppressor, inhibits Hypermethylated in Loss of cell cycle
accumulation of cyclin D and cirrhotic and HCC inhibition
induces cell cycle arrest cases
SOCS1 STAT-induced STAT inhibitor, | Hypermethylated in STAT activation
suppresses cytokine signaling cirrhotic and HCC
cases
pl6 Inhibitors of CDK4 Kinase, Hypermethylated in Loss of cell cycle
stabilizes P53 and sequesters early and late HCC regulation, loss of
MDM2. Highly important tumor suppression
regulator of cell cycle of P53
COX2 Key enzyme in prostaglandin Hypermethylated in Inhibition of AKT
synthesis required in high-grade dysplasia pathway
inflammation and mitogenesis and early and late HCC
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Table 5.2 HBV-related HCC miR markers

miR accession miRNA
number Gene target expression miRNA function
miR-199a5p | CHC Upregulated Promotes cell proliferation
miR-21 PDCD4 Upregulated Promotes anti-apoptotic pathways
miR-29a PTEN/PI3K/ Upregulated Enhances cell migration
Akt/MMP-2
Let-7 STAT3 Upregulated Enhances angiogenesis, cell
proliferation and migration
miR-122 CCNG1 Downregulated Promotes cell cycle progression
miR-145 MAP3K/CULS | Downregulated Enhances cell proliferation, promotes
cell cycle progression and anti-
apoptotic pathways
miR-222D p27 Downregulated Inhibition of cell cycle progression
miR-429 Rab18 Downregulated Promoting dysregulation of
lipogenesis and cell proliferation
miR-661 MTAI1/NK-kB/ | Downregulated Enhances angiogenesis, cell
iNOS/NO proliferation and migration

frequently downregulated in cancer. RASSFIA has been classified as an important
tumor suppressor gene, reduced expression or loss of expression appears to be an
early stage hit in the development of HBV-related HCC. However, the expression of
miR-602 is also consistently maintained in cirrhosis and HCC; therefore, it could
not be used as a marker to distinguish between liver disease and cancer. In the cir-
rhotic liver, both miR-145 and miR-199 are frequently downregulated. In vitro stud-
ies restoring miR-145 in HepG2 cells indicate a tumor suppressor role for miR-145,
and HepG?2 cells treated to restore miR-145 showed inhibited cell proliferation and
reduced invasion and migration [45]. Other changes in miR expression in HBV-
related liver disease include the upregulation of miR-10B, miR-21, miR-224, miR-
221, and miR34a; these increases in expression continue to persist through to HCC
and may be used as biomarkers to monitor liver disease progression in HBV patients
[70]. Expression of miR-96 in HBV patient serum has been observed; an assay for
miR-96 could be an ideal marker for monitoring tumor progression in patients with
chronic HBV infection [22, 26]. The HBx protein interacts with a number of miRs
and affects a broad spectrum of pathways which act synergistically to promote HCC
[153]. (See Table 5.2 for the list of miRs affected by HBV.) However, the expression
of any given miR may also be further complicated by single nucleotide polymor-
phisms, which alter miR targets; therefore, assays developed must include a compo-
nent of sequence information for the best results [69].

5.4 Hepatits C Virus-Associated Hepatocellular Carcinoma

The hepatitis C virus (HCV) is an enveloped positive-strand RNA virus, classified
within the hepatic virus genus in the Flaviviridae family [29]. The viral genome
encodes several proteins including structural proteins (Core, E21, E2, and P7) and
nonstructural proteins (NS3 NS4A, NS4B, NS5A, and NS5B) [94]. Globally there
are approximately 130 million people infected with HCV with around 80% of
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infected individuals progressing to develop persistent infection. Chronic HCV
infection is a major risk factor for the development of hepatitis, liver cirrhosis, and
hepatocellular carcinoma [119]. Despite the common pathophysiological aspects of
hepatitis, fibrosis followed by cirrhosis, leading to the development of hepatocellu-
lar carcinoma, differences between HBV-related and HCV-related disease have
become apparent [60]. HCV viral entry occurs when HCV particles present in the
blood stream come into contact with hepatocytes after crossing the fenestrated
endothelium of the liver sinusoids. This allows HCV particles and cell surface
markers on hepatocytes to interact; although the precise mechanism for initial con-
tact has yet to be fully elucidated, the LDL and ApoE receptors have been proposed
to play a role in initiation of viral entry [34, 63]. Initial attachment of HCV particles
onto the surface hepatocytes is mediated by several cell surface receptors including
heparan sulfate proteoglycan, syndecan-1, syndecan-4, CD81, CLDN1, OCLN, and
the scavenger receptor B1 (SRB1) [40, 76, 115, 120]. SRB1’s role in HCV viral
entry was first proposed when it was discovered that SRB1 binds to the HCV pro-
tein E2; the E2 protein contains a hyper variable region (HVR1) which is essential
for binding to SRB1 [115]. However, this role in initiation has been contested since
SRBI is also able to bind to HCV-associated lipoproteins [34, 90]. An alternative
interaction has also been proposed whereby SRB1 binding reveals the CD81 bind-
ing site, allowing E2 to bind to CD81. This interaction has been proposed as the
mode of HCV viral entry, in studies using mutant HCV viruses where the HVRI is
deleted [8, 33, 49]. CD81 is another potential HCV entry factor. CD81 is a tet-
raspanin family member, which binds to the core amino acids in the HCV protein
E2; this interaction primes the HCV envelope for low-pH-dependent fusion [118].
CDS81 has also been associated with CLAUDIN (CLDN), which may act as a co-
complex receptor to facilitate the internalization of the HCV particle [84]. In addi-
tion to CLDN, OCCLUDIN (OCLN) is another essential HCV entry factor [108].
The role of OCLN is poorly understood, and the evidence suggests that OCLN plays
arole in the late stage of viral entry [11].

The HCV genome contains a single open reading frame encoding for all of the
transcripts necessary for viral translation and replication. The 5’ non-translated
region contains an internal ribosomal entry site (IRES) that initiates HCV transla-
tion into a polyprotein [85]. After initial translation HCV induces intracellular
membrane rearrangement to create a structure known as the membranous web [85].
HCYV protein NS4B is proposed to act as the scaffold of the membranous web with
NS5A performing structural remodeling to form double-membrane vesicles [50]. In
this way HCV and HBV have very different effects on the hepatocytes as they alter
normal cellular activity by interfering with different cellular pathways. HCV is pro-
posed to induce hepatocarcinogenesis via host and viral protein interactions and to
cause effects in pathways including inhibition of apoptosis, oncogene activation,
and increased production of reactive oxygen species [124].

Both HBV and HCV infection alter genomic DNA methylation patterns of
infected cells. HCV infection of hepatocytes is known to increase the expression of
DNA methyltransferases (DNMTs). It has also been shown that knockdown of
DNMTs can inhibit sub-genomic replication of HCV. Experimental studies have



5 Epigenetic Regulations in the Pathogenesis of HCC and the Clinical Application 77

previously shown that by reducing the amount of the functional DNA methyltrans-
ferases, DNMT1 and DNMT3B, by short hairpin RNA-mediated knockdown, the
sub-genomic replication of HCV was severely inhibited, as detected by either the
measurement of the HCV proteins NS3 and NS5A or the signal generated from
HCYV constructs tagged with green fluorescent protein [24]. It was also shown that
the known DNA methylation inhibitors 5-Aza-cytidine and 5’-Aza-dCytidine
reduced HCV viral replication by inhibition of DNA methyltransferases. The spe-
cific DNA methyltransferases affected by HCV infection are DNMT1 and DNMT3b
[12]. The precise mechanism by which HCV induces overexpression of DNMTs is
unknown. Evidence suggests a role for the HCV core protein, as virus subspecies
with different core protein genotypes have been shown to induce variable expres-
sion of DNMT1 and DNMT3b [12]. The overexpression of DNMTs induced by
HCYV drives aberrant genomic DNA methylation, which in turn drives disease pro-
gression. Important genes shown to be hypermethylated in HCV-related HCC
include the WNT inhibitors SFRP2 and DKK1, with hypermethylation of both gene
promoters observed in early stage disease [133]. The methylation index of SFRP
shows a clear increase in DNA methylation between cirrhotic liver tissues and HCC
tissues [133]. SFRP is an example of a highly desirable epigenetic biomarker which
could be developed as a test to detect HCC; other epigenetic markers are shown in
Table 5.3. These markers show the potential of using DNA methylation biomarkers
to detect HCC in cases complicated by liver cirrhosis, which may often confound
tests [133, 151]. This opens up the possibility of DNA methylation biomarkers for
the detection of HCC biomarkers in biopsied tissue and in the future could lead to
the development of minimally invasive biomarkers of HCC by the detection of aber-
rantly methylated DNA of tumor origin circulating in the peripheral blood [110].

Table 5.3 HCV-related HCC methylation markers

Gene Gene function | Methylation Effect

SFRP2 WNT Promoter hypermethylation WNT activation
inhibitor

DKKI1 WNT Promoter hypermethylation WNT activation
inhibitor

SPINT2/HAI2 | HGF inhibitor | Hypermethylation in cirrhosis HGF activation

and HCC

pl4 Tumor Cumulative promoter Enhances cell cycle
suppressor hypermethylation in cirrhosis progression and anti-
gene and HCC apoptotic pathways

pl5 Tumor Cumulative promoter Enhances cell cycle
suppressor hypermethylation in cirrhosis progression and anti-
gene and HCC apoptotic pathways

p73 Tumor Cumulative promoter Enhances cell cycle
suppressor hypermethylation in cirrhosis progression and anti-
gene and HCC apoptotic pathways

06MGMT DNA Cumulative promoter Increases the effects of
mismatch hypermethylation in cirrhosis ROS damage
repair and HCC
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HCV like HBV interacts with a number of host cell miRs and may selectively
induce either upregulation or downregulation of specific miRs. Because HCV is a
single-stranded RNA genome, it may also be targeted by host miRs [66, 67]. Several
important miRs have been shown to effect the progression of the HCV life cycle [79].
miR 122 is the single most abundant micro RNA expressed in the liver, accounting
for more than 70% of the miR species present in the liver [77], and promotes HCV
accumulation and retention by binding to the 5" UTR of the HCV genome; this inter-
action increases HCV genome stability and also increases HCV translation [66, 67,
101, 121]. miR-122 anneals to the 5" end of the HCV virus via adjacent binding
motifs. miR-122 also binds to the 3" untranslated region of HCV, an action which
normally leads to degradation of mRINA but appears to have an opposing or protec-
tive effect on HCV. Both 5" and 3" UTR binding of HCV by miR-122 promote virus
accumulation; it is proposed that miR-122 binding creates an overhang thereby pre-
venting viral genome detection by antiviral restriction enzymes [89].

miR-196 b is another micro RNA expressed in the liver, it functions to suppress
the translation of BACH1 mRNA, a known transcriptional repressor of the anti-
inflammatory protein HMOX1. Infection with HCV has been shown to downregu-
late miR-196 b expression and cause a decrease in HMOX1 expression as the
activity of BACHI is no longer inhibited, reducing anti-inflammatory responses in
the liver [68, 105]. HCV infection has also been shown to downregulate the expres-
sion of miR-29. miR-29 downregulates the translation of TGFp meaning that HCV
infection increases the expression of TGFf; the increase in TGFp has been linked to
enhanced production of collagen and extracellular matrix; both are markers of liver
fibrosis; TGFp also acts as a mitogen in cancer [7]. miRs 192, 215, and 491 have
also been identified as minor modifiers of HCV, with the expression of each miR
increasing HCV expression between 1.5- and 2-fold [61]. Let-7a is another micro
RNA which also has two binding sites in the HCV genome. Let-7a has been shown
to reduce HCV replication in cell culture studies and is able to bind to different
HCV genotypes [28]. Micro RNAs known to be altered in HCV-related HCC are
summarized in Table 5.4. The detection and quantification of these markers could

Table 5.4 HCV-related miR markers

miR accession| Gene Upregulated or
number target downregulated | Effect
miR-122 HCV Competitive Enhances HCV stabilization and viral
binding downregulation | persistence
motifs
miR-196b BACHI Downregulated | Causes inflammatory response, promotes viral
replication and persistence
miR-155 PTEN Upregulated Causes inflammatory response, promotes viral
replication and persistence, enhances hepatocyte
proliferation
miR-29 TGFB Downregulated | Promotes fibrosis and mitogenesis
miR-192 HCV Upregulated Enhances HCV expression and viral persistence
miR-215 HCV Upregulated Enhances HCV expression and viral persistence
miR-491 HCV Upregulated Enhances HCV expression and viral persistence
Let-7a HCV Downregulated | Enhances HCV expression and viral persistence
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form the basis of an assay for minimally invasive diagnostic tests. These markers
could also enhance current immunohistochemical pathology practices for the detec-
tion and stratification of HCC.

5.5 Alcohol-Associated Hepatocellular Carcinoma

Heavy alcohol consumption is a known independent risk factor for the development
of HCC. In the United States, state reporting on the incidence of youth alcohol
abuse has shown that the percentage of youths (under the age of 18) who admitted
to previously binge-drinking alcohol increased from an average of 34% (from 1993
to 1999) to an average of 49% (2001-2005). This trend of increasing alcohol abuse
correlates with a predicted increase in liver cancer-related deaths, with liver cancer
deaths (including HCC) expected to surpass breast, colorectal, and prostate cancer
by 2030.

Following ingestion alcohol is absorbed through the stomach and duodenum
and enters the hepatic circulation where it is metabolized. The metabolism of
ethanol alcohol forms by-products including acetaldehyde and acetic acid; further
metabolism of these by-products requires the reduction of NAD+ to NADH. Acetic
acid produced by the metabolism of alcohol also increases the labile pool of ace-
tyl-CoA, driving among other processes an increase in genome-wide histone acet-
ylation. Alcohol causes damage to the liver by multiple pathways including
glutathione (GSH) depletion and the generation of reactive oxygen species (ROS).
These pathways also affect epigenetic mechanistic pathways. Excessive produc-
tion of ROS acutely depletes GSH promoting the transsulfuration pathway utiliz-
ing available homocysteine to generate new GSH. This reduction in the availability
of homocysteine greatly reduces the production of S-adenosylmethionine (SAM).
SAM is a methyl donor for the reactions of the DNA methyltransferase family
[150]. ROS may also demethylate DNA by the direction oxidation of guanine to
form 8-OHdG. The presence of 8-OHdG has been shown alter DNA methylation
by blocking DNA methyltransferase binding and preventing local cytosine meth-
ylation [141].

Until recently not many studies have been performed specifically on the meth-
ylation of alcohol-related HCC; this is due to the paucity of patients presenting
with chronic alcohol abuse but without either HCV or HBV. Previous studies have
suggested the possibility of unique DNA methylation profiles in different HCC
subtypes, as would be indicated by their divergent etiologies [57, 72]. In 2011
Lambert and colleagues published a study demonstrating that different subtypes
of HCC had overlapping epigenetic changes, with many of the same genes sharing
similar epigenetic alternations independent of viral etiology or alcohol involve-
ment [72]. However, the study also showed that some genes were uniquely altered
depending on whether the HCC was virally or alcohol-induced; this was an impor-
tant step as it showed that each subtype of HCC can be considered as a separate
disease and may have different putative pharmacological targets. In this study
MGMT was shown to be hypermethylated in some alcohol-related HCC cases
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compared with HBV and HCV cases [72]. In 2014 we performed a study of
genome-wide DNA methylation on a large cohort of HCC cancer patients and
compared them to normal healthy liver samples. The groups we analyzed included
HCV-related HCC, HBV-related HCC, alcohol-related HCC, and cryptogenic
HCC cases. We employed the infinium bead array to obtain methylation informa-
tion on approximately 473,000 CpGs across the genome (excluding sex chromo-
somes). While HBV and HCV had very similar methylation profiles (with notable
differences), we found that alcohol-related HCC had a much different methylation
profile [58]. We analyzed a subset of CpGs which had a minimum 25% change in
DNA methylation, indicating that the changes were highly stringent (between
tumor and normal liver tissue). We found that in this subset of 18,257 stringent
CpGs there was a fair amount of overlap in methylation changes between HCV-
related HCC and alcohol-related HCC tissues; the two groups shared 5732 meth-
ylation changes. However, we also found that while HCV-related HCC had fewer
unique changes (1245), alcohol-related HCC had more than 10 times the number
of unique methylation changes (16,574). We also observed that while HC V-related
HCC has a steady number of changes between cirrhotic, T1-T2, and T3-T4 groups
that alcohol-related HCC had a massive increase of DNA hypomethylation in late
stage cancer [58]. We also found that in alcohol-related HCC there was an enrich-
ment of hypomethylation of genes involved in alcoholism, alcohol dependence,
alcohol abuse, heroin abuse, and schizophrenia [58]. Subsequent studies have
validated these findings and have further elucidated some of the genes involved
which may prove to be useful biomarkers of alcohol-related HCC. In 2015 a small
study involving eight patients who had chronically consumed alcohol for a mini-
mum of 20 years was undertaken. The patients were identified to be free from
viral infection (HBV, HCV, HIV, Cytomegalovirus, EBV), and tumor tissues were
compared with distal healthy liver tissue for analysis of genome-wide DNA meth-
ylation and gene expression [131]. This study built on ideas previously estab-
lished and showed that DNA methylation could alter gene expression based on
whether the gene promoter or gene body was altered. The study identified six
genes involved in the retinol metabolism pathway (ADHla, ADH1b, ADH6,
CYP3A43, CYP4A22, and RDH16) and one gene in the carbon cycle (SHMT1);
these genes were hypermethylated at the gene promoter and repressed in tumor
tissue. Several other genes were found to hypomethylated at the gene promoter
and induced in tumor tissue (NOX4, SPINK1, TAT1, and ESM 1) (Table 5.5).
These markers could be used as biomarkers to detect the presence of alcohol-
related HCC and could also be further developed into therapeutic targets for the
targeted treatment of alcohol-related HCC. These biomarkers may also help
pathologists to stratify between alcohol-related HCC and cryptogenic HCC cases
where there is no viral involvement.

Alcohol has also been shown to alter the micro RNA expression of many cell
types and tissues [46, 100] (Table 5.6). Although there have been few clinical studies
to show the effects of alcohol on micro RNA expression, there have been some murine
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Table 5.5 Alcohol-related HCC methylation markers

Gene Gene function Methylation Effect
MGMT DNA repair Promoter Increased frequency of DNA
hypermethylation lesions and toxic effects on
in HCC DNA
ADHla Alcohol dehydrogenase Promoter Promotes hepatocyte growth
catalyzes the oxidation of hypermethylation and differentiation and
alcohols and aldehydes in HCC anti-apoptotic pathways,
promotes damage by alcohol
metabolites
ADHI1b Alcohol dehydrogenase Promoter Promotes hepatocyte growth
catalyzes the oxidation of hypermethylation and differentiation and
ethanol and retinol alcohols, |in HCC anti-apoptotic pathways,
hydroxysteroids, and lipid promotes damage by alcohol
peroxidation products metabolites
ADH6 Alcohol dehydrogenase Promoter Promotes hepatocyte growth
catalyzes the oxidation of hypermethylation and differentiation and
ethanol and retinol alcohols, |in HCC anti-apoptotic pathways,
hydroxysteroids, and lipid promotes damage by alcohol
peroxidation products metabolites
CYP3A43 | Cytochrome P450 member, | Promoter Promotes hepatocyte growth
metabolizing drugs, hypermethylation and differentiation and
synthesis of cholesterol, in HCC anti-apoptotic pathways,
steroids, and lipids promotes damage by alcohol
metabolites
CYP4A22 | Cytochrome P450 member, | Promoter Promotes hepatocyte growth
metabolizing drugs, hypermethylation and differentiation and
synthesis of cholesterol, in HCC anti-apoptotic pathways,
steroids, and lipids promotes damage by alcohol
metabolites
RDHI16 Retinol dehydrogenase, Promoter Promotes hepatocyte growth
catalyzing retinol, and hypermethylation and differentiation and
aldehyde metabolism in HCC anti-apoptotic pathways,
promotes damage by alcohol
metabolites
SHMT1 Serine Promoter Promotes genomic
hydroxymethyltransferase, | hypermethylation hypomethylation by
synthesizes methionine and | in HCC reducing the labile
thymidylate and purines methionine pool
NOX4 Oxygen sensor catalyzing Promoter Promotes DNA damage
the reduction of molecular | hypomethylation
oxygen to various reactive
oxygen species
SPINK1 Trypsin inhibitor, prevents Promoter Promotes inflammation and
premature trypsin-catalyzed | hypomethylation hepatocyte damage
activation of zymogens,
inhibits nitric oxide
production
ESM1 Endothelial cell-specific Promoter Promotes angiogenesis and

molecule

hypomethylation

hepatocyte growth
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Table 5.6 Alcohol-related miR markers

miR
accession Upregulated or
number Gene target downregulated Effect
miR-34B/C | Promotes SNP polymorphism may Polymorphism associated with
activity of P53 | upregulated transcription by increased RR of HCC in
formation of a GATA box chronic alcohol abusers

studies indicating the role miR-122 in the activation of HIF-1a. Mice were induced
to hepatitis using diethyl-nitrosamine (DEN) and then provided either saline or an
alcohol substitute. The study showed that alcohol feeding had the effect of reducing
miR-122 expression and also increased the expression of stemness markers [3].
Apart from altered expression, another mechanism by which micro RNAs may
affect cancer development is through single nucleotide polymorphisms which pre-
vent miRs from binding to mRNA targets. Some clinical studies have suggested that
the existence of such micro RNA SNPs, rs4938723, has been associated with
increased risk of HCC and has been shown to correlate with alcohol consumption in
a cohort of Chinese patients studied (see Table 5.6) [149]. These studies point
toward a putative mechanism of alcohol altering miR expression or inducing SNPs
in micro RNAs to induce the progression of HCC; this area is currently under
intense study, and the potential findings are tantalizing.

5.6 NAFLD-NASH-Associated Hepatocellular Carcinoma

Nonalcoholic fatty liver disease (NAFLD) is characterized by the accumulation of
fat in the liver, in the absence of significant alcohol consumption, hereditary dis-
ease, or drug abuse [20]. NAFLD constitutes a clinicopathological disease compris-
ing of broad-spectrum disease, ranging from simple steatosis (ss), which is usually
benign, to nonalcoholic steatohepatitis (NASH), accompanied by inflammatory
responses and hepatocellular damage [44]. NAFLD remains the most common
cause of chronic liver disease in the United States with an estimated prevalence of
30-40% in the adult population [143]. With between 5 and 20% of NAFLD patients
progressing to NASH, this translates to a national prevalence of 2-5% of the US
adult population [15]. The pathogenesis of NAFLD is complex as the liver is the
catalyst for many metabolic processes in the body; lipid and glucose metabolism are
highly important processes disrupted in NAFLD; therefore, NAFLD is a disease
representative of impaired homeostasis of metabolism in the liver [10]. In the well-
established two-hit model of NAFLD, the primary insult is the accumulation of tri-
glycerides in hepatocytes, which is followed by hepatocellular injury and fibrosis
[43, 51, 126]. Obesity contributes to the risk of developing HCC with meta-analysis
of cohort studies showing a 90% increased relative risk (RR) for the development of
HCC in the obese [13, 31]. One cohort study showed that a body mass index of
greater than 35 kg/m? increases the RR of developing HCC by 1.68 times in females
and 4.52 in males [17]. Additional meta-analysis studies including data from
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Table 5.7 NAFLD-NASH related HCC DNA methylation biomarkers

Gene Gene function Methylation Effect
CASPI Caspase 1 family, role | Hypomethylation of Promotes inflammation by
in inducing apoptosis | promoter decreases with driving interleukin activation
NAFLD severity
FGFR2 Fibroblast growth Hypomethylation of Promotes mitogenesis and
receptor 2 promoter decreases with cell proliferation and
NAFLD severity anti-apoptotic pathways
MATI1A | Catalyzes the addition | Hypermethylation of Enhanced liver damage and
of adenosyl moiety to | promoter increases with drives genome-wide
methionine in carbon | NAFLD severity hypomethylation by
cycle abrogation of the carbon cycle
MT-ND6 | NADH Promoter Putative accumulation of
dehydrogenase, forms | hypermethylation ROS in the mitochondria,
part of the electron increases between NAFLD | putative anti-apoptotic effect
transport chain and with NASH severity

Greece, Sweden, and Denmark identify a similar increase in RR for the develop-
ment of HCC in diabetic patients, with females having an increased RR of 1.86 and
males an increased RR of 4.5 [2, 41, 71, 142]. Epigenetic changes during the devel-
opment of HCC are well established [78, 82, 144, 145]. The difficulty in diagnosing
HCC in patients with a background of NAFLD can be in detecting changes earlier
that may distinguish simple steatosis from NASH or determining the severity of
NASH. NASH has also been associated with changes in DNA methylation in hepa-
tocyte cells. Several studies have been performed linking DNA methylation with
NAFLD severity and progression to NASH [97]. Methylation of several genes was
found to have gradually altered through NAFLD progression; both FGFR2 and
CAPS1 were shown to lose methylation during NAFLD progression; MAT1A was
shown to gain methylation during NAFLD progression [97]. Genes involved in lipid
metabolism and vitamin D metabolism have also shown to be altered epigenetically
in NAFLD [98]. Evidence has also shown that a DNA methyltransferase isoform
DNMT1 is targeted to mitochondria in the cell for the purpose of maintaining the
DNA methylation profile of mitochondrial genes [122]. Patient biopsies were used
to assess the DNA methylation of several mitochondrial genes including MT-NDG6,
MT-CO1, and the D-loop control region. MT-ND6 or mitochondrial NADH dehy-
drogenase 6 was found to be associated with NAFLD and progression to NASH;
patients with advanced fibrosis were also found to have increased DNA methylation
and reduced expression of the MT-NDG6 gene [107]. Aberrant DNA methylation of
another mitochondrial gene NQOI is also implicated in HBV virus-related HCC
adding weight to the promising study of mitochondrial DNA methylation biomark-
ers of HCC progression [146]. See Table 5.7 for full list of methylation markers in
NAFLD and NASH.

Micro RNAs are expressed in highly tissue-specific manner, and some miRs
have been shown to regulate gene pathways involved in lipid metabolism, adipocyte
differentiation, and glucose resistance [19, 23, 30, 92]. So far there have been few
clinical studies on the altered micro RNA profiles of NAFLD and NASH patients.
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Table 5.8 Putative NAFLD-NASH-related HCC miR markers from in vitro and in vivo
experiments

miR accession Upregulated or
number Gene target downregulated | Putative effect in NAFLD
miR-212 FGF21 Downregulated | Deregulated lipogenesis increased lipid

peroxidation
miR-34a PPAR/SIRT1 Upregulated Drives lipid accumulation in hepatocytes

miR-146b TRAF6/IRAK | Upregulated Drives lipid accumulation and increase
adipocyte proliferation

So far much of the data has been gathered from cell line and murine studies; these
studies show that high-fat diet affects the expression of liver micro RNAs, and sev-
eral miR biomarkers have emerged from experimental models and require further
validation in a clinical setting [147, 36, 64]. See Table 5.8 for experimental micro
RNA markers of NAFLD progression.

5.7  Future of Biomarkers for the early diagnosis of
Hepatocellular Carcinoma

Both methylated DNA and micro RNA provide clinically accessible markers which
can be developed into molecular tools for the early detection and diagnosis and clas-
sification of HCC. Both methylated DNA and micro RNAs can be detected in
peripheral blood; methylated DNA has been shown to be stable and present in small
subcellular vesicles, and micro RNAs have been shown to be attached to Ago pro-
teins [47, 109, 129]. However, not all patients have the same quantities of cell-free
circulating nucleic acids [55] with the micro RNAs also detectable at different lev-
els in plasma and serum [137]. Often the low abundance of tumor nucleic acids
present in the circulation limits the diagnostic potential of such biomarkers; con-
tamination by non-tumor DNA and RNA can also make the analysis of such bio-
markers technically challenging. The PDX model of tumor implantation in mice for
the further development of heterogenic cell lines based on primary tumor offers a
way of surmounting these limitations [104, 106] providing a virtually limitless
amount of tumor genetic material for analysis of genetic and epigenetic markers and
for the testing of putative chemotherapeutic treatments prior to patient treatment.
However, we must also carefully evaluate the information arising from the PDX
model as there is potential for the in vivo and ex vivo compartments to introduce
cellular changes not present in the original tumor tissue [123]. Currently the most
suitable methodology would be the development of clinical biomarker panels based
on array data for HCC; these panels can be developed using technology that utilizes
less genetic material such as digital droplet PCR (DDPCR) [27]. One thing is cer-
tain and that is whichever technological platform is eventually proven to be success-
ful in the development of early patient diagnosis of HCC that it will in tandem with
excellent histopathology. The epigenetic biomarkers presented in this chapter could
point the way toward the development of epigenetic biomarker panels, for the devel-
opment of better patient care and improved survival rates from HCC in the future.
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Biomarker Discovery and Validation 6
in HCC Diagnosis, Prognosis,
and Therapy

Lanjing Zhang

6.1 Introduction

In the USA, liver cancers are one of the only three cancers with rising mortality
rates, while a steady decrease in mortality has been observed in other cancers [1].
They are also the fourth most common cancer in China and the third most deadly
cancer in China [2]. The most common liver cancer is hepatocellular carcinoma
(HCC) [1] and is the main focus of liver cancer research and that of this chapter.
Biomarkers are critical for the diagnosis, prognostication, and management of HCC
and have been developed significantly in the past decade, in part due to the advance-
ment in molecular diagnostic and precision medicine [3-7]. The recent updates,
discovery, and validation of liver cancer biomarkers will be reviewed here, as well
as the methodological considerations on cancer biomarker research.

6.2 Epidemiological Considerations on Cancer Biomarkers
6.2.1 The Definition of Cancer Biomarker

The definition of biomarkers significantly varies among scholars. One school of
thought considers the markers that could predict patients’ responses to treatments as
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biomarkers [8—10], while the other uses a much broader definition. For example, the
biomarkers referred to in the National Cancer Care Network (NCCN) compendium
for cancer biomarkers include “all tests measuring genes or gene products, which
are used for diagnosis, screening, monitoring, surveillance, or for providing predic-
tive or prognostic information” [5]. Consistent with the NCCN guidelines, the term
“biomarkers” used in recent updates on the biomarkers of HCC also includes mark-
ers useful for cancer risk stratification, screening, diagnosis, prediction of drug
responses, and prognostication [6, 7, 11]. Due to the wide use of College of
American Pathologists (CAP) guidelines among pathologists in the USA and the
rest of the world, it is recommended adopting the boarder definition of cancer bio-
markers which is used by the CAP Cancer Biomarker Reporting Group. The group
develops the templates for reporting results of biomarker testing of specimens for
common cancers, if not all cancer types, with strong collaboration with sister pro-
fessional societies such as the American Society of Clinical Oncology and
Association for Molecular Pathology [12, 13]. Twelve templates for reporting bio-
marker testing in various cancers have been published, with the latest one on thyroid
cancer specimens [14], but no templates for liver cancer are yet developed or pub-
lished by the group.

6.2.2 Epidemiological Considerations of Biomarker Discovery
and Validation

The characteristics and performance of a diagnostic test are best described with its
sensitivity, specificity, positive predictive value (PPV), negative predictive value
(NPV), and receiver-operator curve [8]. Formula 6.1-6.4 illustrates how these
parameters are calculated. It is noteworthy that PPV and NPV are both test-
population dependent; therefore, the tested or applicable population must be defined
when reporting PPV and NPV (Table 6.1).

e TP TP
Sensitivity = = — (6.1)
TP+FN Goldstandard test positive cases
s TN TN
Specificity = = - (6.2)
TN+FP Goldstandard test negative cases
[ STL S L (6.3)
TP+FP New biomarker positive cases
NPV N N (6.4)

" TN+FN  New test negative cases

PPV, positive predictive value; NPV, negative predictive value
Discovery and validation of diagnostic and prognostic tests are hurdled in part by
the lack of related standards and guidelines [15, 16]. Recently, several guidelines
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Table 6.1 The2x2 table New biomarker | Gold standard test
for describing the. . Negative Positive
performance of diagnostic Negative True negative False negative (FN)
tests (TN)

Positive False positive (FP) | True positive (TP)

have been developed or updated to increase the transparency, reporting quality and
reproducibility of the studies concerning diagnostic and prognostic tests [17-19].
The 2015 Standards for Reporting Diagnostic Accuracy (STARD) statement is the
latest guidelines devoted into reporting diagnostic tests and includes a checklist of
30 items [18]. The 2015 Transparent Reporting of a multivariable prediction model
for Individual Prognosis Or Diagnosis (TRIPOD) statement is a checklist of 22
items and should be used for reporting results of any prediction-model study, regard-
less of the study methods [17]. Both checklists are accepted by many medical jour-
nals and required for manuscript submission. However, their validity and effects on
improving reporting quality remain unclear.

The European group on tumor biomarkers developed two documents on tumor
biomarker development and validation [20, 21]. This group proposed a clinical
trial-type four-phase model for biomarker monitoring studies [21]. They later also
proposed a four-step method in advancing a biomarker candidate to clinical appli-
cation, including analytical validation of the biomarker assay, clinical validation
of the biomarker test, demonstration of clinical value of the biomarker test, and
regulatory approval [20]. This statement also recommends registering all clinical-
value demonstration studies of tumor markers prior to their initiation at a clinical
trial registry such as clinicaltrials.gov. However, despite the emphasis on register-
ing biomarker studies [21], the (tumor) biomarker studies are less often incorpo-
rated in the clinical trials than the interventional studies [unpublished data, Zhang
L]. Therefore, some scholars urge stronger collaborations and establishment of
cancer biomarker registries [22]. On the other hand, much is unknown or misun-
derstood regarding how to rigorously design studies for and to analyze the data
concerning cancer biomarkers [15, 20, 23-31]. Investigators are strongly recom-
mended to familiarize and adhere to the guidelines or consensuses on the study
design and data interpretation for cancer biomarkers [19-21, 32, 33]. Epidemiology
or biostatistics experts should be consulted in any cancer biomarker research. In
the meantime, epidemiologists and biostatisticians may also seek better optimiz-
ing or simplifying the study designs and modeling for cancer biomarker identifi-
cation and validation.

Validation of cancer biomarker requires prospective, blinded trials, while ran-
domization is often difficult, if not impossible, for the studies on diagnostic tests
[20]. Early involvement of epidemiologists or biostatisticians is strongly recom-
mended so that one could reduce the errors or biases in the study design, data inter-
pretation, and reporting and modeling of the data. These errors and biases, if not
reduced or prevented, could cost significant time, efforts, and resources because of
the introduction of confounders and misinterpretation of the data.
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6.2.3 The FDA-Defined Companion Diagnostics
and Complementary Diagnostics

Predictive biomarkers for drug administration include companion diagnostic and
complementary diagnostic tests. According to the US Food and Drug Administration
(US FDA), a companion diagnostic device can be an in vitro diagnostic device or
an imaging tool that provides information that is essential for the safe and effective
use of a corresponding therapeutic product [34]. Therefore, companion diagnostics
are required for approval, co-approval, and labeling of associated drugs and devices
and subsequently any clinical use of either approved drugs or devices except in the
setting of off-label uses. As of November 2016, approximately 35 approvals for
companion diagnostics have been issued by the US FDA. Most of them (32/35
approvals, 91.4%) are for oncology drugs. Definition of complementary diagnos-
tics is not yet given by the US FDA despite being used for two of the approved
oncology drugs.

Recently, three programmed cell death-1 (PD-1)/programmed cell death
ligand-1 (PDL-1)-based immune checkpoint inhibitors (antibodies) were
approved by the US FDA for patients with advanced melanoma, non-small cell
lung cancer (NSCLC), head and neck squamous cell carcinoma, or urothelial
carcinoma, including alphabetically listed atezolizumab (anti-PD-L1, brand
name TECENTRIQ® by Genentech Oncology), nivolumab (anti-PD-1, brand
name OPDIVO® by Bristol-Myers Squibb Company), and pembrolizumab (anti-
PD-1, brand name KEYTRUDA® by Merck & Co., Inc.) [35-41]. They appeared
to offer sustainable antitumor effects, a significant advantage over other classes
of oncology drugs. A companion diagnostic test (PD-L1 IHC 22C3 pharmDx,
formerly Dako North America, now part of Agilent Technologies, Santa Clara,
CA, 95051) is required for pembrolizumab uses [36]. On the other hand, perhaps
confusingly, the US FDA approved complementary diagnostics for atezolizumab
(complementary test: Ventana PD-L1 [SP142], Ventana Medical Systems, based
in Tucson, Arizona) and nivolumab (complementary test: PD-L1 IHC 28-8 phar-
mDx, formerly Dako North America, now part of Agilent Technologies, Santa
Clara, CA, 95051), respectively [36, 42—-44]. These complementary diagnostics
are important to “help physicians determine which patients may benefit most
from treatment with” associated drugs [45]. Some scholars consider that comple-
mentary diagnostics may be applicable not only with a specific drug but with a
class of drugs [46], although the specific definition of complementary diagnos-
tics remains to be further clarified or explained by the US FDA.

The scoring algorithms and positivity criteria for the complementary/companion
diagnostics are different among these drugs [36, 42—44]. To help choose patients for
atezolizumab use, the positive tumor-infiltrating immune cell staining in urothelial
carcinoma using Ventana PD-L1 [SP142] IHC should show “presence of discernible
PD-L1 staining of any intensity in tumor-infiltrating immune cells covering >5% of
tumor area occupied by tumor cells, associated intratumoral, and contiguous peritu-
moral stroma” [47]. For guiding the use of nivolumab for NSCLC patients, the
percentage of tumor cells should be determined by the membranous PD-L1 staining
of any intensity in a minimum of 100 evaluable tumor cells using the Dako PD-L1
IHC 28-8 pharmDx [36, 42, 43]. For the approved use of pembrolizumab in NSCLC,
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the tumor proportion score (TPS), as determined by the percentage of viable tumor
cells showing partial or complete membrane staining for PD-L1 IHC (22C3 phar-
mDx), should be assessed [48]. The specimen should be considered PD-L1 positive,
if TPS > 50% of the viable tumor cells exhibit membrane staining at any intensity,
and administration of pembrolizumab may then be considered [48]. It must be
stressed that a positive TPS is required before pembrolizumab could be given to a
patient with advanced NSCLC. To increase test portability, improve concordance of
the PD-L1 test results, and decrease the costs of having different test platforms,
standardization or harmonization of these tests seems important and is being con-
sidered in recent years [49, 50].

Despite that increasingly more cancers are approved for the anti-PD-1/PD-L1
immunotherapy, none of these anti-PD-1/PD-L1 based immunotherapies is yet
approved by the US FDA for treating any of the tumors of the GI tract, liver, and
pancreatobiliary tract by December 2016 [35]. However, several trials are undergo-
ing for HCC. Specifically, a search in the US clinical trial registry (clinicaltrials.gov)
in early December 2016 shows that seven trials on pembrolizumab, five trials on
nivolumab, and no trials on atezolizumab are recruiting patients for treating HCC. If
searched by the immune checkpoint inhibitor types, 8 clinical trials on the safety or
efficacy of PD-1 or PD1 in HCC patients are undergoing and 11 on that of PD-L1 or
PDLI1. Therefore, it is reasonable to speculate that these drugs and their associated
biomarkers/diagnostic tests may be applicable to HCC patients in a near future. It is
noteworthy that the prospective companion or complementary diagnostics for the use
of these drugs in HCC patients may be different from the currently approved ones for
other cancers, such as NSCLC. In May, 2017, the US FDA approved the first tissue/
site agonistic indication to pembrolizumab (Keytruda®). The drug is indicated for the
treatment of adult and pediatric patients with unresectable or metastatic solid tumors,
including HCC, that have been identified as having a biomarker referred to as micro-
satellite instability-high (MSI-H) or mismatch repair deficient (AIMMR).

6.3 Established Biomarkers for HCC Diagnosis, Prognosis,
and Treatment

6.3.1 Introduction

It is agreed among the guidelines developed by various international and regional
hepatology societies (often named as an association for the study of the liver), that
at-risk population should be screened for early detection of liver cancers [4, 5, 51—
60]. However, the use of and the choice of cancer biomarkers vary among these
guidelines. Several recent, noteworthy reviews and updates highlight the major dif-
ferences among the guidelines and may help the caring physicians manage liver
cancer patients and better use cancer biomarkers [3, 61-64]. The guidelines of vari-
ous hepatology societies concerning HCC biomarkers are here compared and dis-
cussed. It is hoped that this section may provide some evidence which physicians,
surgeons, and pathologists could refer to in their daily practices. A noteworthy ref-
erence book for clinical pathology also briefly discusses the tumor markers of HCC
and its mimickers [65].
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6.3.2 Liver Cancer Biomarkers for Screening

Guidelines and consensus statements on liver cancer biomarkers have been devel-
oped and revised by many local and regional hepatological and oncological societ-
ies, including the American Association for the Study of Liver Diseases (AASLD),
European Association for the Study of the Liver (EASL), Asia-Pacific Association
for the Study of the Liver (APASL), European Society for Medical Oncology
(ESMO), and Sociedad Espaiiola de Oncologia Médica (SEOM) [55, 66—-69]. With
advancement in imaging technology, most of the traditional liver cancer biomarkers
are no longer favored by recent or updated guidelines [55, 66—69], except the 2015
Japanese guidelines [52].

Alpha-Fetoprotein (AFP)

AFP is a major a-fetal serum protein isoform and a carcinoembryonic protein.
Elevated AFP could be seen in patients with primary HCC or germ cell tumors,
while transiently elevation of AFP is also seen during pregnancy and in many benign
liver diseases [65]. Combination of AFP and ultrasound was the most commonly
used screening tool for liver cancer. However, due to limited sensitivity and speci-
ficity, AFP was no longer recommended by AASLD, EASL, APASL, ESMO, and
SEOM for liver cancer screening in at-risk populations [55, 66—69]. The same posi-
tion is adopted by the NCCN in 2016 [5], while AFP was recommended for liver
cancer screening in junction with ultrasound and posttreatment follow-up in the
2009 NCCN guidelines [60]. Interestingly, the latest NCCN guidelines also state
that AFP may still be considered for liver cancer screening in the no-risk popula-
tion. However, comparison of the guidelines showed the other professional societies
(especially Eastern Asians) had different opinions regarding using AFP as a screen-
ing tool for the at-risk populations [3, 62—64]. Specifically, the Japanese, Korean,
and Singaporean societies recommended using AFP as a screening tool for HCC
early detection in at-risk populations [51, 70, 71], while the Latin America
Association for the Study of the Liver (LAASL) recommended using AFP to surveil
at-risk populations when quality ultrasound imaging studies are not available [72].
In addition, some scholars still appreciate the usefulness of AFP as a screening tool
[73]. Therefore, one must consider the local and regional guidelines and personal
experiences in deciding whether to use AFP as a biomarker for liver cancer
screening.

Lens culinaris agglutinin-Reactive Glycoform of AFP (AFP-L3)

Compared with the AFP produced by normal hepatocytes, the AFP secreted by
malignant hepatocytes contains unusual and complex sugar chains [65]. AFP-L3 is
one of the AFP isoforms with unusual sugar chains and, as the name implies, is
reactive to Lens culinaris agglutinin [74, 75]. In patients with a total AFP of
10-200 ng/mL, >10% of AFP-L3% had a sensitivity of 71% and a specificity of
63% for diagnosis of HCC, while >35% of AFP-L3% had a reduced sensitivity of
33% and a specificity of 100% [75]. At the cutoff of 10.9 ng/mL, AFP-L3 is more
specific for detecting early HCC than APF (94% versus 82%) but less sensitive
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(37% versus 65%) [7, 74]. Therefore, it is understandable that the Japanese guide-
lines still recommends using APF-L3 for screening early HCC in high-risk popula-
tion, with a US study and an optional CT or MRI study [52, 62]. It is noteworthy that
NCCN, EASL, ESMO, and AASLD do not support the use of AFP-L3 for screening
early HCC [5, 55, 66-69].

Des-y-Carboxy Prothrombin (DCP)

Plasma DCP, also known as proteins induced by vitamin K absence-II (PIVKA-II),
is raised in most of the HCC patients [65]. A possible cause is an overproduction of
prothrombin precursor with reduced gamma-carboxylation [76]. At the current clin-
ical cutoff of 150 mAU/mL, DCP is more sensitive than APF and APF-L3 but less
specific than APF and APF-L3 in HCC [74]. Similar findings are also present in the
early-stage HCC [74]. Interestingly, combination of using DCP and AFP (either
above the cutoffs) would reach the highest sensitivity of 86% in all HCC and 78%
in early-stage HCC, as well as the largest area under the curve, while with the lowest
septicity [74]. Therefore, it is reasonable that several recent or updated guidelines
do not support the use of DCP for early HCC screening, including the NCCN,
EASL, Singaporean, and Korean guidelines [5, 51, 67, 77]. This recommendation is
indeed consistent with the FDA-approved use of DCP for risk stratification in
chronic liver disease patients. However, the Japanese guidelines still recommend its
use [52]. And two other guidelines did not comment on the use of DCP for screen-
ing HCC [55, 66].

6.3.3 Liver Cancer Biomarkers for Predicting
Treatment Responses

It is agreed by various guidelines that no known biomarkers are useful for predicting
treatment responses in the HCC patients with surgical treatment, radiotherapy, or
chemotherapy [5, 55, 67, 71]. Specifically, there is a lack of (molecular) biomarkers
for predicting responses to sorafenib, the mainstream treatment option for HCC
patients with preserved liver functions (Child-Pugh A class) and advanced cancer
stage (BCLC C) [5, 67].

Regarding overall prognosis, the NCCN guidelines mention that AFP >455 ng/
mL independently predicts a worse prognosis in HCC patients with transplant sur-
gery [5], while the EASL-EORTC guidelines recommend that an AFP cutoff of
>200 and/or >400 ng/mL may be used to predict a worse prognosis [67]. In addi-
tion, according to the EASL-EORTC guidelines, the levels of AFP, vascular growth
factor (VEGF), and angiopoietin-2 (Ang2) could all independently predict the sur-
vival of patients with untreated advanced HCC [67, 78].

Some gene signatures or biomarkers are being validated for HCC prognostica-
tion including EpCAM signature, G3-proliferation subclass, miR-26a, and poor-
survival signature [79-82]. Before being validated by prospective, randomized
trials, these gene signatures and biomarkers should be used carefully in clinical
practice.
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6.3.4 Liver Cancer Biomarker for Post-resection Surveillance

The updated or recently published guidelines agree that serum markers, commonly
AFP, may be used to monitor the patients with resected HCC. The NCCN guidelines
recommend to measure AFP levels, in the patients with initially elevated AFP, every
3 months for 2 years than every 6-12 months with or without surveillance by imag-
ing studies (three-phase high-quality cross-sectional imaging for the same interval
schedules), although it acknowledges that only limited data on the subject are avail-
able [5]. For the same patient population, the Korean guidelines instead recommend
both AFP and imaging studies, without specifying optimal monitoring intervals [77].
The ESMO-ESDO and SEOM guidelines, on the other hand, recommends not to use
serum markers alone for HCC post-resection surveillance and to use dynamic CT or
MRI studies every 3 months for 2 years and every 6 months afterward [55, 68, 83].

6.4 Emerging Biomarkers for the Diagnosis, Prognosis,
and Treatment of HCC

Genomic-wide molecular profiling of HCC and dysplasia was carried out as early as
2007 [84]. With the advancement in genomic medicine and our understanding of
genomic data, it was hoped that genomic and genetic data could be incorporated
into the HCC management as a biomarker [85-87]. Epigenetic markers are another
group of emerging biomarkers for HCC prognostication and treatment-response
prediction [88, 89]. Related epigenetic markers and proteomic-based approaches
also reveal several interesting protein biomarkers for HCC [7, 54, 90]. Finally,
microRNA is an increasingly expanding group of biomarkers [54, 91-93]. Several
recent articles summarize the emerging biomarkers for the diagnosis, prognosis,
and treatment of HCC [6, 7, 59, 85]. However, despite the enthusiasm in and poten-
tial promises of these emerging biomarkers, none of these biomarkers are supported
by high-level clinical evidence for regular clinical use, endorsed by any clinical
guidelines or reimbursed by insurers.

6.4.1 Serum Proteins

As the classic biomarkers for HCC, serum-based proteins are still one of major
interests in the biomarker research field. Most of these biomarkers could be assessed
using clinical chemistry methodology and appear clinically applicable.

Gypican 3

Gypican 3 (GPC-3) is a cell surface (plasma membrane)-bound heparan sulfate proteo-
glycan and was found expressed in 72% of HCC tissue by immunohistochemistry and
elevated in 53% of HCC patients (no elevation seen in any healthy subjects of the same
study) [94]. The sensitivity and specificity of GPC-3 were 61.33% and 41.82%, report-
edly lower than that of AFP (68.57% and 94.55%) as shown in a study [95], while
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another meta-analysis showed comparable sensitivity and specificity of GPC-3 and AFP
[96]. Recently, GPC-HCC, a novel score based on combination of GPC-3 and routine
laboratory tests, was developed for HCC diagnosis and could reach an even higher sen-
sitivity of 93% and specificity of 93% [97]. The finding seems very promising.

Osteopontin

Osteopontin (OPN), a transformation-related protein phosphatase, is an integrin-
binding glycophosphoprotein produced by several types of malignancies, including
lung, breast, and colon cancers [6]. Its sensitivity and specificity for detecting early
HCC ranged 72-83% and 62-63%, respectively [6, 7]. A prior report suggests OPN
produces lower accuracy than GPC-3 and AFP [98]. However, a recent prospective,
population study found that combination of OPN and liver function tests would
increase its performance in detecting HCC, and more strikingly combination of
AFP and OPN was best able to predict HCC risk in this low-risk population [99].
Despite the finding’s potential significance, validation studies are needed.

Golgi Protein 73

Golgi protein 73 (GP73) is a type II Golgi-specific transmembrane protein and nor-
mally not present in hepatocytes [6, 7]. Its expression is increased in chronic liver
diseases and substantially elevated in HCC patients [6, 7]. In 2005, GP73 was
reportedly increased in the sera of 57% of HCC patients with low AFP serum levels,
with a sensitivity better than AFP [100]. A larger study later also showed, using 8.5
relative units as a cutoff value, GP73 had the sensitivity of 74.6% and specificity of
97.4% [101]. However, as other emerging biomarkers, the highest sensitivity and
specificity of GP73 would be achieved when combined with AFP [102, 103]. Some
scholars also noticed the lower sensitivity of detecting GP73 using immunoblotting
than using enzyme-linked immunosorbent assay [7, 100, 103, 104]. Therefore,
detection methods may have some impact on the performance of GP73.

6.4.2 Liquid Biopsy for Liver Cancers

Current methods of liquid biopsy for cancers assess one of the three subjects, circu-
lating DNA/RNA, tumor cells, and exosomes from the tumors in the blood [105].
Liquid biopsy offers patients the benefits of convenience, low costs, and avoidance
of potential side effects caused by invasive biopsies. However, none of them is
approved for primary diagnosis but monitoring disease progression or recurrence
[105]. Many homebrewed and commercial products are available in the market,
while much is not known about the HCC-related circulating DNA/RNA, circulating
tumor cells, and exosomes in blood.

Circulating DNA/RNA

Circulating cell-free DNA (cfDNA) has been used as a cancer biomarker since the
late 2000s, while many studies were underpowered, and the cfDNA sensitivity and
specificity seemed limited at the time [106]. Using branched DNA as the marker of



104 L. Zhang

cfDNA, one group reported a sensitivity of 53% for cfDNA alone, comparable to
the sensitivity of 53.8% and 66.7% for AFP and AFP-L3, respectively [107].
Combination of cfDNA and one of the two known HCC biomarkers (AFP or AFP-
L3) reached a sensitivity higher than either alone, suggestive of a potential diagnos-
tic value of cfDNA [107]. A recent circulating microRNA study in China showed
promising diagnostic values of serum miR-10b, miR-106b, and miR-181a for early
HCC detection, with area under the curve of >85% [91]. Recent works also show
that circulating DNA and protein biomarkers jointly could predict clinical respon-
siveness of regorafenib and prognosis of patients with metastatic colorectal cancer
[108]. It is hoped that circulating DNA may be used to serve a similar role in
HCC. The major limitation of circulating DNA/RNA is low specificity [109]. Given
its considerably high sensitivity, it is recommended to use circulating DNA/RNA as
a screening tool for HCC detection, with or without additional cancer biomarker of
AFP or AFP-L3 [91, 109].

Circulating Tumor Cells (CTC)

Ber-EP4 antibody was one of the first tools used to detect circulating HCC cells
[110]. Many attempts were since then made to identify biomarkers for circulating
HCC cells [111-114]. One study also identified CD90 + CXCR4+ cells as circulat-
ing tumor stem cells of HCC [114]. Nanotechnology was also employed to better
isolate CTC of HCC [115]. Besides diagnosis and monitoring disease progression,
CTC of HCC may help prognostication of HCC [116-118]. However, the known
HCC biomarkers and other common epithelial markers were found not specific for
HCC, including AFP, asialoglycoprotein receptor or epithelial cell adhesion mole-
cule, and CD133 or CD90 [119]. Additional validation studies are needed to con-
firm these markers and clinical utilities of HCC CTC.

CTC may also help predict treatment outcomes [105]. The burden of epithelial
cell adhesion molecule-positive (EpCAM+) CTC of HCC could predict prognosis
of patients with resected HCC [120]. Moreover, IGFBP1 mRNA expression levels
in the (EpCAM+) CTC of HCC could help choose patients who are more likely
responsive to radiotherapy [121]. Furthermore, pERK/pAkt phenotyping in CTC
may predict sorafenib efficacy for advanced HCC [122]. Recently, circulating breast
cancer cells may be cultured in vitro and then used to assess the drug sensitivity for
guiding clinical choice of chemotherapy agents [123]. For the similar application in
HCC, microfluidic chips were developed to culture CTC and examine their drug
sensitivity for clinical use [124].

Exosomes

Exosomes are a type of extracellular vesicles, ranging 40—150 nm in size. They
contain DNAs, RNAs, and proteins [125]. Early interest in exosomes was focused
on its role in therapeutic target discovery and immunotherapy [126, 127]. In 2012,
areport showed that anticancer drug could induce secretion of exosomes from HCC
[128]. Recent reports consider that circulating exosomes and their contents may
serve as biomarkers for cancer diagnosis and progression surveillance [105, 125].
Several exosome-based biomarkers for HCC have been identified [129, 130]. For
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example, miR-718 in serum exosomes may predict HCC recurrence after liver
transplant [131]. However, one caveat is that exosomes may be released at the stim-
ulation of hepatitis B or C infection [130]. Additional specific markers in the exo-
somes appear needed for better diagnostic specificity.

6.5 Perspectives
6.5.1 Future Research Directions

The aforementioned emerging biomarkers definitely show great promises. More
resources and efforts probably should be focused on them.

An often-understudied subject concerning cancer biomarkers is the barrier in
technology diffusion. Such a barrier might be present in the adoption of new endo-
scopic technology and diagnostic tests of prostate cancer [132, 133]. In addition,
technology diffusion of newer treatment modality may not necessarily lead to better
care quality and clinical outcomes [134—136]. The driving cause(s) of the counter-
intuitive findings in prostate cancer is not clear but may be linked to the issues
associated with the bona fide clinical efficacy of new technology and the adherence
to the FDA-approved indications. It is also not clear how the removal of AFP as a
recommended screening method will impact the long-term outcomes of the HCC
high-risk population at large, despite its sound scientific/clinical merits. Moreover,
much is not known about the economic and clinical effects of technology diffusion
on liver cancer biomarker discovery, validation, and clinical utility.

Big data become increasingly important for epidemiological studies [137—
141]. Due to the higher incidence of liver cancers in the low-income countries,
they may offer significant advantages for these countries, while the improve-
ments in the quality, quantity, storage, and analysis of health data seem to be the
major challenges [137]. Moreover, cautions should be taken on how to method-
ologically minimize biases in the observational studies and trials using big data
[138, 140]. Finally, harmonization of test platform and exchangeability of the
results may also be considered for future development of liver cancer biomarkers
using big data [141].

Meta-analyses and systematic reviews are underutilized in diagnostic pathologic
studies [142]. Their values in aiding diagnostic pathology, including biomarker
identification and utilization, have become gradually recognized in the recent years
[142]. In fact, more than 50% of the meta-analyses and systematic reviews in diag-
nostic pathology are related to biomarker (unpublished data, Kinzler M and Zhang
L). Marchevsky and Wick provided an elegant review on the evidence-based pathol-
ogy with a focus on systematic review and meta-analysis [143], while our group
attempted to share some practical tips regarding the use of meta-analysis for diag-
nostic pathology [144]. It is very likely that meta-analysis and systematic review
will help improve liver cancer biomarker discovery and validation.

The adherences to the AASLD guidelines appear poor and will likely impact the
clinical outcomes of the population with a diagnosis or a risk of liver cancers
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[145—148]. More research efforts may have been focused on the problem of knowl-
edge diffusion/guideline adherence, i.e., increasing the patient and physician’s
adherence to the guidelines.

6.5.2 Summary

Cancer biomarkers are critical for detecting HCC and guiding treatment of
HCC. AFP is one of the classic and most widely used biomarkers for HCC detec-
tion and post-surgery surveillance; however, it is no longer recommended for
screening high-risk patients by most of the current guidelines. The reason may be
less desirable sensitivity and specificity and perhaps also increased diagnostic
accuracy of noninvasive imaging study methods. Advancement in precision medi-
cine, genomic medicine, microRNA, next-generation sequencing, computational
biology, and other emerging technologies are shifting the paradigm of cancer bio-
marker discovery. On the other hand, the stringent validation methodology (largely
epidemiology based) seems to remain the same and still adhere to its goal of pro-
viding the highest possible level of clinical evidence and statistical powers. Finally,
cancer biomarkers largely rely on the development of new (precision medicine
based) therapeutics; by the same token, cancer biomarkers are also increasingly
used for selecting patients for a given new medicine or treatment modality.
Anti-PD-1/PD-L1 therapy is one of the examples and will likely be applied in HCC
patients in the near future.
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Imaging of Hepatocellular Carcinoma

Naziya Samreen and Joseph R. Grajo

7.1 Introduction

Hepatocellular carcinoma (HCC), the sixth most common cancer worldwide, is
a frequent cause of diagnostic liver imaging [1]. It causes approximately
250,000 deaths per year worldwide [2]. Given the high prevalence of the dis-
ease, accurate screening and diagnosis of this tumor are critical for possible
early intervention.

Liver cirrhosis increases the risk of HCC. The annual risk of HCC in
patients with cirrhosis is approximately 1-6% [3]. Although there are a myr-
iad of causative factors for cirrhosis including alcohol, autoimmune hepatitis,
nonalcoholic fatty liver disease, and specific metabolic disorders, hepatitis B
and C are responsible for a majority of causes of cirrhosis and subsequent
HCC [4]. There is evidence to suggest that viral hepatitis is responsible for
75% of HCC worldwide. Given that up to 90% of HCC occurs in patients with
a background of cirrhotic liver disease, screening for HCC in this patient pop-
ulation is critical [4].

7.2  Screening of HCC

The purpose of screening is to allow early detection of HCC in at-risk, asymptom-
atic individuals in order to decrease HCC-related mortality. Since the HCC tumor
doubling time is 6—12 months, the American Association for the Study of Liver
Diseases (AASLD) recommends HCC screening every 6 months. Ultrasound has a
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sensitivity of 65-80% and a specificity of greater than 90% for screening of HCC
[5]. It has replaced serum alpha-fetoprotein (AFP) marker as the predominant
screening test for HCC.

Screening recommendations apply to patients with chronic hepatitis C who have
developed cirrhosis. Some experts also recommend screening HC V-infected patients
who have liver fibrosis but not cirrhosis. HCC surveillance is not recommended in
HCV-infected patients without fibrosis or cirrhosis [6].

Hepatitis B is considered more oncogenic compared to hepatitis C, and, there-
fore, screening recommendations in patients with hepatitis B are more aggressive.
In patients with hepatitis B infection, screening for HCC is recommended in patients
with cirrhosis, patients with family history of HCC, Asian males >40 years, Asian
females >50 years, and Africans >20 years [6].

HCC screening is also recommended in other patients with cirrhosis,
including those with stage 4 primary biliary cirrhosis (PBC), genetic hemo-
chromatosis, alpha 1 antitrypsin deficiency, or other causes of cirrhosis [6].
Surveillance is also performed in patients listed for liver transplantation
because the development of HCC increases the priority of these patients on the
transplant list [5].

Once a small nodule is identified on screening ultrasound, further imaging rec-
ommendations are based on the size of the nodule. If the nodule is less than 1 cm,
repeat ultrasound in 3 months is recommended to assess for stability. If the nodule
increases in size during the 3-month period, further investigation is recommended.
If the initial nodule is greater than 1 cm, evaluation with multiphase multidetector
CT or dynamic contrast-enhanced MRI is recommended [5].

7.3  Altered Hemodynamics

The physiologic and pathologic alterations that occur in a cirrhotic liver are
critical to understanding the imaging findings of HCC. With cirrhosis, the liver
becomes more fibrotic. There is hypertrophy of the caudate lobe (segment I) as
well as the lateral segments of the left hepatic lobe (segments II and III). The
portal blood flow is altered as the portal veins become more tortuous and subse-
quently diminutive, which may ultimately lead to reversal of portal flow. There
are multiple regenerative nodules that emerge as the liver tries to regenerate its
parenchyma. The umbilical vein is recanalized, and multiple varices form in an
effort to divert portal flow away from the liver tissue, which now has increased
parenchymal resistance. With time, dysplastic nodules can emerge, which are
precancerous and can serve as precursors to HCC [7]. Stromal invasion and
alteration of arterial supply to the nodule then occur, allowing the dysplastic
nodule to develop into HCC. While most of the liver is supplied by the portal
system (75%) in normal hepatic physiology, the predominant supply to a HCC
is from the hepatic arterial system. This altered hemodynamic system is the
basis of radiologic imaging as it helps differentiate background liver paren-
chyma from HCC.
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7.4 Ultrasound

As stated previously, ultrasound is the predominant screening tool for
HCC. Unenhanced brightness mode (B-mode) ultrasound is most commonly used
for HCC screening. Additional sonographic tools that can be used in the detection
of HCC are Doppler imaging and contrast-enhanced ultrasound.

HCC does not have a specific appearance on ultrasound (Fig. 7.1). Well-
differentiated HCC less than 3 cm usually appears as a well-circumscribed
hypoechoic mass [8]. There are studies to suggest that small HCCs that are less than
5 cm are hypoechoic on ultrasound approximately 75% of the time [9]. However,
HCC can be hyperechoic or of mixed echogenicity on ultrasound [10]. As the tumor
grows, a hypoechoic rim can develop [11]. The HCC can also become more hetero-
geneous with growth. If there is a fatty component to the tumor, or if there is hemor-
rhage within the tumor, these can lead to a hyperechoic signal as well.

Doppler ultrasound is an adjunct to B-mode ultrasound for detection of
HCC. Approximately 75% of HCC tumors demonstrate internal vascularity on
Doppler ultrasound. This is in contrast to liver metastatic lesions, which

Fig. 7.1 HCC can have variable appearances on ultrasound. (a) Arrow points to a HCC lesion,
which is hyperechoic relative to liver parenchyma. (b) Arrow points to a HCC lesion that is
hypoechoic on ultrasound. (¢) Arrow points to a HCC, which is heterogeneous and large on ultra-
sound. (d) Arrow points to a HCC lesion, which has a target appearance. A target appearance is
used to describe a lesion that has a hyperechoic center and a hypoechoic rim
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demonstrate internal vascularity only approximately 25% of the time [8].
Invasion of the hepatic or portal veins is also strongly suggestive of HCC.

Contrast-enhanced ultrasound (CEUS) is an emerging technique that can poten-
tially detect HCC. The technique involves administration of intravenous contrast
and obtaining images in the arterial, venous, and delayed phases. After administra-
tion of contrast, the arterial phase images are obtained at 15-30 s, the venous phase
images are obtained at 50-80 s, and the delayed phase images are obtained at 180—
240 s [12]. Since HCC obtains most of its blood flow from the hepatic arterial sys-
tem, contrast flows into the tumor in the arterial phase, and the tumor appears
hyperechoic on ultrasound compared to the rest of the liver parenchyma.
Subsequently, when the rest of the liver parenchyma enhances with contrast in the
venous and delayed phases, the contrast within the HCC lesion washes out. This is
because the predominant blood supply to the liver is from the portal veins, while the
tumor predominantly gets its blood supply from the hepatic arteries. The lesion
therefore becomes isoechoic and subsequently hypoechoic compared to the rest of
the liver parenchyma with time.

While this can potentially play an important role in identifying HCC and has an
advantage of avoiding the radiation risk that patients obtain with CT, the AASLD
excludes CEUS as a diagnostic tool in patients with cirrhosis due to its high false
positive rate. There are, however, societies such as the Italian Association for the
Study of the Liver (AISF) who maintain a role for CEUS in identifying HCC nod-
ules that are specifically greater than 1 cm [12].

7.5 Ultrasound Surveillance Algorithm

Although any nodule detected on ultrasound in a patient undergoing surveillance
could potentially represent HCC, there are guidelines by the AASLD for subsequent
management based on size. If a nodule <1 cm is detected on screening ultrasound,
it is suggested that the nodule be followed every 3 months with ultrasound. If it
increases in size within this time period, further imaging using multiphase contrast-
enhanced CT or MRI is recommended. If the nodule initially detected on screening
ultrasound is greater than 1 cm in size, multiphase contrast-enhanced CT or MRI
are directly recommended as the next step in management [5].

7.6 Computed Tomography (CT)

Multiphase CT is an option used to further characterize liver lesions noted on
ultrasound or single-phase CT (Fig. 7.2). After the administration of intravenous
contrast, CT scans are usually performed in the late arterial phase, portal venous
phase, and delayed phase. The arterial phase is usually performed at 15-30 s [13]
and represents the enhancement of the hepatic arteries with some early enhance-
ment of the portal veins. The portal venous phase is performed at approximately
60-80 s and represents enhancement of the entire portal venous system as well
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Fig.7.2 (a) CT of the liver during the arterial phase demonstrates a lesion in the liver dome that
is hyperenhancing relative to the rest of the liver parenchyma. (b) Venous phase demonstrates that
the lesion is hypoenhancing compared to surrounding liver parenchyma. This is referred to as
“washout.” There is a faint area of enhancement around the lesion, which is the pseudocapsule. (¢)
Delayed phase imaging demonstrates persistent washout of the lesion relative to surrounding liver
parenchyma. (d) Initial single-phase scan obtained during the early venous phase, which better
demonstrates the peripherally enhancing pseudocapsule. Collectively, this multiphase exam dem-
onstrates characteristics highly suspicious for HCC, which are arterial enhancement, venous phase
washout, and pseudocapsule formation

as the hepatic veins [14]. A delayed scan is obtained at approximately 3—-5 min
and represents the equilibrium phase when contrast has mostly washed out of the
liver parenchyma.

Hepatocellular carcinoma is an epithelial tumor composed of cells similar to
normal hepatocytes. In the process of hepatocarcinogenesis, there is development of
increased arterial supply to the tumor [7]. The purpose of the late arterial phase
therefore is to identify intrahepatic lesions that demonstrate hypervascularity com-
pared to the rest of the liver parenchyma. Studies have shown that approximately
78% of HCCs demonstrate arterial enhancement [15]. Findings, however, do vary
depending on tumor differentiation and size. Although the majority of HCC lesions
demonstrate hypervascularity regardless of differentiation, moderately differenti-
ated HCCs are noted to have the highest proportion of arterial enhancement. The
number of well-differentiated HCCs demonstrating hyperenhancement is slightly
less, and poorly differentiated HCCs are proportionally the least in terms of arterial
enhancement [15, 16]. The variation of arterial enhancement is again secondary to
the degree of tumoral neoangiogenesis in the various levels of differentiation [15].
Tumoral size also plays a role in the visualization of arterial enhancement. Studies
have shown that arterial enhancement is more commonly found in HCCs that are
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1-2.9 cm (70-75%) compared to HCCs that are less than 1 cm (52%) [16]. However,
when tumors significantly increase in size to greater than 5 cm, arterial flow may
diminish, likely secondary to increased cell proliferation causing increased intersti-
tial pressure and regression of neoarteries [7].

There are a few lesions in addition to HCC that also may demonstrate hyperen-
hancement in the arterial phase. These include benign perfusion alterations, small
hemangiomas, small focal nodular hyperplasia-type lesions, atypical cirrhotic or
dysplastic nodules, atypical focal/confluent fibrosis, and other malignancies such as
small intrahepatic cholangiocarcinomas or hypervascular metastases such as neuro-
endocrine tumors [14]. Additionally, since HCC commonly occurs on a background
of cirrhosis or chronic hepatitis where arterioportal shunting is common, a large
majority of focal enhancing areas less than 2 cm that are only identified on the arte-
rial phase and are predominantly wedge shaped and subcapsular are actually non-
neoplastic [14]. The other phases of multiphase CT therefore are important to
further characterize lesions that are hyperenhancing in the arterial phase and well as
to identify HCC lesions that may not arterially enhance.

The portal venous phase and delayed phases also play a critical role in the evalu-
ation of HCC. HCC predominantly (approximately 72% of the time) demonstrates
a washout pattern on these two phases, which means it is hypoenhancing compared
to the rest of the background liver parenchyma [15]. This occurs because, with
hepatocarcinogenesis, there is a decrease in the number of portal tracts that contain
the portal veins. This leads to a gradual decrease in blood flow to the tumor during
the portal venous phase. The reduction in portal flow parallels the progression of
HCC such that the more advanced the HCC, the more likely it is to have reduced or
absent portal blood flow [15].

As with arterial phase imaging, tumoral differentiation plays a role in the imag-
ing pattern of HCC during the portal venous and delayed phases. Moderately dif-
ferentiated and poorly differentiated HCCs are more likely to demonstrate washout
on these phases (75-76%, respectively). This is in contrast to well-differentiated
tumors which were shown to demonstrate washout only 50% of the time according
to some studies [15]. There is also evidence to suggest that with progression from
well to moderate to poor differentiation of HCC, there is a shift in the timing of
washout pattern during the portal venous phase. Well-differentiated HCC tends to
washout relatively late compared to poorly differentiated tumors [15]. Additionally,
a minority of HCC tumors are iso- or hyperattenuating during the portal venous
phase. It is important to note that there are other liver lesions that can be hypoattenu-
ating relative to the rest of the liver parenchyma on the portal venous or delayed
phases, making it important to look at the enhancement pattern of the lesion on all
three phases of imaging.

The delayed phase is especially important in HCC tumors that demonstrate slow
washout, as this may not be apparent on the initial portal venous phase. This is in part
because with cirrhosis, the increased hepatic tissue resistance causes delayed back-
ground parenchymal enhancement. The delayed phase imaging is also important in
differentiating HCC from other tumors like cholangiocarcinoma, which demonstrate
progressively increased enhancement on the portal venous and delayed phases.
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There are additional characteristics of HCC that can be present on CT, including
capsule formation and portal vein invasion. Capsule formation is a feature of HCC
that occurs with disease progression and is suggestive of tumor with increased
malignant potential compared to early HCC. Progressed HCC tumors are noted to
have capsule formation and internal fibrous septa approximately 70% of the time
[14]. Capsule enhancement appears as a complete or partial peripheral hyperen-
hancing rim around the tumor. It is classically seen a few seconds after tumoral
enhancement and is best visualized in the late arterial or early portal venous phase.
Visualization of a capsule suggests that tumor venous drainage has progressed from
the hepatic veins to the portal veins [14].

Invasion into the venous system, predominantly into the portal veins, is another
characteristic of HCC that helps differentiate it from other tumors. It is more fre-
quently found in tumors of increased size and histologic grade. Vascular invasion
carries a poorer prognosis as it represents a means by which HCC metastasizes to
other areas of the liver as well as to different parts of the body [7]. Tumor thrombus
within a lumen of a vein can also demonstrate enhancement on the arterial phase
and appear hypodense on the portal venous phase. If present, these characteristics
help differentiate it from bland venous thrombosis, which can also occur in this
patient population.

Intratumoral fat, or hepatosteatosis, is another characteristic feature of HCC. It
represents a process by which abnormal hepatocytes accumulate more intracellular
fat and is seen in approximately 40% of early HCCs [7]. However, this finding is
most commonly seen in HCCs that are approximately 1.5 cm in diameter. It is
uncommon with further increase in tumor size and grade and not frequently seen in
HCC:s larger than 3 cm [7]. Intratumoral fat however is better recognized on MRI as
it is difficult to characterize well on CT.

7.7  Magnetic Resonance Imaging (MRI)

Given technical advancements, HCC has now become an imaging diagnosis. The
criteria include any nodule greater than 1 cm that demonstrates arterial enhance-
ment and subsequent washout on CT or MRI. Although many meta-analyses found
CT and MRI to have comparable specificities for the diagnosis of HCC in a cirrhotic
liver, MRI is noted to have a higher sensitivity than CT, with MRI sensitivities rang-
ing from 70 to 85% and CT sensitivities ranging from 50 to 68% [17]. The sensitiv-
ity for MRI detection of HCC, however, does vary depending on the size of tumor.
A HCC larger than 2 cm was noted to have 100% sensitivity on MRI, while a HCC
less than 1 cm had only a 4% sensitivity on one study [17].

The typical MRI protocol for HCC includes multiple T1-weighted imaging
sequences and T2-weighted imaging sequences, including diffusion-weighted
imaging. The T1 sequences are preferably obtained both pre- and postcontrast if the
patient is able to receive intravenous contrast. There are several contrast agents that
can be used for liver imaging, the most common being extracellular agents, hepato-
biliary agents, or reticuloendothelial agents.
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Gadolinium chelates are common extracellular contrast agents used in the MRI
detection of HCC. Gadolinium demonstrates pharmacokinetics similar to the iodin-
ated contrast media used in CT. As an extracellular agent, it leaves the vasculature
and enters the interstitial space after it is administered intravenously. It causes relax-
ation of adjacent water protons since it is highly paramagnetic and has seven unpaired
electrons. This in turn shortens the T1 and T2 times, leading to enhanced T1 signal
and hypointense T2 signal on MRI. A single gadolinium atom has the potential to
relax multiple adjacent protons, allowing better visualization of subtle small areas of
contrast enhancement, which makes MRI more sensitive than CT [18]. The T1 post-
contrast images, therefore, are a primary tool for evaluating HCC. A similar enhance-
ment pattern as CT is used to characterize HCC on MRI, which includes arterial
enhancement and subsequent washout on the venous and/or delayed imaging.

Gadoxetate disodium (Eovist) is a hepatobiliary (or hepatocyte-specific) agent
that is used for MRI evaluation of liver lesions, including HCC (Fig. 7.3). After
intravenous administration, it enters the extracellular space similar to extracellular

Fig. 7.3 MRI of the liver was performed using Eovist. (a) T1-weighted image of a HCC during
the arterial phase demonstrates hyperenhancement of the lesion relative to liver parenchyma as
demonstrated by the arrow. (b) T1-weighted image of the HCC during the delayed phase demon-
strates washout relative to liver parenchyma. There is also a visible pseudocapsule around the
lesion. (¢) T2-weighted image of the HCC lesion demonstrates mild hyperintensity relative to the
rest of the liver parenchyma. (d) 20 min hepatocyte phase demonstrates no uptake of contrast by
the tumor, while the rest of the liver parenchyma is able to uptake the Eovist and demonstrate
increased signal
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agents. However, it is unique in that it is subsequently transported into the hepato-
cyte by an ATP-dependent receptor called organic anion transporting polypeptide
(OATP1). Once inside the hepatocyte, it is excreted into the biliary canaliculi by
another transporter known as canalicular multispecific organic anion transporter
(cMOAT). Excretion of Eovist into the biliary system therefore is dependent on the
overall liver function. In patients with normal liver function, approximately 50% of
Eovist is excreted via the hepatobiliary system, and the rest is excreted by the kid-
neys [7]. Since it has a half-life of 56 min, hepatic phase imaging for Eovist is usu-
ally done 20 min after intravenous administration of the contrast agent. By 20 min,
the contrast is taken up by the hepatocytes where it reversibly interacts with intra-
cellular proteins and leads to increased T1 relaxivity compared to other contrast
agents. The 20 min hepatocyte sequence is unique to Eovist and is simply an addi-
tion to the usual hepatic imaging sequences. Since HCC has altered hepatocyte
function, the tumor cells are not able to take up Eovist. The HCC therefore appears
hypointense on the 20 min phase compared to the surrounding liver parenchyma
where the hepatocytes are able to uptake Eovist and demonstrate increased signal.

A third agent used for imaging HCC is superparamagnetic iron oxide (SPIO) particles.
These are iron-based particles designed to target the reticuloendothelial system, specifi-
cally the liver and the spleen. Only one of these agents, ferumoxide, is approved for use in
the United States. In the liver, SPIO particles are phagocytosed by a type of macrophages
known as Kupffer cells which line the sinusoids [18]. Subsequently, the particles cause
inhomogeneities in the magnetic field leading to T2 and T2* shortening which is reflected
on MRI as hypointense signal. Tissues containing these particles also demonstrate mildly
decreased T1 signal. SPIO particles are helpful in the imaging of HCC because while
background liver parenchyma contains Kupffer cells and is able to take up these particles,
most HCC tumors are deficient in Kupffer cells. HCC tumors, therefore, appear hyperin-
tense relative to the surrounding hypointense liver parenchyma. The degree to which SPIO
particles are used is variable. In terms of accuracy, it was reported in one series that gado-
linium was better than SPIO particles for the detection of small HCC tumors [18]. SPIO
particles are also more expensive and take a longer time to image than gadolinium.
However, in patients with significant cirrhosis and alteration in liver perfusion, gadolinium
enhancement of HCC may be poor. SPIO particles therefore can be used as an adjunct in
such situations to help in the detection of HCC. It has been proposed that SPIO particles
are most useful when administered along with gadolinium to increase contrast between
HCC and background liver parenchyma and thereby improve the detection of HCC [18].

In addition to the three-phase enhancement pattern that characterizes HCC on
CT, MRI offers additional tools to aid in the diagnosis of HCC. T2-weighted imag-
ing sequences are an important part of HCC diagnosis on MRI. These are fluid
sensitive sequences. So, lesions with high intracellular or extracellular water con-
tent demonstrate increased signal, while lesions with low water content appear
hypointense. Although many liver lesions can demonstrate increased signal on
T2-weighted images, mild-to-moderate T2 hyperintensity is typical of HCC [14].
Most HCCs that demonstrate these findings are of advanced grade. It has been
shown that 77% of HCC lesions greater than 3 cm demonstrate this characteristic
signal intensity [14].
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A specific combination of imaging sequences known as T1 gradient echo in-phase
and out-of-phase imaging is a useful adjunct for the diagnosis of HCC on MRI. These
sequences are based on the premise that HCC tumors, especially during early develop-
ment, often contain intralesional fat (Fig. 7.4). Since intralesional fat is a more charac-
teristic of early HCC than progressed HCC, if detected, it can serve as a good prognostic
feature. The imaging sequences are based on the principle that in the presence of intra-
lesional fat, lipid and water protons occupy the same voxel. Lipid and water protons,
however, inherently precess at different frequencies. In-phase imaging is obtained
when lipid and water protons are precessing at a similar frequency. At this time, which
occurs approximately every 4.2 ms on a 1.5 T magnet, their signal is additive. When
lipid and water proton signals are out of phase with each other, there is cancellation of
signal resulting in signal loss. Therefore, loss of intralesional signal on out-of-phase
images compared to in-phase images is helpful for diagnosis of intralesional fat when
there is a lesion suspicious for HCC, especially during the early stage [19].

Diffusion-weighted imaging (DWI) is another tool that is being increasingly
used in liver imaging to diagnose HCC (Fig. 7.5). It is based on the phenomenon of

Fig. 7.4 In-phase (left) and out-of-phase (right) imaging. A lesion appears more hypointense on
out-of-phase imaging compared to the in-phase imaging. This is suggestive of intralesional fat,
which demonstrates signal dropout, another characteristic that can be seen with HCC tumors

Fig. 7.5 Diffusion-
weighted image of a HCC
lesion shows mild
hyperintensity in the region
of the tumor suggestive of
diffusion restriction
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random movement of water molecules driven by their internal thermal energy, a
concept known as Brownian motion. DWI is governed by inherent tissue properties,
which can allow relatively free movement of water in certain areas and impede dif-
fusion of water molecules in other areas. DWI is a T2-based imaging sequence.
Tissues with high cellularity restrict the motion of water molecules within them,
while tissues with lower cellularity cause less impedance to the movement of water
molecules. Imaging is obtained using two strong gradients, one of which dephases
the protons and the other rephases the protons. In tissues with restricted motion,
water protons experience both the dephasing and rephasing gradients, thereby pro-
ducing a hyperintense T2 signal. If there is movement of water molecules between
the dephasing and rephasing gradients, there is a reduction in overall T2 signal
intensity on imaging. Apparent diffusion coefficient (ADC) is a quantitative expres-
sion of diffusion, which is automatically calculated by the software. Low ADC val-
ues represent diffusion restriction, whereas high ADC values reflect relatively free
diffusion of water molecules [20].

HCC can have a variable appearance on diffusion-weighted imaging depending
on histologic makeup. Moderate to poorly differentiated HCC tumors are often
hyperintense on DWI, whereas well-differentiated tumors often appear isointense
on diffusion-weighted imaging [21]. Diffusion-weighted imaging has been shown
to be especially helpful in HCCs measuring less than 2 cm. In a study by Zech et al.,
conventional MRI demonstrated a sensitivity of 67.6% and a positive predictive
value of 59%, while diffusion-weighted imaging had a sensitivity of 91.2% and a
positive predictive value of 81.6% in HCC tumors less than 2 cm. In HCC lesions
greater than 2 cm, DWI did not appear to be significantly better than conventional
MRI [20]. A limitation of DWI is that in cirrhotic livers, the value of ADC might be
limited as both cirrhotic liver and HCCs can have low ADC values.

7.8 Emerging Imaging Techniques
7.8.1 Elastography

MR elastography is becoming increasingly utilized for the assessment of liver fibro-
sis. The concept involves applying a stress to tissue and measuring the resultant
response. The first step is causing tissue vibration, which is most commonly done
using an audio source located outside the scanner room. These tissue vibrations pro-
duce low-frequency shear waves. Typically, a frequency of 60 Hz is used. A motion-
sensitive dynamic MRI sequence is then used to image the liver. Spatial information
is reflected in quantitative shear stiffness maps using an inversion algorithm.
Mechanical shear waves travel more slowly in softer tissues and have a shorter wave-
length. Conversely, in stiffer tissues, shear waves travel faster and have a longer
wavelength. Since the measured stiffness depends on frequency, the imaging can be
done on a 1.5 or 3 T magnet strength given that the frequency is similar [22].

Tissue stiffness in vivo depends on tissue components, structural organization,
and blood perfusion. Pathology in the liver therefore alters tissue structure causing



126 N. Samreen and J.R. Grajo

the abnormal tissue to respond differently under stress than normal tissue. At 60 Hz,
normal liver tissue has a mean stiffness of 1.54-2.87 kPa [22]. In chronic liver dis-
ease, collagen is deposited in the extracellular matrix causing liver fibrosis. Given
that liver fibrosis demonstrates a linear increase in liver stiffness, MR elastography
is a great tool for staging liver fibrosis. It has been shown to have a high accuracy in
differentiating liver fibrosis from normal liver and/or liver with inflammation but no
fibrosis. Preliminary studies have also shown that malignant liver tumors such as
HCC have a higher liver stiffness compared to benign tumors and normal liver [23].
Using a cutoff value of 5 kPa, one study demonstrated a 100% accuracy of MR
elastography in differentiating malignant tumors from benign tumors [22].

Ultrasound elastography is another method used to evaluate liver fibrosis. It can
be performed using different techniques such as transient elastography (TE), real-
time/static elastography (RTE), acoustic radiation force impulse (ARFI), or real-
time shear wave elastography (SWE). TE is performed by using a mechanical
actuator to cause skin vibrations which induces low-frequency mechanical waves to
propagate through the liver. The velocity of these waves is measured with ultra-
sound and used to calculate liver stiffness, which is expressed in kilopascals (kPa).
ARFI and SWE are shear wave techniques that use acoustic radiation force to cause
microscopic tissue movements and thereby produce shear waves. The waves are
studied to estimate tissue stiffness and shear wave velocity.

Both TE and SWE appear promising for the diagnosis of cirrhosis. In a large
multicenter study, ARFI-based SWE showed a sensitivity of 69.1% and a specificity
of 79.8% to diagnose fibrosis greater than METAVIR F2 stage (defined as moderate
liver damage) [24]. TE was also shown to be better than ARFI for predicting the
presence of cirrhosis and fibrosis at the F1 stage or greater. Another study demon-
strated TE as an ideal method to diagnose cirrhosis in patients with hepatitis C virus
as it could potentially decrease the number of liver biopsies [25]. In patients with
hepatitis B virus, ARFI and TE had similar diagnostic accuracies of diagnosing
stage two fibrosis or greater, with areas under the curve of 0.75 and 0.83, respec-
tively [25]. Several studies have been performed to evaluate the ability of ultrasound
elastography to differentiate between benign and malignant lesions. A meta-analysis
of RTE and ARFI in 2013 showed a sensitivity of 85% and specificity of 84% of
these modalities to distinguish benign from malignant lesions [25]. Other studies,
however, have shown no statistically significant difference in differentiating benign
and malignant liver lesions using ultrasound elastography [25].

7.8.2 Dual-Energy CT

Dual-energy CT (DECT) is an emerging technique that can be used to characterize
liver lesions. While conventional CT uses a single polychromatic x-ray beam rang-
ing from 70 to 140 kVp (standard of 120 kVp), dual-energy CT uses two energy
levels, typically 80 and 140 kVp [26]. Dual-energy CT allows for improved conspi-
cuity/enhancement of iodine in parenchymal tissue. Given its high atomic number
of 53, iodine attenuates differently when exposed to a lower-energy beam compared
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to normal soft tissues such as the liver, which are made up of substances with low
atomic numbers [27]. The low-energy acquisition from the 80 kVp energy datasets
is noted to be more sensitive in detection of hypervascular liver lesions such as HCC
due to improved contrast-to-noise ratio [28].

7.9 Imaging Implications on Patient Care Including
Transplant Eligibility

In order to have a systematic way of reporting imaging findings on CT and MRI in
patients at risk for HCC, the Liver Imaging Reporting and Data System (LI-RADS)
was formulated in 2011. It was developed by a committee of international experts in
medicine, surgery, and radiology with the ultimate goal of providing an estimated
probability of a liver nodule representing a HCC. In patients at high risk for devel-
oping HCC, it categorizes liver lesions noted on CT or MRI into LI-RADS category
1-5. These categories represent benign, probably benign, intermediate probability
of being HCC, probably HCC, and definitively HCC respectively. The four major
imaging features used to assign a LI-RADS category include arterial phase hyper-
enhancement, washout appearance following hyperenhancement, capsule enhance-
ment, and threshold growth compared to previous imaging [29]. A category of
LR-M is reserved for a mass thought to be a malignancy other than HCC. LR-5V is
reserved for tumor in a vein.

The highlights of the LI-RADS classification system as outlined by the ACR are
discussed below [29, 30]. A LI-RADS 1 is assigned to a lesion that either has diag-
nostic benign imaging features or resolves without treatment. LI-RADS 1 is benign
and LI-RADS 5 has a 100% certainty of a lesion being HCC. A LI-RADS 2 is
assigned to a lesion that has imaging features suggestive of a benign entity; the
imaging features remain stable for >2 years or if the lesion likely disappeared with-
out treatment. LI-RADS 3, LI-RADS 4, and LI-RADS 5 are further subdivided
based on size and presence of additional major features which include hypoen-
hancement during portal venous or delayed phase or increase in diameter of at least
1 cm in 1 year. In a mass-like lesion less than 2 cm, mass-like configuration, and
arterial iyperenhancement, a LI-RADS 3 is assigned if there are no additional major
features, a LI-RADS 4 is assigned if there is one additional major feature, and
LI-RADS 5 if there are two additional major features. In a mass-like lesion less than
2 cm, mass-like configuration, and arterial hypoenhancement, a LI-RADS 3 is
assigned if there are zero or one additional major features and a LI-RADS 4 is
assigned if there are two additional major features. A LI-RADS 5 does not include
arterially iso- or hypoenhancing lesions. In a mass-like lesion >2 cm, a LI-RADS 3
is assigned if it is hypoenhancing and a LI-RADS 4 if it is arterially enhancing with
no additional major features or if it is arterially hypo- or isoenhancing with one or
two major features. In such a lesion, a LI-RADS 5 is assigned if it demonstrates
arterial hyperenhancement with one or two major features. If there is probable
tumor within a vein, the lesion is assigned a LI-RADS 4, and if there is definite
tumor within a vein, the lesion is assigned a LI-RADS 5 [29]. The LI-RADS
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categories 2, 3, and 4 are not definitely benign and not definitely HCC, and further
evaluation may be needed to characterize these lesions [30].

In 2011, the United Network for Organ Sharing and Organ Procurement and
Transplant Network (UNOS-OPTN) established imaging criteria to diagnose HCC
using dynamic CT and MRI. These criteria were used to determine liver transplanta-
tion eligibility of patients with HCC who did not have extrahepatic spread and/or
macrovascular involvement of tumor on imaging. The UNOS-OPTN classification
system is as follows: 5A, 5A-g, 5B, 5X, and 5T. A 5A lesion measures 10-20 mm,
demonstrates hypervascularity during the late arterial phase, and demonstrates both
portal venous or delayed washout and capsule formation. A 5A-g lesion measures
10-20 mm, demonstrates hypervascularity during the late arterial phase, and has
>50% diameter growth on serial MRI or CT <6 months apart. A 5B lesion measures
20-50 mm, is hypervascular during the late arterial phase, and has one of the fol-
lowing: portal venous or delayed washout, late capsule or pseudocapsule enhance-
ment, >50% diameter growth on serial MRI or CT <6 months apart, or biopsy-proven
HCC. A 5T lesion includes a biopsy-proven HCC, a class 5 lesion treated with
locoregional therapy, or persistent/recurrent HCC at a prior treatment site. A class
5X lesion is one that meets radiologic criteria for HCC but is outside stage T2,
including a lesion greater than 5 cm in diameter or more than two lesions, each of
which are greater than 3 cm in diameter [31]. The UNOS-OPTN criteria do not
include lesions less than 1 cm and those that do not demonstrate arterial hyperen-
hancement. The UNOS-OPTN criteria also defer to the LI-RADS for categorizing
nodules that are not included within its imaging criteria for HCC [31].

Conclusion

In summary, various imaging techniques are currently being utilized for the non-
invasive diagnosis of HCC including ultrasound, CT, and MRI. Many novel
variations of these modalities are emerging for potential of increased utility in
the future, including contrast-enhanced ultrasound, ultrasound elastography,
dual-energy CT, and MRI elastography, which has already shown promising
results. These imaging modalities, along with imaging criteria developed by
expert panels using a multidisciplinary approach, share the ultimate goal of iden-
tifying patients with HCC at an earlier stage and thereby allowing for early
intervention.
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Epithelial-to-Mesenchymal Transition 8
in Hepatocellular Carcinoma

Jeannette Huaman, Cuong Bach, Adeodat llboudo,
and Olorunseun O. Ogunwobi

8.1 Introduction

8.1.1 Hepatocellular Carcinoma and the Urgent Need
for Alternative Treatment Options

Hepatocellular carcinoma (HCC) is the most common type of liver cancer and one
of the leading causes of cancer-related mortality worldwide [1]. It is commonly
referred to as hepatoma and it is an important public health problem. It occurs more
frequently in men than in women and much more frequently in people with a history
of liver problems such as hepatitis B and C viral infections [2]. Symptoms are more
pronounced and specific during advanced stages of the disease, at which time treat-
ment options and the extent to which these treatment options will be effective are
limited. In focal localized hepatocellular carcinoma, partial hepatectomy is
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possible. In patients with intrahepatic metastasis, complete hepatectomy and liver
transplantation (which involves a long wait-list, is surgically invasive, and is not
optimal for certain people) are options available [3, 4]. These patients with intrahe-
patic metastasis as well as those with extrahepatic metastasis may also need sys-
temic therapy with agents such as sorafenib. Unfortunately, targeted therapy with
sorafenib only extends life by about 6 months [5]. Currently, the 5-year relative
survival rate for patients with liver cancer is only 17%, mainly because of its late
diagnosis [6]. As such, better tools are needed for earlier diagnosis and for treatment
of advanced HCC.

8.1.2 Epithelial-to-Mesenchymal Transition

Diagnostic and therapeutic approaches can exploit biological mechanisms or pro-
cesses that may be important in normal healthy cells and tissues but may be aberrant
in cancer cells and tissues. A biological process that is normal and physiological in
certain cells and tissues but that is hijacked by cancer cells is epithelial-to-
mesenchymal transition (EMT) [7]. EMT is a process during which epithelial cells
gradually change to become “mesenchymal-like” in nature. During this process,
they also become more motile and invasive [8]. To understand this, it is helpful to
distinguish between two distinct types of cells: epithelial and mesenchymal. As
shown in Fig. 8.1, epithelial cells are cells that typically line the walls of blood ves-
sels, body cavities, and organs (such as the lungs, stomach, small intestine, pan-
creas, and kidneys). They are normally polarized, attached to a basement membrane,
and closely interconnected with one another. Epithelial cells are held together
tightly at junctions via cadherin, catenin, and integrin molecules [9]. In contrast,
mesenchymal cells are loosely associated cells that lack polarity and are character-
ized by greater migratory properties [10]. The transition of cells from epithelial to

Epithelial cells Mesenchymal cells
- Are attached to a basement membrane - Deattach from basement membrane & lose cell adhesion
- Are stationary - Are migratory and invasive
- Exhibit polarity - Lose polarity
- Have high levels of E-Cadherin - Exhibit a switch from E-Cadherin to N-Cadherin
- Have high levels of cytokeratin intermediate filaments - Exhibit a switch from cytokeratin to vimentin filaments
- Have high levels of claudins and occludins - Exhibit repression of claudins and occludins
- Have low levels of Fibronectin, Snail, Slug, Twist, Zeb1/2, - Exhibit INCREASED levels of Fibronectin, Snail, Slug, Twist, Zeb1/2,
MMPs MMPs

- Exhibit a gain of anti-apoptotic activities, self-renewal, and
chemoresistance

Fig. 8.1 Epithelial versus mesenchymal characteristics
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mesenchymal phenotype requires several biochemical changes and takes place nor-
mally during the development of the embryo. It is required for the formation of the
mesoderm which occurs during the third week of the developing embryo [11] and
neural crest formation which occurs after the formation of the three germ layers, a
process otherwise known as gastrulation [12]. There are several things that must
happen—specification of the area where EMT will occur, detachment of the epithe-
lial cells from the basement membrane, and conversion to the mesenchymal cell
structure/phenotype [13]. In adults, EMT also normally occurs during wound heal-
ing [14] and, in women, the formation of the mammary gland [15]. Although EMT
is important in embryogenesis and some normal physiological processes in adult
humans, EMT has been implicated and demonstrated to be involved in pathological
conditions like fibrosis, inflammation, and cancer [16], raising the possibility of
exploiting aspects of EMT for diagnostic or therapeutic applications, in HCC.

8.1.3 Classification of EMT

Depending on the settings in which EMT occurs and its functional consequences,
EMT could be classified into three categories: type I, type II, and type III [8]. Type
I EMT occurs in the context of implantation of the embryo to the uterine wall; for-
mation of the placenta, in several instances during embryonic development (includ-
ing mesoderm and neural crest formation); and organ development. EMT in these
contexts results in a diverse population of cells sharing a common mesenchymal
phenotype, which is neither induced by inflammation nor results in fibrosis or
metastasis [17, 18]. It is important to note that the mesenchymal cells formed retain
the ability to revert back to an epithelial state through the process of mesenchymal-
to-epithelial transition (MET) [19]. Type Il EMT occurs in the context of reparation
activities such as wound healing, the regeneration of tissue, or organ fibrosis. This
type of EMT occurs in response to inflammation and stops when inflammation has
subsided [17, 18]. Type III EMT, the type of EMT most pertinent to hepatocellular
carcinoma, occurs in the context of carcinoma cells that undergo multiple biochemi-
cal and morphological changes, which favor cancer cell invasion, migration, and
metastasis, and consequently cancer progression [17, 18].

8.2 Understanding the Complex Orchestration of EMT

To be able to exploit any aspects of EMT for cancer diagnostic or therapeutic pur-
poses, it is essential to fully understand the process, what regulates it, and how
EMT—a normal biological process required under certain physiological circum-
stances—is manipulated by tumorigenic cells. It is important to note that the sig-
nals that induce EMT are cell- and tissue-specific and require the orchestration of
multiple regulators and signaling pathways [20]. We will discuss some of these
molecular regulators and molecular signaling effects of EMT here, with some
focus on HCC.
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8.2.1 Molecules Responsible for Executing EMT: The Effectors

The expression profile of a number of specific proteins that are characteristics
of either the epithelial or mesenchymal cell phenotype has been established.
Furthermore, the types of changes in the expression of these specific proteins
during the course of EMT have been established [21]. Proteins associated with
an epithelial cell identity include the following: E-cadherin, alpha-catenin,
and gamma-catenin [22-24]. These are three of the established molecules
associated with and important in cell-cell junctions and adhesion. Among
these, loss of E-cadherin is the most widely used molecular characteristic to
indicate that EMT has occurred. Whether through promoter methylation, tran-
scriptional repression, or protein phosphorylation followed by protein degra-
dation, E-cadherin expression has been shown to be decreased in multiple
human and mouse studies of HCC [25-30]. Loss of E-cadherin expression has
also been linked to a more metastatic phenotype in a variety of other cancers
[31-34].

In addition to the downregulation of epithelial markers, EMT is also charac-
terized by simultaneous upregulation of mesenchymal markers. These mesen-
chymal markers include N-cadherin, vimentin, fibronectin, CD44, and integrin
B6 [21]. During EMT, N-cadherin expression typically increases as E-cadherin
expression decreases, thereby leading to a change that both disturb cell adhesion
and promote cell migration and invasion [35-37]. Another significant molecular
change that typically occurs as epithelial cell transition to a mesenchymal phe-
notype involves the transition from cytokeratin to more vimentin intermediate
filament proteins. Increased vimentin expression results in greater contractibil-
ity and stability of cells in response to mechanical activity, thereby supporting
greater migration [38—40]. Similarly, fibronectin (an extracellular matrix glyco-
protein) [41-43], CD44 [44, 45] (a transmembrane glycoprotein), and integrins
(transmembrane receptors controlling cell-cell and cell-matrix adhesion) [46]
are all upregulated in cells that have undergone EMT, and they are associated
with poor prognosis [7].

8.2.2 Transcription Factors Orchestrating EMT:
The Core Regulators

Another set of molecules critically important for EMT are the key regulating tran-
scription factors. These include molecules such as Snail zinc finger family, Zeb
homeobox family, and the basic helix-loop-helix (bHLH) family of transcription
factors. Each of these EMT-regulating transcription factors has well-established
roles in migration, invasion, and proliferation [47, 48].

The Snail transcription factors, for example, include proteins such as Snail
and Slug. Both Snail and Slug have been noted to be upregulated in a variety of
metastatic cancers. Snail and Slug are also known to have increased expression
in cells that have been treated with EMT-inducing agents [49, 50]. Snail and
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Slug are also associated with the disassembly of cell-cell and cell-extracellular
matrix adhesions, such as desmosomes, tight junctions, and gap junctions. They
are also negative regulators of epithelial molecular markers like E-cadherin and
accomplish their repression of E-cadherin and other markers of the epithelial
phenotype by binding to the enhancer box DNA sequences of these genes to
inhibit their transcription [51-54]. In addition, Snail and Slug transcription fac-
tors promote the transcription of genes contributing to the mesenchymal pheno-
type [18, 55, 56].

Similarly, the ZEB transcription factors repress epithelial gene transcription
such as transcription of the E-cadherin gene. The ZEB transcription factors also
activate gene transcription of mesenchymal markers by binding to the regula-
tory enhancer box sequences of mesenchymal marker genes. They can be
induced by tumor-promoting TGFp signaling as well as growth factors activat-
ing the RAS-MAPK pathway. In addition, they have been shown to be activated
by the EMT-regulating Snail 1 transcription factor, and they also inhibit the
expression of claudins and ZO-1 which are both important for cell junction
adhesion [20, 55, 56].

The basic helix-loop-helix (bHLH) transcription factor family, which includes
Twist 1, Twist 2, and E12/47, can induce EMT by acting alone or cooperatively with
one another or other molecules. Their activities include inhibition of E-cadherin,
induction of N-cadherin, and activation of molecular signaling pathways promoting
invasion, among many other tumor-promoting activities. In addition, these tran-
scription factors function as either homodimers or heterodimers to regulate gene
expression [20, 57-59].

8.2.3 Extracellular Factors Inducing Cells to Undergo EMT:
The Inducers/Activators

In addition to the molecules that characterize mesenchymal and epithelial cel-
lular identity, and the transcription factors that execute the EMT program, the
agents that induce EMT to occur are also of critical importance. These are the
molecules that serve as “on” and “off”” switches and regulate EMT’s occurrence
during both normal development and tumorigenesis. For example, different
major signaling pathways, such as Notch, Wnt, and growth factor signaling
cascades (transforming growth factor beta, TGFB; fibroblast growth factor,
FGF; hepatocyte growth factor, HGF; epidermal growth factor, EGF; insulin-
like growth factor 1, IGF1; and platelet-derived growth factor, PDGF), have all
been implicated in EMT induction. These regulatory signals tend to be tissue-
specific and involve multiple signaling pathways in order to promote a more
mesenchymal cell phenotype, favoring invasion and migration [20]. Table 8.1
summarizes the different signaling pathways that will be discussed in Sects.
8.2.3.1-8.2.3.3, with particular interest in those demonstrated to have a role in
HCC. Other EMT inducers will also be discussed, including hypoxia, inflam-
mation, and microRNAs.
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Table 8.1 Some signaling pathways regulating EMT in HCC

TGF-p
Fransvea, E et al. Blocking transforming growth factor beta upregulates E-cadherin and
(2008) reduces migration and invasion of hepatocellular carcinoma cells [74]

Fransvea, E. et al.
(2009)

Targeting transforming growth factor (TGF)-betaRI inhibits activation of
beta | integrin and blocks vascular invasion in hepatocellular carcinoma

[75]

Reichl, P. et al.
(2012)

TGFp in epithelial-to-mesenchymal transition and metastasis of
hepatocellular carcinoma [76]

Dituri, F et al.
(2013)

Differential inhibition of TGFf signaling pathway in HCC cells using the
small molecule inhibitor LY2157299 and the D10 monoclonal antibody
against TGFp receptor type II [77]

Steinway, SN
etal. (2014)

Network modeling of TGFp signaling in hepatocellular carcinoma
epithelial-to-mesenchymal transition reveals joint sonic hedgehog and
‘Whnt pathway activation [78]

Qin, G. et al. Reciprocal activation between MMP-8 and TGFp1 stimulates EMT and
(2016) malignant progression of hepatocellular carcinoma [79]
HGF

Nagai, T. et al.
(2011)

Sorafenib inhibits the hepatocyte growth factor-mediated epithelial-to-
mesenchymal transition in hepatocellular carcinoma [80]

Ogunwobi, O and

Hepatocyte growth factor upregulation promotes carcinogenesis and

Liu C (2011) epithelial-to-mesenchymal transition in hepatocellular carcinoma via Akt
and COX-2 pathways [81]

Ogunwobi, O Epigenetic upregulation of HGF and c-Met drives metastasis in

etal. (2013) hepatocellular carcinoma [82]

PI3K

Wang, H et al. Activation of phosphatidylinositol 3-kinase/Akt signaling mediates

(2014) sorafenib-induced invasion and metastasis in hepatocellular carcinoma

[83]

Zhang, PF, et al.
(2016)

Galectin-1 induces hepatocellular carcinoma EMT and sorafenib
resistance by activating FAK/PI3K/AKT signaling [84]

WNT

Zhang, Q, et al.
(2013)

Wnt/B-catenin signaling enhances hypoxia-induced epithelial-
mesenchymal transition in hepatocellular carcinoma via cross talk with
HIF-1alpha signaling [85]

Yang, M. et al.
(2013)

A double-negative feedback loop between Wnt/B-catenin signaling and
HNF4a regulates epithelial-mesenchymal transition in hepatocellular
carcinoma [86]

Jiang, Lei et al.
(2014)

CLDN3 inhibits cancer aggressiveness via Wnt-EMT signaling and is a
potential prognostic biomarker for hepatocellular carcinoma [87]

Notch
Wan, X et al. CD24 promotes HCC progression via triggering Notch-related EMT and
(2016) modulation of tumor microenvironment [88]

Jia, Meng et al.
(2016)

LincRNA-p21 inhibits invasion and metastasis of hepatocellular
carcinoma through Notch signaling-induced epithelial-to-mesenchymal
transition [89]

Xiao, S. et al.
(2016)

Actin-like 6A predicts poor prognosis of hepatocellular carcinoma and
promotes metastasis and epithelial-to-mesenchymal transition [90]
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Transforming Growth Factor § (TGFf)

Of the growth factor signaling cascades, TGFp is considered to be one of the
most potent inducers of EMT. It is a key signaling pathway very important in
development that also presents serious consequences when dysregulated. It has
been commonly implicated in a variety of cancers. It consists of several family
members including the TGFfs, BMPs, and activins. Ligand binding to TGFf
type II receptors will activate TGFp type I receptors, which will in turn lead to
the activation of a cascade of SMAD molecules depending on which particular
TGFp pathway is activated (SMAD2 and/or SMAD3, followed by SMAD4 if
the TGFp/activin mechanism has been activated, SMAD1/5/9 followed by
SMAD4 if the BMP mechanism has been activated). These cytoplasmic SMAD
complexes will then travel to the nucleus and combine with other transcription
factors and co-activators/corepressors to regulate gene expression [60]. Some of
the genes induced by the SMAD complexes are genes promoting different
aspects of tumorigenesis including suppression of the immune response as well
as promotion of cell proliferation, angiogenesis, cancer cell stemness, metasta-
sis, and EMT—the focus of this chapter [60, 61]. Genes induced by TGFf that
contribute to EMT include mesenchymal markers (fibronectin, vimentin, and
collagen I) as well as EMT transcriptional regulators (Snaill/2 and ZEB1).
SMAD activation has also been shown to repress E-cadherin and occludin gene
expression, ultimately reducing cell-cell adhesion [62, 63].

However, TGFf also promotes EMT regulatory gene expression through
other signaling pathways independent of the SMAD protein complexes. These
alternative pathways include the phosphatidylinositol 3-kinase (PI3K) and
MAPK pathways as well as signaling through the Rho, CDC42, and Rac
GTPases [64, 65]. Induction of the PI3K pathway leads to the activation of
AKT, followed by activation of the mMTORC1 and mTORC2 complexes, lead-
ing to stabilization of the Snail 1 transcription factor, the inhibition of
E-cadherin, and ultimately the acquisition of more invasive/motile character-
istics, all characteristics of EMT [66]. The ERK, p38, and JNK MAPK path-
ways are distinct MAPK pathways, which have been shown to be necessary
for TGFB-induced transcription of genes promoting EMT [67]. Finally, TGFf
activation of the Rho, Cdc42, and Rac GTPases leads to the reorganization of
actin and the formation of filopodia and lamellipodia, favoring mesenchymal
and motile activity [64].

Other Growth Factors

In addition to TGFp, a number of other growth factors serve as inducers of the
EMT process: FGF, HGF, EGF, IGF1, and PDGF. Similar to TGFp, they pro-
mote EMT via ligand binding of specific receptors and subsequent induction
of signaling cascades [20]. Most of these growth factors, however, work by
induction of transmembrane receptor tyrosine kinases (RTKs), which often
activate the PI3K/AKT pathway or the ERK or p38 or JNK MAPK pathways
for EMT induction [68]. Although most of these growth factors have roles in
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inducing EMT during normal development, these growth factors can also lead
to the promotion of a more mesenchymal phenotype in the context of patho-
logical processes, leading to greater invasiveness, migration, as well as tumor-
igenesis [69, 70]. This is most often achieved by the transcription and
stabilization of mesenchymal markers (such as snail, twist, N-cadherin, and
vimentin) as well as repression of markers important for cell adhesion, such as
E-cadherin [20].

Additional Signaling Pathways

Other signaling pathways that regulate EMT besides the TGF/SMAD, PI3K/AKT,
ERK, p38, and JNK MAPK pathways include the Wnt, Hedgehog, and Notch sig-
naling pathways [20].

Usually, when the Wnt signaling pathway is off, GSK3p kinase is active, and
together with axin and adenomatous polyposis coli (APC), it phosphorylates
[B-catenin to keep it in the cytoplasm where it will get tagged and eventually get
degraded. However, when Wnt ligand binds to its Frizzled receptor, this receptor
inhibits GSK3p kinase from phosphorylating B-catenin. Instead of being ubiquiti-
nylated and labeled for degradation, B-catenin is now free to regulate gene expres-
sion to induce EMT by promoting the stability of snail, increasing fibronectin, and
lowering levels of E-cadherin [71].

For the hedgehog signaling pathway, when the sonic hedgehog (SHH) ligand is
not there, patched (PTC) receptor inhibits the cytoplasmic protein smoothened
(SMO) from activating GLI transcription factors. However, the binding of SHH to
PTC receptor relieves the inhibition of SMO, which then goes on to activate the GLI
transcription factors which travel into the nucleus. Once in the nucleus, these GLI
transcription factors increase SNAILI transcription, reduce E-cadherin expression,
and result in increased cell motility [72].

Another signaling pathway involved in regulating EMT is the notch signaling
pathway. The binding of the notch ligand (Delta-like or Jagged) to the notch recep-
tor on another cell will lead to the proteolytic cleavage of the intracellular domain
of the notch receptor, which will then enter the nucleus and begin regulating notch
target gene expression to promote EMT, for example, SNAIL2 induction and
E-cadherin repression [73].

Hypoxia

Besides growth factors and the signaling pathways we have discussed so far,
there are additional factors in the tumor microenvironment that can induce
EMT. One such factor is hypoxia, a condition of low oxygen tension at tissue
level. The hypoxic state is often prevalent in growing tumors and serves to turn
on HIFla transcription factor expression, which promotes EMT by activating
twist and SNAIL1 expression [91, 92]. In a study using hepatocellular carci-
noma cell lines, it was found that the Wnt/p-catenin pathway may further
enhance HIF1a’s induction of EMT, demonstrating the intricate cross talk that
occurs among the different EMT-inducing signaling pathways in the tumor
microenvironment [20, 85].
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Inflammatory Cytokines

Another essential component of the tumor microenvironment contributing to EMT
is the inflammatory state. Numerous studies have shown that there is a link between
chronic inflammation and the progression of cancer [93]. For example, patients
who have chronic hepatitis B or C virus infection (both conditions well character-
ized by chronic inflammation in the liver) are significantly much more likely to
develop hepatocellular carcinoma than patients without chronic viral hepatitis [2].
Some of the cells responsible for releasing inflammatory cytokines are immune
cells recruited to the cancer microenvironment, cancer-associated fibroblasts
(CAFs), and endothelial cells in the surrounding area. Among the cytokines that
are often released by such cells and have been implicated in EMT include interleu-
kin-6 (IL-6) [94]. In breast cancer cell lines, for example, this cytokine has been
associated with lower E-cadherin expression as well as increased expression of
N-cadherin, vimentin, and EMT-promoting transcription factors: twist and SNAIL1
[95]. Similarly, another inflammatory cytokine often released by immune cells
such as tumor-associated macrophages (TAMs), which contributes to carcinogen-
esis, is TNFa. This cytokine has been shown to induce snail expression as well as
upregulate TGFf expression, which is one of the most potent inducers of EMT, as
discussed above [20, 96, 97].

MicroRNAs

EMT can also be regulated and induced by microRNAs. MicroRNAs are small
noncoding strands of RNA that are highly conserved and control gene expres-
sion by either targeting specific mRNA sequences for degradation or inhibiting
their translation into proteins. Interestingly, these 19-22-nucleotide-long mol-
ecules can function as tumor suppressors or oncogenes, and their dysregulated
expression has been noted in several human cancers [98]. Specifically in hepa-
tocellular carcinoma, the following microRNAs (miRNAs) have been observed
to have tumor-suppressive properties: the miR-200 family, miR-205 (which
inhibits EMT by decreasing vimentin and increasing E-cadherin expression),
miR-449a (which suppresses EMT via multiple targets), miR-26a (which sup-
presses EMT by decreasing EZH2 and increasing E-cadherin), and miR-124
(which inhibits EMT by decreasing cytoskeletal changes brought about by
ROCK?2 and by inhibiting EZH2). Likewise, there are specific miRNAs that
have been observed to be oncogenic and promote EMT in hepatocellular carci-
noma, for example, miR-520g (which induces EMT by targeting SMAD7),
miR-155 (which induces invasion by targeting RhoA and facilitating TGFp-
induced EMT), and miR-124 (which supports metastasis and EMT via onco-
genic RAS signaling) [20, 99, 100].

In summary, multiple factors in the tumor microenvironment likely play a role in
the induction or suppression of EMT, including growth factors, hypoxic conditions,
multiple signaling pathways, inflammatory cytokines, as well as microRNAs, as
indicated in Fig. 8.2. All of these, as well as the effectors and transcription factors
needed for EMT to occur, work in a complex and intricate manner to be able to
promote tumorigenicity.
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8.3 EMT and Cancer Metastasis

Metastasis is a reason for which patients with HCC succumb to the disease. This is because
by the time most people present with noticeable symptoms, the disease has already pro-
gressed beyond a focal lesion in the liver. As such, identifying the roles EMT plays in HCC
progression is very useful. The importance of this lies in possibly using EMT markers as
prognostic biomarkers in HCC or as potential novel therapeutic targets.

Although originally thought to occur during later stages of tumorigenesis, stud-
ies have implicated EMT in earlier stages of tumorigenesis (as shown in Fig. 8.3),
as early as malignant cell conversion [55, 101-103].
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8.3.1 Malignant Cell Conversion and Localized Invasion

This first step of tumorigenesis is characterized by the conversion of a normal
healthy cell into a malignant one as well as factors in the tumor microenvironment
supporting progression of the disease. EMT transcription factors have been shown
to be involved in this early stage by promoting transformation. Apart from its well-
defined role of serving as a transcription factor to lower E-cadherin expression,
increase N-cadherin expression, and promote invasion, Twist 1 has also been shown
to override cellular senescence and apoptosis as well as cooperate with other mol-
ecules to promote malignant transformation. In addition, EMT makes cancer cells
lose adhesion to one another through downregulation of E-cadherin and other cell
junction proteins and upregulation of mesenchymal markers and makes them
migrate to and invade into local tissues around the site of primary cancer origin.
Some of the EMT transcription factors such as SNAIL1 have also been shown to
upregulate enzymes that degrade the extracellular matrix, such as matric metallo-
proteinases (MMPs). And still other EMT transcription factors such as Twist 1 have
been shown to induce invadopodia formation, which leads to the recruitment of
various proteases that will degrade the ECM and help facilitate invasion by cancer
cells [102-104].

8.3.2 Intravasation of Cancer Cells into Circulation

This step in the metastatic process occurs after local invasion by cancer cells and is
otherwise known as intravasation. This is the process by which cancer cells are able
to cross the endothelium to enter the bloodstream and lymphatic system for dis-
semination into other parts of the body [101]. Studies have shown that EMT plays a
role in modulating cancer cell migratory properties such that entry of cancer cells
into the vasculature will be facilitated. For example, using the transendothelial
migration assay, it was found that the EMT transcription factor, Zeb1, is needed for
greater ability of cells to pass through the endothelial cell barrier [105]. It was also
found in a breast cancer cell model that overexpression of the EMT transcription
factor Snaill was needed for greater intravasation via the activation of certain
membrane-bound matrix metalloproteinases (MMPs) [106].

8.3.3 Systemic Transport Through the Bloodstream

When cancer cells have breached the endothelial barrier and enter the bloodstream,
the next step is transportation through the circulatory system. At this point, tumor
cells are known as circulating tumor cells (CTCs). CTCs have been particularly dif-
ficult to study because there are only a few cancer cells that are able to make it and
survive the harsh conditions of being outside their normal environment and travel-
ing through the bloodstream [107]. Studies on CTCs have revealed that many CTCs
have mesenchymal features indicating that EMT may have taken place [108—111].
Indeed, it has also been observed that expression of the EMT transcription factors
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Twist] and Snaill significantly increased CTC numbers and promoted microtubule
membrane protrusions, which are thought to help CTCs aggregate and attach to the
endothelial wall to aid in their survival and in the next step of the metastatic cas-
cade. The fact that several studies also found that mesenchymal CTCs were associ-
ated with platelets, which are major secretors of TGFf (a major inducer of EMT),
supports the fact that EMT may be a characteristic feature of CTCs in the blood-
stream and may contribute to the promotion of metastasis.

8.3.4 Extravasation of Cancer Cells from the Bloodstream into
Distal Tissue

As CTCs travel through the bloodstream and aggregate and attach to the endothelial
wall of blood vessels, the cancer cells will cross the endothelial barrier yet again,
this time to leave the bloodstream and spread into the surrounding tissue [101].
Extravasation assays using zebra fish showed that the EMT transcription factor
Twist 1 was able to form large membrane protrusions in cancer cells ready to cross
the endothelial blood vessel barrier and enhance cancer cell extravasation into the
surrounding tissue [112]. Others showed that the protrusions formed in tumor cells
depended on the mesenchymal state of the cancer cells and could also be induced by
the EMT transcription factors Twistl and Snaill [113]. Thus, in this way, EMT may
facilitate extravasation of cancer cells into the surrounding parenchyma.

8.3.5 Cancer Cell Colonization of Secondary Sites

There is evidence to suggest that when CTCs get to secondary sites, colonization of
the secondary site by cancer cells involves gradual transition of cancer cells from a
predominantly mesenchymal cell phenotype to a more epithelial state [19, 101,
114-116]. Whereas cancer cells in the primary tumor and CTCs exhibit EMT, there
is evidence suggesting that cancer cells colonizing distant tissues display
mesenchymal-to-epithelial transition (MET), this being possible since EMT is a
readily reversible biological process [19].

This progressive understanding may help us determine which steps during carci-
nogenesis that EMT detection and targeting may be useful for potential clinical
applications [117]. For example, it is conceivable that our knowledge of EMT may
have diagnostic applications in HCC and other cancers given that EMT plays an
early role in the malignant conversion of a normal cell into a cancerous cell. Thus
EMT markers may be useful biomarkers for earlier detection of HCC, if image-
guided biopsy is performed early. It is also conceivable that “liquid biopsies” to
obtain CTCs from the blood can be used to detect EMT markers in CTCs, thus diag-
nosing progression of HCC noninvasively. Moreover, the knowledge that increased
expression of mesenchymal markers is observed and may contribute to several of the
steps of the metastatic cascade opens up the possibility of targeting them to lower
their expression, EMT, and possibly to inhibit or eliminate metastasis.
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Table 8.2 Epithelial and mesenchymal markers that have been implicated in specific cases of
hepatocellular carcinoma

E-Cadherin Epithelial Hashiguchi, M, et al. (2013) [26]; Wei Y et al. (2002)
[29]; Matsumura, T et al. (2001) [27]; Wang XQ et al.
(2012) [28]; Cho SB et al. (2008) [25]

N-Cadherin Mesenchymal Cho SB et al. (2008) [25]; Gwak, Geum-Youn et al.
(2006) [37]

Vimentin Mesenchymal Hu L et al. (2004) [40]

Fibronectin Mesenchymal Gupta, N et al. (2006) [118]; Torbenson, M et al. (2002)
[119]

Snail Mesenchymal Sugimachi, K et al. (2003) [54]; Yang, M et al. (2009)
[58]; Wang XQ et al. (2012) [28]

Slug Mesenchymal SunY et al. (2014) [120]

ZEB Mesenchymal Hashiguchi, M, et al. (2013) [26]

Twist Mesenchymal Lee TK, et al. (2006) [59]; Yang, M et al. (2009) [58]

Goosecoid Mesenchymal Xue TC, et al. (2014) [121]

MMP9 Mesenchymal Nart D et al. (2010) [122]

8.4  Potential Biomarkers for Diagnosing HCC Earlier

There are several molecular features that have been associated with epithelial-to-
mesenchymal transition (EMT) that can serve as biomarkers of HCC. During EMT,
for example, cell-to-cell adhesion is lost, and molecules that usually connect cells
together such as some cadherins, catenins, and claudins are downregulated. In
addition, transcription factors such as Snail, Slug, Twist, Zeb1, and Goosecoid are
also activated. And genes associated with the mesenchymal phenotype, such as
vimentin, fibronectin, CD44, integrin 6, and matrix metalloproteinases (MMPs),
are also commonly upregulated [55, 101-104]. Table 8.2 shows the different epi-
thelial and mesenchymal markers as detected in HCC cell lines or biopsies from
patients with HCC.

8.5 Targeting EMT as a Potential HCC Therapeutic Strategy

As discussed above, it is important to be able to diagnose HCC earlier to optimize
treatment and be more successful at removing this disease. The difficulty in treat-
ing HCC lies in the fact that by the time patients present with definitive symp-
toms, the cancer has likely advanced, and curative treatment options are either
very limited or not available. As mentioned previously, EMT markers have a
potential role in earlier HCC diagnosis and in the noninvasive monitoring of HCC
progression.

However, EMT markers may also have potential application in HCC as therapeu-
tic targets for inhibiting or eliminating progression and metastasis. There are several
ways EMT can be targeted: through its effectors, transcription factors, or inducers.
Each of these will be discussed below [123-125].
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8.5.1 EMT Effectors as Possible Targets for HCC

EMT effectors are molecules that define the epithelial and mesenchymal state, for
example, those mentioned before: E-cadherin, N-cadherin, vimentin, fibronectin,
etc. While there are as yet no clinical applications of these EMT effectors as thera-
peutic targets, in vitro and preclinical studies have shown promising results [123].
For example, peptide ADHI1 and quercetin both lower N-cadherin expression and
thus prevent migration and tumor progression [126, 127]. Similarly, agents that
lower vimentin levels such as withaferin A, silibinin, flavonolignan, and salinomy-
cin exhibit antitumorigenic effects [128—131]. However, despite these observations,
many EMT effectors have complex, time-dependent, and context-specific roles.
Consequently, targeting them may prove challenging [123].

8.5.2 EMT Transcription Factors as Possible Targets for HCC

EMT transcription factors are the molecules that carry out EMT (such as Snaill,
basic HLH family such as Twist1, and Zeb1). While preclinical studies have revealed
promising results suggesting that EMT transcription factors are good therapeutic
targets [132—134], these transcription factors have proven challenging to target in a
clinical context [123]. Nevertheless, agents shown to decrease Twistl expression
(such as sulforaphane and moscatilin) all show a disruption of EMT as well as inhi-
bition of tumorigenicity [135, 136]. Similarly, fucoidan, which decreases Twistl,
Snaill, and Slug expression via various signaling pathways and microRNAs, also
inhibits EMT [137-139].

8.5.3 EMT Inducers as Possible Therapeutic Targets for HCC

In addition to EMT effectors and transcription factors being possible therapeutic
targets, we may also be able to target the factors that induce EMT for potential thera-
peutic applications [123]. With the recent clinical use of sorafenib for treatment of
advanced HCC, high-throughput screening and an ongoing search are underway for
other agents that could possibly have antitumorigenic benefits and extend lifespan
while demonstrating limited toxicity [140, 141]. Interestingly, most of the relevant
clinical trials currently ongoing target EMT inducers rather than target EMT effec-
tors or transcription factors [123]. Indeed, sorafenib, while possessing anti-angio-
genic effects, also inhibits tumor progression by suppressing EMT in HCC cases
where percutaneous ablation is not an option. Sorafenib also inhibits migration and
invasion by suppressing MMPs and HGF-induced EMT via the c-Met and ERK-
MAPK pathways. And sorafenib’s efficacy in inhibiting TGFp has been demon-
strated in mouse hepatocytes [140—144]. Several other agents inhibiting TGFp (e.g.,
LY2157299, a selective inhibitor of TGFBR1) and c-Met (e.g., tivantinib) have also
been investigated, with seemingly promising results in HCC [123].
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Other agents being examined in clinical trials target other EMT inducers such as
EGF, FGF, PI3K/AKT/mTOR, MEK, and IGF signaling and perhaps target microR-
NAs that modulate EMT status [123].

Conclusion

Unfortunately, because HCC patients are frequently diagnosed when the cancer
has already advanced, their prognosis is often dismal. To date, there is a lack of
effective therapeutics for the treatment of advanced HCC [1]. Currently,
sorafenib is the only FDA-approved drug for the treatment of advanced HCC,
and it prolongs survival of patients with advanced HCC by only a few months
[5]. Consequently, we urgently need discovery of molecular mechanisms that
can be exploited for early diagnosis of HCC, monitoring of HCC progression,
effective treatment of advanced HCC, and monitoring of response to drug treat-
ment of HCC.

Although clinical applications of EMT markers may take a few more years to
actualize, current research suggests that EMT markers may hold promise as
potential biomarkers for early diagnosis and development of novel targeted ther-
apeutic strategies for HCC (see Table 8.2). Because EMT is a phenomenon
observed as early as the malignant conversion of a healthy cell into a cancer cell
and present through multiple stages of tumorigenesis, it is likely to have potential
applications for early detection and curative treatments of early cancers. Indeed,
as mentioned above, there are a number of preclinical and clinical trials that are
currently ongoing to determine potential therapeutic applications from targeting
specific EMT markers [123]. While dysregulated expression of EMT effectors
and transcription factors may one day prove useful as biomarkers for early diag-
nosis of HCC, it appears that some clinical trials are showing promising results
from targeting EMT inducers [145-147]. It is possible that combining sorafenib
with one or more of these novel EMT marker-based therapeutics that may yet
come through may provide additional beneficial outcomes for patients with
advanced HCC [148].

Of course, therapeutic targeting of EMT markers may be associated with cur-
rently unknown side effects. These may be related to issues such as intratumor
heterogeneous expression of EMT markers. Also, EMT appears to be context-
and time-dependent and transient. These issues may create side effects from tar-
geting EMT markers. However, with increasingly greater knowledge being
gained from large cancer sequencing projects, it may be that it is possible to
combine other novel targeted therapies with therapeutic targeting of EMT mark-
ers in such a way as to minimize side effects [145—147]. Moreover, better under-
standing of the most appropriate timing of when EMT inhibition would be most
effective at combating HCC and other cancers could contribute to developing
effective new drug treatments. Our current understanding of the role of EMT in
HCC certainly suggests that EMT is important in HCC development and pro-
gression and that further research into the role of EMT in HCC is required to
create beneficial clinical applications in HCC.
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Hepatocellular Carcinoma Metastasis
and Circulating Tumor Cells

Kien Pham, Dan Delitto, and Chen Liu

9.1 Introduction

A hallmark of aggressive hepatocellular carcinomas (HCCs) is the ability to metas-
tasize. Metastatic lesions are difficult to manage in clinical practice as the extent of
disease typically precludes curative resection and resistance to systemic treatments
is common [1, 2]. Metastasis is a multistage process in which cancer cells (1)
delaminate from the primary site and locally invade the host stroma (initiation), (2)
enter into blood and/or lymphatic vasculature (intravasation), (3) survive and exit
the circulation into distant sites (extravasation), and (4) colonize the new microen-
vironment and proliferate to form a macroscopic secondary tumor (colonization) [3,
4]. This simplified model provides a framework for a sequence of biological proper-
ties that must be acquired during cancer dissemination. Different malignancies,
however, demonstrate unique regulatory events in this process largely governed by
the complex microenvironment in which the metastatic cells originate and that of
the distant location(s) where the metastasis is established [5]. Given the anatomic
and physiologic complexity of the liver, the HCC microenvironment is one of the
most difficult to reproduce experimentally and, consequently, understand in its
totality. In the context of this chapter, HCC metastasis is discussed, with an empha-
sis on the role of the hepatic microenvironment and the role of circulating cancer
cells in the metastatic process.
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9.2 The Dynamic Interaction Between Tumor Cells
and the Tumor Microenvironment in HCC

Hepatocellular carcinoma is typically observed clinically as a consequence of
chronic inflammation associated with cirrhosis. The etiology of cirrhosis is com-
monly due to alcoholism, HBV/HCV infection, or metabolic disorders, all of
which create a tumor-permissive milieu [6]. Hepatocellular carcinoma is an
extraordinarily unique malignancy, in which tumorigenesis and progression are
significantly regulated not only by the intrinsic properties of tumor cells but also
by constant communication with a heterogeneous microenvironment. Cumulative
evidence suggests that the dynamic interaction between tumor cells and their sur-
rounding milieu plays fundamental roles in the initiation of metastatic phenotypes
at the primary site [7—10]. This interaction is dynamic, constantly evolving with
tumor development. For example, the microenvironment may exert inhibitory
effects in early stages. When tumor cells reach a certain point during their progres-
sion, they can circumvent these inhibitory signals and actually exploit surrounding
nonmalignant cells to support metastasis [5]. The surrounding milieu within the
HCC microenvironment may consist of (1) hepatic stellate cells, stromal cells,
endothelial cells, and immune cells and (2) growth factors, inflammatory cyto-
kines, and extracellular matrix proteins [11-14]. In this review, the intermingled
contribution of the tumor microenvironment to HCC metastasis is emphasized
from the perspective of tumor-associated inflammation and immune responses.

9.2.1 Contribution of Distinct Inflammatory Components
to the Progression of HCC Metastasis

Direct evidence of the interplay between the hepatic microenvironment and HCC
metastasis is evidenced by a comprehensive analysis of global gene expression pro-
filing from the National Cancer Institute [15—17]. In this investigation, the gene
expression profiles of nonmalignant hepatic tissue surrounding HCC tumors from
patients with intra- or extrahepatic metastases were compared to those with no
detectable metastasis. Peripheral stroma associated with HCC metastasis demon-
strated a unique gene expression profile when compared to tissue associated with
isolated HCC lesions. Importantly, this profile is also significantly different from the
intratumoral signature. More specifically, the pattern of inflammatory cytokine
expression was also unique in HCC patients with venous metastasis, suggesting that
cytokines may contribute to the metastatic process. These data strongly suggest that
the metastatic potential HCC may be influenced by the inflammatory response of
the host microenvironment.

Hepatic Stellate Cells

The hepatic stellate cell (HSC), first described by Kupffer in the nineteenth century,
has emerged in the past 25 years as a remarkably versatile mesenchymal cell with
vital functions not only in liver injury but also in hepatic development, regeneration,
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xenobiotic responses, metabolism, and immune regulation [13, 18-20]. Equally
intriguing is the remarkable plasticity of stellate cells. Stellate cells can be viewed
as the nexus in a complex sinusoidal milieu that requires tightly regulated autocrine
and paracrine cross talk, rapid responses to evolving extracellular matrix content,
and exquisite responsiveness to the metabolic needs imposed by liver growth and
repair [21, 22]. Moreover, stellate cells maintain systemic homeostasis through stor-
age and mobilization of retinoids, antigen presentation and the induction of immune
tolerance, as well as an emerging relationship with bone marrow-derived cells [22,
23]. In the tumor milieu, HSCs undergo a transition from the “quiescent” to “acti-
vated” state. Upon activation, HSCs infiltrate malignant hepatic tissue and localize
around tumor sinusoids, adjacent fibrous parenchyma, and the tumor capsule [24,
25]. Activated HSCs have also been identified in the periphery of dysplastic hepatic
nodules [26]. For tumor-associated HSCs, the restricted control of their function in
regulating fibrotic matrix decomposition and degradation is disrupted, leading to the
uninhibited production of extracellular matrix (ECM) proteins [20, 23, 27]. As a
major source of ECM proteins, HSCs may therefore stimulate HCC metastasis via
the regulation of tumor-stroma during the epithelial-to-mesenchymal transition, a
process required for metastasis.

Although HSCs are considered central to the stimulation of a pro-metastatic
microenvironment in HCC, the molecular mechanisms underlying this modulation
are poorly understood. Unsupervised genome-wide expression profiling confirmed
that the genes associated with cross talk between tumor cells and HSCs were signifi-
cantly enriched in cirrhotic tissues from patients with metastasis [25]. These gene
expression profiles, which are discussed in detail in subsequent sections, have the
capability to activate inflammatory programs, which in turn contribute to tumor
progression and metastasis.

Transforming growth factor-f (TGF-f) is secreted by both HSCs and hepato-
cytes and plays a multifunctional role in HCC pathogenesis [28, 29]. Tumor
suppressor functions are observed in the early stages of liver damage and regen-
eration. Alternatively, during cancer progression, TGF-p may stimulate tumor
invasiveness and metastatic behavior [30, 31]. TGF-p modulates the malignant
properties of HCC not only through its own canonical signaling cascade but also
via cross talk with many other growth factor pathways. Data from murine HCC
models and three-dimensional, micro-organoid in vitro models reported by van
Zijl et al. suggest a crucial role for the TGF-B/PDGF signaling axis in guiding
epithelial-to-mesenchymal transition at the invasive front [32]. In a recent study,
Park et al. identified tissue inhibitor of metalloproteinases-1 (TIMP-1) as one of
the secreted proteins of HSCs and a key component of TGF-f-mediated cross
talk between HSC and HCC cells. TGF-f stimulation led to increased expres-
sion of TIMP-1, which activated focal adhesion kinase (FAK) signaling via its
interaction with CD63. Inhibition of TGF-f signaling using EW-7197, a small-
molecule inhibitor of the TGF-f type I receptor kinase, abrogated TGF-f-
mediated epithelial-to-mesenchymal transition in vitro using HCC cell lines and
attenuated intrahepatic metastasis of HCC in an orthotopic xenograft mouse
model using SK-HEP1-Luc cells [33].
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Integrins, consisting of an a- and p-subunit, belong to a family of transmembrane
receptors that integrate the extracellular and intracellular environment through
binding both the ECM and the cytoskeleton [34]. Via transduction of signals
between the internal and external cellular domains, integrins regulate cell adhesion,
spreading, migration, proliferation, and differentiation as well as ECM deposition
and remodeling [35]. In activated HSC, downstream integrin signaling, via the focal
adhesion kinase (FAK)-phosphatidylinositol 3-kinase (PI3K)-Akt signaling path-
way, promotes ECM deposition [36]. Integrin subunits a6 and 1 expression in
human HCC tissue demonstrated a positive correlation metastasis [37]. These inte-
grins can coordinate with other key signaling components, including but not limited
to SERPINAS, CD151, PI3K-Akt, and TGF-f, to facilitate tumor invasion and
metastasis properly via epithelial-to-mesenchymal transition [38—41].

A significant increase in Th2 cytokines (e.g., IL-4, IL-8, IL-10, and IL-5) and a
concomitant decrease in the pro-inflammatory Thl cytokines (e.g., IL-1a, IL-1p,
IL-2, IL-12p35, IL-12p40, IL-15, and non-ILs, e.g., TNF-a and IFN-y) were also
found in livers associated with metastatic HCC, compared to normal samples. Such
a profound Th1 to Th2 profile switch is unique to hepatic tissues from patients with
HCC metastasis. This change is not related to the degree of viral hepatitis or cir-
rhosis, but it is a consequence of tumor burden [9, 15]. The findings strongly imply
that an anti-inflammatory cascade, which is likely initiated/upregulated by HSCs,
presents and promotes HCC metastasis.

Mesenchymal Stem Cells

Mesenchymal stem cells (MSCs) reside predominantly in the bone marrow, although
they are not of hematopoietic origin. MSCs are multipotent cells that differentiate into
osteoblasts, chondrocytes, adipocytes, and other cells of mesenchymal origin. In
response to inflammation, MSCs are recruited to sites of tissue injury to participate in
tissue remodeling and wound healing. The chronic inflammation observed in HCC leads
to the local accumulation of MSCs in the liver. Current evidence suggests that tumor-
infiltrating MSCs may influence the behavior of neighboring cancer cells [14]. The spe-
cific role of MSCs in HCC metastasis remains unclear. Upon co-culture with conditioned
medium from TGF-p1-overexpressing MSCs with HCC cell lines having high
(MHCC97-H) or low (MHCC97-L) metastatic potential, Li et al. showed that MSCs
promote the proliferation of HCC cells and TGF-$1 signaling and inhibit cell migration
and thus decrease metastatic potential. Inhibition of metastasis in this manner may be
explained by the downregulation of osteopontin (OPN) in HCC cells after co-culture
with TGF-B1 overexpressing MSC-conditioned medium [42]. Alternatively, MSCs pre-
treated with pro-inflammatory cytokines (IFN-y and TNF-«) facilitate epithelial-to-
mesenchymal transition of HCC cells, possibly through upregulation of TGF-p1 [43].
These findings reinforce the complexity associated with tumor-stromal signaling and
illustrate the influence stromal signaling can have over tumor metastasis.

Tumor-Associated Fibroblasts
Tumor-associated fibroblasts (TAFs) are the prominent cell type in HCC microenvi-
ronment and play a critical role in tumor-stroma interaction. The origin of TAFs
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remains unclear. TAFs specifically promote tumor growth, angiogenesis, and metas-
tasis, in part through secretion of high levels of stromal cell-derived factor 1 (SDF1
or CXCL12), properties that render these cells unique from normal fibroblasts [44].
Mazzocca and coworkers showed that HCC cell growth, intravasation, and meta-
static spread are dependent upon the presence of CAFs, and HCC cells reciprocally
stimulate proliferation of CAFs, suggesting a key role for CAFs in tumor-stromal
interaction [40]. There is a complex cross talk between TAFs and tumor cells. For
instance, both can secrete PDGF and TGF-f, which leads to stellate cell activation
and consequently ECM deposition and also enhances the growth and migration of
cancer cells [40]. TAFs interact with the microvasculature by secreting VEGF and
MMPs as well as several hepatocyte growth factors such as HGF [45]. TAFs also
secrete immune-modulatory cytokines (IFN-y, IL-6, and TNF) that can mobilize
lymphocytes, natural killer cells, and tumor-associated myeloid cells [46—48].

9.2.2 The Signature Roles of Inmune Components
to the Facilitation of HCC Metastasis

It is widely accepted that immune cells are recruited to the tumor site in response to
the chronic inflammatory microenvironment of HCC [9, 11, 49]. In response to the
local inflammatory response, at some point, cancer cells evolve mechanisms of
immune escape. Evidence continues to accumulate implicating the local immune
microenvironment of HCC as one of tolerance [50]. Specifically, a defined expres-
sion signature containing 17 immune genes (12 cytokines, HLA-DR, HLA-DPA,
ANXAL, PRGI, and CSF1) has recently been validated to evaluate local immune
suppression [15, 16]. This set of genes serves as a key orchestrator of the intricate
dialogue between infiltrating immune cells and cancer cells. Budhu et al. demon-
strated that this immune-related gene panel could successfully predict both venous
metastases and extrahepatic metastases by follow-up with more than 92% accuracy.
The prognostic performance of this signature was superior to and independent of
any clinicopathologic variables, including age, tumor size, microvascular invasion,
level of a-fetoprotein and/or albumin, Child-Pugh score for cirrhosis mortality, as
well as several staging systems (TNM, CLIP, BCLC, and Okuda) [15]. In the fol-
lowing section, the orchestrated action of these inflammatory genes in regulating
HCC metastasis is discussed with specific emphasis on tumor-infiltrating
lymphocytes.

T Cells

The majority of tumor-infiltrated lymphocytes in solid tumors are of CD3* T cells.
They can be further stratified into CD4* helper T cells; among this subset is the
CD4* regulatory T cell (Treg) and CD8* cytotoxic T cells. T cells can exert either or
both tumor-suppressive and tumor-promoting properties [51, 52]. Pathologic skew-
ing of T cells in the tumor microenvironment can suppress antitumor immune
responses and is defined as another key regulator in HCC progression. Accounting
for 5-10% of all CD4* T cells, Tregs are thought to be protumorigenic via the
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suppression of antitumor immune responses [53]. In HCC, tumor-infiltrating
CD4*CD25*forkhead box P3* (FoxP3) Tregs impair the cytotoxic activity of CD8*
T cells while suppressing the proliferation of IFN-y secretingCD4*CD25~ T cells
[54]. In other study, Gao et al. showed that the ratio of intratumoral CD45RO* to
peritumoral CD57* (memory/senescent) T cells serves as a negative predictor of
HCC extrahepatic metastasis [55, 56].

Although the role of T cells in HCC metastasis continues to be investigated, a
likely contribution is the array of inflammatory mediators secreted by activated
lymphocytes. For example, serum levels of IL-6 were high in metastatic HCC [57]
and were able to distinguish primary or metastatic liver tumors from benign HCC
lesions [58]. Furthermore, serum levels of the pro-inflammatory cytokines TNF-o
and IL-1p were high in HCC prior to resection compared with healthy individuals
[59, 60]. In another study, higher levels of IL-1f and TNF-« were found in the tissue
surrounding hepatic metastases than within the primary HCC tumor [11]. High
expression of IL-8 (or CXCLS), a chemokine with angiogenic action, in malignant
hepatic tissue was also associated with a higher frequency of portal vein, venous,
and bile duct invasion in HCC patients undergoing operative resection and may
therefore be important in invasion and metastasis [15]. Interestingly, Wang et al.
demonstrated type I interferon-mediated angiogenesis inhibition by downregulating
vascular endothelial growth factor (VEGF) and thus inhibiting metastasis in an
HCC xenograft model with high metastatic potential [61].

Tumor-Associated Macrophages
In addition to T cells, tumor-associated macrophages (TAMs) are commonly found
in the tumor microenvironment of many types of cancer. TAMs play a major role in
mediating the cross talk between cancer and stromal cells, promoting tumor cell
proliferation, and stimulating angiogenesis, invasion, and metastasis [62]. In HCC,
TAMs are recruited to the tumor milieu, residing predominately in the peritumoral
region, by a cascade of growth factors and chemokines secreted by cancer cells [63].
Soluble mediators promoting TAM recruitment include vascular endothelial growth
factor (VEGF), platelet-derived growth factor (PDGF), transformation growth
factor-p (TGF-p), chemokine (C-C motif) ligand (CCL2), and macrophage colony-
stimulating factor (M-CSF) [64, 65]. The expression of glypican-3 (GPC-3) on the
surface of HCC cells may also promote TAM recruitment [66]. In human HCC, the
majority of TAMs are polarized toward an M2 phenotype, characterized by poor
antigen-presenting capability and the secretion of a distinct set of cytokines/chemo-
kines (e.g., IL-10, TGF-p, CCL17, CCL22, CCL24, etc.) that interact with their
receptors expressed mainly by Th2 and Treg cells, promoting the recruitment of
these ineffective T cell subsets [67]. In the context of HCC metastasis, extensive
macrophage infiltration and increased levels of M-CSF have been associated with
intrahepatic metastasis and recurrence [68, 69]. Moreover, pharmacological
approaches to directly target TAMs, via knocking out CCL2 or other TAM-specific
chemokines, reduced migration and invasion of HCC cell lines [70].

The cross talk between tumor-associated macrophages and cancer cells in mediat-
ing HCC metastasis is conducted through various TAM-secreted factors and
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signaling pathways. Increased expression of CXCL12 and its corresponding receptor
CXCRA4, a particularly well-studied chemokine signaling axis, is associated with
lymphatic metastasis in HCC patients [71]. This CXCL12/CXCR4 axis stimulates
the growth, invasion, and metastasis of HCC cell lines, in part through enhancing the
secretion of matrix metalloproteases (MMPs) 2 and 9 [72]. Upregulation of TAM-
secreted IL-8 and its receptor CXCR2 have also been associated with intrahepatic
metastasis of HCC [73]. In addition to chemokine signaling, TAM-derived growth
factors also play a role in metastasis. Among these, TGF-p is well known for its role
in tumor growth and metastasis. In HCC, TGF-f induces epithelial-to-mesenchymal
transition through stimulation of the E- to N-cadherin switch, a signature event
required for EMT, by upregulating Snail, an E-cadherin repressor, and PDGF signal-
ing pathway [32, 74]. TGF-p can also affect a3f1 integrin, SMAD-2, and focal adhe-
sion kinase (FAK), all of which are known to regulate tumor invasiveness [75]. All of
these functions are regulated through TGF-f cross talk with other signaling cascades,
such as FAK, PDGFR, STAT, HIF, etc. In addition to TGF-f signaling, osteopontin
(OPN), a phosphorylated acidic glycoprotein which was found to be expressed in
macrophages after liver injury [76], also contributes to HCC invasion and metastasis
via the interaction with integrins [76]. OPN plasma levels were found increased in
HCC patients and were associated with reduced liver function and worse prognosis
[77]. Neutralizing OPN by anti-OPN antibodies resulted in strong inhibition of inva-
sion and metastasis of HCC cells in vitro and in vivo [78].

9.3  Circulating Tumor Cells: The Foundation of Cancer
Dissemination in HCC Metastasis

A highly heterogeneous subpopulation of cancer cells, termed circulating tumor
cells (CTCs), is able to physically translocate from the primary tumor site to the
peripheral circulation [79-81]. Historically, the presence of tumor cells in the
peripheral circulation of cancer patients was first reported by Thomas Ashworth in
1869 [82]. Not long after, in 1889, Stephen Paget proposed the “seed and soil”
hypothesis to explain the nonrandom pattern of metastasis to visceral organs and
bones [83]. The presence of CTCs in the bloodstream of patients with epithelial
cancers fits very well with this theory and has contributed to our understanding of
cancer pathogenesis and metastasis [81]. Circulating tumor cells have frequently
been observed in patients undergoing surgical resection or liver transplantation for
HCC [84]. Although it remains unclear as to where these cells fall on the spectrum
of primary to metastatic tumor cells, CTCs do appear to represent the link between
a localized primary tumor and metastatic lesion. During the metastatic process, can-
cer cells must acquire traits to degrade and invade through the extracellular matrix
of the surrounding tissue toward blood and lymphatic vessels [4]. The presence of
CTCs correlates with the extent of metastatic burden, aggressive disease, and
reduced time to progression [85]. An investigation by Vona et al. in 2004 detected
CTCs in 52% of blood samples using the ISET (Isolation by Size of Epithelial/
Throphoblastic Tumor cells) platform, from 44 HCC [86]. In other independent
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study, Xu et al. showed that CTCs were detected in more than 80% of HCC patients
but not in healthy person or patients with benign liver diseases [87]. Fan et al. fur-
ther demonstrated that CTCs were reduced in the peripheral blood of HCC patients
after resection. Moreover, patients with greater than 0.01% CTCs in their blood
were at a significantly elevated risk of disease progression and metastasis [88].
Taken together, these findings suggest that CTCs serve as a major contributor to
HCC recurrence and metastasis.

Physically, circulating tumor cells 20-30 pm in diameter are far too large to pass
through pulmonary capillary beds [86]. Theoretically, within minutes of being
released by primary tumors into the venous circulation, CTCs should be trapped in
these capillaries during their first pass through the heart. In addition, CTCs have a
limited half-life (1-2.4 h) in the circulation, possibly due to circulatory shear stress
or the loss of matrix-derived survival signals (anoikis) [89]. Based on these points,
it would be logical to assume that only exceptionally small or physically plastic
CTCs can transition through pulmonary microvasculature, thereby successfully sur-
viving in the circulation to colonize a particular organ [3, 90]. Molecular analyses
of CTCs demonstrate a heterogeneous gene expression pattern. CTCs have been
generally recognized as negative for CD45 (a hematopoietic marker) and positive
for extracellular epithelial cell adhesion molecule (EpCAM) and intracellular cyto-
keratins specific to epithelial cells (CK8/18/19), all of which have become “gold
standard” markers for the detection of CTCs with an epithelial phenotype in patients
with cancer [91, 92]. The reliance on epithelial markers to detect CTCs poses
another challenge, in that tumor cells tend to lose epithelial characteristics and
acquire mesenchymal features in order to metastasize [93]. Indeed, recent studies
have shown that CTCs also expressed mesenchymal markers, such as Vimentin and
N-cadherin [94-96]. The discrepancy in CTC marker expression suggests that
CTCs represent a heterogeneous population that includes cells that have lost or are
losing epithelial markers and that have undergone or are undergoing the EMT. It is
reasonable to suggest that this is a dynamic event during which cells gradually lose
their epithelial features to acquire other features that enable them to extravasate into
circulation and then undergo the reverse process, which allows the cells to travel to
the site of metastasis [81].

The lack of specific surface hepatic markers challenges CTC detection in HCC,
which in turn limits investigation of this cell type. To date, there are only a few stud-
ies that have been conducted to identify and characterize these cells. Similar to
CTCs derived from other tumors, HCC-derived CTCs were detected with mesen-
chymal as well as epithelial markers [97-99]. Compared with epithelial CTCs
detected by the conventional markers EpCAM and cytokeratin, the high rates of
EMT-associated CTCs correlated with poor prognosis in patients with hepatocellu-
lar carcinoma [84, 100-102]. A prospective study of 46 patients with liver cancer
showed the EMT markers TWIST1 and Vimentin in 84.8% and 80.4% of those
patients’ CTC samples, respectively [103]; tumor progression correlated with the
presence of mesenchymal CTCs in those patients. In addition, some markers for
cancer stem cells, such as CD44, CD133, CD90, or ICAM, were also detected in
HCC CTCs [104]. Altogether these findings raise the possibility that significant



9 Hepatocellular Carcinoma Metastasis and Circulating Tumor Cells 161

overlap may exist between CTCs, cancer stem cells, and HCC cells that underwent
EMT. Despite these complexities in the molecular expression of CTCs, a thorough
understanding of the biology of CTCs in the metastatic process nonetheless offers
the prospect of creating a highly useful diagnostic and prognostic surrogate mea-
sure. In this review, the discussion of CTCs emphasizes two major aspects: (1) the
relationship between circulating tumor and cancer stem cells and (2) the molecular
linkage between these subpopulations — the epithelial-to-mesenchymal transition.

9.3.1 Relationship Between Circulating Tumor Cells and Cancer
Stem Cells

Found in many types of cancer, cancer stem cells (CSCs) are a rare subpopulation
that possesses the ability to generate new tumors that consistently recapitulate the
morphology of original tumors. Following the hierarchical hypothesis of CSC
clonal evolution, these cells are able to self-renew and generate differentiated in a
similar manner to normal stem cells [105-107]. CTCs appear to have a critical role
in metastasis. The motility, invasiveness, and heightened resistance to apoptosis are
instrumental for metastatic initiation, while the self-renewal and tumor-initiating
ability are critical for successful metastatic establishment [108].

The Expression of CSC Markers in CTCs

Although it may not be specific for CSCs of HCC origin, commonly reported mark-
ers include EpCAM, CD133, CD90, CD44, and CD24 [84, 102, 109-111]. Most of
these markers are expressed in normal hepatic progenitors and are known as oncofe-
tal markers [107]. Tumor cells expressing these markers have demonstrated height-
ened tumorigenicity and metastasis using HCC cell lines and primary HCC models
[98, 112]. These common CSC markers were also detected in the CTC subpopula-
tion within the peripheral blood of HCC patients [87]. A recent prospective study by
Fan et al. revealed a strong correlation between the number of cancer stem cells
(CD45—/CDY90+/CD44+) in the blood and post-hepatectomy intrahepatic recur-
rence and lower recurrence-free survival of HCC. Further, circulating CSCs >0.01%,
tumor stage, and tumor size were all independent risk factors in predicting
recurrence-free survival [88]. In another investigation, the Cell Search System was
developed to examine preoperative blood samples from 123 HCC patients. Here,
Sun et al. detected at least one EpCAM* CTC in 66.7% of the samples, among
which 41.5% had at least two EpCAM™* CTCs, and further determined that preop-
erative detection of at least two CTCs was an independent risk factor for postopera-
tive recurrence [101]. The same group also reported expression of the CSC
biomarkers CD133 and ABCG2 in EpCAM* CTCs from 82 patients with HCC. A
study by Schulze et al. reported at least one EpCAM* CTC in 30.5% of HCC patients
and in 5.3% of patients with cirrhosis, demonstrating a strong correlation between
EpCAM* CTCs and survival [100]. Furthermore, Liu et al. identified 30 out of 60
patients with greater than 0.157% circulating CD45~ ICAM-1* tumor cells. Again,
these patients demonstrated significantly shorter disease-free and overall survival



162 K. Pham et al.

[113]. These investigations suggest that CTCs with stem cell-like phenotypes may
represent a subset of CTCs with a more aggressive phenotype, leading to early
recurrence, metastasis, and reduced overall survival.

Tumor Self-Seeding: A CSC Trait of CTCs

CTCs can be detected within the bloodstream of the overwhelming majority of
carcinoma patients, including those who develop few, if any, overt metastases;
however, less than 0.01% of tumor cells that enter into systemic circulation ulti-
mately develop into macroscopic metastases [114, 115]. It has been suggested that
CTCs may exist in the latent form in a state of pre-metastasis, defined as the time
between primary tumor diagnosis and clinically detectable metastasis [116]. In
breast cancer, malignant cells that disseminate early can reside as single cells or
as micro-metastatic clusters, as shown in studies of bone marrow samples from
patients without overt metastatic disease [117, 118]. These CTCs either lack the
ability to colonize or are successful colonization is prevented, possibly by host
environmental factors. In order to acquire a micro- to macro-metastatic switch,
latent CTCs must have the capability to reinitiate a tumor. The development of
macro-metastases is a manifestation of a so-called tumor self-seeding process.
This unique cancer stem cell phenotype has been well demonstrated by Kim et al.
in experimental mouse models of breast carcinoma, colon carcinoma, and malig-
nant melanoma [119]. In these models, tumor masses become readily seeded by
CTCs derived from separate tumors, metastatic lesions, or direct inoculation.
Tumor self-seeding selects for highly aggressive CTCs, as evidenced by the con-
sistent observation that metastatic cells are more efficient as seeders than their
parental populations. Interestingly, tumor self-seeding in mice carrying high num-
bers of CTCs was not associated with de novo tumor formation in orthotopic sites,
suggesting that self-seeding requires tumor-derived signals. Kim et al. further
implicate IL-6 and IL-8 as tumor-derived attractants of CTCs in breast carcinoma
and melanoma models, in agreement with other models of tumor cell chemotaxis
and metastasis. High serum levels of IL-6 correlate with poor prognosis in breast,
colon, and lung cancer [120-122], and high expression of IL-8 in metastatic mela-
noma is associated with tumor burden [123, 124]. Inflammatory cells recruited to
the tumor site can also be sources IL-6 [125, 126]. Thus, stromal and cancer cell-
derived factors may contribute to tumor self-seeding process of circulating tumor
cells [119].

The Origin of CTCs

Despite advances in our understanding of the relationship between circulating
tumor cells and clinical outcomes, the mechanistic role CTCs play in metastatic
dissemination remains unclear. This is due, in part, to the limited sensitivity
associated with current technical approaches as well as the lack of efficient
in vitro and/or in vivo models to detect and characterize this rare subpopulation.
One of the most fundamental, yet unanswered, questions relates to the origin of
CTCs. Both molecular expressing patterns and functional properties of CSCs
within CTC subpopulations point to possible overlap, implying that CTCs may
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actually represent CSCs in the circulation. Functionally, however, not all CTCs
are able to form ectopic metastatic lesions, as would be expected of CSCs. In
mouse models involving portal vein cell injections, only 2.5% of CTCs were able
to establish metastatic foci, and 1% of micro-metastases progressed to a macro-
metastatic tumor at day 13 after injection [127]. Therefore, among the heteroge-
neous population of CTCs, only a small subset is capable of successfully
metastasizing. This subpopulation of CTCs associated with CSC properties has
recently been defined as “circulating tumor stem cells” (CTSCs). The origin of
circulating tumor stem cells has not been established to date. In a recent review,
Yang et al. proposed two non-exclusive hypotheses for the derivation of CTSCs.
First, circulating and thus metastatic cancer stem cells already arise in the pri-
mary tumor as cancer stem cells with additional features rendering them capable
of evading the primary tumor, surviving in the bloodstream, and subsequently
initiating metastasis. Second, circulating cancer stem cells may actually arise
from previously disseminated tumor cells, e.g., out of a state of dormancy at a
distant site after escape from the primary tumor. Importantly, CTCs must survive
the hostile environment of the peripheral blood, evade immune surveillance, and
extravasate at a distant location. These features are certainly not present in all
CTCs [128]. While both hypotheses are reasonable, neither has been validated
conclusively to date. Consistent with the hypothesis that circulating cancer stem
cells are already present in primary tumors, primary tumor cells bearing CSC
markers are able to form distant metastases when transplanted into a secondary
host [129, 130]. As cancer stem cells are also associated with the functional plas-
ticity required to transition between mesenchymal-like and epithelial-like states,
these cells are a likely source of metastasis.

9.3.2 Epithelial-to-Mesenchymal Transition: A Hallmark
of Metastasis That Links Circulating Tumor Cells
and Cancer Stem Cells

Recent investigations have suggested that circulating tumor cells (CTCs) manifest
phenotypes associated with both CSCs and epithelial-mesenchymal transition
(EMT). Compelling evidence indicates that cancer cells are endowed with inva-
sive characteristics through the EMT, which is a complex process leading to the
loss of epithelial features and gain of mesenchymal traits via cellular rearrange-
ment of junctional proteins and eventually the loss of cell adhesion. This transi-
tion enables the tumor cells to acquire migratory and invasive abilities, which
facilitates metastasis through intravasation from the primary tumor site to the
vascular system and extravasation to the secondary location [3, 43, 131]. However,
EMT is often transient and reversible. Reestablishment of micro-metastasis in the
distant sites requires a reversal process, termed the mesenchymal-to-epithelial
transition (MET), by which cells regain epithelial characteristics necessary for
further colonization [3]. Thus, the EMT-MET transition processes are critical to
metastasis in all cancer cells.
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The Evidences of EMT Phenotype in CTCs

The expression of EMT-related proteins (Vimentin, N-cadherin, and TWIST1)
has been documented in CTCs obtained from patients with breast, lung, colon
cancer as well as hepatocellular carcinoma [97, 132-135]. Li et al. isolated
CTCs from 46 of 60 (76.7%) HCC patients, and immunofluorescence staining
detected TWIST1 and Vimentin expression in CTCs obtained from 39 (84.8%)
and 37 (80.4%) of the 46 patients, respectively. The expression of both TWIST]1
and Vimentin in CTCs significantly correlated with portal vein tumor throm-
bus. Co-expression of TWIST1 and Vimentin in CTCs could be detected in 32
(69.6%) of the 46 patients and correlated strongly with portal vein tumor
thrombus, TNM classification, and tumor size. Western blot analysis revealed
that the expression levels of E-cadherin, Vimentin, and TWIST1 in primary
HCC tumors were correlated with marker positivity in isolated CTCs (P =0.013,
P =0.012, P = 0.009, respectively). However, there was no significant differ-
ence in ZEB1, ZEB2, snail, and slug expression levels in CTCs, primary HCC
tumors, and adjacent hepatic tissue across samples with regard to clinicopatho-
logical parameters [136].

The contribution of EMT to CTC properties may be regulated through inducers
of EMT and/or the mechanisms of signal transduction that facilitate this process.
For example, TGF-p1 induces EMT in HCC by activating a cascade of signaling
mechanisms including the platelet-derived growth factor (PDGF), cyclooxygen-
ase-2, and phosphatidylinositol-2/Akt (PI3K/Akt) signaling pathways [30, 38,
131, 137]. Additionally, Ogunwobi et al. demonstrated that CTCs display pheno-
typic evidence of having undergone EMT, which appears to be inducible by HGF,
using murine CTC cell lines established from an HCC model of BNL IMEA.7R.1.
CTCs are highly enriched for the expression of HGF and its receptor c-Met com-
pared to the parental IMEA cells. Moreover, upregulation of HGF and c-Met may
be the consequence of a loss of DNA methylation in six CpG islands at the c-Met
promoter [138].

Lee et al. reported an interesting role for TM4SF5, a transmembrane 4 L six
family member 5, which is highly expressed in hepatic cancers and stimulates
metastasis by enhancing cellular migration. Here, a novel TM4SF5/CD44 inter-
action mediated self-renewal and circulating tumor cell (CTC) capacities.
TM4SF5-dependent sphere growth correlated with CD133*, CD24-, and ALDH
activity and a physical association between CD44 and TM4SF5. In serial xeno-
grafts of less than 5000 cells per injection, TM4SF5-positive tumors exhibited
increased CD44 expression, suggesting tumor cell differentiation. TM4SF5-
positive cells were identified circulating in the blood 4—6 weeks after orthotopic
liver injection. Anti-TM4SF reagents reduced metastasis. Such TM4SF5-
mediated properties were supported by CDI133/TM4SF5/CD44 (bound to
TM4SF5)/c-Src/STAT3/TWIST1/Bmi-1 signaling pathways. Suppression of
CD133, TM4SF5, or CD44 or disruption of the interaction between TM4SF5
and CD44 abolished the self-renewal and circulating tumor cell properties
[139]. This study therefore elucidated a critical link between EMT, CSCs, and
CTCs in hepatocellular carcinoma.
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Dynamic Role of EMT in Postulating Cancer Stem Cell

Phenotype of CTCs

Recent clinicopathologic and experimental evidence support the coexistence of
both EMT and CSC phenotypes in CTC subpopulations of patients with metastasis
[132]. The reciprocal action of these three components, however, is still not fully
understood. EMT has been suggested to play a key role in the formation of CTCs,
which can eventually form metastatic tumors. EMT may propagate or, in some
instances, even generate neoplastic epithelial cells through the acquisition of stem-
like characteristics [129, 136, 140-142]. Indeed, Mani et al. first demonstrated that
EMT was sufficient to induce a population of cells with characteristics of stem cells
bearing migratory and invasive capabilities [142]. Moreover, the overexpression of
EMT markers on CTCs was often accompanied by the presence of the stem cell
markers, including but not limited to ALDH1, CD133, and CD44 [95, 132]. Given
the fact that EMT can induce non-CSCs to enter a CSC-like state, tumor cells may
resemble CSCs through this process and transition to circulating tumor stem cells
with high metastatic potential. On the other hand, several studies suggested that
CTCs that are “frozen” in a mesenchymal phenotype seem to be unable to form
metastases [143], as tumor cell lines that are arrested in a mesenchymal state by
expression of EMT-inducing proteins such as Snail, TWIST1, or ZEB1 are more
invasive and easily enter the bloodstream, but they are unable to form overt metas-
tases after homing to distant organs [93, 144—146]. These cells may not be able to
undergo the reverse process of mesenchymal-to-epithelial transition to establish
micro-metastasis.

These observations are not contradictory. They indeed provide evidence for a
dynamic regulation of EMT toward CTCs in a reversible manner. Early in the meta-
static cascade, EMT is responsible for inducing mesenchymal and cancer stem cell
phenotypes. These are obligatory properties required for intravasation from the pri-
mary tumor and extravasation to the metastatic site of CTSCs. At a late metastatic
phase after CTSC homing, EMT may be switched to MET, by which cells regain
epithelial characteristics necessary for colonization and establish macro-metastasis.
Despite a profound contribution to the success of metastasis, the master controller(s)
of the switch between EMT and MET is not yet understood. It is possible that this
EMT/MET balance is driven by intrinsic properties of tumor cells as well as extrin-
sic components from both primary and secondary microenvironments.

Conclusion

Metastasis formation represents the dominant rate-limiting step of the invasion-
metastasis cascade. In spite of this gross inefficiency of metastatic establishment,
a small minority of disseminated carcinoma cells undergoes gradual genetic and/
or epigenetic evolution to acquire the adaptive traits required for metastatic colo-
nization. The tumor cells could not execute this complicated transformation
alone but through their extensive communication with the microenvironment of
the primary tumor and the metastatic site. Concomitant to anatomical and hemo-
dynamical features of the liver, hepatocellular carcinoma represents one of the
most complicated tumor microenvironments with a high degree of heterogeneity
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in cellular and molecular components, which contributes another layer of com-
plexity to the metastatic process. The milieu of HCC is composed of a wide
variety of inflammatory cell types, all of which interact with each other and
tumor cells, directly or indirectly through factors that they secrete, in order to
acquire a pathologic phenotype and alter the function of tumor cells. This mutual
interaction between cancer cells and host components is dynamic, constantly
evolving with tumor progression. Under microenvironmental signals, tumor cells
can be transformed into metastatic circulating tumor cells through the process of
epithelial-to-mesenchymal transition. This intriguing group of so-called circulat-
ing tumor stem cells can acquire unique stemlike characteristics simultaneously,
a prerequisite for the success of metastasis. Better understanding of the biology
behind these processes is critical to develop effective strategies for early cancer
detection and novel treatment approaches that can be translated into clinical
practice.
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10.1 Introduction

Hepatocellular carcinoma (HCC) is becoming an ever-increasing cause for mortality
from cancer-related deaths in the United States. Currently it is the third leading cause
of cancer-related death worldwide, approaching this in the United States, and remains
one of the leading causes of death in patients with cirrhosis [1]. With rates of nonalco-
holic fatty liver disease on the rise, hepatocellular carcinoma is also expected to
increase. Effective therapy exists if hepatocellular carcinoma is caught in the early
stages; however, when the disease progresses beyond the point at which surgical
approaches or endovascular approaches can be utilized, very little options have been
proven as effective forms of treatment. Current standard of care for advanced HCC
with sorafenib has only been shown to provide a 2-month increase in life expectancy.
Even with this marginal improvement, the estimated survival in patients with advanced
HCC is only 1 year. It is for these reasons that many have gone back to the benchtop
to understand the exact molecular and immunological pathophysiology so that it can
be exploited and hopefully provide more a meaningful treatment for patients with
HCC. In this chapter, we will discuss the immunological mechanisms underpinning
the development of HCC and currently tested therapies using these mechanisms.

10.2 Current Medical Therapy for HCC

Predisposing conditions that lead to the development of HCC include all factors that
lead to hepatic fibrosis and cirrhosis. It should be no surprise then that specific asso-
ciations have been identified between hepatitis B virus infection, hepatitis C virus
infection, alcoholic liver disease, hemochromatosis, primary biliary cirrhosis,
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alpha-1 antitrypsin deficiency, and nonalcoholic steatohepatitis [2—4]. Individual
indices of development of hepatocellular carcinoma varies anywhere from 0.5 to
2.4% annually. Additionally, 5-year cumulative incidence data is known and ranges
from 8 to 30% for several of these conditions [2, 5]. Recent increases in rates of HCC
have been attributed to the worldwide increase in the prevalence of HCV infection
[6]. With the expectation of increasing rates of metabolic syndrome, nonalcoholic
steatohepatitis is expected to lead to even further increases in the rate of HCC [7].

Liver transplantation can be offered to otherwise healthy individuals who have local-
ized HCC based on the Milan criteria of either a solitary tumor <5 cm in diameter or up
to three lesions, each <3 cm in diameter, without evidence of vascular invasion or extra-
hepatic spread and who are not otherwise resection candidates [8]. Liver transplantation
can eliminate HCC and is thought to represent the best chance for cure. Unfortunately,
the availability of liver transplantation limits the widespread use of this approach.

Due to the limited availability and long wait times, the current treatment of
choice remains hepatic resection. Strict selection criteria are employed in order to
prevent postoperative complications and mortality [9]. Unfortunately, even with
resection, HCC recurs at an estimated 70% over the next 5 years [10]. Additionally,
only 20% of HCC is found at an early enough stage that curative procedures such as
resection or total liver transplantation can be utilized.

Abbreviated recovery periods, minimally invasive approach, and comparable
results have led some to consider the typically well-tolerated approach of percutane-
ous ablation for treatment of early-stage HCC lesions. Many have not yet adopted this
approach, but large randomized controlled trials are currently ongoing [11-15]. For
now, these procedures are reserved for intermediate-stage disease or in patients with
underlying cirrhosis and who are otherwise not surgical candidates [16—18]. The use
of radiofrequency ablation, cryoablation, or transarterial embolization can often slow
the growth of HCC and essentially debulk the tumor. Due to the unique pathophysiol-
ogy of HCC and the unique anatomy of the liver vasculature, embolization has been
increasingly effective at treating HCC. Although generally better tolerated than sur-
gery, transarterial embolization is not without its share of side effects [18-21].

For those with an advanced disease, palliative therapy with sorafenib, an oral multi-
kinase inhibitor, can be used. Approved by the FDA in 2007, sorafenib acts by inhibiting
cell growth, causing induction of apoptosis, and downregulating anti-apoptotic protein
Mcl-1 [22]. Additionally, it was also found to reduce tumor angiogenesis, tumor cell
signaling, and tumor growth in a dose-dependent manner in mouse xenograft models of
HCC by blocking Raf/MEK/ERK pathway and other extracellular receptor tyrosine
kinases [23-25]. Despite these promising molecular mechanisms, actual results of
sorafenib therapy have unfortunately only been shown to increase average life span by
2 months beyond the median survival of around 12-24 months [26].

10.3 Immunosuppressive Factors for HCC

The liver’s ability to evade the immune system is inherent and necessary; however,
by doing so, it has detrimental effects when it comes to being able to monitor the
liver for cancer. The liver’s natural tolerogenicity allows liver transplant candidates
the ability to be maintained on minimal doses of immunosuppressants. Despite this
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positive effect, the innate and adaptive immune tolerance also leads to increased risk
for metastasis and makes carcinogenesis from hepatocellular carcinoma possible
[27]. It is postulated that due to the numerous antigens that are presented to the liver
from the gut on a routine basis via the portal circulation, the liver has evolved vari-
ous immune tolerance mechanisms in order to inhibit unnecessary immune
responses. These mechanisms include recruitment of immunosuppressive regula-
tory cells as well as alteration of cytokine pathways and other immunomodulators.
Numerous reports have shown that hepatocytes, normally not thought to contribute
to antigen presentation, under the influence of viral or autoimmune hepatitis aber-
rantly express major histocompatibility complex (MHC) class I1 [27, 28]. Normally,
the expression of MHC class II causes activation of naive CD4+ T cells; however,
in cases of hepatocellular carcinoma, diseased hepatocytes lack the appropriate
costimulatory signals needed for this interaction and instead cause naive CD4+ T
cells to become inactive and thus evade endogenous immune responses (Table 10.1).
In the paragraphs that follow, we will discuss these mechanisms and the relevant
data, which indicate the integral role they have in allowing carcinogenesis in HCC
(immunosuppressive mechanisms of immune cells are illustrated in Fig. 10.1).

The exposure to exogenous antigens, both blood-derived and microbial byprod-
ucts from intestinal flora, places the liver in a constant state of immune activation.
Without mechanisms to quell the immune response, these foreign molecules and
antigens would elicit states of severe inflammation and damage. The liver’s ability
to avoid immune response is accomplished through several mechanisms via interac-
tions of cytokines and between antigen-presenting cells and T cells.

Supplied by sinusoidal vessels, hepatic lobules are units comprised of both hepato-
cytes and non-parenchymal liver cells that interact with nutrient-rich portal venous
blood and hepatic arterial blood before flowing into the central vein and finally into the
hepatic vein. In general, non-parenchymal cells interact first with the nutrient-rich sinu-
soidal blood. By doing so, the hepatocytes avoid direct interaction with the bloodstream.
Instead, non-parenchymal cells such as stellate cells, liver sinusoidal endothelial cells,
dendritic cells, Kupffer cells, natural killer (NK) cells, and other lymphocytes have first
contact with sinusoidal blood.

Table 10.1 Immune subsets involved in tumor-related immune suppression

Immune cell subset Known effects on immune function

Liver sinusoidal — Produces IL-10 and thus forms Tregs

endothelial cell — Apoptosis of T cells in interaction of PD-L1 on LSEC with PD-1
on T cells

Kupffer cells — Downregulate immune response via TNF-a, TGF-p, IL-10, PGE2,

CD95 ligand, galectin-1, and indoleamine dioxygenase (IDO)
— Primary cells for apoptosis of activated T cells in the liver

Dendritic cells Produce IL-10 and thus CD4+ T-cell polarization into Tregs

Myeloid-derived — Induces IL-10 and Foxp3 expression in CD4+ T cells

suppressor cell

NK cell — Functional impairment of NK cells and decreased IFN-gamma
production

T regulatory cell Major role in inhibition of tumor-specific T-cell response
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Fig. 10.1 Immunosuppressive mechanisms of HCC: The various immune cells like LSEC,
Kupfter cells, MDSC, and Treg cells together with the immune checkpoint pathway (PD1/PD-L1)
play a major role in the immune escape mechanism of HCC. DC dendritic cell, Tregs T regulatory
cells, LSEC liver sinusoidal endothelial cells, MDSC myeloid-derived suppressor cells, HCC hepa-
tocellular carcinoma cell, PD-L1 programmed death-1 ligand

10.4 LSEC

Liver sinusoidal endothelial cells (LSEC) are commonly the first to interact
with exogenous antigens and proteins from the bloodstream because, as their
name implies, they line the hepatic sinusoids. Once exposed, LSEC process
these particles and present them via MHC class I and II molecules to CD8+
and CD4+ T cells. Upon interaction with LSEC, naive CD4+ T cells differenti-
ate preferentially into the T regulatory phenotype. This is thought to be from
LSEC-produced IL-10 [29]. With interaction between LSEC and naive CD8+
T cells, only partial activation occurs. This interaction is thought to be second-
ary to PD-1 on the T cells and B7-H1/PD-L1 on the LSEC [30-32]. These
partially activated CD8+ T cells later go on to passive apoptosis and eventual



180 J. Chakraborty et al.

phagocytosis by Kupffer cells. Interleukin (IL)-2 has been postulated to
reverse the liver sinusoidal-mediated CD8+ T-cell partial activation.

10.5 Kupffer

Both indirectly and directly, liver-specific macrophages known as Kupffer cells play
an important role in immune regulation of HCC. Kupffer cells are known to produce
anti-inflammatory cytokines and pro-apoptotic signals. Of these, tumor necrosis
factor-alpha (TNF-alpha), TGF-beta, IL-10, PGE2, CD95 ligand, galectin-1, and
indoleamine dioxygenase (IDO) have been implicated in downregulating the
immune response and thus increasing tolerogenicity [31]. Direct relationships
between other cytokines also play a part. For instance, interferon gamma (IFN-
gamma), produced by activated CD8+ T cells, is known to increase the concentra-
tion of CD95 ligand and TNF-alpha produced by Kupffer cells, thereby leading to
more apoptosis [33, 34]. Directly, Kupffer cells appear to be the primary cells impli-
cated in the apoptosis of activated CD8+ T cells that enter the liver [35]. After the
presentation of antigen via MHC class I molecules by Kupffer cells, the increased
affinity of ICAM-1 on Kupffer cells and LFA-1 binding on CD8+ T cell results in
apoptosis. Given this, some postulate inhibition of antigen presentation to be a pos-
sible mechanism for allowing expansion of effector CD8+ T cells and thus increas-
ing immune surveillance.

10.6 Stellate and MDSC

Both hepatocytes and non-parenchymal cells serve a regulatory immune role.
Activated hepatic stellate cells, which reside in the subendothelial space of Disse
[36], are thought to play an integral role in the development of hepatocellular carci-
noma [37]. Exact mechanisms remain unclear; however, it is thought that activated
stellate cells cause a preferential increase in myeloid-derived suppressor cells
(MDSC) [38]. These cells go on to develop into neutrophils, monocytes, and mac-
rophages. Induction of MDSC in the liver leads to suppression of the antitumor
immune responses and therefore creates a favorable environment for the spread and
development of HCC. MDSC induction occurs not only in HCC but also in acute
and chronic hepatitis.

10.7 DC

The majority of dendritic cells (DC) within the liver reside in the areas adjacent to
the portal triad and in healthy conditions are primarily in their immature form [39].
Once matured from their myeloid state after toll-like receptor 4 (TLR4) ligation,
these DC have been found to produce large amounts of IL-10 and similar to LSEC
cause CD4+ T-cell polarization into T regulatory induction and poor antigen recall
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response. Decrease in the number of circulating DCs and reduction in their cytokine
production have been demonstrated by Ormandy et al. This may indicate impaired
TAA presentation by DCs [40]. Therefore, they shift the state of inflammation to
one of immunosuppression and thus allowing a pro-tumorigenic environment for
the spread and development of hepatocellular carcinoma. Marked dendritic cell
infiltration in HCC nodules correlated well with better prognosis of HCC after
resection [41].

10.8 NK

In addition to the decreased NK cell function that is induced by the HCV envelope
protein E2, expanded population of MDSC also wreaks havoc [42, 43]. MDSC have
been found to cause inhibition of NK cell function thus leading to hyporesponsive
NK cells. Aside from functional impairment in patients with HCC, decreased NK
cell frequency as well as diminished production of IFN-gamma was noted [44]. The
decreased IFN-gamma is known to be associated with increased CD4+ T regulatory
cells. NK cells are also being used as one of the adoptive cell therapies (other cells
that are also being studied include DCs, chimeric antigen receptor T cells, cytokine-
induced killer cells) in HCC [45]. A study (NCT01147380) to evaluate feasibility
and safety of the adoptive transfer of IL-2-activated NK cells (extracted from cadav-
eric donor liver graft perfusate) for liver transplant recipients with hepatocellular
carcinoma (HCC) has been completed in December 2014 [46].

10.9 TCells

For patients with underlying hepatitis B or C virus, both innate and adaptive immune
system alterations are known to occur as a result of viral-mediated effects. HBV, in
particular, has been observed to increase the circulating levels of IL-10 [47]. The
increased levels of regulatory T cells (Tregs) have been correlated with viral load
and ultimately impair CD8+ T-cell-mediated clearance of the virus [48].

HCYV also leads to adaptive immune cell dysfunction. This T effector cell dys-
function that occurs is thought to be secondary to uptitration of PD-1 and Tim-3
receptors [49-51]. In a recent study, IFN-alpha, previously known to be a compo-
nent of standard of care for treatment of HCV infection [52], leads to decreased
memory T cells and telomere loss in naive CD8+ T cells [53]. Innate immunity is
also impaired by HCV. As a consequence of viral proteins, monocyte-derived den-
dritic cells remain in their immature forms despite maturation stimuli, and NK cells
lose their effector function [43, 54].

CD4+ CD25+ T regulatory cells (Tregs) play a major role in inhibiting tumor-
specific T-cell response in HCC. Increased frequency of CD4+ CD25+ Tregs has
been reported in tumor-infiltrating lymphocytes (TILs) and peripheral blood mono-
nuclear cells (PBMCs) [55]. The increased Tregs then express Foxp3 and inhibit
CD3/CD28-stimulated CD8+ T-cell proliferation [40]. Depletion or inhibition of
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Tregs using anti-CD25 mAbs or cyclophosphamide has shown enhanced antitumor
effects in preclinical models [56].

10.10 HCC-Specific Antigens/Tumor-Associated
Antigens (TAAs)

An understanding of TAAs is prime in the development of tumor-specific immune
therapy (summarized in Table 10.2).

10.10.1 AFP

Alpha-fetoprotein is an oncofetal antigen which is expressed during fetal development.
It is the most abundant protein in the serum of a fetus [57]. It is produced in large
amounts by the yolk sac and fetal liver and is transcriptionally repressed shortly after
birth. AFP is reexpressed in 40-80% of HCC, and germ cell tumors and serum assays
of AFP help in diagnosing and monitoring response to therapy [31]. AFP is currently
the most well-studied target antigen for hepatocellular carcinoma immunotherapy.
AFP is a self-protein, and therefore it was thought that AFP-specific T-cell
responses are suppressed and thus difficult to activate. But now studies have shown
that more AFP-specific epitopes exist, which can mount AFP-specific CD-8" T-cell
responses. In one such study [40], HLA-A2-restricted AFP-specific CD-8* T-cell epi-
tope was identified, and its ability to mount CD-8* T-cell responses in human

Table 10.2 Targetable tumor-associated antigens

Frequency
of
Tumor-associated expression
antigen (TAA) Type of TAA in HCC Potential for immunotherapy
AFP Oncofetal protein 40-80% — AFP peptide vaccination [58]
— DC pulsed with AFP peptides
[56]
Glypican-3 Cell surface 84% — In development for HLA-A2
heparin sulfate and individuals
oncofetal protein — Anti-GPC3 chimeric antigen
receptor (CAR) T-cell therapy
(NCT02395250)
NY-ESO-1 Cancer testis 13-51% — A DC205-NY-ESO-1 vaccine
antigen (CTA) with or without sirolimus in solid
tumors expressing NY-ESO-1 is
ongoing (NCT01522820)
TERT Enzyme for 80-90% — hTERT-derived peptide
telomere (hTERT461) vaccine for HCC
elongation [79]
HCAS19/TPX2 Microtubule- 100% — Potential for immunotherapy
associated protein as it is highly expressed in
HCC tissue
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lymphocyte cultures as well as HLA-A2 transgenic mice was demonstrated. In the
same study, four dominant and ten subdominant AFP-specific epitopes were identified
which generated low to moderate CD-8* T-cell responses in peripheral blood mono-
nuclear cells (PBMCs) of HCC patients [58, 59]. AFP-specific T cells were found in
patients with HCC as well as in patients with chronic HCV infection, some other liver
diseases, and less commonly in healthy subjects [60]. Depletion of T regulatory cells
(CD4CD25Foxp regulatory T cells) has resulted in the unmasking of AFP-specific
T-cell responses in HCC patients and could be used with other immunotherapeutic
approaches for HCC [61]. AFP is also one of the candidates for peptide-based vac-
cines against HCC (tumor vaccines for HCC will be discussed separately).

10.10.2 Glypican-3 (GPC3)

GPC3 is a cell surface heparan sulfate proteoglycan which is also a fetal oncopro-
tein. It can bind growth factors like Wnt, Hedgehog (Hh) signaling protein, VEGF,
and FGF (fibroblast growth factor) 1/2 and help in growth of the tumor [40, 62]. It
is expressed by 84% of HCC and was found to be immunogenic in murine models
and human cell culture [62]. On one hand, GPC3 overexpression indicates a poor
prognosis in HCC patients—with significant association with high tumor grade, late
TNM stage, and vascular invasion [63, 64]. On the other hand, it is not expressed in
normal adult tissue and benign liver lesions, thus making it an ideal tumor antigen
for HCC Immunotherapy [65].

Previous studies had shown that GPC3 (144-152) and GPC (298-306) peptides
induced specific CD8* CTLs in HCC patients with HLA-A2 and HLA-A24 restric-
tion, respectively [66]. Inoculation of these CTLs reduced the mass of the human
HCC tumor implanted into nonobese diabetic/severe combined immunodeficiency
mice. In a recent study published by Dargel et al., peptide GPC3367 was identified as
a predominant peptide on HLA-A2. To overcome the problem of immune tolerance
due to fetal expression of GPC3, dendritic cells from HLA-A2-negative donors were
co-transfected with GPC3 and HLA-A2 RNA to stimulate the GPC3-specific T cells.
Expression of GPC3367-specific T-cell receptor by T cells allowed them to eliminate
GPC3-positive xenograft tumor grown from human HCC cells in mice [67].

GPC3 cDNA vaccine has also been studied for cellular antitumor activity of
specific CTLs for treatment of HCC in a C57BL/6 mouse model [65].

10.10.3 NY-ESO-1

NY-ESO-1 is one of the antigens of the cancer testis antigen (CTA) family (includes
NY-ESO-1, members of SSX family, MAGE family, SCP-1, CTP11) which is
expressed in multiple cancers including HCC (in 13-51% of HCC) but not in a
normal tissue except for the testis [56, 68]. Therefore, it is a potential target for
immunotherapy in HCC [69]. Combined expression of CTA (MAGE-A3,
MAGE-A4, and NY-ESO-1) mRNA enhances the prediction of recurrence of HCC,
therefore acting as a potential prognostic marker.
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In an initial study, spontaneous N'Y-ESO-1-specific antibody response and functional
CD4+ and CD8+ T-cell responses were seen in NY-ESO-1-expressing HCC [70].
Another study demonstrated increased frequency of specific CD8+ T-cell responses to
HLA-A2-restricted NY-ESO-1b (p 157-165) in NY-ESO-1 mRNA(+)HLA-A2(+) HCC
patients [68]. As opposed to stimulating T-cell response to NY-ESO-1 antigen, it was
seen that we could significantly enhance the antitumor cytotoxic T lymphocyte response
to HCC by depleting Treg cells followed by stimulation by NY-ESO-1b peptide [71].

10.10.4 Telomerase Reverse Transcriptase (TERT)

Human TERT (hTERT) is a catalytic enzyme required for telomere elongation. Tumors
have to maintain the telomeric ends of their linear chromosomes, and this is accom-
plished with the help of TERT. Most tumor cells express TERT, but most adult human
cells do not express it. Eighty to ninety percent of HCC express hTERT, thus making it
a possible target for immunotherapy in HCC [74]. In a recent study by Huang et al.,
mutations of the TERT promoter region (which correlated with telomerase activity)
were frequently seen in many tumors including HCC (31.4% of HCC) [75]. This
emphasizes the importance of telomere maintenance in the development of a tumor.

Mizukoshi et al. identified hnTERT-derived, HLA-A*2402-restricted cytotoxic T-cell
(CTL) epitopes and found hTERT-specific CTL responses in the peripheral blood of
HCC patients [74]. This was also observed in a patient with early stages of HCC.

10.10.5 HCA519/TPX2

HCAS519 is a microtubule-associated protein which plays an integral role in the
HCC replication cycle. It is also known as the targeting protein for Xklp-2 (TPX2).
Significantly higher expression of HCA519/TPX2 is seen within HCC tissue
(expressed in 100% of HCC as per Greten et al.) compared to a normal liver tissue
[56, 76, 77]. Increased TPX?2 production has also been seen in lung and pancreatic
cancers [78]. Peptides HCA519,64 47, and HCAS51935,_350 derived from HCAS519/
TPX2 were effective in generating HLA-A*0201-restricted CTLs. Therefore,
HCAS519/TPX2 can be a promising target for immunotherapy in HCC.

10.10.6 Other CTAs: SSX-2 and Melanoma Antigen Gene-A
(MAGE-A) Family

SSX-2 and MAGE-A are other cancer testis antigens which are overexpressed in
<50% and <80% of HCC patients, respectively [40]. In addition to melanoma, cyto-
toxic T cells response specifically to MAGE-A10, and SSX-2 was also demon-
strated in vivo in HCC patients [72]. Similar CD8+ T-cell response was also seen
against MAGE-A1 and MAGE-A3 epitopes in tumor-infiltrating lymphocytes
(TILs) but not peripheral blood lymphocytes of HCC patients [73]. These studies
point toward a potential use of these TAAs for immunotherapy in HCC.
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10.11 Immune Checkpoint Blockade

Immune checkpoint inhibitors are one of the mechanisms to enhance antitumor
immunity. The most studied immune checkpoint receptors are CTLA-4, PD-1,
TIM-3, BTLA, VISTA, LAG-3, and OX40 [80]. Three checkpoint inhibitors have
been approved by US FDA for the treatment of melanoma (ipilimumab, anti-
CTLA-4; pembrolizumab, antiPD1; and nivolumab, anti-PD-1) [81]. Ipilimumab
was the first to be approved in 2011. The roles of immune checkpoint inhibitors are
being studied in the treatment of various solid tumors including HCC.

10.11.1 PD-1/PD-L1 Immune Checkpoint

Programmed death-ligand-1 (PD-L1 also known as B7-H1 or CD274) is expressed by
many immune cells as well as cancer cells. The PD-L1 can bind to T-cell receptors—
programmed death-1 (PD-1) and B7.1 (CD80)—which suppress T-cell function
(T-cell migration, proliferation, secretion of cytotoxic mediators) and therefore block
the cancer-immunity cycle [82]. Blockade of the PD-1/PD-L1 pathway has shown
significant efficacy in patients with advanced non-small cell lung cancer, melanoma,
renal cell cancer, and Hodgkin’s lymphoma including upon failure to several lines of
therapy [83]. A study of 46 metastatic melanoma patients by Tumeh P. C. and col-
leagues demonstrated that regression of tumor after PD-1 blockade therapy (pembro-
lizumab) required preexisting CD8+ T cells which are suppressed by PD-1/PD-L1
antitumor effect [83]. Similar results were shown by Herbst et al. where engineered
humanized anti-PD-L1 antibody therapy was used in multiple cancer types [82]. HCC
patients were found to have increased PD-1 expression in circulating and intratumor
CD8+ T cells [84]. Kupffer cells and cells with MDSC phenotype upregulate PD-1-
expressing CD8+ T cells in HCC patients [85, 86]. Anti-PD-1 antibody treatment had
additional antitumor effect when combined with AMD3100 (a CXCR-4 inhibitor
which targets sorafenib induced hypoxic and immunosuppressive microenvironment)
in sorafenib-treated HCC in mice [87].

PD-1 antibodies that are being developed include nivolumab (BMS-936558,
Bristol-Myers Squibb, USA), CT-011 (CureTech, Israel), lambrolizumab (MK-3475,
Merck, USA), and AMP-224 (Amplimmune, USA). The PD-L1 antibodies currently
being developed include MPDL3280A/RG7446 (Genentech, USA, and Roche,
Switzerland) and MEDI4376 (MedImmune, USA, and AstraZeneca, UK) [88].

Anti-PD-1 Antibody in Clinical Trials for HCC

The phase I/IT clinical trial (NCT00966251) of CT-011 (pidilizumab) in HCC
patients not eligible for surgery, TACE, or other systemic therapies was started in
2009 but was terminated due to slow accrual.

Another phase I/II clinical trial (NCT01658878) of nivolumab (fully human IgG4
monoclonal antibody PD-1 inhibitor) in advanced HCC patients by El-Khoueiry
et al. with a primary endpoint of safety and a secondary endpoint of antitumor activ-
ity [89] is ongoing. The results were presented at the American Society of Clinical
Oncology (ASCO) in 2015. The study population included 3 cohorts of patients
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(total of 41 patients) stratified based on viral infection with HBV (11 patients), HCV
(12 patients), or no viral infection. All patients had a Child-Pugh Class B scores of 5
or 6 (indicating relatively good liver function) and Eastern Cooperative Oncology
Group (ECOG) performance scores of 0 or 1. Most had metastasis beyond the liver
or portal vein tumor invasion. Approximately 75% had previously been treated for
HCC, including prior treatment with sorafenib in 68% patients. All patients were
treated with intravenous infusions of nivolumab every other week for up to 2 years.
The results revealed that this therapy had a manageable safety profile and durable
response in all the three patient cohorts. Five percent had complete response, 14%
had partial response, and the overall survival rate was 62% at 12 months. These
results compared favorably with a complete response rate of around 2% and a 1-year
overall survival rate of about 30% with sorafenib.

10.11.2 Cytotoxic T Lymphocyte-Associated Antigen-4 (CTLA-4)
Blockade

CTLA-4 (also known as CD152) is an inhibitory co-receptor expressed on T cells
and Tregs and can bind CD80 and CD86 on APCs with a much higher affinity than
CD28 (CD28 is a costimulatory molecule which also binds CD80 and CD86) and
therefore inhibits T-cell activation [80]. Blockade of CTLA-4 suppresses antitumor
immune response mediated by T cells.

From the studies of CTLA-4 blockade in other malignancies (breast, colon,
lung, prostate, and brain cancers, melanoma, lymphoma, and sarcomas), it has
been seen that the efficacy of CTLA-4 correlates with immunogenicity of the
tumor and immunotherapy may have better results in smaller tumors [90].
Ipilimumab (MDX-010, Bristol-Myers Squibb, USA) and tremelimumab (for-
merly referred to as ticilimumab, CP-675,206, Medlmmune, USA, and Pfizer,
USA) are the two CTLA-4 antibodies which are currently in advanced stages of
development.

Anti-CTLA-4 Antibody in Clinical Trials for HCC

Tremelimumab was studied in a phase I clinical trial of 21 patients with
advanced HCC not amenable to percutaneous ablation or TACE, and all patients
had chronic hepatitis C genotype 1b. Partial response was found in 17.6% of
patients, and disease control rate was 76.4%. The time to progression was
6.48 months (95% CI 3.95-9.14) [88]. Another phase I clinical trial of tremeli-
mumab combined with RFA or TACE is ongoing (NCT01853618) [45].

10.12 Anticancer Vaccination Strategies
The main goal of all the vaccination strategies that are being currently studied is to

induce a tumor-specific immune response and overcome the inherent immune toler-
ance of HCC. This is being tried in the following three broad categories.
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10.12.1 Peptide-Based Vaccine

It involves the administration of recombinant full-length TAAs or its peptide to
cancer patients to stimulate immune response against the tumor. AFP and GPC3 are
two frequently used TAAs for this purpose. One of the initial studies was performed
by Butterfield et al. in which six AFP-positive HCC patients were vaccinated (intra-
dermal injection) with four immunodominant HLA-A*0201-restricted peptides.
This generated measurable AFP-specific T-cell response [58]. GPC3 has also been
used for cancer immunotherapy and has been described under Sect. 10.10.2.
Recently, an hTERT-derived peptide (hnTERT461) was studied as a vaccine in 14
HCC patients. It was administered subcutaneously three times biweekly. This vac-
cination generated hTERT-specific immunity in 71.4% of patients, and 57.1% of
patients who were administered hTERT461 peptide-specific T cells could prevent
HCC recurrence after vaccination [79].

10.12.2 Dendritic Cell (DC)-Based Vaccine

Dendritic cells are the most potent APC with the capability to process and present
tumor antigens to T cells and stimulate an antitumor immune response. DC-based
vaccines are developed by collecting monocytes in peripheral circulation from can-
cer patients. In the presence of a source of TAAs (autologous tumor tissue or pep-
tides of TAAs or cell line lysate) and maturation stimuli (like interleukins, GM-CSF),
these cells are expanded ex vivo and reinfused into the patient to mount a tumor-
specific immune response.

A phase I clinical trial was done in which tumor lysate-pulsed autologous DCs
were generated ex vivo after stimulation with GM-CSF and IL-4. This was found to
be feasible and without any toxicity in patients with unresectable HCC [91].
Intratumoral injection of DC in HCC nodules was also found to be safe in another
study [92]. A phase II clinical trial showed that intravenous administration of autol-
ogous dendritic cells (DCs) pulsed ex vivo with a liver tumor cell line lysate
(HepG2) in patients with advanced HCC was found to be safe, and the radiologi-
cally determined disease control rate was 28% [93]. DC infusion performed during
TACE was shown to enhance tumor-specific immune response but was not suffi-
cient to prevent HCC recurrence [94].

10.12.3 DNA-Based Vaccine

DNA encoding one or multiple TAAs can be delivered to patients as naked plas-
mids or within vectors (Vaccinia virus [95], adenovirus [96], Listeria monocyto-
genes [97] have been used in preclinical studies). The DNA is expected to undergo
transcription and translation to express the TAA peptide and induce immune
response. In a study by Butterfield et al., two HCC patients who had received prior
locoregional therapy were administered full-length AFP in a plasmid DNA
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construct together with an AFP-expressing replication-deficient adenovirus (AdV)
in a prime-boost vaccine strategy. This strategy generated AFP-specific T-cell
response, but both patient had recurrence of HCC (within 9 and 18 months,
respectively) [98].

10.12.4 Oncolytic Virus Therapy

Oncolytic viruses are made to selectively replicate within cancer cells and subse-
quently lyse them. Pexa-Vec (pexastimogene devacirepvec, JX-594) is a thymi-
dine kinase (TK) gene-inactivated oncolytic vaccinia virus which expresses
GM-CSF and lac-Z transgenes that causes replication-dependent cell lysis and
stimulation of antitumoral immunity [99]. Intratumoral injection of this virus in
advanced HCC patients was shown to be safe and feasible [95]. In a pilot study,
Hoe et al. studied sequential JX-594 therapy followed by sorafenib in three HCC
patients and found this to be well tolerated, having a significantly decreased
tumor perfusion and associated with objective tumor response (Choi criteria; up
to 100% necrosis) [100].

A multicenter, randomized phase III clinical trial (NCT02562755) to determine
whether treatment with Pexa-Vec followed by sorafenib increases survival com-
pared to treatment with sorafenib alone in patients with advanced HCC (mentioned
in Table 10.3) who have not received prior systemic therapy is expected to open
recruitment in October 2015 [101].

Table 10.3 Ongoing and future clinical trials of immunotherapeutic approaches in hepatocellular
carcinoma

Study Primary
Intervention Registration no. | phase Start date outcome Status
Nivolumab NCTO01658878 | Phasel | September Safety Recruiting
(anti-PD-1 2012
monoclonal antibody)
Tremelimumab with | NCT01853618 | Phasel | April 2013 Safety and | Recruiting
TACE or RFA feasibility
Pexa-Vec (JX-594) NCT02562755 | Phase Il | Planned for | Overall Not yet
followed by sorafenib October survival recruiting
versus sorafenib 2015
(PHOCUS)
Intratumoral NCTO01974661 Phase I | October Adverse Recruiting
COMBIG-DC 2013 events
(allogenic DC)
vaccine
MG4101(ex vivo NCT02008929 | Phase II | August 2014 | Disease- Recruiting
expanded allogeneic free
NK cell) after survival
curative liver for 1 year
resection
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Conclusion

We have now looked at the various ways in which immune regulation can affect
HCC. The main goal in the future would be to translate all these preclinical and
clinical research into a strategy which would be a successful immune therapy for
HCC patients.

There have been reports of spontaneous regression of HCC, and in fact, HCC
was found to be one of the most common types of cancer with spontaneous
regression [102]. The most common causes were thought to be immunologic and
decrease blood flow to the tumor. This reemphasizes the potential of immuno-
therapy in HCC.

One important approach would be to individualize immune therapy for each
patient based on the immune arm which is overactive in that patient. This would
include using either activation of TAA-specific T cells via vaccination methods
or inhibition of the immune evasion mechanisms (immune checkpoint blockade,
inhibition of immunoregulatory cell like MDSC/Treg) or a combination of both.
Studies have demonstrated increased AFP-specific CD4+ T cells and increased
circulating NK cells following TACE and RFA, respectively [103, 104]. This
immune response following ablative therapies points toward another therapeutic
strategy combining conventional HCC therapy (TACE/RFA, chemotherapy) with
immunotherapy.

Though significant development has been made in understanding the immune
mechanisms involved in HCC, further well-designed, randomized, controlled
clinical trials with appropriate patient population and thorough immunomonitor-
ing are required to develop efficient immunotherapies for HCC.
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Liver Cell Dysplasia 1 1
and the Development of HCC

Jesse Kresak and Naziheh Assarzadegan

11.1 Introduction

Hepatocellular carcinoma (HCC) is the fifth most common cancer and second lead-
ing cause of cancer-related death worldwide [1-4]. Due to a lack of specific symp-
tomatology, HCC is most often diagnosed at an advanced stage leading to limited
treatment options and a dismal prognosis [5]. Studies have shown that, when com-
pared to smaller tumors, cure rates for HCC larger than 2 cm decrease and curative
treatment become even less likely for lesions larger than 3 cm [6]. Therefore, the
ability to identify the precursor lesions at an earlier stage in which resection and
cure are still possible has received increased attention in recent years [2, 5, 7].

In several tissue types, namely, the gastrointestinal and genitourinary tracts, epi-
thelial dysplasia is well recognized as a precancerous lesion. The histologic criteria
to diagnose such epithelial dysplasia are well-established and show good interob-
server agreement. However, the role of dysplasia in the development of hepatocel-
lular carcinoma is neither as well accepted in theory nor as concretely histologically
defined.

Early surveillance programs, along with advances in imaging modalities, have
led to the detection of small hepatic nodules in livers of high-risk populations,
particularly those with cirrhosis. There is increasing evidence that strongly sup-
ports a multistep sequence of events in the pathogenesis of hepatocellular carci-
noma. It is believed that HCC evolves from precancerous lesions and
well-differentiated HCC further progresses to a less differentiated form [3, 8]. By
consensus, the lesions in this sequence of events have been termed low-grade
dysplastic nodule (LGDN), high-grade dysplastic nodule (HGDN), early HCC
(eHCC), and small and progressed HCC [9]. The distinction between the varying
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lesions relies primarily on histologic criteria, although there remains considerable
challenge in distinguishing high-grade dysplasia from early HCC even among the
most seasoned pathologists.

This chapter will serve primarily as a histologic review of liver cell dysplasia
with a brief overview of the current understanding of the pathogenesis into HCC.

11.2 Pathogenesis

Early detection of HCC requires a better understanding of its pathogenesis. There is
increasing evidence supporting a stepwise progression of molecular events in hepa-
tocarcinogenesis. Studies have shown that while dysplastic nodules harbor only few
genetic mutations, as they progress to an advanced HCC, they can acquire up to 180
genetic mutations [9]. However, this acquisition of genetic mutations does not
appear to follow a common pattern for all HCCs, rather the exact genetic alterations
may vary greatly between one HCC and another. In fact, studies of multicentric
HCCs have shown no common variants via whole-genome sequencing within dif-
ferent concomitant tumors of the same patient [4]. The extensive heterogeneity
among genetic alterations in HCCs may be attributable to the various etiologic con-
ditions (e.g., hepatocellular carcinoma rising in a background of viral hepatitis ver-
sus nonalcoholic fatty liver disease). A recent study analyzing whole coding
sequencing of 243 tumors found mutational processes that congregated into 8
molecular “signatures,” which is in turn correlated with 6 demographic and etio-
logic groups [9], though further studies are needed for refinement of these
associations.

11.2.1 Cirrhotic Background

It is well established that cirrhosis is a major predisposing factor to the development
of HCC, as more than 85% of HCCs arise in a cirrhotic background [4]. In an overly
simplistic viewpoint, chronic hepatic inflammatory processes lead to cellular dam-
age and high cellular turnover which induces a state of constant repair and an envi-
ronment prone to mutational alterations within an oncogenic microenvironment.
Alternatively, the remainder of HCCs can arise without advanced liver damage and
fibrosis, suggesting various pathways of liver carcinogenesis. The details of these
mutational alterations and tumor microenvironment responsible for the tumorigen-
esis of HCC are not yet entirely elucidated.

Telomere shortening via mutations in telomerase reverse transcriptase (TERT)
promoter appears to be a common and early mechanism of hepatocarcinogenesis on
the cirrhotic setting [4]. A recent study of 96 tumors showed a positive correlation
between the frequency of TERT promoter mutations and the degree of dysplasia.
The frequency of TERT mutations rose from 6% in LGDN to 19% in HGDN to 61%
in eHCC. Interestingly, once at the level of HCC, the TERT mutation frequency
plateaued, and no significant difference was found between eHCC and advanced
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HCC [4]. This finding suggests that TERT mutations, found in up to 68% of HCCs
of varying etiologies [4], are an early event and are involved in the transformation
from dysplasia to malignancy.

Recurrent inactivating mutations of AT-rich interactive domain (ARID)1A and
ARID2 have been reported in about 15% of HCC cases each [4, 10]. ARID1A and
ARID?2 are components of the SWI/SNF complex implicated in chromatin remodel-
ing and transcription regulation. Chromatin modification is also altered by muta-
tions involving histone methyltransferases, including mutations of MLL, MLL2,
MLL3, and MLL4, as well as HBV insertions in MLL4, with varying reported fre-
quencies of up to 20% [4, 9]. Despite various etiologic causes, a commonality
shared among the alterations found in cirrhotic HCCs is their affinity for targeting
chromatin remodeling, DNA repair mechanisms, and PI3K-Akt-mTOR pathways.

Direct and local effects of the various underlying liver disease may also be impli-
cated in the development of HCC in cirrhosis. Steatosis, found in nonalcoholic fatty
liver disease (NAFLD), alcohol-induced liver injury, and hepatitis C (specifically
genotype 3), incites inflammation via cytokines and may also have direct toxic
effects. Hepatitis C does not incorporate directly into the host genome (unlike hepa-
titis B), yet, at least in murine models, Hep C core protein may have direct onco-
genic effects upon the liver. Alcohol has not been shown to have specific
hepatocarcinogenic properties, though ethanol can be converted into reactive oxy-
gen species leading to chronic stress [11].

11.2.2 Non-cirrhotic Background

HCC can also arise in non-cirrhotic livers, most often in the setting of a pre-existing
hepatocellular adenoma or in associated with hepatitis B, and the pathogenesis of
these HCCs can follow a different molecular course. For HCC arising in a hepatic
adenoma, the most frequent genetic alteration is mutation of beta-catenin
(CTNNBJ1). Similar to TERT mutations in cirrhotic-based liver nodules, the fre-
quency of CTNNB1 mutations increases from 15% in adenomas to 50% in border-
line lesions (atypical adenomas inconclusive of HCC) to 60% in HCCs transformed
from adenomas [4]. Hepatocellular carcinoma associated with hepatitis B (HBV)
infection has decreased in the USA and other developed countries since the incep-
tion of the viral specific vaccine; however HBV remains a leading cause of HCC
worldwide. A feature which may allow the virus to bypass the chronic inflammation-
cirrhotic pathway is direct insertion into the human genome, which can be found in
up to 80% of HBV-associated HCC [11, 12]. HBV can insert itself randomly into
the genome, yet most frequently is found in promoter regions of genes such as
TERT, CCNEI (cyclin E1), and MLL4, promoting carcinogenesis. In addition,
some authors have reported direct oncogenic properties, such as mitotic/apoptotic
regulation and chromosomal instability, of the viral protein, HBx. HBx protein and
variant truncated forms are produced by HBV and necessary for viral replication.
The most frequent genetic mutation found in HB V-associated HCC is somatic TP53
mutation, with a frequency of 12-48% [9, 13].
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Aflatoxin B1 (AFB1) exposure leads to the development of HCC with a highly
specific R249S mutation of TP53 in codon 249 [14]. Aside from this mutation,
AFBI1 predisposes to HCC with a similar mutational landscape as hepatitis B due to
a particularly high degree of combined exposure particularly in some regions of the
world, namely, subtropical Asia and Africa.

11.3 Histologic Classifications

The preneoplastic role of liver cell dysplasia (LCD) was first described in 1973 by
Anthony et al. who found a strong association between LCD and HCC in a study of
552 Ugandan African patients. Anthony et al. defined LCD, which is now desig-
nated as large LCD/change (LLCD), as cellular enlargement, nuclear pleomor-
phism, and multinucleation of liver cells occurring in groups or occupying whole
cirrhotic nodules [15].

In 1983, Watanabe et al. described a term, small LCD/change (SCLD), char-
acterized by foci of crowded small hepatocytes with high nuclear/cytoplasmic
ratio. These lesions have then been recognized to be the precursor lesion to HCC
due to their increased proliferative activity and morphologic resemblance to
HCC [16, 17]. Over the last two decades, there has been considerable confusion
concerning nomenclature and diagnostic approaches to these hepatic nodules
and precursor lesions. In 1995, an International Working Party (IWP) of the
World Congresses of Gastroenterology proposed a consensus nomenclature and
diagnostic criteria for hepatocellular nodular lesions to clarify some of the con-
fusion [18].

The IWP classification categorized nodular lesions in chronic liver disease into
large regenerative nodule, low-grade dysplastic nodule (L-DN), high-grade dysplas-
tic nodule (H-DN), and small HCC; this nomenclature has been widely adopted.
The IWP consensus also introduced the concept of dysplastic focus as a cluster of
hepatocytes with features of early neoplasia (in particular small cell change or iron-
free foci in a siderotic background) measuring less than 0.1 cm and defined small
HCC as a tumor measuring less than 2 cm [18, 19].

Although IWP criteria have even widely adopted, assessment of small lesions
with malignant potential lacks reproducibility as there are differences in application
of diagnostic criteria among pathologists. In 2009, an international consensus group
for hepatocellular neoplasia (ICGHN), in order to obtain a refined and up-to-date
international consensus on the histopathologic diagnosis of nodular lesions, pro-
posed an updated nomenclature for the classification of small hepatocellular lesions
(<2 cm) as summarized in Fig. 11.1 [18, 19].

Lesions that are recognizable morphologically during hepatocarcinogenesis
include dysplastic lesions (dysplastic foci and dysplastic nodules [DNs]) and small
cancerous lesions (=<2 cm in diameter) which itself includes early HCC and small
progressed HCC [1, 18, 19].

The pathologic features of each of these lesions, as well as the use of immuno-
histochemical markers, are discussed.
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. ) Dysplastic
Dysplastic foci nodule

Fig. 11.1 International Consensus Group for Hepatocellular Neoplasia (ICGHN) classification of
small hepatocellular lesions. Key: SCC small cell changes, LCC large cell changes, L-DNs low-
grade dysplastic nodules, H-DNs high-grade dysplastic nodules

Small HCC

{ Early HCC { Progrcﬁ:aésed ]

11.3.1 Dysplastic Foci

Dysplastic foci are defined as microscopic lesions, occurring in a background of
cirrhosis, composed of dysplastic hepatocytes measuring less than 1 mm in size.
These foci are not detectable macroscopically, and thus, in most cases, they are
incidentally identified in liver biopsies or resected liver specimens [1, 18].

Dysplastic foci are further characterized by small (SCC) or large cell (LCC)
changes [1, 15, 16].

SCC is the most common cytologic finding seen in dysplastic foci [16]. SCC was
originally described as small cell dysplasia and is defined as hepatocytes showing
decreased cell volume, increased nuclear to cytoplasmic ratio, mild nuclear pleo-
morphism and hyperchromasia, and cytoplasmic basophilia. These features give the
impression of nuclear crowding [1] (Fig. 11.2).

Areas with small cell change show a higher proliferative index than the sur-
rounding normal-appearing hepatocytes[1, 20, 21]. Marchio et al. in their study
showed that small cell change has similar chromosomal changes to adjacent HCC
suggesting the preneoplastic nature of these changes [1, 22]. These chromosomal
changes include telomere shortening, p21 checkpoint inactivation, chromosomal
instability, and chromosomal gains and losses [1, 21]. SCC can have an expansile
or diffuse pattern which can be difficult and challenging to distinguish. It has been
shown that the expansile foci are more likely to be associated with the develop-
ment of HCC [20, 21]. Therefore, in the international working party classification,
the expansile foci are considered to correspond to dysplastic foci, whereas the
diffuse pattern may be representative of regeneration rather than true dysplasia [1,
18, 20].

Large cell change (LCC), initially termed “liver cell dysplasia” by Anthony
et al., is defined as an increase in both nuclear and cytoplasmic size, hence a pre-
served nuclear to cytoplasmic ratio. Nuclei are hyperchromatic, pleomorphic, and
frequently multinucleated [21] (Fig. 11.3).

Data regarding the biologic nature of LCC is conflicting and uncertain. Some
data support LCC as being a reactive process related to chronic injury with a low
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Fig.11.2 Small cell change, characterized by increased nuclear to cytoplasmic ratio and increased
cell density, is present in the left side of histologic picture compared to background hepatocytes on
the right

proliferative activity and absence of genetic alterations present in the adjacent
HCC. Other data supports LCC as being a prerequisite for hepatocarcinogenesis by
showing chromosomal abnormalities and gains and losses [1, 21-25].

This conflicting data suggests the possibility of a heterogeneous nature for LCC
with two types: one type is benign, reactive, and non-tumor related, while the other
type is true dysplasia and thus tumor related [26]. Despite this conflicting data, the
presence of LCC has been reported to be an important independent risk factor for
subsequent development of HCC in patients with cirrhosis due to hepatitis B or C
by multiple studies [1, 3, 7, 27].

Some studies have shown a progressive increase in chromosomal abnormalities,
including telomere shortening, chromosomal instabilities, cell cycle checkpoint
inactivation, and DNA damage from LCC to SCC. This data suggest that LCC may
be a very early precursor of HCC and that SCC may be a more advanced precursor
lesion in chronic hepatitis B or C [1, 28, 29]. In addition to SCC and LCC, iron-free
foci in patients with hereditary hemochromatosis have been reported to be associ-
ated with a higher incidence of HCC during follow-up [30].
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Fig.11.3 Liver displaying large cell change characterized by cellular enlargement, nuclear hyper-
chromasia, and pleomorphism

11.3.2 Dysplastic Nodules

A dysplastic nodule is a grossly distinct nodular lesion, usually measure about 1 cm
in diameter [1], which differs from the surrounding liver parenchyma in regard to
size, color, texture, and degree of bulging of the cut surface [1, 5, 19]. International
consensus has divided these nodules to low-grade dysplastic nodules (L-DNs) and
high-grade dysplastic nodules (H-DNs) based on the degree of atypia [19].

L-DNs are often distinctly nodular (can sometimes be vaguely nodular) because
of the rimming by the peripheral fibrous scar. This is not a true capsule but rather a
condensed scar similar to what is seen in cirrhotic nodules [5, 19]. Microscopically,
L-DNs show a monotonous cell population lacking architectural atypia with a mild
increase in cellularity in comparison to the surrounding cirrhotic liver. Portal tracts
can be identified within the nodules. Nodule in nodule formation, where a subnod-
ule is growing within a nodule, is absent in L-DNs. Features of HCC such as pseu-
doglands and increased trabecular thickness are not present in these lesions [1, 5,
19] (Fig. 11.4).
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Fig. 11.4 Dysplastic nodule, distinct from surrounding cirrhotic nodules, with predominantly
small cell change and intact trabecular thickness

H-DNs can be a distinct nodule or vaguely nodular; however, they are more
likely to be vaguely nodular compared to L-DNs. Similar to L-DNs, they lack a true
capsule. Microscopically, H-DNs are characterized by architectural and cytological
atypia when compared to the surrounding liver yet insufficient to make the diagno-
sis of HCC. They commonly show increased cellularity that can be more than two
times higher than the adjacent non-tumoral liver. SCC is the most frequently seen
form of cytologic atypia in H-DNs. LCC may or may not be seen. Similar to L-DNs,
portal tracts can be present within the nodules. Nodule in nodule appearance may be
seen in H-DNs with the subnodule growing within the H-DNs usually being a well-
differentiated HCC [19] (Fig. 11.5).

In regard to vascular supply, high- and low-grade dysplastic nodules can receive
their blood supply from portal vessels as well as from “unpaired or non-triadal arter-
ies.” The “unpaired arteries” are absent in cirrhosis [1, 19, 31]. The findings of
unpaired arteries and sinusoidal capillarization are minimal in cirrhosis and increase
from low-grade to high-grade DN and approach the peak in HCC [32].

Stromal invasion is a diagnostic criterion used for the differentiation of H-DN's
from early HCC. Cytokeratin 7 and/or 19 immunohistochemical stains can be help-
ful in areas of questionable invasion, whereby ductular reaction will be immunore-
active for these stains representing pseudoinvasion rather than HCC [32].
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Fig. 11.5 Nodule within a nodule. Microscopic focus of high-grade dysplasia with pseudogland
formation and high nuclear/cytoplasmic ratio arising in a dysplastic nodule with small cell change

Radiology is also helpful in distinguishing DNs from HCC. DNs are typi-
cally isovascular or hypovascular compared with the surrounding paren-
chyma, while HCC appears to be hypervascular in contrast-enhanced imaging
[19, 33, 34].

Several follow-up studies of cirrhotic patients have evaluated the natural his-
tory of hepatic nodules, including large regenerative nodules and low-grade and
high-grade DNs. These studies have reported that dysplastic nodules are associ-
ated with a higher risk for development of HCC [1, 21, 35]. In addition, similari-
ties in molecular alterations have been detected in DNs and the adjacent HCC
supporting the premalignant nature of DNs [36]. It has been shown that these
lesions, especially high-grade DNs, had similar chromosomal gains and losses
[37] and loss of heterogeneity in microsatellite foci with the adjacent HCC [21,
37, 38]. Dysplastic nodules, especially high-grade DNs, have also shown telo-
mere shortening, increased telomerase activity, and strong expression of hTERT
mRNA at levels similar to HCC [1, 39]. Moreover, DNs show inactivation of p21
checkpoint in contrary to cirrhotic nodules where they show activation [40]. The
chromosomal changes in dysplastic nodules, especially high grade, make them
more susceptible to further genetic changes required for malignant transforma-
tion [1].
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11.3.3 Small HCC

Small HCC is defined as a low-grade carcinoma that measures less than 2.0 cm in
diameter. Small HCC is subdivided into two groups based on gross and microscopic
features: early HCC and (small) progressed HCC [1]. Subdividing small HCCs into
early and progressed HCC have also been supported by recent studies with the clini-
cal implication that early HCC has a longer time to recurrence and a higher 5-year
survival rate, 3.9 years and 89%, respectively, as compared to 1.7 years and 48% of
progressed HCC [5, 19, 41].

Morphologically, early HCC is recognized by its well-differentiated, vaguely
nodular appearance, whereas progressed HCC is moderately differentiated and has
distinct nodular pattern often with evidence of microvascular invasion [5, 19, 42].

11.3.4 Early HCC

Also called small well-differentiated HCC of vaguely nodular type or HCC with
indistinct margins

The international consensus in 2009 defines early HCC as a vaguely nodular,
well-differentiated lesion with a combination of the following histological features:
increased cellularity of greater than two times the surrounding tissue, increased
nuclear to cytoplasmic ratio, irregular trabecular pattern, varying number of portal
tracts within the nodule, pseudoglandular pattern, diffuse and frequent steatosis
(seen in approximately 40% of the cases), and variable number of unpaired arteries
[1, 19]. The tumor cells in early HCC grow by replacing the non-neoplastic hepatic
cords without forming a tumor capsule; thus, the margins of early HCC is usually
indistinct [5, 19].

Early HCC neither have the ability to invade the vessels nor metastasize in con-
trast to classical HCC. Therefore it may represent an entity between in situ carci-
noma and invasive carcinoma similar to microinvasion in other organs{1]. Early
HCC, similar to DNs, usually appears to be isovascular or hypovascular compared
to classical HCC, which is often hypervascular in the arterial phase of contrast-
enhanced imaging [19]. This can be explained by more developed unpaired arteries
and arterial neovascularization in classical HCC in contrast to early HCC and DN’
[1, 21].

The reticulin framework may be reduced compared to adjacent normal paren-
chyma but is not completely lost as one can appreciate in progressed HCC [1, 5].

It has been shown that early HCC is a precursor lesion for progressed HCC and
interestingly at the periphery of some cases of progressed HCC; a focus of well-
differentiated HCC has been identified, suggesting a multistep sequence of events in
hepatocellular carcinoma pathogenesis [1].

The morphologic features of early HCC can be diffuse or may be limited to a
subnodule (nodule in nodule). It is very important to note that all the features of
early HCC can be found in H-DNs. However, stromal invasion into portal tracts or



11 Liver Cell Dysplasia and the Development of HCC 205

fibrous septa is considered to be the most valuable diagnostic feature in distin-
guishing early HCC from H-DNs [19, 43, 44]. As discussed earlier, immunohisto-
chemical staining for CK7/19 can be useful to identify areas of ductular reaction
which is present around dysplastic nodules and absent in areas of stromal invasion
in HCC [32].

11.3.5 Progressed HCC

Also called progressed HCC or HCC of distinctly nodular type or HCC with distinct
margin:

Progressed HCC may arise from dysplastic foci, nodules, or an early HCC. The
subset that arises within a DN or early HCC often forms the so-called nodule in
nodule appearance [5, 42]. Progressed HCCs are often moderately differentiated
and rimmed by a condensed fibrotic capsule [5]. Portal tracts are not present within
the nodule [45]. They are rarely steatotic which can be explained by more advanced
neoarterialization. Almost a third of cases show portal vein invasion, and 10% show
intrahepatic metastases [1]. Unpaired arteries are more developed than DNs and
early HCC, and as a result, they appear hypervascular in the arterial phase of
enhanced hepatic imaging [19].

11.4 The Use of Immunohistochemistry in Hepatic Nodules

The utility of immunohistochemical stains is limited in regard to diagnosing dyspla-
sia. There is some utility in the use of IHC when differentiating dysplasia from
well-differentiated HCC as discussed below.

11.4.1 Stains of Moderate Utility

Cytokeratins 7 and 19

Stromal invasion, defined as the presence of tumor cells in the portal tract or fibrous
septa, is the most useful feature in distinguishing H-DNs from early well-
differentiated HCC [19]. Immunostaining for cytokeratin 7 and/or cytokeratin 19
can identify areas of ductular reaction around regenerating, nonmalignant nodules
(pseudoinvasion), while this pattern of staining is absent in areas of true stromal
invasion [1, 5, 32].

Glypican 3

Glypican 3 (GPC3), a cell surface heparin sulfate proteoglycan, is a serum and tis-
sue marker for HCC with sensitivity and specificity of 77% and 96%, respectively
[19, 21, 46—48]. Staining can be cytoplasmic, membranous, or canalicular [1]. In a
study by Di Tommaso et al., GPC3 immunoreactivity was reported in 81% of
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moderate to poorly differentiated HCCs, in 69% of well-differentiated HCCs and in
9% of H-DNs. None of the L-DNs showed immunoreactivity. Of note, GPC3 stain-
ing has been identified in regenerative hepatocytes of chronic hepatitis [3, 49].

Heat Shock Protein 70

Heat shock protein 70 (HSP70) is a stress protein involved in regulation of cell cycle
progression and apoptosis [50, 51]. Chuma et al., in their study of 12,600 genes,
reported HSP70 as the most abundantly upregulated gene in early HCC [52].
Significant overexpression of HSP70 was also reported in progressed HCC in com-
parison to early HCC and in early HCC in comparison to precancerous lesions [3,
49]. HSP70 immunohistochemistry shows nuclear and cytoplasmic staining [1].
The stain is considered positive when more than 10% of the cells show immunore-
activity. HSP70 immunoreactivity has been reported in a higher percentage of well-
differentiated HCCs, 78%, when compared to 67% of moderately and poorly
differentiated HCCs. Only 5% of H-DNs are positive for HSP70, and L-DNs are
reported to be negative [3, 49]. Normal hepatocytes do not react with HSP70. The
biliary epithelial cells of ductular reaction are immunoreactive for HSP70 and can
serve as an internal positive control [1].

Glutamine Synthetase
Glutamine synthetase (GS) is the B-catenin target gene [19]. Overexpression of beta
catenin is associated with a mutation of f-catenin or activation of this pathway.
Upregulation of GS has been reported in HCC with a progressive increase in GS
immunoreactivity from precancerous lesions to early HCC to progressed HCC [53,
54]. In addition, GS is the catalyzing enzyme in the synthesis of glutamine from
glutamate and ammonia in the liver, mainly in pericentral/periseptal hepatocytes.
Glutamine is the major source of energy for tumor cells [3, 49, 55]. As normal liver
surrounding the terminal hepatic venules also stains for GS, the pattern of immu-
nostaining should be strong and diffuse in malignant hepatocytes in order to increase
its specificity [1]. This pattern has been shown in about 60% of well-differentiated
HCCs and approximately 90% of moderately to poorly differentiated HCCs in
resected specimens. Fourteen percent (14%) of H-DNs were also reported to show
moderate and focal staining [3, 49].

[-catenin-activated hepatocellular adenoma (B-HCAs) and p-catenin-activated
HCCs have been also reported to show diffuse GS immunoreactivity [56, 57].

The Combination of GPC3, HSP70, and GS

The use of single marker for detection of well-differentiated and early HCC lacks both
sensitivity and specificity [1]. Using a combination of markers has shown an increase
in the overall accuracy in both biopsies and resected specimens. The positivity of any
two immunomarkers out of these three (GPC3, HSP70, and GS) has a reported speci-
ficity of 100% and a sensitivity of 72% for detection of well-differentiated HCC. The
sensitivity was reported to be lower in biopsies (57%); however it can still be useful in
difficult cases when stromal invasion is not apparent [3, 49].
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11.4.2 Less Useful Markers

CD34 and Ki-67

CD34 can detect unpaired arteries and capillarized sinusoids which are the features
showing a gradual increase from L-DNs, H-DNs, early HCCs to progressed HCCs
[1,31].

Similarly, proliferative activity and Ki67 show a gradual increase from L-DNss,
H-DNs, early HCCs to progressed HCCs [1]. Given the absence of any definite
cutoff values for each of these lesions, these two stains are not very helpful in dif-
ferentiating H-DNss from well-differentiated HCC [1].

Alpha-Fetoprotein

Serum alpha-fetoprotein, the most widely used serum marker for detection of HCC,
is rarely elevated in early HCC and is not detected in DNs [1, 58]. Because of its low
sensitivity (about 30%), alpha-fetoprotein is not a useful tissue marker even in less
differentiated HCCs [19].

P53
Mutation of p53 occurs later in the process of hepatocarcinogenesis. Progressed and
less differentiated HCC show nuclear staining with p53 immunohistochemistry [1].

11.4.3 Molecular Analysis

Although many DNA structural abnormalities have been identified in precancerous
lesions and HCCs, as discussed above, their use for diagnostic purposes is not yet
established [21].

Some studies have shown that some chromosomal gains, such as 1q and 8q, can
be detected by fluorescent in situ hybridization and can be of use in distinguishing
well-differentiated HCC from hepatocellular adenoma [21, 59, 60].

11.5 Liver Biopsy Role and Interpretation in Regard
to Dysplasia

The American Association for the Study of Liver Diseases recommends that biopsy
should only be performed for the lesions that are less than 2.0 cm and do not have
typical radiologic finding of HCC. Biopsy is not necessary in lesions with charac-
teristic radiologic finding [19, 34].

Biopsy diagnosis of moderately to poorly differentiated carcinomas is usually
easily made. The challenge remains for the distinction between DNs and well-
differentiated HCCs [1, 19]. The detection of stromal invasion, unpaired arteries,
mitoses, and immunohistochemical markers is difficult in minute biopsies due to
sampling errors [19].
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Stromal invasion, the most useful histologic marker for diagnosis of HCC, can be
very difficult to assess in small biopsies as the biopsy may not include the intratu-
moral portal tracts. Likewise, the detection of unpaired arteries, mitoses, and also
interpretation of immunohistochemical markers are difficult in small biopsies due to
sampling errors. To avoid some of the sampling errors, sampling of both intrale-
sional and extralesional tissues is recommended. This sampling provides the possi-
bility of comparing these two regions [1].

The use of combination of GPC3, HSP70, and GS, as discussed above, has been
shown to be useful in diagnosing well-differentiated HCCs in liver biopsies with
sensitivity and specificity of 60 and 100% [3, 49]. Because the gross morphology is
not available and only a small portion of the lesion is available when the liver biop-
sies are being interpreted, correlation with clinical and radiological finding is rec-
ommended [1].

11.6 Summary

To summarize, there is evidence to support a progression from dysplasia to malig-
nancy in the development of HCC. Dysplasia can be diagnosed as a dysplastic
focus, characterized by small cell or large cell change, or as a dysplastic nodule of
either low or high grade. The ability to detect a liver lesion in its premalignant (dys-
plastic) state can have a significant clinical impact. Caution should be taken not to
falsely believe that every nodule in cirrhosis is malignant. Correlation of clinical,
radiological, and pathological finding in individual basis is valuable to identify
patients who require treatment with local ablation, surgical resection, or liver trans-
plant (H-DNs, small HCCs, both early and progressed.) and to decrease the possi-
bility of premature transplantation of patients who do not have HCC [5, 19].
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Locoregional Therapies for 1 2
Hepatocellular Carcinoma

Beau Toskich

12.1 Introduction

Despite the widespread implementation of surveillance programs for populations with
chronic liver disease, more than half of patients with hepatocellular carcinoma (HCC)
are diagnosed outside of criteria for curative treatment [1]. Many who receive therapy
are subject to new or recurrent disease as a result of an underlying malignant hepatic
parenchymal field defect [2]. Management of liver cancer is further complicated by
variable hepatic substrate function which, in advanced disease, may pose greater threat
to life than HCC [3]. Unlike traditional TNM staging systems, HCC treatment algo-
rithms must factor physiologic reserve, patient performance, and expected disease con-
trol rates after transplantation. The Barcelona Clinic Liver Cancer (BCLC) classification
is generally adopted in Western nations as the standard protocol to manage patients
with HCC as endorsed by the European Association for the Study of the Liver (EASL)
and the American Association for the Study of Liver Diseases (AASLD) [3, 4].

Given the complexities involved in managing cancer within a diseased organ,
most regimens require multidisciplinary input which typically involves a hepatolo-
gist, a transplant surgeon, an interventional radiologist with experience in interven-
tional oncology, and a patient care coordinator who will ascertain and manage the
patient’s nonmedical support structure. Institutional protocols help guide decisions
based on established societal guidelines and local standards of practice.
Considerations will include the benefits and disadvantages of surgical resection,
liver transplantation with or without bridging or downstaging interventions, locore-
gional therapy, systemic therapy, clinical trials, and best supportive care.

Locoregional therapy (LRT) is a broad term that encompasses the fundamental
principle of in situ tumor destruction while preserving adjacent hepatic tissue and
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viscera. Tumor cells, once destroyed, remain within the patient and ultimately
undergo necrosis and immune-mediated fibrosis. While most surgical resection is
based on excision of hepatic segments based on vascular supply, LRT is performed
almost entirely by targeting indirect evidence of tumors via imaging modalities.
Successful locoregional therapy requires evaluation of the patient’s ability to toler-
ate treatment, ascertaining disease stage, obtaining an adequate margin, mitigating
physiologic or technical deficiencies that diminish treatment effect, and minimizing
collateral damage to uninvolved tissue.

12.2 Diagnosis

Most cases of symptomatic HCC are advanced at presentation with the majority of
curable tumors detected either incidentally or via screening programs [1]. Serum
tumor markers which can indicate the presence of HCC such as alpha-fetoprotein
(AFP), prothrombin induced by vitamin K absence (PIVKA) 2, and carcinoembry-
onic antigen (CEA) are unreliable screening instruments due to both false-negative
and false-positive rates in nonsecreting lesions and hepatic inflammatory states,
respectively. While many reports suggest that AFP elevations greater than 400 ng/
dL are specific to the presence of HCC, the most practical use for tumor marker
surveillance lies in monitoring treatment response [5].

The AASLD recommends a screening hepatic ultrasound (US) every 6 months for
at-risk populations. The sensitivity and specificity of US is 60% and 85%, respec-
tively, due to variabilities in operator skill and the sonographic quality of the patient’s
abdomen [6]. Routine screening of patients with multiphase contrast-enhanced com-
puted tomography (CT) or magnetic resonance imaging (MRI) is currently impracti-
cal from both an economic standpoint and a large volume of anticipated false-positive
results [5]. CT is the most commonly utilized modality to further evaluate sono-
graphic abnormalities given a favorable cost profile and readily reproducible image
quality. MRI provides the most sensitive (81%) data for the diagnosis of HCC and
has become standard of care for many experienced institutions. The benefits of MRI
include superior contrast resolution, ability to discern regenerating nodules from
dysplasia and carcinoma, identify malignant vascular invasion, distinguish intact
hepatocellular function using hepatospecific paramagnetic gadolinium-based con-
trast agents, and quantify liver fibrosis using elastography to aid in risk stratification
based on predicted liver reserve [7, 8]. Ultimately, a tumor’s size, location, demarca-
tion, vascular or adjacent structural invasion, and presence of satellite lesions must
all be examined prior to engaging in LRT to determine the best approach.

12.3 Local Ablative Therapies
12.3.1 Percutaneous Ethanol Injection
The destruction of liver cancer via transabdominal instrumentation was first well

established with percutaneous ethanol injection (PEI). Prior to PEI, nonsurgical
candidates with HCC had limited systemic therapy options and were often offered
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supportive care only. Ethanol is a highly caustic agent that results in local tissue
dehydration, protein denaturation, and vascular thrombosis that is inexpensive and
well tolerated in patients with cirrhosis. The technique of PEI involves direct visu-
alization of the HCC lesion with US and the insertion of low-profile needles directly
into the tumor. An estimated volume of 100% dehydrated ethanol is then infused
throughout the tumor using V = (4/3)z(r + 0.5)* as a general dose guideline where
V = volume of ethanol and r = the tumor radius. Multiple sessions are typically
required for each lesion. PEI efficacy is variable based on operator experience and
tumor tissue composition limiting uniform ethanol distribution [9]. PEI has shown
inferior performance compared to RFA and has largely been replaced by thermal
ablation based on RCT data [10]. While thermal ablation has become standard of
practice for nonresectable disease at most institutions [11], current EASL recom-
mendations for PEI include treatment of small HCCs in anatomic territory where
RFA would result in substantial collateral damage, such as the hepatic hilum [12].
Given the minimal required instrumentation, PEI provides options to patients with
major comorbidities precluding general anesthesia or conscious sedation.

12.3.2 Radiofrequency Ablation

Radiofrequency ablation (RFA) represents the benchmark ablation technology for
the treatment of HCC as it possesses the most data and widespread usage. RFA
generates thermal damage via the placement of an electrode producing medium
frequency alternating current (350-500 kHz) within target tissue completing an
ionic circuit through the body toward remotely placed grounding pads or a second
electrode. This current generates resistive heating as a function of tissue impedance,
typically less than 100 °C, which propagates into adjacent tissues resulting in tumor
cell death at temperatures greater than 60 °C [13]. Advantages to RFA include a
fairly predictable and reproducible ablation zone as well as a short learning curve.
Disadvantages center on several points of failure: as ablated tissue desiccates and
carbonizes, it decreases ionic conductivity and stagnates growth of the ablation
zone. Monopolar electrode designs do not allow for multiple probe placements
which can limit effectiveness in challenging anatomy and lesions that lack spherical
morphology. Several RFA probe designs utilize multiple tines to enlarge the abla-
tion zone which may damage adjacent structures such as the lung or bowel. Finally,
RFA is susceptible to intrinsic vascular-mediated cooling of tissues known as “heat
sink,” and incomplete ablations surrounding blood vessels greater than 3 mm in
diameter are not uncommon [13].

Given the well-investigated experience with RFA, it is recommended by both
EASL and AASLD guidelines for early-stage HCC in patients who are not eligible
for surgery or who are anticipated to await more than 6 months for liver transplan-
tation [3, 12]. A Cochrane Database review suggested that RFA was inferior to
hepatic resection of HCC when considering recurrence-free and overall survival
but superior to resection with regard to procedure-related complications and qual-
ity of life [14]. While two randomized control trials comparing RFA to hepatic
resection for healthy patients with limited tumor generated conflicting evidence
regarding overall survival and disease-free survival rates, a definitive conclusion
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would require a massive sample size to demonstrate a minor added survival benefit
for either treatment [15].

While RFA has been shown to not complicate subsequent transplant surgery
[16], there is concern for inadvertent tumor upstaging via withdrawal of malignant
cells through the hepatic capsule into the peritoneal cavity or body wall. This pro-
cess, referred to as “seeding,” occurs in approximately 1% of cases [17] and may
preclude future liver transplantation. While subscapular tumor location, directed
tumor puncture without intervening parenchyma, and rapid tissue heating have been
implicated as causes for seeding [18], aggressive tumor biology is most likely
responsible and may occur regardless of changes in ablation technique [3].

12.3.3 Microwave Ablation

Initially introduced in the early 2000s, microwave is currently the most rapidly
developing ablation technology as it accrues more comparative data to RFA and
increased adoption by both surgeons and interventional radiologists. Microwave
generates tissue destruction by applying an alternating electromagnetic field, typi-
cally 915 MHz or 2.45 GHz, to imperfectly dielectric tissue forcing water molecules
to oscillate out of phase and generate local temperatures that can surpass 130 °C
(Fig. 12.1). The higher the water content and effective conductivity of the target tis-
sue, the more heat generation and transfer is achieved.

While MWA shares the basics of thermal-based tumor destruction with RFA,
several advantages are emerging. MWA is not limited to the insulating effects of
charring and appears to resist heat sink given its higher temperature profile [19],
both of which are limitations to RFA. All microwave ablation systems allow place-
ment of multiple probes with differing ablation fields, powering each individual
probe with separate wattage, to best match the lesion morphology and neighboring
anatomy. Most MWA sessions are performed concomitantly in all probe stations
within 10 min or less which is considerably shorter than RFA.

EASL-EORTC and AASLD guidelines have not yet sanctioned the use of MWA
for HCC given the lack of large-scale randomized trials comparing its efficacy to
RFA and PEI. Multi-institutional analyses demonstrate comparable results for
MWA and RFA with regard to overall survival, local progression, and the degree of
local tumor ablation for HCC < 3 cm [20]. A recent study demonstrated complete
tumor ablation rates of approximately 94% as assessed by histology after resection
with a reported median recurrence-free survival of 25 months and a complication
rate of approximately 11% [21].

12.3.4 Cryotherapy
Cryotherapy of malignant tissue was first reported in 1819 with the successful use

of crushed ice and sodium chloride for reduction of pain and hemorrhage associated
with tumors [22]. The basic principle of cryotherapy relies on the volumetric
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Fig. 12.1 (a) Contrast-
enhanced abdominal CT
demonstrating a 4 cm
biopsy-proven HCC in
hepatic segment 4A of the
liver in a patient with
portal hypertension who
was denied resection. (b)
Intraprocedural
noncontrast CT showing
placement of a microwave
probe along the base of the
tumor and vaporized water
within the entirety of the
lesion as a result of internal
temperatures reaching over
130 °C. (¢) A 3-month
follow-up contrast-
enhanced abdominal CT
showing no residual tumor
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expansion of water as it transitions from liquid to solid within tumor cells disrupting
cell membranes, denaturing proteins, and causing microvascular thrombosis. Low
water content and acellular tissues, such as the collagenous network of the extracel-
lular matrix and connective tissue, sustain less damage reducing regional soft tissue
complications [23]. Temperatures within the ablation field are referred to as iso-
therms which are lethal at —20 to —40 °C, frequently administered in two or three
freeze and thaw cycles per session.

Current cryoprobes rely on the Joule-Thomson effect of expanding gases, usu-
ally argon, transitioning from a constrained to an expanded chamber to generate
probe temperatures that can reach —160 °C transferring heat from adjacent tissues
via passive thermal diffusion. The reduction in water density as it crystalizes at the
zero degree isotherm is visible under CT guidance allowing for accurate real-time
intraprocedural observation of the ablation zone. Disadvantages to cryoablation
include smaller ablation fields which typically require several probes as well as the
highest susceptibility to heat sink of all thermal technologies.

Early experience with hepatic cryoablation observed incidences of post ablation
hemodynamic compromise subsequently referred to as cryoshock in approximately 1%
of cases. This was felt to be a function of large volume interleukin-6 and tumor necrosis
factor-o exposure during the thaw cycle of treatment that was eliminated by reducing
treatment volumes [24]. Cryotherapy may also result in increased post-procedural hem-
orrhage rates given the intrinsic preservation of larger blood vessels within the tumor
which is addressed with preoperative embolization or utilizing hybrid probes that con-
vert to low-energy RFA and coagulate the tract during probe removal [25].

The only Cochrane Database review for cryoablation in the treatment of HCC
concludes there is insufficient evidence for recommendation [26]. Single center
experiences report promising local tumor control rates, low complication rates, and
a 10-year survival of 9% in patients with cirrhosis [27].

12.3.5 Irreversible Electroporation

Reversible electroporation has been utilized since the mid-1970s as means of induc-
ing a temporary collapse of the cell wall barrier as a means of infusing high-dose
regional chemotherapy. The cell wall if perforated by producing electrical impulses
across the lipid bilayer produces innumerable nanscopic microchannels resulting in
dysautoregulation of homeostasis [28]. When greater voltage and pulse frequency
are applied, the nanochannels remain patent after current cessation and irreversible
electroporation (IRE) ensues. Tissue temperatures average less than 60 °C, and cell
death is brought upon predominantly by apoptosis [29].

IRE is impervious to heat sink and provides theoretical safety in areas of critical
anatomy such as the portal triad, pancreas, bowel, or urinary collecting system.
Interestingly, IRE of peripheral nerves has demonstrated preservation of the neuro-
nal scaffold allowing axonal regeneration and functional recovery in animal models
[30]. Disadvantages to IRE include a higher technical demand for near exact paral-
lel placement of probes in monopolar systems, variability of ablation zones, the
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necessity for neuromuscular paralysis during ablation, and a potential risk for car-
diac arrhythmias [31].

IRE has seen significant development since its FDA approval in 2007 as an adju-
vant or to pancreatic resection for primary adenocarcinoma [32], but its utility for
the treatment of HCC remains to be determined. A multi-institutional prospective
registry of patients undergoing IRE for HCC in proximity to vital structures demon-
strated a 100% initial complete response rate with a local recurrence-free survival at
12 months of 59%, predominantly on lesions larger than 4 cm [33]. A prospective
phase II multicenter clinical trial showed complete response rates of 77% with a low
incidence of major complications suggesting that IRE is a valuable option for unre-
sectable HCC, particularly in anatomy that precludes thermal ablation [34].

12.3.6 Laser-Induced Thermotherapy

Laser is a well-established tool in multiple medical specialties given its ability to
generate precise tissue charring with an immediate hemostatic effect and minimal
penetration. These attributes are usually avoided when designing a visceral ablation
device as charring limits the size of the ablation zone and the lack of penetration
increases the number of probes that are required for treatment. The benefit of laser-
induced thermotherapy (LITT) is the ability to perform MRI-guided procedure
ablation for tumors that are inconspicuous on US or CT due to the nonferromagnetic
probe. A single retrospective report on LITT of 113 patients with HCC has described
favorable response in lesions less than 2 cm [35]. Prospective and randomized data
is currently unavailable.

12.3.7 Transarterial Chemoembolization

First introduced by Yamada in the 1980s, transarterial chemoembolization (TACE)
represents the landmark catheter-based therapy for unresectable HCC. Unlike stan-
dard liver perfusion which receives 70-80% of its perfusion from the portal vein,
tumors ranging from 3 to 10 mm will develop preferential vascular supply from the
hepatic artery [36]. Translational studies in hepatic neoplasms have also demon-
strated increased chemotherapeutic uptake in hypoxic tissues compared to normal
oxygen tension [37]. As such, iatrogenically induced arterial ischemia will pref-
erentially damage tumor in patients without advanced portal hypertension. TACE
capitalizes on this relationship by combining both high-dose intra-arterial chemoin-
fusion and embolization. Conventional TACE involves the transarterial delivery
of local high-dose chemotherapy, such as doxorubicin, cisplatin, or mitomycin-C,
with micellized iodinated poppy seed oil. Subsequent tumor arterial inflow reduc-
tion is achieved with embolization using occlusive agents such as gelatin slurry.
This incites an intense local ischemic inflammatory response described as post-
embolization syndrome in up to 50% within 24 h manifested by fever, abdominal
pain, nausea, and rigors which is usually self-limited [38].
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Despite multiple reports of complete tumor response [39], TACE is considered a
palliative procedure due to its inability to overcome fundamental tumor reparative biol-
ogy. HCC cell colonies have both a great metabolic demand for blood supply and ensu-
ing capability to enact local vascular recruitment via hypoxic ischemic factor (HIF) and
vascular endothelial growth factor (VEGF) neoangiogenic pathways [40]. When HCC
sustains an infarct, an avascular core of completed ischemia and a peripheral zone of
marginal perfusion develop; the characteristics of which may be highly variable based
on collateral blood supply, watershed anatomy, and tumor biology. While adjunctive
regional high-dose chemotherapy serves to damage the surviving at-risk tissue, a lethal
chemotoxic margin is difficult to achieve [41]. Challenges to TACE also include a risk
for liver infarction in patients with main branch portal invasion and tumor vascular
conduit reduction with multiple embolizations limiting additional therapy [42].

Level 1A evidence supports the use of TACE for unresectable, intermediate stage
HCC, in patients with preserved liver function with two prospective randomized
trials showing superior overall survival when compared to large particle bland
embolization and supportive care. A landmark prospective study by Llovet et al.
demonstrated TACE benefit versus bland arterial embolization alone with nearly a
25% and 36% increase in survival probability at 1 and 2 years, respectively [43]. Lo
et al. showed a 25% and 20% increase in survival as compared to supportive care at
1 and 2 years, respectively [44]. TACE has become a well-tolerated treatment for
patients with moderate liver disease either as a bridge to transplantation or palliative
cytoreduction allowing overall prognosis to be determined by hepatic substrate as
opposed to progressive tumor burden.

12.3.8 Drug-Eluting Bead Chemoembolization

Conventional TACE (cTACE) technique was modified with the development of
drug-eluting bead TACE (DEB-TACE) in which millions of hydrogel microspheres,
specifically designed to adsorb chemotherapeutic agents, provide increased local
drug delivery and peripheral occlusion of tumor blood supply (Fig. 12.2) [45].
Randomized studies of DEB-TACE vs. cTACE have shown decreased treatment-
related toxicity, improved safety, higher disease control (63% vs. 52%), and slightly
higher complete response (27% vs. 22%) rates favoring DEB-TACE [46]. Although
survival benefits remain under investigation, DEB-TACE has become well adopted
in the clinical setting due to its safety profile. Patients with low-volume disease and
marginal liver function may benefit from super selective administrations of DEB-
TACE within fourth-order or smaller vessels that would have otherwise sustained
early central occlusion with higher-volume cTACE infusions.

12.3.9 Bland Embolization

Bland embolization encompasses a wide range of substances used to occlude vascu-
lar supply to the liver or hepatic tumors, including gelatin, polyvinyl alcohol, micro-
spheres, and n-butyl cyanoacrylate. Reduction of blood supply induces ischemic
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Fig. 12.2 (a) Abdominal CT scan demonstrating a 6 cm right hepatic dome hepatocellular carci-
noma with a well-delineated pseudocapsule. (b) Selective hepatic angiography showing avid
tumor neovascular arterial enhancement. (¢) Post epirubicin DEB-TACE angiogram demonstrating
no residual arterial supply to the lesion. (d) Post-embolization abdominal CT scan obtained at 1
month showing a necrotic tumor with retained contrast and foci of gas secondary to tumor infarc-
tion. Despite the excellent imaging response, there was a faint rim of viable tumor present at
explanation due to sublethal ischemic penumbra

tissue loss in the tumor; the more peripheral an occlusion occurs, the more ischemic
the resulting vascular deficit becomes. The majority of available data for TAE in
HCC has been generated by phase II studies and cannot compete with TACE or
DEB-TACE. As such, most societal practice guidelines do not recommend bland
transarterial embolization (TAE) of HCC over transarterial chemoembolization. A
prospective randomized comparison of DEB-TACE and TAE demonstrated com-
plete response 26.8% vs. 14% in favor of the DEB-TACE arm with higher 12-month
recurrences in the bland arm. A more recent retrospective case control study of liver
explants in matched patients treated with TAE and TACE demonstrated no signifi-
cant difference in complete response, 3-year recurrence-free survival, and overall
survival rates. Ultimately, the literature has remained somewhat conflicted regard-
ing the role of TAE due to lack of technique uniformity, mainly as a result of vari-
able operator experience and preference.

Bland portal vein embolization (PVE) has been used as an adjunct to transarterial
embolization [47] but predominantly provides benefit as a neoadjuvant to surgical
resection in patients with anticipated inadequate future liver remnant (FLR). In
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patients with normal liver function, PVE is indicated when the FLR is <20% and up
to 40% in cirrhotics. Preoperative occlusion of the portal supply to the lobe under-
going resection approximately 1 month prior to surgery stimulates circulation of
trophic factors due to gradual parenchymal atrophy. Within 2 weeks, PVE will
induce hyperplasia of the contralateral liver in patients with normal liver function at
a rate of 12-21 cm®/day, compared to 9 cm®/day in cirrhotic patients [48]. While
results are evident in as early as 6 days to 1 month, the trophic factors may inadver-
tently stimulate growth of the primary tumor and potentially compromise its respect-
ability leading to a race between adequate post resection liver reserve and disease
progression [49]. More specific application of PVE will be discussed in detail within
the hepatic surgery section of this book.

12.3.10 Radioembolization

Hepatic transarterial brachytherapy, also known as radioembolization (RE), was
first introduced in the 1960s but remained generally underexplored until the
FDA granted a humanitarian device exemption for the treatment of unresectable
HCC in 1999. HCC radiotherapy has been historically limited by the poor toler-
ance of the liver to traditional external beam radiation; whole-liver intensity-
modulated radiotherapy doses are limited to 30 Gy while minimal tumoricidal
doses exceed 50 Gy [50]. The rate of tumor response in relation to the normal
tissue complication probability, also referred to as the therapeutic ratio, contin-
ues to limit even current technology such as stereotactic and proton-based exter-
nal beam therapies when whole-liver treatment is required. In contrast, RE
safely delivers tumor doses ranging from 120 to more than 1500 Gy [51] by
exploiting local redistribution of radioactive elements via upregulated neovas-
cular arterial conduit relative to the background hepatic parenchyma. Millions
of radioactive glass or resin microspheres delivered via the hepatic artery irradi-
ate the tumor bed over approximately 2 weeks with negligible effect on the liver
substrate [52]. The most commonly used isotope, yttrium-90 (y90), emits a con-
stant stream of [ particles that penetrate liver tissue at a range of 2—-11 mm
providing an added treatment margin, irrespective of blood supply, which can-
not be achieved with embolic therapies.

Perhaps the more intriguing advancement brought by RE is the flexibility of both
treatment volume and administered radiation dose to best suit the distribution of
disease and treatment intent. Administrations can be lobar, sublobar, segmental, or
even subsegmental based on the liver tissue supplied by the selected blood vessel.
These vascular territories, or angiosomes, can be accurately determined with the
utilization of angiographic suite fluoroscopic CT acquisition, or cone beam CT,
while injecting contrast via selective catheterization of the suspected arterial supply
(Fig. 12.3). Dosimetry is then calculated using either the Body Surface Area (BSA)
method, which relies on an assumed volume of liver based on the patient’s ideal
body weight in relation to the volume of tumor, partition model, or the Medical
Internal Radiation Dose (MIRD) method which relegates a given activity to the
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Fig.12.3 (a) Inconspicuous HCC adjacent to the caudate that was best visualized on the delayed
venous phase of MRI (blue arrow). (b) Lesion is faintly identified during selective angiography
(blue arrow). (¢) Cone beam CT scan performed while injecting contrast through the suspected
angiosome of the lesion shows complete supply arising from the hepatic segment 7 artery. (d)
Arterial phase MRI 3 months after radiation segmentectomy showing enhancement within the
treated angiosome but not contrast uptake within the lesion. (e) Twenty-minute hepatobiliary con-
trast agent shows retraction and nonviability of the angiosome as well as the tumor and no hepatic
decompensation

measured involved volume of the liver. The operator may choose to administer
either a hepatocyte sparing dose which will maintain liver function or escalate to an
ablative dose which will abolish both tumor and normal liver within the angiosome.
When ablative doses are utilized, the treated liver will slowly decrease in volume
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over 3—6 months, become nearly completely fibrotic, and demonstrate absent hepa-
tocyte function that approaches surgical resection.

The principal limitations to RE are mainly inadequate and inhomogeneous intra-
lesional blood supply which create regions of subtherapeutic radiation exposure
referred to as radiation watershed. Both BSA and MIRD dosimetry assume uniform
distribution of spheres within a lesion and are unable to account for the limitations
of radiation watershed. Conceptually, the y90 B particle emission radii (up to
11 mm) are directly proportional to particle’s energy level (up to 2.3 MeV) and fol-
low a distribution curve with approximately 66% of particles in the 2 mm range.
More emissions within a treatment bed will equal a greater probability of high-
energy 11 mm particles present within the angiosome both simultaneously contrib-
uting to a wider lethal margin and mitigating radiation watershed. This flexibility in
dosimetry allows for RE to mimic the results of TACE for non-ablative lobar appli-
cations and approach surgical resection when ablative doses are administered to a
tumor encompassing angiosome [54]. The later has been referred to as a radiation
segmentectomy and is currently under investigation with early promising results for
early HCC showing complete response rates or 95% per EASL criteria [53] and
explant pathology revealing 100% and 50-99% necrosis in 52% and 48% of treated
patients, respectively [54].

A common contraindication to surgery has been the presence of vascular inva-
sion due to the probability of contemporaneous metastases [55]. Unfortunately, the
inability to adequately stage these patients with either tumor markers or imaging has
allowed their pretest probability for extrahepatic disease to dictate treatment rather
than tumor biology. This is illustrated in the BCLC staging system where patients
with portal invasion are anticipated to live approximately 11 months and only
offered systemic chemotherapy or palliation. However, HCC that invades the portal
or hepatic vein derives the majority of its blood supply from the artery, despite its
location, and remains equally vulnerable to transarterial RE with early studies
showing a 16.6-month (51% increase) improved survival rate with branch invasion
based on BCLC stage, 20% conversion to surgery, and 4% conversion to transplan-
tation [56, 57]. In patients with vascular invasive HCC that would otherwise be
candidates for resection, ablative dose RE may permit an extended surveillance
period to more accurately stage metastatic burden and allow conversion of consoli-
dated disease to resection or ablation.

Ablative lobar doses, referred to as radiation lobectomies, have also shown
promising early results in generating neoadjuvant of the anticipated FLR in an
effort to diminish the probability of postoperative liver failure (Fig. 12.4). The
degree of hypertrophy is greater than traditional portal vein embolization but
requires approximately 3—9 months [58, 59]. Vouche et al. demonstrated that 85%
of patients who underwent radiation lobectomy were ultimately understaged in the
FLR at the time of presentation which may have deterred surgery altogether [59].
In distinction to PVE, radiation lobectomies provide control of the primary tumor
site during FLR growth and theoretically preserve hepatic pedicles during resec-
tion by sterilizing tumor margins within the angiosome. Furthermore, radiation
lobectomies are not contraindicated in the setting of central portal venous invasion.
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Fig. 12.4 (a) Patient with hepatitis C-related cirrhosis and a previous microwave ablation of the
left hepatic lobe presents with a new 4 cm lesion in the right hepatic lobe. Patient was interested in
surgery, but there was insufficient future liver remnant to safely offer resection. (b) A hybrid dose
radiation lobectomy was performed with a supratherapeutic ablative dose within the angiosome
encompassing the tumor (non-enhancing right liver tissue) and a reduced ablative dose within the
remaining right hepatic lobe resulting in a radiation lobectomy. The patient’s left hepatic lobe was
monitored and allowed to hypertrophy for 6 months sowing no evident field progression. Patient
successfully underwent right hepatic lobe escharectomy without change in liver function despite
her cirrhosis. (¢) Pathology revealed a TO result with no viable disease

The high degree of fibrotic contraction observed in treated livers suggests an
immense immune response that currently has an indeterminate effect on tumor
volume but warrants analysis. Although further investigation is warranted, ablative
lobar radioembolization provides an encouraging alternative to the established
shortcomings of PVE.
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The clinical role for RE is rapidly accelerating as collective understating
continues to grow and with current level 2A evidence to support its use in HCC
[60], particularly in patients with vascular invasion [57, 61]. Although large
retrospective studies have shown at least similar efficacy between TACE and
RE—with RE outperforming TACE in downstaging HCC from UNOS T3 to T2
[62], reduced systemic toxicity [63], and on quality of life scores [64]—a ran-
domized controlled trial is in place to more accurately equate the two modalities
[65]. RE provides a broad spectrum of valuable treatment options ranging from
palliative whole-liver cytoreduction in advanced disease to potentially surgical
grade catheter-based hepatectomy for both operative neoadjuvant and locore-
gional curative intent.

12.3.11 Hybrid Therapy

Individual locoregional therapies have shown synergism when used in combina-
tion [66]. The most commonly utilized technique, other than TACE which com-
bines intra-arterial chemotherapy with an embolic agent, is neoadjuvant bland
embolization or TACE prior to thermal ablation (Fig. 12.5). This effect may be a
function of occluded vasculature preventing interstitial heat sink and weakening of
cells which otherwise would have achieved sublethal temperatures. Meta-analyses
have shown improved 1- and 3-year survival when compared with the RFA alone
[67], lower complication rates, and comparable overall and disease-free survival
to hepatic resection in tumors <2 cm [68]. Malluccio et al. demonstrated no sur-
vival difference in those treated with RFA plus TAE versus HR in HCC less than
7 [69]. Patients with advanced HCC treated with TACE and concurrent sorafenib
in a phase II multicenter prospective trial demonstrated a median time to progres-
sion of 16.4 months and overall survival of 20.1 months which was of uncertain
benefit [70]. Synergistic properties of chemoradiation are well established, and a
phase I trial of radiosensitizing capecitabine dose escalations with concurrent RE
for hepatic metastases and cholangiocarcinoma has shown an acceptable safety
profile [71], but similar studies are currently lacking for HCC. Prospective trials
of radioembolization with and without sorafenib have shown no significant clini-
cal benefit and increased biliary complication rate in one study [72, 73]. Ablative
dosing radioembolization may conceptually benefit from hyperbaric oxygenation
although, currently, there is no available data.

12.4 Treatment Evaluation

Traditional methods of evaluating treatment response via tumor size are usually
inapplicable to LRT due to coinciding necrosis, hemorrhage, and fibrosis. The mod-
ified response evaluation criteria in solid tumors (mRECIST) [74] and EASL [75]
criteria were created as a means to specifically gauge tumor viability when treated
with LRT. Residual HCC is defined by its arterial enhancement using bidimensional



12 Locoregional Therapies for Hepatocellular Carcinoma 227

Fig. 12.5 (a) Arterial CT of the abdomen demonstrates a well-circumscribed arterially enhancing
lesion in hepatic segment 6 in a patient with chronic hepatitis C infection most consistent with
early e = hepatocellular carcinoma. (b) Selective hepatic segment 6 angiography demonstrating the
vascular angiosome supplying the tumor prior to bland embolization. (¢) Noncontrast liver CT
prior to ablation showing uptake of the transarterial ethiodized oil within the no conspicuous
tumor. (d) Microwave probe within the center of tumor mass and visible low-density gas margin.
(e) Twelve-month portovenous phase CT scan demonstrating the retained ethiodized oil within the
fibrotic ablation zone and no viable tumor
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or longest diameter measurements in the EASL and mRECIST criteria, respectively.
These do not apply to the liver in its entirety and synchronous disease must be ascer-
tained separately. Benign changes that retain tissue enhancement, such as granula-
tion tissue seen in the periphery of lesions treated with RE, may be falsely
characterized as having an incomplete response, and a more accurate means of
evaluating ablative RE will be required. Despite their limitations, both mRECIST
and EASL provide benefit over WHO, and criteria have become incorporated in the
vernacular of most interdisciplinary teams.

12.5 Developing Locoregional Therapies

Future LRT for HCC will likely include physiologic or immune potentiation and
will avoid mechanical instrumentation or ionizing radiation. While stereotactic
body radiotherapy has shown early benefit in the treatment of HCC while avoiding
classical radiation-induced liver disease [76], it remains constrained by many of the
anatomic limitations that limit thermal ablation. There are randomized phase III
studies in place to determine whether treatment with vaccinia virus-based immuno-
therapy followed by sorafenib increases survival compared to treatment with
sorafenib in patients with advanced hepatocellular carcinoma who have not received
prior systemic therapy (NCT02562755). High-intensity focused ultrasound (HIFU)
is a developing modality that uses compression waves to liquefy tumor. Lack of
availability and long procedure times are the current major limitations to HIFU, but
reported experiences have demonstrated promising safety and efficacy for unresect-
able HCC, though few studies have compared this technique to standard thermal
ablation [77]. Light-activated drug therapy, which uses light-emitting diodes to ini-
tiate intravenously infused talaporfin within HCC, is currently being evaluated with
a phase III study (NCT00355355).

Conclusion

Interventional oncology has established itself as the fourth pillar of cancer ther-
apy and has progressed to the forefront in the management of hepatocellular
carcinoma. Locoregional therapy provides well-tolerated curative and palliative
solutions for patients with HCC who are surgically inoperable and may augment
surgical outcomes as a neoadjuvant. Innovation is expected to accelerate as the
American Board of Medical Specialties has recently recognized interventional
radiology as an independent medical specialty. As more interventionalists expand
on the data foundation which is currently under construction—Ilikely with the
formation of large registries, interventional oncology fellowships, advances in
imaging, and molecular level instruments—treatments will undoubtedly
approach first-line applications. Patients may no longer be required to choose
between best overall survival and the quality of life provided by minimally inva-
sive therapies.
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The Future Prospect of Targeted Therapy 1 3
in Hepatocellular Carcinoma
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and Darren R. Carpizo

13.1 Introduction

Liver cancer is the sixth most common cancer and the second leading cause of can-
cer death worldwide, accounting for 6% of all diagnosed cancers and approximately
745,000 deaths [1]. Hepatocellular carcinoma (HCC) accounts for up to 90% of all
liver cancer cases [1]. More striking, however, is that the incidence has risen over
the past several decades in numerous countries, including the United States [2, 3].
Only 30-40% of patients have early HCC at the time of diagnosis and are eligible
for potentially curative therapies such as surgical resection, liver transplantation,
radiofrequency ablation (RFA), or transarterial chemoembolization (TACE).
Furthermore, recurrence remains the leading cause of death after curative resection,
occurring in greater than 50% of patients [4]. Cytotoxic chemotherapy has had only
modest benefit in advanced disease, and effectiveness is frequently limited by
underlying hepatic dysfunction.

To date, sorafenib, a multiple kinase inhibitor is the only therapy to have shown
an overall survival benefit in advanced disease, with an improvement from 7.9 to
10.7 months with a favorable toxicity profile. This finding has established sorafenib
as the standard of care in this setting [5]. With only a modest benefit offered by
sorafenib, there is a pressing need to develop additional therapies to improve out-
comes in this disease.

In recent years, HCC has been shown to have a diverse array of phenotypic and
genetic alterations, although a few common molecular alterations have been identi-
fied that provide an opportunity to develop targeted therapies. These targets include
receptors for vascular endothelial growth factor (VEGF), epidermal growth factor
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(EGF), fibroblast growth factor (FGF), and platelet-derived growth factor (PDGF),
as well as mammalian target of rapamycin (mTOR) and histone deacetylases
(HDACS). Several phase III studies of therapies targeted toward these alterations
have followed; however, none has shown a significant survival benefit. This chapter
will review our current understanding of the molecular targeted pathways at play in
HCC, as well as ongoing clinical trials of targeted agents, and the future direction
for therapy in the treatment of HCC.

13.2 Systemic Chemotherapy for the Treatment of HCC

Despite many effective cytotoxic chemotherapy regimens in other tumor types,
there remains no effective chemotherapeutic strategy for the treatment of HCC. HCC
has long been considered a chemotherapy-refractory tumor through multiple mech-
anisms: enhanced cellular efflux mechanisms associated with an increase in drug
transporter proteins such as MDR1 and P-gp [6], increased expression of TP53
mutations [7] and heat shock proteins (HSPs) [8], DNA damage repair, epithelial-
mesenchymal transition (EMT), hypoxia-inducible factor 1 alpha (HIF-1a), and
others [9]. Historically, response rates for any chemotherapeutic agent have been
low, ranging from approximately 10 to 20% [10]. Because the majority of HCC
occurs in the setting of cirrhosis, it is often difficult to determine the survival benefit
of these therapies because the ability of patients to tolerate these treatments is often
limited by hepatic dysfunction. Several studies have shown that systemic chemo-
therapy has low efficacy in patients with significant cirrhosis, particularly in those
with a bilirubin >2, poor performance status, ascites, or portal vein thrombus [11].
Nonetheless, a large number of studies have been performed using both single
agents and combination regimens, resulting in a wide range of responses.
Additionally, many of these studies were performed in distinct patient populations
(Asian, European), which likely results in important differences between study pop-
ulations such as hepatitis B or C etiology, or age, thereby making the results less
applicable to a more uniform population.

13.2.1 Monotherapy

The most studied single agent has been the anthracycline doxorubicin. The earliest
phase II trial was done in 1975 and showed an objective response rate of 79% [12].
However, subsequent studies using the same dose of 75 mg/m? failed to corroborate
these results and suggested that the true response rate is actually 20% or less [13—
17]. Despite this discrepancy, one study has demonstrated a survival benefit with
doxorubicin as compared to the best supportive care alone [18]. Lower doses have
even lower reported response rates [19, 20].

Many other agents have been evaluated as monotherapies in phase III trials
including mitoxantrone, epirubicin, pegylated liposomal doxorubicin, gemcitabine,
irinotecan, and thalidomide, all of which have similar or even lower response rates
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as compared to doxorubicin [21-26]. 5-FU and its oral equivalent, capecitabine,
have low toxicity and can be administered more easily in the setting of hepatic dys-
function. Studies evaluating the efficacy of 5-FU monotherapy, with or without leu-
covorin, show response rates no higher than 28% [27, 28]. Capecitabine has been
evaluated in very small trials with mixed populations of both previously treated and
untreated patients, with median overall survival rates of about 10 months [29, 30].
Most patients had stable disease with a low number of partial or complete responses.
However, a recent phase II trial showed superior median overall survival and
progression-free survival in patients treated with sorafenib versus capecitabine,
thereby making the role of capecitabine in the treatment of HCC unclear [31].

13.2.2 Combination Chemotherapy

Several different combination chemotherapy regimens using cisplatin or gem-
citabine backbones have been tested in patients with advanced HCC. Gemcitabine
has been used in combination with several different agents including cisplatin,
pegylated liposomal doxorubicin, and oxaliplatin (GEMOX). In phase II trials, the
reported overall responses rates were 20% [32], 24% [33], and 18% [34], respec-
tively. However, median overall survival remained dismal, anywhere from 11.5 to
22.5 months, with the addition of significant toxicities including thrombocytopenia,
anemia, neutropenia, and neuropathy. Additionally, numerous cisplatin, oxaliplatin,
and irinotecan-based regimens have been studied, including XELOX, FOLFOX
(infusional fluorouracil, leucovorin, and oxaliplatin), and FOLFOX4, all of which
have not had promising results [35, 36]. The PIAF regimen (cisplatin, interferon,
doxorubicin, and 5-FU) initially appeared to have some efficacy in patients with
unresectable HCC after a phase II trial found a median overall survival of 8.9 months
[37]. However, in a randomized phase III trial comparing PIAF to doxorubicin
monotherapy, no significant survival benefit was found [17].

Overall, an abundance of cytotoxic chemotherapy regimens have been tested
without convincing evidence of a survival benefit. The evaluation of these regimens
has been limited by the use of small, single-arm trials with heterogenous patient
populations, lack of appropriate controls, and lack of patient risk stratification. As
such, there is insufficient data for the routine use of any chemotherapy regimen in
HCC. Subsequently, the emergence of targeted agents such as sorafenib has since
become the focus of treatment for patients with advanced HCC.

13.3 Molecular Pathogenesis of HCC

In order to develop effective targeted molecular agents, it is critical to understand
the molecular pathogenesis of HCC. The most common etiologies of HCC include
hepatitis B (HBV), hepatitis C (HCV), chronic alcohol consumption, and aflatoxin
toxicity. Nonalcoholic fatty liver disorders (NALFD) have also been shown to con-
tribute to the development of HCC [38]. Importantly, the underlying disease process
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dictates the specific molecular changes that promote carcinogenesis in HCC and is
responsible for the great genomic heterogeneity associated with HCC tumors. For
example, alcohol induces significant inflammation with cycles of necrosis and pro-
liferation, whereas aflatoxin contributes to hepatocarcinogenesis specifically via
p53 mutations (Fig. 13.1) [39].

However, in general, hepatocarcinogenesis is a multistep process which evolves
in the setting of chronic liver disease. It often develops over a prolonged time period
of up to 30 years, preceded by the chronic inflammation and pre-dysplastic pro-
cesses resulting from cirrhosis and chronic hepatitis. Injury induced by these pro-
cesses leads to a continuous cycle of hepatocyte necrosis and regeneration, which
involves proliferation of the stem cell compartment of the liver leading to DNA
mutations and genomic instability [39]. In the setting of liver damage, hepatic mes-
enchymal cells called stellate cells are activated and participate in extracellular
matrix production and chemotaxis. Chronic liver damage leads to recurrent activa-
tion of stellate cells, resulting in alteration of the extracellular matrix and fibrosis
[40]. Additionally, throughout these processes, various growth factors are secreted,
which can each contribute to oncogenesis on their own through processes such as
angiogenesis.

Overall, the molecular pathogenesis and specific genomic alterations that lead to
the development of HCC are extremely complex and are not fully understood.
However, the key mechanism appears to be formation of genomic instability in the
setting cirrhosis. Specifically, telomere shortening and telomerase reactivation are
key features of hepatocarcinogenesis along with loss or mutation of the p53 tumor
suppressor gene [39]. Several studies have shown that there is a broad mutational
profile in HCC, with approximately 30—40 mutations per tumor, among which 5-8
function as driver mutations while the rest are passenger mutations that do not
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contribute significantly to tumorigenesis [41-45]. Nonetheless, despite the vast het-
erogeneity of HCC tumors, there are several common molecular themes and path-
ways which are known to play prominent roles in the pathogenesis of HCC.

13.3.1 Genetic Mutations and Drivers

Comprehensive genomic analyses are essential to identify mutational signatures in
heterogeneous HCC tumors which can help associate them with specific risk factors
and improve personalized treatment with molecular targeted agents. Several studies
have helped elucidate the most common genetic profiles and driver genes of HCC
through exome sequencing analyses. Schulze et al. analyzed whole coding sequences
of 243 liver tumors in three European countries [46]. Approximately, 41% were
associated with alcohol, 26% with HCV, 18% with nonalcoholic steatohepatitis
(NASH), and 14% with HBV. Approximately 49% of tumors were from cirrhotic
livers. The authors found a median of 21 silent and 64 non-silent mutations per
tumor with 8 signature patterns and 161 driver genes (Fig. 13.2). The most common
gene alterations were TERT (60%), CTNNBI (37%), TP53 (24%), and ARIDIA
(13%). They performed copy number analysis and were able to correlate focal copy
number alterations (CNAs) and mutations to identify the 11 most commonly associ-
ated molecular pathways affecting: telomerase expression (60%), cellular inflam-
mation and proliferation via WNT-B-catenin (54%), and PI3-AKT-mTOR (51%).
The three most common clusters of alterations centered on CTNNBI, AXIN1, and
TP53. Finally, the authors were able to correlate genetic profiles with specific risk
factors.

For example, alcohol-related HCCs were enriched in CTNNB/1 and TERT altera-
tions, whereas HCV infection was associated with more TP53 mutations. Overall
28% of patients harbored at least one molecular alteration that is targetable by an
FDA-approved drug.

Other studies have reported similar findings. Gouichard et al. performed copy
number analysis on 125 HCC tumors with whole exome sequencing on 24 tumors
primarily associated with alcohol intake [42]. They found that the most common
alterations were related to fB-catenin (CTNNBI (32.8%), AXINI (15.2%), APC
(1.6%)), cell cycle control (TP53 (20.8%), CDKN2A (7.2%), IRF2 (4.8%)), chro-
matin remodeling (ARIDIA (16.8%), ARID2 (5.6%)), P13K/Ras signaling
(RPS6KA3 (9.6%)), and oxidative stress (NFE2L2 (6.4%)). Inactivation of the
tumor suppressor IRF2 was exclusively found in HBV-related tumors and led to
impaired TP53 function. Mutations in chromatin-remodeling genes were more fre-
quently associated with alcohol-related tumors.

Overall, the most common oncogene amplifications include TERT, CCNBI,
MET, MYC, FGF19, and VEGFA, whereas the most frequent homozygous deletions
are CDKN2A, TP53, Rbl, and AXINI [5, 41, 45-49]. Additionally, HDAC?2, a his-
tone deacetylase (HDAC) enzyme that participates in chromatin remodeling, has
been found to be upregulated in patients with HCC and is associated with poor
survival [50, 51]. The functional classification of these genes has led to the
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Fig. 13.2 Driver genes, copy number alterations, and most frequent gene alterations in HCC
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significance on the x axis and the net frequency of gains and deletions on the y axis. The size and
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frequency of high-amplitude changes (focal amplifications and homozygous deletions). Genes tar-
geted by recurrent amplifications and homozygous deletions are labeled. (¢) Bar plot indicating the
number and type of events for the most frequently altered genes (>4% of samples)

identification of several key signaling pathways involved in the pathogenesis of
HCC and serve as potential therapeutic targets. A selection of these will be dis-
cussed below.

13.3.2 Signaling Pathways

p53

The p53 tumor suppressor is an important driver in HCC, with a mutation rate of
18-50%, depending on the underlying etiology [52]. For example, aflatoxin
B1l-associated HCC is more common in Southeast Asia and Sub-Saharan Africa and
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causes a missense mutation at codon 249 (R249S) on exon 7 in 90% of cases [53,
54]. The mutated protein promotes hepatocarcinogenesis through inhibition of
apoptosis and cellular proliferation. Mutations at codon 249 are suggested by some
to be driver mutations, since they are also found in normal liver tissue after aflatoxin
exposure [55]. However, at the same time, other studies have some that these muta-
tions were related to tumor stage and may therefore reflect late molecular changes
[56]. TP53 mutations are also prevalent in HBV and HCV HCC and may serve as a
biomarker for HCC as well as chemoresistance [7, 56, 57]. A recent meta-analysis
has shown that HCC patients with upregulated mutant p53 expression have a shorter
overall survival than those with wild type p53 [58]. Other mutations that commonly
alter p53 function include G:C to T:A transversions at codon 249 and C:G to A:T
and C:G to T:A transversions at codon 250 [59].

WNT/g-Catenin

Dysregulation of the Wnt/B-catenin pathway is known to be crucial in hepatocar-
cinogenesis [60]. About 50% of patients with HCC have activation of this pathway
through either mutations of CTNNBI, inactivation of cadherin-1, or overexpression
of frizzled receptors [61]. Mutations in AXINI, a negative regulator of Wnt/p--
catenin, are also common. These mutations affect many cellular processes including
homeostasis, mobility, angiogenesis, proliferation, and apoptosis. In addition, dis-
ruption of the adenomatous polyposis coli (APC) gene leads to activation of this
pathway and promotes inflammation and early oncogenesis. This pathway is signifi-
cantly involved in alcoholic and HBV- and HCV-related HCC [59]. Specifically,
activation of this pathway leads to transcription of a variety of genes including
cyclin D1, COX2, matrix metalloproteinase 7 (MMP7), COX2, and MYC, all of
which are pro-tumorigenic. -catenin signaling leads to activation of NF-xf3 which
also promotes inflammation and cell death [62, 63].

PI3SK/AKT/mTOR

The phosphatidylinositol 3-kinase (PI3K/AKT/mTOR) pathway affects cellular
processes such as cell proliferation and survival and is upregulated in 40-50% of
HCC [64]. mTOR (mammalian target of rapamycin) is targeted by rapamycin (siro-
limus), which was first discovered as an important immunosuppressant after kidney
transplant. Important tyrosine kinase receptors such as vascular endothelial growth
factor receptor (VEGFR), platelet-derived growth factor receptor (PDGFR), epider-
mal growth factor receptor (EGFR), and insulin-like growth factor receptor (IGFR)
activate this pathway, while phosphatase and tensin homologue (PTEN) inhibits it.
There are now numerous PI3K inhibitors in clinical trials [65]. Upregulation of
PIBK/AKT/mTOR is associated with decreased overall survival, aggressive tumor
behavior, and early recurrence [66—68].

RAS/MAPK

Over 50% of patients with early-stage HCC and nearly 100% of patients with advanced
HCC have activation of the RAS/MAPK pathway, which is stimulated by several
receptors including EGFR, fibroblast growth factor receptor (FGFR), and
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c-mesenchymal-epithelial transition factor-1 (c-MET) [69, 70]. The Ras protein
belongs to a family of GTPases, which once activated, recruit Raf-1 kinase, which in
turn phosphorylates MEK1 and MEK?2 and ultimately ERK 1 and ERK2 [71]. It is
known that both the Hbx and HCV core proteins can activate this pathway, which
plays an important role in cellular proliferation and survival [72, 73]. Several studies
have demonstrated increased expression of MEK and ERK proteins in both animal
and human liver cancer [71]. Additionally, increased expression of Raf is associated
with poor prognosis and is an independent marker of tumor recurrence in human HCC
[74]. Although mutations in Raf and Ras proteins are highly prevalent in cancers such
as pancreatic cancer, these genes are rarely mutated in human HCC [69]. Alternatively,
downregulation of inhibitors of this pathway, such as DUSP1, RKIP, Spred, and
Sprouty proteins, appears to play a prominent role in hepatocarcinogenesis [71].

JAK/STAT

The JAK/STAT pathway consists of a cell surface receptor, a Janus kinase (JAK),
and a signal transducer and activator of transcription (STAT) protein. The pathway
is activated by a variety of growth factors, hormones, and cytokines. Ligand binding
activates JAK, ultimately resulting in phosphorylation of STAT, which then translo-
cates to the cell nucleus and induces transcription of target genes. JAK/STAT signal-
ing promotes cell proliferation, migration, and differentiation. Dysregulation of
STAT is associated with HCC, and alterations in JAK/STAT signaling occur with a
prevalence of 1.5% based on deep-sequencing analyses [44, 69]. Further, the sup-
pressors of cytokine signaling proteins (SOCS) are negative regulators of this path-
way and when altered lead to over-activation of the pathway and oncogenesis.
Inactivation of SOCS-1 has also been demonstrated in HCC [52, 69].

Notch

Notch signaling via its ligands Jagged (Jag-1, Jag-2) and Delta-like (DI-1, DI-3, and
DI-4) is important in cell fate and differentiation. Studies have shown that Notch is
involved in hepatocarcinogenesis through activation of Sox9- and K19-positive liver
progenitor cells [75]. Genomic studies have shown activation of Notch in about 30% of
human HCC, thereby implicating this pathway as a potential therapeutic target [76].

HDACs

Histone deacetylases are critical regulators of gene expression. Numerous studies
have demonstrated aberrant expression of HDACs in human cancers, and they have
been associated with an either better or worse prognosis, depending on the type of
cancer [77]. HDAC inhibitors (HDACis) cause acetylation of histone and non-
histone proteins leading to destabilization of various proteins and suppression of
transcriptional activity [78]. They are potent inducers of apoptosis, autophagy, cell
cycle arrest, and inhibition of tumor angiogenesis [79]. They have become a promi-
nent part of cancer therapy. Upregulation of HDAC 1, 3, 4, 5, and 10 has been found
in HCC tumors, although the prognosis of these markers in HCC is unclear [78, 80].
One study found that HDAC 3 was a useful biomarker for HBV-HCC recurrence
after liver transplantation [81].
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Other

There are multiple other molecular pathways and mechanisms known to play a
strong role in HCC. These include the tumor suppressor retinoblastoma (Rb) path-
way which is activated by cyclin-dependent kinases (CDKs) and induces G1/S cell
cycle transition [82]. Alteration in expression or inactivation of various CDK inhibi-
tors such as pl6INK4A, p21(WAF1/CIP1), and p27Kipl is associated with early
hepatocarcinogenesis [59]. Additionally, the transforming growth factor beta (TGF-
) pathway is known to play a role in inflammation and fibrosis leading to the devel-
opment of HCC. Studies have correlated late rather than early molecular alterations
in TGF-f signature with poor prognosis and tumor recurrence which is likely due to
TGF-p stimulation of epithelial-mesenchymal transition, which is essential for
metastasis [83]. Finally, the hepatocyte growth factor (HGF)/c-mesenchymal-
epithelial transition factor-1 (c-MET) pathway is associated with angiogenesis,
invasion, and tumor growth. Increased expression of MET gene signature is associ-
ated with poor prognosis [84, 85]. Multiple other receptor tyrosine kinase receptors
which activate the RAS/MAPK and PI3/AKT/mTOR pathways are very important
in the pathogenesis of HCC as well and include the receptors for insulin-like growth
factor (IGF), epidermal growth factor (EGF), platelet-derived growth factor (PDGF),
vascular endothelial growth factor (VEGF), and fibroblast growth factor (FGF). The
latter two growth factors play a significant role in angiogenesis as discussed below.
Finally, other mediators of the cellular stress response including heat shock proteins
and genes involved in oxidative stress that contribute to cellular mutations and dam-
age in HCC are also potential targets for therapeutic intervention.

13.4 Molecular Targeted Therapies for the Treatment of HCC

Hepatocellular carcinoma is a hypervascular tumor, which frequently invades local
vasculature. As a result, angiogenesis is thought to play a key role in the progression
of HCC. This process is mediated by a variety of growth factors which activate
many of the aforementioned molecular pathways, including VEGF. Higher circulat-
ing levels of VEGF are associated with a poor prognosis and decreased overall sur-
vival in patients with HCC and correlate with worse outcomes including tumor
recurrence after surgery or local ablative procedures [86, 87]. Therefore, this recep-
tor was one of the first targets of molecular therapy. In addition, PDGFR and FGFR
are additional targets of angiogenesis which are currently being explored.

13.4.1 Anti-VEGF Agents

Sorafenib

Sorafenib is an oral multiple tyrosine kinase inhibitor that targets the Raf kinases,
including VEGF receptors 1-3 and PDGF receptor (PDGFR) via the Raf-MEK-
ERK pathway. In 2008, sorafenib became the first approved molecular targeted
agent for the treatment of patients with advanced HCC based on positive data from
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the SHARP trial, a multicenter European phase I1I trial of sorafenib in 602 patients
with advanced (unresectable) HCC and Child-Pugh Class A cirrhosis. Patients were
randomly assigned to receive either sorafenib 400 mg twice daily or placebo, with
the primary endpoints of overall survival and time to symptomatic progression, as
measured by a 4-point decrease in the FACT hepatobiliary symptom index ques-
tionnaire. Secondary endpoints included time to radiographic progression based on
the Response Evaluation Criteria in Solid Tumors (RECIST), disease control rate,
and safety. Sorafenib resulted in a significant overall survival benefit (10.7 vs.
7.9 months) and an improvement in time to radiologic progression (5.5 vs.
2.8 months). However, objective response rates according to the RECIST criteria
were low [5]. Seventy-one percent of patients had a partial response, with no com-
plete responses. The survival benefit is likely due to delayed disease progression.
Overall there was a low toxicity profile with primarily grade 1 and grade 2 adverse
events. Grade 3 events included diarrhea, hand-foot reaction, hypertension, and
abdominal pain [5].

Cheng et al. conducted a second phase II trial in the Asian-Pacific population
using the same dose of sorafenib in patients with primarily HBV-related HCC and
Child-Pugh Class A cirrhosis. They also found improved overall survival in the
sorafenib group (6.5 vs. 4.2 months) as well as improved time to tumor progression
(2.8 vs. 1.4 months) [88]. Again, sorafenib was well tolerated with similar grade 3
and 4 toxicities as in the SHARP trial. The difference in the survival benefit between
the SHARP and Cheng studies may be due to the difference in the etiology of HCC,
as the SHARP trial included patients with a more uniform distribution of HBV-,
HCV-, and alcohol-related cirrhosis. In fact, a subgroup analysis in the SHARP trial
showed that the median overall benefit was greatest in patients with hepatitis
C-related cirrhosis [89]. The results of both of these studies were extremely signifi-
cant and exciting at the time, as there had been no consistent survival benefits of any
anti-HCC drugs in the previous decades. Therefore, sorafenib became the standard
of care and benchmark to demonstrate superior or non-inferiority in future trials of
molecular targeted agents for HCC.

Sorafenib has also been tested in combination with transarterial chemoemboli-
zation (TACE), as well as in combination with chemotherapy. TACE is the only
transarterial treatment that has been shown to have a survival benefit as compared
to placebo in randomized studies [90, 91]. Llovet et al. showed an increased over-
all survival of 63% vs. 27% at 2 years in patients with HCC and Child-Pugh Class
A or B treated with repeated chemoembolization as compared to controls [90].
Several studies, including phase III trials, have evaluated the efficacy of sorafenib
in combination with TACE. An initial phase III showed no difference in overall
survival in 458 patients with unresectable HCC assigned to placebo or sorafenib
(400 mg twice daily) after TACE [92]. However, the median study dose of
sorafenib was only 386 mg daily due to dose reductions, much lower than the cur-
rent standard of 400 mg twice daily. A subsequent phase II trial (SPACE) ran-
domly assigned 307 to sorafenib or placebo with repeated doses of TACE with
doxorubicin-eluting beads [93]. It found better trends toward TTP in the sorafenib
group but no statistical differences in TTP or overall survival. Finally, there is no
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known benefit of using sorafenib in combination with systemic chemotherapeutic
agents such as doxorubicin [94].

Currently, sorafenib remains first-line therapy for patients with unresectable
HCC. However, further studies are needed to further characterize predictive bio-
markers of response to sorafenib. The SHARP trial has served as a template for the
design of trials investigating other targeted therapies, and several important design
features have been replicated in subsequent studies. First, the majority of patients
being enrolled have Child-Pugh Class A cirrhosis, thereby eliminating the risk of
patients dying as a result of liver decompensation. Also, patients with advanced
HCC who do not qualify for curative therapies such as resection or transplant, or
those who progress after conventional therapies such as TACE, are good candidates
for clinical trials. Lastly, overall survival and time to progression are more fre-
quently serving as primary endpoints, as progression-free survival may be con-
founded by outcomes related to the severity of liver dysfunction.

Sunitinib

Sunitinib is another oral tyrosine kinase inhibitor that targets VEGFR as well as
PDGPFR, c-Kit, rearranged during transfection (RET), and fms-like tyrosine recep-
tor kinases (FLT3). In several phase II trials, sunitinib resulted in high levels of
grade 3 and 4 toxicities, such as thrombocytopenia, neutropenia, and hand-foot
skin reaction. More importantly, sunitinib has repeatedly resulted in minimal
objective responses [95, 96]. A phase III trial of over 1000 patients with previously
untreated advanced HCC comparing sunitinib to sorafenib was closed prematurely
due to the inferiority of sunitinib. At the time of trial cessation, the median survival
of patients was 7.9 months in the sunitinib group versus 10.2 months in the
sorafenib group. Treatment-related deaths accounted for 3.3% of patients versus
0.3% of patients, respectively. Additionally, the median OS was shorter in HCV-
infected patients [97].

Regorafenib

Similar to sorafenib, regorafenib also targets VEGF receptors 1 and 3, in addition to
other kinases that promote tumor growth and angiogenesis. The recent RESORCE
trial has preliminarily suggested a benefit with regorafenib as compared to placebo
in 573 patients with Child-Pugh Class A cirrhosis who had radiologic progression
on sorafenib. Regorafenib was associated with improved median overall survival
(10.6 versus 7.8 months) and objective response rate (11% vs. 4%) [98]. This study
is still ongoing. This has suggested that regorafenib may be a reasonable second-
line therapy in patients who progress on or are intolerant of sorafenib.

Bevacizumab

Bevacizumab (Avastin) is an anti-VEGF monoclonal antibody which was first
approved in 2004 for the treatment of metastatic colon cancer in combination with
chemotherapy. Several phase I/II trials have shown that it is safe and potentially
effective against HCC at doses of 5-10 mg/kg in several trials [99, 100]. However,
these trials had small sample sizes of only 30—45 patients. Therefore, the efficacy of
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bevacizumab either alone or in combination needs to be further evaluated in phase
IIT randomized trials. Additionally, studies have shown this agent to have a moder-
ate effect on objective response rate, progression-free survival, and median overall
survival when combined with gemcitabine and oxaliplatin (GEMOX) [101] or in
combination with capecitabine with or without oxaliplatin [102, 103]. Outcomes of
bevacizumab when combined with erlotinib, which targets EGFR, are discussed
below. Lastly, bevacizumab may diminish neo-vessel formation after TACE due to
its anti-angiogenesis effects [104].

Brivanib

Brivanib is an oral inhibitor of both VEGF and FGF signaling pathways, which was
first tested as a second-line agent in patients who progressed or were intolerant of
sorafenib. However, results of a phase 11l randomized trial did not show that brivanib
improved overall survival [105]. Subsequently, the BRISK-FL phase III trial ran-
domized 1150 patients with advanced HCC and no prior systemic treatment to
receive either sorafenib 400 mg twice daily or brivanib 800 mg daily. The primary
endpoint was median overall survival which was 9.9 months in the sorafenib group
and 9.5 months in the brivanib group. However, although the study did not meet its
primary endpoint of non-inferiority, the objective response rates and TTP were sim-
ilar. Patients on brivanib had a higher rate of discontinuation due to adverse events
(43 vs. 33%) [106]. Despite the trend toward increased OS in the brivanib, the drug
could not meet approval for first-line therapy, owing to the strict requirements of
non-inferiority trials, which required a hazard ratio for survival with 95% confi-
dence interval between 1 and 1.08.

Others

Several other anti-VEGF agents have been evaluated in both phase II and phase I11
trials, some of which are still ongoing (Tables 13.1 and 13.2). These include axitinib,
ramucirumab, and lenvatinib. Overall, despite the promise of some of these agents
such as brivanib, none has shown a clinically significant improvement in overall
survival as compared to either placebo or sorafenib.

13.4.2 Anti-PDGF Agents

Linifanib

Linifanib is a more potent targeted inhibitor of both VEGFR and PDGFR than
sorafenib. In a phase II trial of 44 patients with advanced or metastatic HCC, treat-
ment with linifanib yielded a median overall survival of 9.7 months, suggesting
possible clinical efficacy. Patients were primarily Asian (89%), Child-Pugh Class A
(86%), and HBV infected (61%) [107]. However, the phase III head-to-head trial of
linifanib versus sorafenib in over 1000 patients failed to meet non-inferiority bound-
aries, and the overall survival rates were 9.1 versus 9.8 months, respectively.
Linifanib also appeared to be more toxic with adverse events in 54% of patients
versus 38% with sorafenib [108].
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Table 13.1 Molecular targeted agents for HCC in early-phase clinical trials
Trial Trials Primary
Drug phase(s) | Targets (n) Biomarker | outcome(s)
Anti-angiogenesis
AMG 386 11 Angiopoietin-1/2 1 No PFS
Anlotinib I VEGFR, PDGFR, 1 No PFS
FGFR, c-Kit, RET
Axitinib 11 VEGFR/c-Kit/PDGFR 3 No DCR
Bevacizumab I VEGF 3 No DCR
Cediranib 11 VEGFR 1 No OS at 6 months
Foretinib 1 VEGF2, MET 1 No MTD
Nintedanib LI VEGEFR, PDGFR, FGFR |3 No MTD, TTP
Orantinib LI VEGFR2, PDFR, FGFR |1 No DLT, ORR
(TSU-68)
Pazopanib 1I VEGEFR, PDGFR, 1 No MTD
FGFR, c-Kit
Tivozanib LII VEGFR 1 No PFS
TRC 105 LI Endoglin 1 No MTD, TTP
Vandetanib 1I VEGFR, EGFR, RET 1 No ORR
Inhibitors of cell cycle/proliferation
ABC294640 11 Sphingosine kinase-2 1 No ORR
AZDB055 1 mTOR 1 No DLT
Bavituximab L 1T Phosphatidylserine 1 No TTP
BGJ398 11 FGFR1-4 1 FGFR ORR
mutation
BIIB022 I IGF-1R 1 No DLT
CC-122 1 Pleiotropy 2 No DLT, ORR
CC-223 LI mTOR 1 No DLT
Cixutumumab 1I IGF-1R 3 No PFS
DCR-MYC LI MYC 1 No MTD
DENSPM I Polyamines 1 No MTD
Dovitinib I FGFR3 1 No oS
ENMD-2076 I Aurora kinases 1 No PFS
Enzalutamide I, II Androgen receptor 2 No PFS, OS
Galunisertib I TGFpR1 2 No TTP
Gefitinib I EGFR 2 No PFS
H3B-6527 I FGFR4 1 No DLT
INC280 I MET 2 MET TTP, ORR
mutations
Lapatinib I EGFR, Her2/neu 2 No ORR
LDE225 1 Hedgehog 1 No DLT
LEEOI1 11 CDK4/6 1 No PFS
LY2157299 11 TGF-p 3 No oS
LY2875358 LI MET/VEGFR 1 No DLT
MEDI-573 1 IGF-1/2 1 No DLT
MK2206 11 AKT (protein kinase B) | 1 No ORR
MLNO0128 LI mTOR 1 No MTD, TTP

(continued)
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Table 13.1 (continued)

Trial Trials Primary
Drug phase(s) | Targets (n) Biomarker | outcome(s)
MSC2156119) |1 1L MET 2 MET DLT, TTP
mutations
Napabucasin L1II STAT 2 No DLT, ORR
(BBI608)
OMP-54F28 1 WNT 1 No DLT, MTD
Onartuzumab 1 MET 1 No DLT
Pimasertib 1 MEKI1/MEK2 1 No DLT
Refametinib 1T MEK 1 RAS ORR
mutations
RO5323441 1 Placenta growth factor 1 No DLT
Selumetinib L 1T MEK 2 No MTD, ORR
(AZD624)
Sirolimus I, 11 mTOR 2 No MTD, RFS
TAC-101 11 Retinoic acid receptor 4 No OS
Temsirolimus L1II mTOR 4 No TTP
TKM-080301 L 1T PLK1 1 No MTD
Trametinib L 1T MEKI1/MEK?2 2 No MTD, OS
U3-1784 1 FGFR4 1 No AE
[Met5]- 1 Opioid growth factor 1 No MTD
enkephalin
Epigenetic modulators
AEG35156 L1II XIAP mRNA 1 No MTD, PFS
Belinostat ILII Histone deacetylase 1 No DLT, ORR
Cinobufacin 11 miR-494 1 No ORR
CUDC-101 1 Histone deacetylase/ 1 No Safety
EGFR/HER2
MRX34 1 miR-34 1 No MTD
MTL-CEBPA 1 CEPBA 1 No DLT
Panobinostat 1 Histone deacetylase 1 No MTD
Resminostat LII Histone deacetylase 1 No DLT, TTP,
(4SC-201) PFSR
SGI-110 I DNMT 1 No DCR
Tefinostat ILII Histone deacetylase 1 No DLT, PFS
Vorinostat I Histone deacetylase 1 No MTD
Immunomodulators
OPC-18 I Interferon-o receptor 1 No ORR
AZD9150 1 STAT3 1 No MTD
Dalantercept IL1II TGF-p 1 ALKI, DLT, PES, OS,
BMP 9/10 | DCR
GLYCART 1 T cells 1 No DLT
cells
Icaritin 1T STAT3 1 No TTP
Ipilimumab LI CTLA-4 1 No DLT, ORR
NGR-hTNF 1T TNF-a 1 No PFS
OPB-31121 L1 STAT3 1 No DLT
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Table 13.1 (continued)

Trial Trials Primary

Drug phase(s) | Targets (n) Biomarker | outcome(s)
OPB-111,077 I STAT3 1 No MTD
PDROO1 LI PD-1 1 No MTD, DLT,

ORR
SHR1210 LI PD-1 1 No oS
Tasquinimod 1T Protein S100A9 1 No PFS
Tremelimumab | II CTLA-4 1 No ORR
(CP 675,206)
Proapoptotic or DNA-damaging agents
ABT-888 LI PARP 1 No ORR
Mapatumumab | I, I TRAIL-R1 2 No TTP
Navitoclax 1 BCL2, BCLX 1 No MTD
STA-9090 1 Hsp90 1 No DLT
Tigatuzumab I TRAIL-R2 1 No TTP
(CS-1008)
Veliparib 11 PARP1/2 1 No ORR
(ABT-888)
Miscellaneous
ABT-751 1 f3-tubulin 1 No MTD
BBI608/BBI5S03 | I, 1T Cancer stem cells 1 No ORR
Bortezomib 11 Proteasome 2 No ORR
CF102 1I Adenosine receptor 2 No (ON)
Darinaparsin 1I Unknown 1 No ORR
Dasatinib 1T BCR/Abl 2 No ORR,PFS
GC33 LI GPC3 3 No DLT, PFS
Ispinesib 11 Kinesin spindle protein 1 No ORR
Lenalidomide I Ubiquitin E3 ligase/ 1 No PFS

proteasome
Oprozomib ILII Proteasome 1 No TTP
RO5137382 11 Glypican-3 1 Glypican-3 | PFS
on [HC

T900607 I Microtubule 1 No ORR
7-208 LI Unknown 1 No MTD, ORR

Data accessed in October 2016 on clinicaltrials.gov using search criteria “hepatocellular carci-
noma” OR “liver cancer” “drug” NOT “procedure” phase 0-2 to identify relevant clinical trials
either completed, ongoing, or terminated with results, not withdrawn or terminated due to adverse
effects. Table adapted from Table 3 Llovet et al. [65]. PF'S progression-free survival, DCR disease
control rate, OS overall survival, MTD maximum-tolerated dose, 77P time to progression, ORR
objective response rate, DLT dose-limiting toxicity, RFS relapse-free survival, AE adverse events,
PFSR progression-free survival rate

13.4.3 Anti-FGF Agents

FGEFR signaling has a role in both proliferation and angiogenesis which contributes
to hepatocarcinogenesis [109]. Studies in pancreatic tumors have suggested that
resistance to VEGF-targeted therapy may be mediated by upregulation of FGFR
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signaling [110]. Thus, it was hypothesized that brivanib, mentioned above, might
have increased efficacy in treatment of HCC by targeting both VEGFR and
FGFR. Since the phase III non-inferiority trial of sorafenib versus brivanib did not
demonstrate a clear clinical effect, there has been focus on the development of more
specific FGFR agents and biomarkers which may demonstrate response to treat-
ment. FGF19 is one such potential biomarker, amplified in 5-10% of HCC, which
may predict response to targeted FGF therapy [47, 48]. In addition, blocking FGFR4
may help prevent hepatic tumor formation by interfering with the FGR19 signaling
axis [111]. As a result, several generations of targeted FGFR agents have been
developed and are underway in clinical studies. The first generation of these drugs
were either pan-FGFR inhibitors or those with weak activity against FGFR4, includ-
ing LY-2874455, ponatinib, BGJ398, and AZD4547 [112]. Currently, there are only
a few phase I/II studies underway evaluating specific FGFR inhibitors (Table 13.1).
Recent development of another selective FGFR4 inhibitor, BLU9931, may have
promise as a future therapy for HCC [113].

13.4.4 Anti-EGRF Agents

Erlotinib

Erlotinib inhibits the tyrosine kinase domain of EGFR and has demonstrated antitu-
mor activity and a median overall survival of 11-13 (11-13 months) in phase II
clinical trials of patients with unresectable HCC [114, 115]. Expanding upon this
earlier study, the phase IIl SEARCH trial included 720 patients with advanced HCC
who were randomized to receive either sorafenib and erlotinib or sorafenib and
placebo [116]. The trial did not show a significant benefit of combination therapy
with erlotinib and sorafenib as compared to sorafenib alone (OS 9.5 vs. 8.5 months),
and the addition of erlotinib resulted in increased toxicity resulting in shorter dura-
tions of treatment. Additionally, a phase II trial of erlotinib plus bevacizumab failed
to validate the use of this combination strategy [117]. Other phase II trials of erlo-
tinib and bevacizumab are underway.

13.4.5 Newer Drugs Under Development

MET

As previously mentioned, MET is part of the HGF signaling pathway, and expres-
sion of MET signature phenotype is correlated with tumor progression and metasta-
sis [84]. Therefore, MET is a target of new drug development for treatment of
HCC. Cabozantinib, which inhibits both MET and VEGFR2, has been shown to
suppress tumor growth and metastasis both in vitro and in vivo [118]. This same
study also showed high levels of activated MET that are associated with poor
response to sorafenib, making this an attractive target for intervention. A phase I1I
randomized trial (the CELESTIAL trial) of cabozantinib versus placebo in advanced
HCC is still ongoing (Table 13.2). Tivantinib (ARQ197) which selectively targets
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¢-MET may also be a valuable drug for second-line therapy. A randomized phase 11
trial of tivantinib versus placebo showed that patients with MET-high tumors who
received tivantinib had median OS of 7.2 months, compared to 3.8 months for MET-
high patients who received the placebo (HR, 0.38) [119]. A Japanese phase III trial
(JET-HCC) with this drug is underway (Table 13.2).

TGF-g

TGF-f signaling is associated with cirrhosis, fibrosis, and inflammation as men-
tioned previously resulting in epithelial-to-mesenchymal transition and hepatocar-
cinogenesis [120]. Furthermore, late TGF-p signature correlates to tumor
invasiveness and recurrence [83]. Therefore, it is hypothesized that inhibition of
TGF-f in HCC will block both inflammation related to liver cirrhosis and HCC
tumor metastasis. However, in many cancers, TGF-f has been shown to have both
tumor suppressor and tumor promotor functions [121], making it difficult to develop
novel inhibitors for therapy. LY2157299 (galunisertib) is a TGF-f inhibitor that has
been shown to block HCC tumor invasion and angiogenesis in preclinical studies
[122]. Preliminary results of a phase II trial demonstrated tolerable toxicity and
increased TTP in patients with declines in serum alpha-fetoprotein and TGF-f3
levels [123]. Phase II clinical trials of galunisertib alone or in combination with
sorafenib are ongoing (Table 13.1). Identification of biomarkers which are predic-
tive of response will be useful for development of anti-TGF-f} agents.

RAS/MAPK

Selective inhibitors of the RAS/MAPK pathway, which affects cellular prolifera-
tion, include those targeting MEK and RAF. A phase II trial of the MEK inhibitor,
refametinib (BAY 86-9766), was conducted in 95 Asian, primary HBV-infected
patients assigned to receive refametinib 50 mg twice daily and sorafenib 200 mg
(morning)/400 mg (evening), with dose escalation to sorafenib 400 mg twice daily
if tolerated. Disease control rate was 44.8% with median TTP of 122 days.
Interestingly, the best clinical responders had RAS mutations, suggesting efficacy
of this treatment in selected RAS-mutated patients. Unfortunately, dose modifica-
tions due to adverse events such as diarrhea, nausea, and vomiting occurred in most
patients, which may limit the benefit of this therapeutic combination [124].
Additionally, a low proportion of HCC patients are known to have Ras mutation,
thus limiting the feasibility of MEK inhibitors. Additionally, BRAF inhibitors, such
as dabrafenib, are under early investigation for treatment in HCC. Many of these
drugs are already FDA approved for treatment of advanced melanoma, which com-
monly harbors BRAF mutations (Table 13.1).

Antiproliferative/Cell Cycle

Cyclin-dependent kinases (CDK) are critical regulators of cell cycle control and
apoptosis which are known to be deregulated in cancer [125]. CDKS are known to
be altered in HCC, through gene deletions such as CDKN2A, which control CDK
inhibitory proteins such as p16Ink4, p21, p27, and p57 [126]. Thus CDK inhibitors
that can halt cell cycle progression are another potential therapeutic intervention in
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the treatment of HCC. Examples of this are currently in preclinical phases of devel-
opment and include xylocydine, an inhibitor of CDK 1, 2, 7, and 9 which has shown
the ability to suppress growth of HCC xenografts in nude mice [127]. Additionally,
CDK4/6 inhibition can block proliferation in hepatoma cell lines [128]. A third
study showed that treatment of xenografted HCC with the novel compounds BA-12
and BP-14 that antagonize CDK1/2/5/7 and CDK9 decreased tumor formation. It
also diminished diethylnitrosamine (DEN)-induced hepatoma development in mice,
suggesting a role for efficacy in the treatment of HCC [129].

PI3K/mTOR Inhibitors

Everolimus is an mTOR inhibitor which has been shown to improve survival and
prevent tumor progression in preclinical models [130]. After success of early clini-
cal studies [131], everolimus was tested in a phase III randomized controlled trial
(EVOLVE-1) of 546 patients with sorafenib-refractory or intolerant advanced
HCC. There was no difference in median OS in patients who received everolimus
as compared to placebo (7.6 vs. 7.3 months). Interestingly, patients with HBV
infection fared better than those with HCV (HR 0.63 vs. 0.93). Furthermore, the
authors show that HBV-infected patients were more likely to have tuberous sclero-
sis 2 (TSC2)-null phenotype. This is significant since previous studies have shown
that this phenotype is a predictive biomarker for response to everolimus [132].
Therefore, further studies are needed to validate the use of mTOR inhibitors in
selected HCC patients.

HDACis

Histone deacetylases (HDAC) are important in chromatin remodeling, and epigen-
etic dysregulation plays a key role in HCC as previously described. HDAC inhibi-
tors have become important in cancer therapy. They mediate cell death through a
variety of mechanisms including cell growth arrest, induction of apoptosis, induc-
tion of autophagy, and anti-angiogenesis [80]. In an early phase I/II trial, 42 patients
with unresectable HCC received intravenous dosing of belinostat, an HDAC inhibi-
tor which is FDA approved for the treatment of peripheral T-cell lymphoma. The
study found that belinostat was well tolerated and resulted in disease stabilization.
Also, expression of HR23B, which is known to increase sensitivity to HDAC inhibi-
tors [133], was associated with improved disease stabilization [134]. Currently, sev-
eral phase I and II trials are underway evaluating the use of different HDAC
inhibitors alone or in combination with sorafenib (Table 13.1).

Immunomodulators

Immune checkpoint inhibitors have shown tremendous therapeutic activity in the
treatment of advanced melanoma [135]. These include antibodies against cytotoxic
T-lymphocyte protein (CTLA-4) and programmed cell death protein 1 (PD-1) and
its ligand (PD-L1). CTLA-4 is expressed on regulatory T cells (Tregs) and serves as
an inhibitory signal to activated T cells. Cancer cells protect themselves against
activated T cells in part by expressing PD-L1 which interacts with PD-1 to attenuate
T-cell responses. Therefore, inhibition of these immune checkpoints will improve
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tumor-associated immune responses. Thus far, results in clinical trials are promis-
ing. A phase I/II trial of nivolumab (anti-PD-1 antibody) showed that it was safe at
doses up to 10 mL/kg. A total of 47 patients with noninfected HBV- and HCV-
related HCC were examined, of whom 70% had extrahepatic metastasis. Most
patients had failed sorafenib therapy. The overall objective response rate was 19%,
with two patients (5%) demonstrating a complete response. Moreover, the dose
escalation part of the study assessed the efficacy of nivolumab at doses between 0.1
and 10 mL/kg. Most importantly, patients demonstrated stable or improved response
over time without the development of drug resistance [136]. This trial is still ongo-
ing, and results were recently presented at the ASCO meeting in 2016. Currently, a
phase III trial of nivolumab in HCC is underway (Table 13.2), as are other phase I
and II trials of CTLA-4 and PD-1 antibodies (Table 13.1).

13.5 Future Directions

Overall there have been substantial developments in understanding the molecular
pathogenesis of HCC. Unfortunately, this has not yet translated into more robust
therapeutic advances other than sorafenib. For patients with HCC not amenable to
potentially curative therapies such as resection, transplant, or ablation, there remain
limited options. For early-stage patients who are able to undergo potentially cura-
tive resection, the majority (70%) recur with no proven adjuvant therapy [137].
Even sorafenib has failed to have success in the adjuvant setting. In the STORM
randomized controlled phase III trial, over 1000 patients with early HCC who had a
complete radiologic response to surgical resection or local ablation were treated
with sorafenib 400 mg twice daily or placebo for up to 4 years. There was no differ-
ence in overall median recurrence-free survival between the two groups (33.7 vs.
33.3 months) [138]. These findings suggest that sorafenib may not prevent progres-
sion of early undetected tumor clones or de novo hepatocarcinogenesis. This high-
lights the fact that further research is indicated to better understand the molecular
pathways and signatures which are associated with tumor recurrence.

Many promising drugs have failed to meet primary endpoints in phase II or phase
IIT clinical trials based on the failure to show objective response rates based on the
RECIST criteria. However, these criteria can be misleading and may underestimate
response to immunotherapy or molecular targeted agents. As a result, the modified
RECIST criteria have been developed which characterizes active tumor tissue based
on arterial phase enhancement on imaging. These new criteria should be applied to
future trials and can be enhanced through identification of other markers of tumor
activity as opposed to just tumor size.

Other reasons for the lack of success in molecular targeted therapy thus far
include the highly heterogeneic nature of HCC which encompasses numerous alter-
ations in genetic pathways and epigenetic changes. Basket trials designed to enroll
patients based on a specific molecular alteration in their tumor may be a more prom-
ising strategy to evaluate targeted agents in clinical trials such has been done with
vemurafenib in VOOOE BRAF mutant cancers [139].
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Further improvements in targeted therapy for HCC will focus on gaining a better
understanding of molecular drivers and, most importantly, designing specific ther-
apy for each patient based on molecular classification and/or etiology of his or her
individual tumor(s). In addition, identification of biomarkers which will help iden-
tify responder from nonresponder to a specific therapy is also critical. Other promis-
ing avenues for research in the therapeutics of HCC include epigenetic modifiers
and miRNA-based therapies and agents that target HCC tumor-initiating cells (the
so-called cancer stem cells). Ultimately, the development of molecular targeted
agents for HCC hinges on more effective translational research that will be able to
show which agents are effective for which types of HCC.

References

1. Ferlay J, Soerjomataram I, Dikshit R, et al. Cancer incidence and mortality worldwide:
sources, methods and major patterns in GLOBOCAN 2012. Int J Cancer. 2015;136:E359-86.

2. Nordenstedt H, White DL, El-Serag HB. The changing pattern of epidemiology in hepatocel-
lular carcinoma. Dig Liver Dis. 2010;42(Suppl 3):S206-14.

3. Torre LA, Bray F, Siegel RL, et al. Global cancer statistics, 2012. CA Cancer J Clin.
2015;65:87-108.

4. Shah SA, Cleary SP, Wei AC, et al. Recurrence after liver resection for hepatocellular carci-
noma: risk factors, treatment, and outcomes. Surgery. 2007;141:330-9.

5. Llovet JM, Ricci S, Mazzaferro V, et al. Sorafenib in advanced hepatocellular carcinoma. N
Engl J Med. 2008;359:378-90.

6. Huang C, Xu D, Xia Q, et al. Reversal of P-glycoprotein-mediated multidrug resistance of
human hepatic cancer cells by Astragaloside II. J Pharm Pharmacol. 2012;64:1741-50.

7. Chan KT, Lung ML. Mutant p53 expression enhances drug resistance in a hepatocellular car-
cinoma cell line. Cancer Chemother Pharmacol. 2004;53:519-26.

8. Wang C, Zhang Y, Guo K, et al. Heat shock proteins in hepatocellular carcinoma: molecular
mechanism and therapeutic potential. Int J Cancer. 2016;138:1824-34.

9. Wen L, Liang C, Chen E, et al. Regulation of multi-drug resistance in hepatocellular carci-
noma cells is TRPC6/calcium dependent. Sci Rep. 2016;6:23269.

10. Deng GL, Zeng S, Shen H. Chemotherapy and target therapy for hepatocellular carcinoma:
new advances and challenges. World J Hepatol. 2015;7:787-98.

11. Nagahama H, Okada S, Okusaka T, et al. Predictive factors for tumor response to systemic
chemotherapy in patients with hepatocellular carcinoma. Jpn J Clin Oncol. 1997;27:321-4.

12. Olweny CL, Toya T, Katongole-Mbidde E, et al. Treatment of hepatocellular carcinoma with
adriamycin. Preliminary communication. Cancer. 1975;36:1250-7.

13. Chlebowski RT, Brzechwa-Adjukiewicz A, Cowden A, et al. Doxorubicin (75 mg/m2) for hepa-
tocellular carcinoma: clinical and pharmacokinetic results. Cancer Treat Rep. 1984;68:487-91.

14. Choi TK, Lee NW, Wong J. Chemotherapy for advanced hepatocellular carcinoma. Adriamycin
versus quadruple chemotherapy. Cancer. 1984;53:401-5.

15. Ihde DC, Kane RC, Cohen MH, et al. Adriamycin therapy in American patients with hepato-
cellular carcinoma. Cancer Treat Rep. 1977;61:1385-7.

16. Nerenstone SR, Ihde DC, Friedman MA. Clinical trials in primary hepatocellular carcinoma:
current status and future directions. Cancer Treat Rev. 1988;15:1-31.

17. Yeo W, Mok TS, Zee B, et al. A randomized phase III study of doxorubicin versus cisplatin/
interferon alpha-2b/doxorubicin/fluorouracil (PIAF) combination chemotherapy for unresect-
able hepatocellular carcinoma. J Natl Cancer Inst. 2005;97:1532-8.

18. Lai CL, PC W, Chan GC, et al. Doxorubicin versus no antitumor therapy in inoperable hepa-
tocellular carcinoma. A prospective randomized trial. Cancer. 1988;62:479-83.



The Future Prospect of Targeted Therapy in Hepatocellular Carcinoma 257

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Gish RG, Porta C, Lazar L, et al. Phase III randomized controlled trial comparing the survival
of patients with unresectable hepatocellular carcinoma treated with nolatrexed or doxorubicin.
J Clin Oncol. 2007;25:3069-75.

Sciarrino E, Simonetti RG, Le Moli S, et al. Adriamycin treatment for hepatocellular carci-
noma. Experience with 109 patients. Cancer. 1985;56:2751-5.

Boige V, Taieb J, Hebbar M, et al. Irinotecan as first-line chemotherapy in patients with
advanced hepatocellular carcinoma: a multicenter phase II study with dose adjustment accord-
ing to baseline serum bilirubin level. Eur J Cancer. 2006;42:456-9.

Dunk AA, Scott SC, Johnson PJ, et al. Mitozantrone as single agent therapy in hepatocellular
carcinoma. A phase II study. J Hepatol. 1985;1:395-404.

Halm U, Etzrodt G, Schiefke I, et al. A phase II study of pegylated liposomal doxorubicin for
treatment of advanced hepatocellular carcinoma. Ann Oncol. 2000;11:113-4.

Kubicka S, Rudolph KL, Tietze MK, et al. Phase II study of systemic gemcitabine chemotherapy
for advanced unresectable hepatobiliary carcinomas. Hepato-Gastroenterology. 2001;48:783-9.
Lin AY, Brophy N, Fisher GA, et al. Phase II study of thalidomide in patients with unresectable
hepatocellular carcinoma. Cancer. 2005;103:119-25.

Pohl J, Zuna I, Stremmel W, et al. Systemic chemotherapy with epirubicin for treatment of
advanced or multifocal hepatocellular carcinoma. Chemotherapy. 2001;47:359-65.

Porta C, Moroni M, Nastasi G, et al. 5-Fluorouracil and d,l-leucovorin calcium are active to
treat unresectable hepatocellular carcinoma patients: preliminary results of a phase II study.
Oncology. 1995;52:487-91.

Tetef M, Doroshow J, Akman S, et al. 5-fluorouracil and high-dose calcium leucovorin for
hepatocellular carcinoma: a phase II trial. Cancer Investig. 1995;13:460-3.

Brandi G, De Rosa F, Agostini V, et al. Metronomic capecitabine in advanced hepatocellular
carcinoma patients: a phase II study. Oncologist. 2013;18:1256-7.

Patt YZ, Hassan MM, Aguayo A, et al. Oral capecitabine for the treatment of hepatocellular
carcinoma, cholangiocarcinoma, and gallbladder carcinoma. Cancer. 2004;101:578-86.
Abdel-Rahman O, Abdel-Wahab M, Shaker M, et al. Sorafenib versus capecitabine in the
management of advanced hepatocellular carcinoma. Med Oncol. 2013;30:655.

Parikh PM, Fuloria J, Babu G, et al. A phase II study of gemcitabine and cisplatin in patients
with advanced hepatocellular carcinoma. Trop Gastroenterol. 2005;26:115-8.

Lombardi G, Zustovich F, Farinati F, et al. Pegylated liposomal doxorubicin and gemcitabine
in patients with advanced hepatocellular carcinoma: results of a phase 2 study. Cancer.
2011;117:125-33.

Louafi S, Boige V, Ducreux M, et al. Gemcitabine plus oxaliplatin (GEMOX) in patients
with advanced hepatocellular carcinoma (HCC): results of a phase II study. Cancer.
2007;109:1384-90.

Boige V, Raoul JL, Pignon JP, et al. Multicentre phase II trial of capecitabine plus oxaliplatin
(XELOX) in patients with advanced hepatocellular carcinoma: FFCD 03-03 trial. Br J Cancer.
2007;97:862-7.

Qin S, Bai Y, Lim HY, et al. Randomized, multicenter, open-label study of oxaliplatin plus flu-
orouracil/leucovorin versus doxorubicin as palliative chemotherapy in patients with advanced
hepatocellular carcinoma from Asia. J Clin Oncol. 2013;31:3501-8.

Leung TW, Patt YZ, Lau WY, et al. Complete pathological remission is possible with sys-
temic combination chemotherapy for inoperable hepatocellular carcinoma. Clin Cancer Res.
1999;5:1676-81.

Farrell GC, Larter CZ. Nonalcoholic fatty liver disease: from steatosis to cirrhosis. Hepatology.
2006:43:599-S112.

Farazi PA, Depinho RA. Hepatocellular carcinoma pathogenesis: from genes to environment.
Nat Rev Cancer. 2006;6:674-87.

Yin C, Evason KJ, Asahina K, et al. Hepatic stellate cells in liver development, regeneration,
and cancer. J Clin Invest. 2013;123:1902-10.

Ahn SM, Jang SJ, Shim JH, et al. Genomic portrait of resectable hepatocellular carcinomas: impli-
cations of RB1 and FGF19 aberrations for patient stratification. Hepatology. 2014;60:1972-82.



258

S.H. Greco et al.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Guichard C, Amaddeo G, Imbeaud S, et al. Integrated analysis of somatic mutations and focal
copy-number changes identifies key genes and pathways in hepatocellular carcinoma. Nat
Genet. 2012;44:694-8.

Kan Z, Zheng H, Liu X, et al. Whole-genome sequencing identifies recurrent mutations in
hepatocellular carcinoma. Genome Res. 2013;23:1422-33.

Llovet JM, Villanueva A, Lachenmayer A, et al. Advances in targeted therapies for hepatocel-
lular carcinoma in the genomic era. Nat Rev Clin Oncol. 2015;12:436.

Villanueva A, Llovet JM. Liver cancer in 2013: mutational landscape of HCC—the end of the
beginning. Nat Rev Clin Oncol. 2014;11:73—-4.

Schulze K, Imbeaud S, Letouze E, et al. Exome sequencing of hepatocellular carcinomas iden-
tifies new mutational signatures and potential therapeutic targets. Nat Genet. 2015;47:505-11.
Chiang DY, Villanueva A, Hoshida Y, et al. Focal gains of VEGFA and molecular classification
of hepatocellular carcinoma. Cancer Res. 2008;68:6779-88.

Sawey ET, Chanrion M, Cai C, et al. Identification of a therapeutic strategy targeting amplified
FGF19 in liver cancer by oncogenomic screening. Cancer Cell. 2011;19:347-58.

Totoki Y, Tatsuno K, Covington KR, et al. Trans-ancestry mutational landscape of hepatocel-
lular carcinoma genomes. Nat Genet. 2014;46:1267-73.

Kramer OH. HDAC2: a critical factor in health and disease. Trends Pharmacol Sci.
2009;30:647-55.

Lee JS, Chu IS, Heo J, et al. Classification and prediction of survival in hepatocellular carci-
noma by gene expression profiling. Hepatology. 2004;40:667-76.

Dhanasekaran R, Bandoh S, Roberts LR. Molecular pathogenesis of hepatocellular carcinoma
and impact of therapeutic advances. F1000Res. 2016;5:879.

Gouas DA, Shi H, Hautefeuille AH, et al. Effects of the TP53 p.R249S mutant on prolifera-
tion and clonogenic properties in human hepatocellular carcinoma cell lines: interaction with
hepatitis B virus X protein. Carcinogenesis. 2010;31:1475-82.

Hamid AS, Tesfamariam IG, Zhang Y, et al. Aflatoxin B1-induced hepatocellular carcinoma in
developing countries: geographical distribution, mechanism of action and prevention. Oncol
Lett. 2013;5:1087-92.

Ozturk M. p53 mutation in hepatocellular carcinoma after aflatoxin exposure. Lancet.
1991;338:1356-9.

Lunn RM, Zhang YJ, Wang LY, et al. p53 mutations, chronic hepatitis B virus infection, and
aflatoxin exposure in hepatocellular carcinoma in Taiwan. Cancer Res. 1997;57:3471-7.
Kasprzak A, Adamek A, Przybyszewska W, et al. p53 immunocytochemistry and TP53
gene mutations in patients with chronic hepatitis C virus (HCV) infection. Folia Histochem
Cytobiol. 2009;47:35-42.

Liu J, Ma Q, Zhang M, et al. Alterations of TP53 are associated with a poor outcome for
patients with hepatocellular carcinoma: evidence from a systematic review and meta-analysis.
Eur J Cancer. 2012:;48:2328-38.

Aravalli RN, Steer CJ, Cressman EN. Molecular mechanisms of hepatocellular carcinoma.
Hepatology. 2008;48:2047-63.

Lachenmayer A, Alsinet C, Savic R, et al. Wnt-pathway activation in two molecular classes
of hepatocellular carcinoma and experimental modulation by sorafenib. Clin Cancer Res.
2012;18:4997-5007.

Llovet JM, ChenY, Wurmbach E, et al. A molecular signature to discriminate dysplastic nodules
from early hepatocellular carcinoma in HCV cirrhosis. Gastroenterology. 2006;131:1758-67.
Elsharkawy AM, Mann DA. Nuclear factor-kappaB and the hepatic inflammation-fibrosis-
cancer axis. Hepatology. 2007;46:590-7.

Luedde T, Schwabe RF. NF-kappaB in the liver—linking injury, fibrosis and hepatocellular
carcinoma. Nat Rev Gastroenterol Hepatol. 2011;8:108—18.

Matter MS, Decaens T, Andersen JB, et al. Targeting the mTOR pathway in hepatocellular
carcinoma: current state and future trends. J Hepatol. 2014;60:855-65.

Llovet JM, Villanueva A, Lachenmayer A, et al. Advances in targeted therapies for hepatocel-
lular carcinoma in the genomic era. Nat Rev Clin Oncol. 2015;12:408-24.



The Future Prospect of Targeted Therapy in Hepatocellular Carcinoma 259

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

Baba HA, Wohlschlaeger J, Cicinnati VR, et al. Phosphorylation of p70S6 kinase predicts
overall survival in patients with clear margin-resected hepatocellular carcinoma. Liver Int.
2009;29:399-405.

Villanueva A, Chiang DY, Newell P, et al. Pivotal role of mTOR signaling in hepatocellular
carcinoma. Gastroenterology. 2008;135:1972-1983, 1983 el-11.

Zhou L, Huang Y, Li J, et al. The mTOR pathway is associated with the poor prognosis of
human hepatocellular carcinoma. Med Oncol. 2010;27:255-61.

Calvisi DF, Ladu S, Gorden A, et al. Ubiquitous activation of Ras and Jak/Stat pathways in
human HCC. Gastroenterology. 2006;130:1117-28.

Newell P, Toffanin S, Villanueva A, et al. Ras pathway activation in hepatocellular carcinoma and
anti-tumoral effect of combined sorafenib and rapamycin in vivo. J Hepatol. 2009;51:725-33.
Delire B, Starkel P. The Ras/MAPK pathway and hepatocarcinoma: pathogenesis and thera-
peutic implications. Eur J Clin Investig. 2015;45:609-23.

Nakamura H, Aoki H, Hino O, et al. HCV core protein promotes heparin binding EGF-like
growth factor expression and activates Akt. Hepatol Res. 2011;41:455-62.

Zhang X, Zhang H, Ye L. Effects of hepatitis B virus X protein on the development of liver
cancer. J Lab Clin Med. 2006;147:58-66.

Chen L, ShiY, Jiang CY, et al. Expression and prognostic role of pan-Ras, Raf-1, pMEK1 and
pERK1/2 in patients with hepatocellular carcinoma. Eur J Surg Oncol. 2011;37:513-20.
Morell CM, Strazzabosco M. Notch signaling and new therapeutic options in liver disease. J
Hepatol. 2014;60:885-90.

Villanueva A, Alsinet C, Yanger K, et al. Notch signaling is activated in human hepatocellular
carcinoma and induces tumor formation in mice. Gastroenterology. 2012;143:1660.

West AC, Johnstone RW. New and emerging HDAC inhibitors for cancer treatment. J Clin
Invest. 2014;124:30-9.

Lachenmayer A, Toffanin S, Cabellos L, et al. Combination therapy for hepatocellular car-
cinoma: additive preclinical efficacy of the HDAC inhibitor panobinostat with sorafenib. J
Hepatol. 2012;56:1343-50.

Witt O, Lindemann R. HDAC inhibitors: magic bullets, dirty drugs or just another targeted
therapy. Cancer Lett. 2009;280:123—4.

Khan O, La Thangue NB. HDAC inhibitors in cancer biology: emerging mechanisms and
clinical applications. Immunol Cell Biol. 2012;90:85-94.

LM W, Yang Z, Zhou L, et al. Identification of histone deacetylase 3 as a biomarker for tumor
recurrence following liver transplantation in HB V-associated hepatocellular carcinoma. PLoS
One. 2010;5:e14460.

Harbour JW, Dean DC. The Rb/E2F pathway: expanding roles and emerging paradigms.
Genes Dev. 2000;14:2393-4009.

Coulouarn C, Factor VM, Thorgeirsson SS. Transforming growth factor-beta gene expres-
sion signature in mouse hepatocytes predicts clinical outcome in human cancer. Hepatology.
2008:47:2059-67.

Kaposi-Novak P, Lee JS, Gomez-Quiroz L, et al. Met-regulated expression signature defines a
subset of human hepatocellular carcinomas with poor prognosis and aggressive phenotype. J
Clin Invest. 2006;116:1582-95.

Llovet JM, Pena CE, Lathia CD, et al. Plasma biomarkers as predictors of outcome in patients
with advanced hepatocellular carcinoma. Clin Cancer Res. 2012;18:2290-300.

Schoenleber SJ, Kurtz DM, Talwalkar JA, et al. Prognostic role of vascular endothelial
growth factor in hepatocellular carcinoma: systematic review and meta-analysis. Br J Cancer.
2009;100:1385-92.

Zhang W, Kim R, Quintini C, et al. Prognostic role of plasma vascular endothelial growth factor
in patients with hepatocellular carcinoma undergoing liver transplantation. Liver Transplant.
2015;21:101-11.

Cheng AL, Kang YK, Chen Z, et al. Efficacy and safety of sorafenib in patients in the Asia-
Pacific region with advanced hepatocellular carcinoma: a phase III randomised, double-blind,
placebo-controlled trial. Lancet Oncol. 2009;10:25-34.



260

S.H. Greco et al.

89

90.

91.

92.

93.

94.

9s.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

. Bruix J, Raoul JL, Sherman M, et al. Efficacy and safety of sorafenib in patients with advanced
hepatocellular carcinoma: subanalyses of a phase III trial. J Hepatol. 2012;57:821-9.

Llovet JM, Real MI, Montana X, et al. Arterial embolisation or chemoembolisation versus
symptomatic treatment in patients with unresectable hepatocellular carcinoma: a randomised
controlled trial. Lancet. 2002;359:1734-9.

Lo CM, Ngan H, Tso WK, et al. Randomized controlled trial of transarterial lipiodol chemo-
embolization for unresectable hepatocellular carcinoma. Hepatology. 2002;35:1164-71.
Kudo M, Imanaka K, Chida N, et al. Phase III study of sorafenib after transarterial chemoem-
bolisation in Japanese and Korean patients with unresectable hepatocellular carcinoma. Eur J
Cancer. 2011;47:2117-27.

Lencioni R, Llovet JM, Han G, et al. Sorafenib or placebo plus TACE with doxorubicin-
eluting beads for intermediate stage HCC: the SPACE trial. ] Hepatol. 2016;64:1090-8.
Abou-Alfa GK, Johnson P, Knox JJ, et al. Doxorubicin plus sorafenib vs doxorubicin
alone in patients with advanced hepatocellular carcinoma: a randomized trial. JAMA.
2010;304:2154-60.

Barone C, Basso M, Biolato M, et al. A phase II study of sunitinib in advanced hepatocellular
carcinoma. Dig Liver dis. 2013;45:692-8.

Faivre S, Raymond E, Boucher E, et al. Safety and efficacy of sunitinib in patients with
advanced hepatocellular carcinoma: an open-label, multicentre, phase II study. Lancet Oncol.
2009;10:794-800.

Cheng AL, Kang YK, Lin DY, et al. Sunitinib versus sorafenib in advanced hepatocellular
cancer: results of a randomized phase III trial. J Clin Oncol. 2013;31:4067-75.

Bruix J, Merle P, Granito A, et al. Efficacy and safety of regorafenib versus placebo in patients
with hepatocellular carcinoma progressing on sorafenib: results of the international, random-
ized phase 3 Resorce trial. Esmo World Congress on Gastrointestinal Cancer. Abstract Lba-
03. Presented June 30, 2016.

Boige V, Malka D, Bourredjem A, et al. Efficacy, safety, and biomarkers of single-agent
bevacizumab therapy in patients with advanced hepatocellular carcinoma. Oncologist.
2012;17:1063-72.

Siegel AB, Cohen EI, Ocean A, et al. Phase II trial evaluating the clinical and biologic effects
of bevacizumab in unresectable hepatocellular carcinoma. J Clin Oncol. 2008;26:2992-8.
Zhu AX, Blaszkowsky LS, Ryan DP, et al. Phase II study of gemcitabine and oxaliplatin in
combination with bevacizumab in patients with advanced hepatocellular carcinoma. J Clin
Oncol. 2006;24:1898-903.

Hsu CH, Yang TS, Hsu C, et al. Efficacy and tolerability of bevacizumab plus capecitabine
as first-line therapy in patients with advanced hepatocellular carcinoma. Br J Cancer.
2010;102:981-6.

Sun W, Sohal D, Haller DG, et al. Phase 2 trial of bevacizumab, capecitabine, and oxaliplatin
in treatment of advanced hepatocellular carcinoma. Cancer. 2011;117:3187-92.

Britten CD, Gomes AS, Wainberg ZA, et al. Transarterial chemoembolization plus or minus
intravenous bevacizumab in the treatment of hepatocellular cancer: a pilot study. BMC
Cancer. 2012;12:16.

Llovet JM, Decaens T, Raoul JL, et al. Brivanib in patients with advanced hepatocellular
carcinoma who were intolerant to sorafenib or for whom sorafenib failed: results from the
randomized phase III BRISK-PS study. J Clin Oncol. 2013;31:3509-16.

Johnson PJ, Qin S, Park JW, et al. Brivanib versus sorafenib as first-line therapy in patients
with unresectable, advanced hepatocellular carcinoma: results from the randomized phase 111
BRISK-FL study. J Clin Oncol. 2013;31:3517-24.

Toh HC, Chen PJ, Carr BI, et al. Phase 2 trial of linifanib (ABT-869) in patients with unre-
sectable or metastatic hepatocellular carcinoma. Cancer. 2013;119:380-7.

Cainap C, Qin S, Huang WT, et al. Linifanib versus Sorafenib in patients with advanced hepa-
tocellular carcinoma: results of a randomized phase III trial. J Clin Oncol. 2015;33:172-9.
Sandhu DS, Baichoo E, Roberts LR. Fibroblast growth factor signaling in liver carcinogen-
esis. Hepatology. 2014;59:1166-73.



The Future Prospect of Targeted Therapy in Hepatocellular Carcinoma 261

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

Casanovas O, Hicklin DJ, Bergers G, et al. Drug resistance by evasion of antiangiogenic tar-
geting of VEGF signaling in late-stage pancreatic islet tumors. Cancer Cell. 2005;8:299-309.
French DM, Lin BC, Wang M, et al. Targeting FGFR4 inhibits hepatocellular carcinoma in
preclinical mouse models. PLoS One. 2012;7:¢36713.

Hagel M, Miduturu C, Sheets M, et al. First selective small molecule inhibitor of FGFR4
for the treatment of hepatocellular carcinomas with an activated FGFR4 signaling pathway.
Cancer Discov. 2015;5:424-37.

Schmidt B, Wei L, Deperalta DK, et al. Molecular subclasses of hepatocellular carci-
noma predict sensitivity to fibroblast growth factor receptor inhibition. Int J Cancer.
2016;138:1494-505.

Philip PA, Mahoney MR, Allmer C, et al. Phase II study of Erlotinib (OSI-774) in patients
with advanced hepatocellular cancer. J Clin Oncol. 2005;23:6657-63.

Thomas MB, Chadha R, Glover K, et al. Phase 2 study of erlotinib in patients with unresect-
able hepatocellular carcinoma. Cancer. 2007;110:1059-67.

Zhu AX, Rosmorduc O, Evans TR, et al. SEARCH: a phase III, randomized, double-blind,
placebo-controlled trial of sorafenib plus erlotinib in patients with advanced hepatocellular
carcinoma. J Clin Oncol. 2015;33:559-66.

Philip PA, Mahoney MR, Holen KD, et al. Phase 2 study of bevacizumab plus erlotinib in
patients with advanced hepatocellular cancer. Cancer. 2012;118:2424-30.

Xiang Q, Chen W, Ren M, et al. Cabozantinib suppresses tumor growth and metastasis
in hepatocellular carcinoma by a dual blockade of VEGFR2 and MET. Clin Cancer Res.
2014;20:2959-70.

Santoro A, Rimassa L, Borbath I, et al. Tivantinib for second-line treatment of advanced
hepatocellular carcinoma: a randomised, placebo-controlled phase 2 study. Lancet Oncol.
2013;14:55-63.

Giannelli G, Villa E, Lahn M. Transforming growth factor-beta as a therapeutic target in
hepatocellular carcinoma. Cancer Res. 2014;74:1890-4.

Neuzillet C, Tijeras-Raballand A, Cohen R, et al. Targeting the TGFbeta pathway for cancer
therapy. Pharmacol Ther. 2015;147:22-31.

Dituri F, Mazzocca A, Fernando J, et al. Differential inhibition of the TGF-beta signaling
pathway in HCC cells using the small molecule inhibitor LY2157299 and the D10 monoclo-
nal antibody against TGF-beta receptor type II. PLoS One. 2013;8:e67109.

Faivre SJ, Santoro A, Kelley RK, Merle P, Gane E, Douillard J-Y, Waldschmidt D, Mulcahy
MF, Costentin C, Minguez B, Papappicco P, Gueorguieva I, Cleverly A, Desaiah D, Lahn
MMEF, Murray N, Benhadji KA, Raymond E, Giannelli G. Randomized dose comparison
phase II study of the oral transforming growth factor-Beta (Tgf-S) receptor I kinase inhibitor
Ly2157299 monohydrate (Ly) in patients with advanced hepatocellular carcinoma (Hcc).
Asco gastrointestinal cancers symposium; 2014.

Lim HY, Heo J, Choi HJ, et al. A phase II study of the efficacy and safety of the combination
therapy of the MEK inhibitor refametinib (BAY 86-9766) plus sorafenib for Asian patients
with unresectable hepatocellular carcinoma. Clin Cancer Res. 2014;20:5976-85.

Rossi AG, Sawatzky DA, Walker A, et al. Cyclin-dependent kinase inhibitors enhance the reso-
lution of inflammation by promoting inflammatory cell apoptosis. Nat Med. 2006;12:1056—64.
Fornari F, Gramantieri L, Ferracin M, et al. MiR-221 controls CDKN1C/p57 and CDKN1B/
p27 expression in human hepatocellular carcinoma. Oncogene. 2008;27:5651-61.

Cho SJ, Lee SS, Kim YJ, et al. Xylocydine, a novel Cdk inhibitor, is an effective
inducer of apoptosis in hepatocellular carcinoma cells in vitro and in vivo. Cancer Lett.
2010;287:196-206.

Rivadeneira DB, Mayhew CN, Thangavel C, et al. Proliferative suppression by CDK4/6 inhi-
bition: complex function of the retinoblastoma pathway in liver tissue and hepatoma cells.
Gastroenterology. 2010;138:1920-30.

Haider C, Grubinger M, Reznickova E, et al. Novel inhibitors of cyclin-dependent kinases
combat hepatocellular carcinoma without inducing chemoresistance. Mol Cancer Ther.
2013;12:1947-57.



262

S.H. Greco et al.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

Semela D, Piguet AC, Kolev M, et al. Vascular remodeling and antitumoral effects of mTOR
inhibition in a rat model of hepatocellular carcinoma. J Hepatol. 2007;46:840-8.

Zhu AX, Abrams TA, Miksad R, et al. Phase 1/2 study of everolimus in advanced hepatocel-
lular carcinoma. Cancer. 2011;117:5094—102.

Huynh H, Hao HX, Chan SL, et al. Loss of tuberous sclerosis complex 2 (TSC2) is frequent
in hepatocellular carcinoma and predicts response to mTORCI inhibitor Everolimus. Mol
Cancer Ther. 2015;14:1224-35.

Khan O, Fotheringham S, Wood V, et al. HR23B is a biomarker for tumor sensitivity to
HDAC inhibitor-based therapy. Proc Natl Acad Sci U S A. 2010;107:6532-7.

Yeo W, Chung HC, Chan SL, et al. Epigenetic therapy using belinostat for patients with
unresectable hepatocellular carcinoma: a multicenter phase I/II study with biomarker and
pharmacokinetic analysis of tumors from patients in the Mayo phase II consortium and the
cancer therapeutics research group. J Clin Oncol. 2012;30:3361-7.

Marquez-Rodas I, Cerezuela P, Soria A, et al. Immune checkpoint inhibitors: therapeutic
advances in melanoma. Ann Transl Med. 2015;3:267.

El-Khoueiry AB, Ignacio M, Crocenzi TS, et al. Phase I/l safety and antitumor activity of
nivolumab in patients with advanced hepatocellular carcinoma (Hcc): CA209-040. J Clin
Oncol. 2015;33(Suppl; Abstr LbalOl).

Llovet JM, Schwartz M, Mazzaferro V. Resection and liver transplantation for hepatocellular
carcinoma. Semin Liver Dis. 2005;25:181-200.

Bruix J, Takayama T, Mazzaferro V, et al. Adjuvant sorafenib for hepatocellular carcinoma
after resection or ablation (STORM): a phase 3, randomised, double-blind, placebo-controlled
trial. Lancet Oncol. 2015;16:1344-54.

Hyman DM, Puzanov I, Subbiah V, et al. Vemurafenib in multiple nonmelanoma cancers with
BRAF V600 mutations. N Engl J Med. 2015;373:726-36.



Index

A
Ablative lobar doses, 224
Ablative therapies, 177, 186
bland embolization, 220-222
cryotherapy, 216-218
drug-eluting bead chemoembolization, 220
hybrid therapy, 226
IRE, 218-219
laser-induced thermotherapy, 219
microwave ablation, 216
PEL 214-215
radioembolization, 222-226
RFA, 215-216
transarterial chemoembolization, 219-220
Activated hepatic stellate cells, 180
AFBI, see Aflatoxin B1
Aflatoxin B1 (AFBI1), 5-6, 69, 198
AFLD, see Alcoholic fatty liver disease
AFP, see Alpha-fetoprotein
Alcohol, 5
Alcohol-associated hepatocellular
carcinoma, 79-82
Alcoholic fatty liver disease (AFLD), 50
Alcohol-related tumors, 239
Alpha-fetoprotein (AFP), 51, 100,
182-183, 207, 214
Angiogenesis, 243
Anthracycline doxorubicin, 236
Anticancer vaccination
DC-based vaccine, 187
DNA-based vaccine, 187-188
oncolytic virus therapy, 188
peptide-based vaccine, 187
tumor-specific immune response, 186
Anti-CTLA-4 antibody, 186
Anti-EGFR agents, 252

© Springer International Publishing AG 2018

Anti-FGF agents, 247-249, 252
Anti-PD-1 antibody, HCC, 185-186
Anti-PDGF agents, 246
Antiproliferative/cell cycle, 253-254
Antitumor immune response
suppression, 157-158
ol-Antitrypsin, 21, 24
Anti-VEGF agents, 247-251
axitinib, 246
bevacizumab, 245-246
brivanib, 246
lenvatinib, 246
ramucirumab, 246
regorafenib, 245
sorafenib, 243-245
sunitinib, 245
Arginase-1, 24
Aspergillus species, 36
AT-rich interactive domain
(ARID)1A, 197
AXINI and AXIN2 gene, 36-37
Axitinib, 246

B

Barcelona Clinic Liver Cancer (BCLC)
classification, 50, 213, 224

Basic helix-loop-helix (bHLH)
transcription factor, 135

B-Catenin pathway, 8-9, 34-35

Bevacizumab, 245-246

Bile pigment, 18

Bland embolization, 220-222

Bland portal vein embolization, 221

Brightness mode (B-mode) ultrasound, 117

Brivanib, 246

263

C. Liu (ed.), Precision Molecular Pathology of Liver Cancer,
Molecular Pathology Library, https://doi.org/10.1007/978-3-319-68082-8


https://doi.org/10.1007/978-3-319-68082-8

264

Index

C
Canalicular multispecific organic anion
transporter (c(MOAT), 123
Cancer biomarkers
big data, 105
definition, 95-96
diagnosis, prognosis, and treatment, 102
liquid biopsy, 103-105
serum proteins, 102-103
discovery and validation, epidemiological
considerations, 96-97
FDA-defined companion diagnostics and
complementary diagnostics, 98-99
liver cancer
AFP, 100
AFP-L3, 100-101
DCP, 101
for post-resection surveillance, 102
predicting treatment responses, 101
meta-analyses and systematic reviews, 105
molecular diagnostic, 95
precision medicine, 95, 106
research efforts, 105-106
technology diffusion, 105
Cancer metastasis, EMT and, 140
cancer cells
extravasation of, 142
intravasation, 141
malignant cell conversion and localized
invasion, 141
secondary sites, cancer cell colonization, 142
systemic transport, 141-142
Cancer stem cells (CSCs)
functional plasticity, 163
functional properties, 162—163
immune surveillance, 163
markers expression in CTCs, 161-162
mechanistic role, 162
molecular expressing patterns, 162—163
origin of, 162-163
primary tumors, 163
tumor self-seeding, 162
Cancer vaccine
DC-based vaccine, 187
DNA-based vaccine, 187-188
oncolytic virus therapy, 188
peptide-based vaccine, 187
tumor-specific immune response, 186
Capsule formation, 121
Carcinoembryonic antigen (CEA), 214
CD3* T cells, 157-158
CD10, 18
CD34, 18, 207
CD45, 160
CD8l1, 76

CDK, see Cyclin-dependent kinases
CEA, see Carcinoembryonic antigen
Cell membranes, 18
Cellular mutations, 243
CEUS, see Contrast-enhanced ultrasound
cfDNA, see Circulating cell-free DNA
Chemotherapy-refractory tumor, 236
Child-Pugh Class A cirrhosis, 243-244
Child-Pugh score, cirrhosis mortality, 157
Chromatin modification, 72
Chromatin-remodeling gene mutations, 239
Chromosome instability, 40
Chronic liver disease, 56, 59
Circulating cell-free DNA (cfDNA), 103-104
Circulating tumor cells (CTCs), 104, 141-142
biology, 161
and cancer stem cells, 161-163
CD45, 160
circulatory shear stress, 160
diagnostic and prognostic measures, 161
epithelial cancers, 159
epithelial marker expression, 160
epithelial-to-mesenchymal transition, 161,
163-165
extracellular epithelial cell adhesion
molecule, 160
limited half-life, 160
matrix-derived survival signals, 160
molecular analysis, 160
molecular linkage, 161
peripheral circulation, 159
pulmonary capillary beds, 160
pulmonary microvasculature, 160
Circulating tumor stem cells (CTSCs), 163
Cirrhosis
alcoholism, 154
etiology, 154
HBV/HCYV infection, 154
metabolic disorders, 154
CLAUDIN (CLDN), 76
c-mesenchymal-epithelial transition factor-1
(c-MET) pathway, 243
cMOAT, see Canalicular multispecific organic
anion transporter
CNAs, see Copy number alterations
Cochrane Database review for cryoablation, 218
Collagenous stroma, 21
Combination chemotherapy, 237
Combined hepatocellular-cholangiocarcinomas
(HCC-CC), 28-30
Computed tomography (CT), 118-121
Contrast-enhanced ultrasound (CEUS), 118
Conventional TACE (cTACE) technique, 220
Copy number alterations (CNAs), 239, 240
Core proteins, 3



Index

265

CpG islands (CGlIs), 70
CpG sites, 70-71
Cryotherapy, 216, 218
CSCs, see Cancer stem cells
CTCs, see Circulating tumor cells
CTNNBI mutations, 35, 42
Cyclin-dependent kinase (CDK), 243, 253
Cyclin-dependent kinase inhibitor 2A
(CDKN2A), 36
Cytokeratins 7 and 19, 205
Cytokines
inflammatory, 139
pro-inflammatory, 4
Th2, 156
Cytokine transforming growth factor 8
(TGFp), 37-38
Cytotoxic chemotherapy, 235-237
Cytotoxic T lymphocyte-associated antigen-4
(CTLA-4) blockade, 186

D
DC-based vaccine, 187
DEB-TACE, see Drug-eluting bead TACE
DECT, see Dual-energy CT
Delayed phases, 120
Dendritic cells (DC), 180-181
Dendritic cells-based vaccine, 187
Des-y-carboxy prothrombin (DCP), 101
Diabetes, 50
Diethyl-nitrosamine (DEN), 82
Diftuse cirrhosis-like HCC (CL-HCC), 28
Diffusion-weighted imaging (DWI), 124-125
DNA-based vaccine, 187-188
DNA damage repair, 236
DNA methylation, 7, 70-71
DNA methyltransferase (DNMT), 76-77
DNA methyltransferase 1 (DNMT1), 73-74
DNA methyltransferase 3a (DNMT3a), 74
DNA mutations and genomic instability, 238
DNMT, see DNA methyltransferase
Doppler ultrasound, 117-118
Drug-eluting bead TACE

(DEB-TACE), 220
Drug transporter proteins, 236
Dual-energy CT (DECT), 126127
Dysplastic foci, 199-201
Dysplastic nodules, 201-203

E

Early hepatocellular carcinoma, 204-205
E-cadherin, 7, 134, 135, 137, 139

EGF, see Epidermal growth factor
Elastography, 125-126

EMT, see Epithelial-to-mesenchymal
transition
EMT-MET transition processes, 163
Enhanced cellular efflux mechanisms, 236
Epidermal growth factor (EGF), 235-236
Epigenetics
DNA methylation, 70-71
histone modifications and histone variants,
71-72
micro RNAs, 71
Epithelial cell adhesion molecule (EpCAM),
28, 38,51, 61-62
Epithelial cells, 132-133
Epithelial-to-mesenchymal transition (EMT),
132-133, 161, 163-165, 236
biomarkers, 143
and cancer metastasis, 140
cancer cells, extravasation of, 142
cancer cells, intravasation, 141
malignant cell conversion and localized
invasion, 141
secondary sites, cancer cell
colonization, 142
systemic transport, 141-142
classification, 133
complex orchestration, 133
additional signaling pathways, 137-138
core regulators, 134—135
effectors, 134
hypoxia, 138
inflammatory cytokines, 139
MicroRNAs, 139
signaling pathways, 135, 136
TGFB, 137
CSC phenotypes, 165
phenotypes, expression, 164
signal transduction, 164
therapeutic strategy, 143
effectors, 144
inducers, 144—145
transcription factors, 144
Epstein-Barr virus (EBV), 27
ErbB receptor family, 8
Erlotinib, 8, 252
European Association for the Study of the
Liver (EASL), 213
Exosomes, 104-105

F

FGF, see Fibroblast growth factor

FHCC, see Fibrolamellar HCC

Fibroblast growth factor (FGF), 235-236

Fibrolamellar hepatocellular carcinoma
(FHCC), 21-24



266

Index

Fibrosis, 5

Fibrotic contraction, 225

Fluorescence resonance energy transfer
(FRET), 55

Fms-like tyrosine receptor kinases (FLT3), 245

Focal adhesion kinase (FAK)-
phosphatidylinositol 3-kinase
(PI3K)-Akt signaling pathway, 156

Focal adhesion kinase (FAK) signaling, 155

Future liver remnant (FLR), 221

G

Gadolinium chelates, 122

Gadoxetate disodium, 122-123
Gefitinib, 8

Gemcitabine, 237

Genetic alteration, 59-60, 62—-63
Genetic mutations and drivers, 239-240
Glutamine synthetase (GS), 206
Glutathione (GSH), 79

Glypican 3 (GPC3), 18, 24, 183, 205-206
Golgi protein 73 (GP73), 103

GPC3, see Glypican 3 (GPC3)

G1/S cell cycle transition, 243

GS-FLX Titanium Systems, 53

GS Junior Systems, 53

Gypican 3 (GPC-3), 102-103

H
HBY, see Hepatitis B virus
HCAS19, 184
HCC, see Hepatocellular carcinoma
HCC-CC, see Hepatocellular
carcinoma-cholangiocarcinomas
HCV, see Hepatitis C virus
HDAC:s, see Histone deacetylases
Heat shock protein (HSP), 236, 243
Heat shock protein 70 (HSP70), 206
Hepadnaviruses, see Hepatitis B virus)
Hepatic cryoablation, 218
Hepatic nodules
less useful markers
alpha-fetoprotein, 207
CD34 and Ki-67, 207
p53, 207
moderate utility, stains
cytokeratins 7 and 19, 205
glypican 3, 205-206
GPC3, HSP70 and GS combination, 206
GS, 206
HSP70, 206
molecular analysis, 207
Hepatic progenitor cells (HPCs), 28

Hepatic stellate cells (HSC), 154-156, 180
Hepatic transarterial brachytherapy, 222
Hepatitis B, 116
Hepatitis B virus (HBV), 2-3, 49, 73-75
Hepatitis C virus (HCV), 3, 49, 75-79
Hepatocarcinogenesis, 196, 200
Hepatocellular carcinoma (HCC), 1, 17
alcohol-associated hepatocellular
carcinoma, 79-82
alternative treatment options, 131-132
biomarkers, 84 (see Cancer biomarkers)
conventional, 17-20
EMT (see Epithelial-to-mesenchymal
transition (EMT))
epigenetics (see Epigenetics)
etiology, 1, 2
factor, 69
grading, 30, 31
HBY, 73-75
HCV, 75-79
hepatic nodules (see Hepatic nodules)
heterogeneity
at biological level, 51-52
clinical presentation, 50-51
in etiology, 49-50
and heterogeneity, 49
histologic subtypes
CL-HCC, 28
FHCC, 21-24
HCC-CC, 28-30
LEL-HCC, 27
sarcomatoid, 27
ScHCC, 24-26
SHCC, 27
undifferentiated carcinoma, 28
imaging (see Imaging)
incidence, 33
mechanisms with etiology, 6
molecular alterations
AXINI and AXIN2 gene, 36-37
CDKN2A, 36
chromosome instability, 40
EpCAM, 38
epigenetic alterations, 3940
MET, 37
p53, 35-36
PTEN, 39
RAS family, 37
TERT, 33-34
TGFp, 37-38
VEGFA, 38
Whnt/B-catenin pathway, 34-35
molecular classification, 4041
nonproliferation class, 42
proliferation class, 41-42



Index

267

molecular mechanisms, 7
B-catenin, 8-9
ErbB receptor family, 8
MET and HGF, 7-8
methylation, 7
p53 tumor suppression, 9
NAFLD cirrhosis-induced
hepatocarcinogenesis, 4-5
NAFLD-NASH-associated hepatocellular
carcinoma, 82-84
NGS (see Next-generation sequencing
system)
pathogenesis, 196
cirrhotic background, 196-197
non-cirrhotic background, 197-198
p53 mutation/inactivation, 6
screening, 115-116
small HCC, 21
staging, 31
toxin-mediated hepatocarcinogenesis, 5
aflatoxin-B1 induced, 5-6
alcohol induced, 5
virus-induced hepatocarcinogenesis
HBYV, 2-3
HCV, 3
Hepatocellular carcinoma-
cholangiocarcinomas (HCC-CC),
28-30
Hepatocellular carcinoma-specific
antigens, 182
Hepatocyte growth factor (HGF), 7-8, 243
Hepatocyte necrosis and regeneration, 238
HGEF, see Hepatocyte growth factor
High-grade dysplastic nodules (H-DNs),
201-202
HiSeq, 53-54
Histone deacetylases (HDACs), 235-236, 239,
242,254
Histone modifications, 71-72
Histone variants, 71-72
HSC, see Hepatic stellate cells
HSP, see Heat shock protein
Human telomerase reverse transcriptase
(hTERT), 184
Hybrid therapy, 226
Hyper variable region (HVR1), 76
Hypoxia, 138
Hypoxia-inducible factor 1 alpha (HIF-1ar), 236

I
Illumina sequencing, 53-54
Imaging
altered hemodynamics, 116
CT, 118-121

DECT, 126-127
elastography, 125-126
MRI, 121-125
patient care, implications, 127-128
ultrasound, 117-118
ultrasound surveillance algorithm, 118
Immune checkpoint inhibitors, 254-255
CTLA-4, 186
PD-L1, 185-186
Immune systems
adaptive, 181
detrimental effects, 177
innate, 181
Immune tolerance
innate and adaptive, 177-178
portal circulation, 178
Immunohistochemistry
GPC-3, 102
hepatic nodules
alpha-fetoprotein, 207
CD34 and Ki-67, 207
cytokeratins 7 and 19, 205
glypican 3, 205-206
GPC3, HSP70 and GS
combination, 206
GS, 206
HSP70, 206
molecular analysis, 207
p53, 207
semiquantitative detection, 72
Immunomodulators, 254-255
Immunostaining, 72
Immunosuppressive mechanisms, 177-179
Immunotherapy
AFP, 182183
clinical trials, 188
CTLA-4 blockade, 186
GPC3, 183
HCAS19, 184
MAGE-A, 184
NY-ESO-1, 183-184
SSX-2, 184
TERT, 184
Inflammatory cytokines, 139
Integrins, 156
Interferon alpha (IFN«) therapy, 51
Internal ribosomal entry site (IRES), 76
Ton Personal Genome Machine, 54-55
Irreversible electroporation (IRE),
218-219

J
JAK/STAT pathway, 242
Joule-Thomson effect, 218



268 Index
K high-intensity focused ultrasound, 228
Ki-67, 207 hybrid therapy, 226

Kupffer cells, 180

L
Large cell change (LCC), 199-201
Laser-induced thermotherapy (LITT), 219
LCC, see Large cell change
L-DNs, see Low-grade dysplastic nodules
Lens culinaris agglutinin-reactive glycoform
of AFP (AFP-L3), 100-101
Lenvatinib, 246
Light-activated drug therapy, 228
Linifanib inhibitor, 246
Liquid biopsy, 103-105
Liver cancer biomarkers
AFP, 100
AFP-L3, 100-101
DCP, 101
for post-resection surveillance, 102
predicting treatment responses, 101
Liver cell dysplasia (LCD), 196
biopsy diagnosis, 207-208
histologic classifications, 198—199
dysplastic foci, 199-201
dysplastic nodules, 201-203
early HCC, 204-205
progressed HCC, 205
small HCC, 204
Liver diseases, benign, 160
Liver Imaging Reporting and Data System
(LI-RADS), 127-128
Liver sinusoidal endothelial cells (LSEC),
179-180
Liver’s natural tolerogenicity, 177
Liver transplantation, 159
Local ablative therapies
bland embolization, 220-222
cryotherapy, 216-218
drug-eluting bead chemoembolization, 220
hybrid therapy, 226
IRE, 218-219
laser-induced thermotherapy, 219
microwave ablation, 216
PEI 214-215
radioembolization, 222-226
RFA, 215-216
transarterial chemoembolization, 219-220
Locoregional therapy (LRT)
bland embolization, 220-222
cryotherapy, 216-218
diagnosis, 214
disease stage, 214
drug-eluting bead chemoembolization, 220

imaging modalities, 214
IRE, 218-219
laser-induced thermotherapy, 219
microwave ablation, 216
patient evaluation, 214
PEIL 214-215
physiologic/immune potentiation, 228
physiologic/technical deficiencies, 214
radioembolization, 222-226
RFA, 215-216
in situ tumor destruction, 213-214
transarterial chemoembolization, 219-220
treatment evaluation, 226228
Low-grade dysplastic nodules (L-DNs),
201-202
LRT, see Locoregional therapy
LSEC, see Liver sinusoidal endothelial cells
Lymphoepithelioma-like HCC (LEL-HCC),
27

M
Magnetic resonance imaging (MRI)
DWI, 124-125
gadolinium chelates, 122
gadoxetate disodium, 122—123
in-phase and out-of-phase imaging, 124
many meta-analyses, 121
SPIO particles, 123
Mammalian target of rapamycin (mTOR),
235-236
Medical therapy for HCC, 176-177
Melanoma antigen gene-A (MAGE-A), 184
Membranous web, 76
Mesenchymal stem cells (MSCs), 156
Mesenchymal-to-epithelial transition (MET),
133, 163, 252-253
Metastasis
biological properties, 153
colonization, 153
curative resection and resistance, 153
extravasation, 153
gene expression profiling, 154
hepatic microenvironment, 153
immune components
CD3* T cells, 157-158
TAMs, 158-159
inflammatory components
HSC, 154-156
MSCs, 156
TAFs, 156-157
initiation, 153
intravasation, 153



Index

269

tumor cell circulation (see Circulating
tumor cells (CTCs))
Methylation, 7, 77
MET proto-oncogene, 37
MET receptor, 7-8
Micro RNAs (miRs), 71, 83, 139
miR-96, 75
miR-122, 78
miR-145, 75
miR-196b, 78
miR-199, 75
miR-602, 74-75
miR-718, 105
Microwave ablation (MWA), 216, 217
MinION system, 55
MiSeq, 53
MiSeqDx, 53
Mitogen-activated protein kinase (MAPK)
pathway, 60
Molecular pathogenesis
etiologies, 237
genetic mutations and drivers, 239-240
genomic alterations, 238
genomic heterogeneity, 238
mechanisms, 238
molecular themes and pathways, 239
signaling pathways, 240-243
telomerase reactivation, 238
telomere shortening, 238
Molecular-targeted cancer therapies, 63—64
anti-EGFR agents, 252
anti-FGF agents, 249-252
anti-PDGF agents, 246-249
anti-VEGF agents, 243-246
drugs, development, 252-255
Monotherapy
anthracycline doxorubicin, 236-237
capecitabine, 236-237
epirubicin, 236-237
5-FU monotherapy, 237
gemcitabine, 236-237
hepatic dysfunction, 237
irinotecan, 236-237
mitoxantrone, 236237
pegylated liposomal doxorubicin, 236237
thalidomide, 236-237
MRI, see Magnetic resonance imaging
mTOR, see Mammalian target of rapamycin
Myeloid-derived suppressor cells (MDSC), 180

N

NAFLD, see Nonalcoholic fatty liver disease

NAFLD cirrhosis-induced
hepatocarcinogenesis, 4—5

NAFLD-NASH-associated hepatocellular
carcinoma, 82-84
NASH, see Nonalcoholic steatohepatitis
National Cancer Care Network (NCCN), 96
N-cadherin, 134, 139, 144
Necroinflammation nonalcoholic
steatohepatitis (NASH), 4
Negative predictive value (NPV), 96-97
Next-generation sequencing (NGS) system, 52
HCC genomics studies, 56
chromatin regulators, 60
epigenetic alterations in, 62—-63
expression profiles, 61-62
PI3K/Akt/mTOR-pathway and MAPK
pathway, 60
potential clinical utilization, 63
viral-related HCCs, risk factors in,
56-59
WNT/beta-catenin pathway and P53
pathway, 59-60
Illumina sequencing, 53-54
Ton Personal Genome Machine, 54-55
Roche 454 sequencing, 52-53
SOLIiD sequencing, 54
third-generation sequencers, 55
NK cell function, 181
Non-AFLD (NAFLD), 50
Nonalcoholic fatty liver disease (NAFLD), 1,
27, 69, 237
Nonalcoholic steatohepatitis (NASH), 82-84
Notch signaling pathway, 242
NPV, see Negative predictive value
Nucleosomes, 71
NY-ESO-1, cancer testis antigen, 183—184

o

Obesity, 50

OCCLUDIN (OCLN), 76

Oncogene amplifications, 239

Oncogenesis, 238

Oncolytic virus therapy, 188

Organic anion transporting polypeptide
(OATP1), 123

Orthotopic xenograft mouse model, 155

Osteopontin (OPN), 103

Oxidative stress, 243

P

Pale bodies, 21, 23

Palliative therapy, 177

Palliative whole-liver cytoreduction, 226
PDGTF, see Platelet-derived growth factor
PDX model, tumor implantation, 84



270

Index

PEI see Percutaneous ethanol injection

Peptide-based vaccine, 187

Percutaneous ethanol injection (PEI), 214-215

Personal Genome Machine sequencing, 63

p53, 35-36, 59-60, 207

p53 tumor suppression, 9, 240-241

Phosphatase and tensin homolog (PTEN), 39

Phosphatidylinositol 3-kinase (PI3K), 60, 137,
241

PI3K/mTOR inhibitors, 254

Platelet-derived growth factor (PDGF), 6,
235-236

Portal vein embolization (PVE), 221

Portal vein invasion, 121

Portal venous phase, 120

Positive predictive value (PPV), 96-97

Postoperative liver failure, 224, 225

Programmed death-ligand-1 (PD-L1),
185-186

Progressed hepatocellular carcinoma, 205

Pro-inflammatory cytokines, 4

Prothrombin induced by vitamin K absence
(PIVKA) 2,214

Pseudoglandular appearance, 18

PVE, see Portal vein embolization

R

Radiation lobectomies, 224
Radioembolization, 222-226
Radiofrequency ablation (RFA), 215-216
Ramucirumab, 246

RAS family, 37

RAS/MAPK pathway, 241-242, 253
RASSFI1A, 75

Rearranged during transfection (RET), 245
Receptor tyrosine kinases (RTKs), 137
RECIST criteria, 255

Regorafenib, 245

Regulatory T cells (Tregs), 181-182
RET, see Rearranged during transfection
Reversible electroporation, 218

RFA, see Radiofrequency ablation

RNA deep sequencing, 61, 62

Roche 454 sequencing, 52-53

S

S-adenosylmethionine (SAM), 79
Sarcomatoid hepatocellular carcinoma, 27
Scavenger receptor B1 (SRB1), 76

SCC, see Small cell change

Scirrhous variant of HCC (ScHCC), 24-26

Sensitivity, biomarker discovery, 96-97
Serum proteins, 102—-103
Serum tumor markers, 214
SHCC, see Steatohepatitic hepatocellular
carcinoma
Shear wave elastography (SWE), 126
Shotgun bisulfite sequencing, 62
Signaling pathways, 240-243
cyclin-dependent kinases, 243
histone deacetylases, 242
JAK/STAT pathway, 242
Notch signaling, 242
PI3K/AKT/mTOR pathway, 241
p53 tumor suppressor, 240-241
RAS/MAPK pathway, 241-242
tumor suppressor retinoblastoma pathway,
243
tyrosine kinase receptors, 243
‘Whnt/B-catenin pathway, 241
Single-molecule real-time (SMRT), 55
Small cell change (SCC), 199-201
Small hepatocellular carcinoma, 21, 204
Small RNA deep sequencing, 58, 61, 62
Snail transcription factors, 134—135
SOLID sequencing, 54
Sonic hedgehog (SHH) ligand, 138
Sorafenib, 51, 243-245
Specificity, biomarker discovery, 96-97
SPIO, see Superparamagnetic iron oxide
SSX-2, 184
Stains, 18
Steatohepatitic hepatocellular carcinoma
(SHCC), 27
Stellate cells, hepatic, 180
Stereotactic body radiotherapy, 228
STORM randomized controlled phase III trial,
255
Stromal invasion, 202, 208
Sunitinib, 245
Superparamagnetic iron oxide (SPI1O), 123

T

TAAs, see Tumor-associated antigens

TACE, see Transarterial chemoembolization

TAFs, see Tumor-associated fibroblasts

TAMs, see Tumor-associated macrophages

Telomerase reverse transcriptase (TERT),
33-34, 184, 196-197

Telomere shortening, 196

TERT, see Telomerase reverse transcriptase

TGF-p, see Transforming growth factor-8

Th2 cytokines, 156



Index

271

Third-generation sequencers, 55
TILSs, see Tumor-infiltrating lymphocytes
TNM staging systems, 213
Toxin-mediated hepatocarcinogenesis, 5
aflatoxin-B1 induced, 5-6
alcohol induced, 5
TP53 mutations, 35-36, 236
TPX2, 184
Transarterial chemoembolization (TACE), 51,
219-220
Transarterial embolization (TAE), 221
Transforming growth factor-alpha (TGFa), 8
Transforming growth factor-f (TGF-p), 78,
137, 155, 243, 253
Transient elastography (TE), 126
Transplantation, liver, 159
Tumor-associated antigens (TAAs), 182
AFP, 182-183
GPC3, 183
HCAS19, 184
MAGE-A, 184
NY-ESO-1, 183-184
SSX-2, 184
TERT, 184
Tumor-associated fibroblasts (TAFs), 156—157
Tumor-associated macrophages (TAMs), 139,
158-159
Tumor cells
circulation (see Circulating tumor cells)
immune-mediated fibrosis, 214
necrosis, 214
Tumor heterogeneity, 63
Tumorigenesis, 154
Tumor-infiltrating lymphocytes (TILs), 157,
184
Tumor microenvironment
immune components
CD3* T cells, 157-158
TAMs, 158-159
inflammatory components
HSC, 154-156
MSCs, 156
TAFs, 156-157
initiation, 153
intravasation, 153
Tumor proportion score (TPS), 99
Tumor-related immune suppression, 178
Tumor-specific immune response, 186
Tumor-stroma interactions, 156, 157

Tumor suppressor functions, 155
Tumor suppressor retinoblastoma pathway, 243
Tyrosine kinase receptors, 243

U

Ultrasound, 117-118

Ultrasound surveillance algorithm, 118

Undifferentiated carcinoma, 28

United Network for Organ Sharing and Organ
Procurement and Transplant
Network (UNOS-OPTN), 128

v
Vaccination
anticancer
DC-based vaccine, 187
DNA-based vaccine, 187-188
oncolytic virus therapy, 188
peptide-based vaccine, 187
tumor-specific immune response, 186
cancer
DC-based vaccine, 187
DNA-based vaccine, 187-188
oncolytic virus therapy, 188
peptide-based vaccine, 187
tumor-specific immune response, 186
Vaccinia virus-based immunotherapy, 228
Vascular endothelial growth factor (VEGF), 6,
158, 235-236
Vascular endothelial growth factor A
(VEGFA), 38
VEGE, see Vascular endothelial growth factor
Virus-induced hepatocarcinogenesis
HBY, 2-3
HCV, 3

w

Whole exome sequencing, 239
Whole-genome bisulfite sequencing, 62
Whnt/B-catenin pathway, 34-35, 241
WNT/beta-catenin pathway, 59-60

Z
ZEB transcription factors, 135
Zero-mode waveguide (ZMW), 55



	Preface
	Contents
	Contributors
	1: Etiology and Pathogenesis of Hepatocellular Carcinoma
	1.1	 Introduction
	1.2	 Etiology
	1.3	 Virus-Induced Hepatocarcinogenesis
	1.3.1	 HBV
	1.3.2	 HCV

	1.4	 NAFLD Cirrhosis-Induced Hepatocarcinogenesis
	1.5	 Toxin-Mediated Hepatocarcinogenesis
	1.5.1	 Alcohol Induced
	1.5.2	 Aflatoxin-B1 Induced

	1.6	 Common Themes
	1.7	 Molecular Mechanisms
	1.7.1	 Methylation
	1.7.2	 MET and HGF
	1.7.3	 ErbB Receptor Family
	1.7.4	 B-Catenin
	1.7.5	 p53 Tumor Suppression

	References

	2: Histologic Classification of Hepatocellular Carcinoma and Its Clinical Implications
	2.1	 Conventional Hepatocellular Carcinoma (HCC)
	2.2	 Small HCC
	2.3	 Special Histologic Subtypes
	2.3.1	 Fibrolamellar HCC
	2.3.2	 Scirrhous HCC
	2.3.3	 Steatohepatitic HCC
	2.3.4	 Lymphoepithelioma-Like HCC (LEL-HCC)
	2.3.5	 Sarcomatoid HCC
	2.3.6	 Undifferentiated Carcinoma
	2.3.7	 Diffuse Cirrhosis-Like HCC (CL-HCC)
	2.3.8	 Combined Hepatocellular-Cholangiocarcinoma

	2.4	 Grading and Staging
	2.4.1	 Grading HCC
	2.4.2	 Staging HCC

	References

	3: Molecular Classification of Hepatocellular Carcinoma and Precision Medicine
	3.1	 Introduction
	3.2	 Molecular Alterations
	3.2.1	 TERT
	3.2.2	 Wnt/β-Catenin
	3.2.3	 p53
	3.2.4	 CDKN2A (p16)
	3.2.5	 AXIN1 and 2
	3.2.6	 RAS
	3.2.7	 MET
	3.2.8	 TGFβ
	3.2.9	 VEGFA
	3.2.10	 EpCAM
	3.2.11	 PTEN
	3.2.12	 Epigenetic Alterations
	3.2.13	 Chromosome Instability

	3.3	 Molecular Classification
	3.3.1	 Overview
	3.3.2	 Proliferation Class
	3.3.3	 Nonproliferation Class

	References

	4: Genomics Studies in Hepatocellular Carcinoma via Next-Generation Sequencing
	4.1	 Hepatocellular Carcinoma and Its Heterogeneity
	4.1.1	 HCC Heterogeneity in Etiology
	4.1.2	 HCC Heterogeneity in Clinical Presentation
	4.1.3	 HCC Heterogeneity at the Biological Level

	4.2	 Next-Generation Sequencing System
	4.2.1	 Roche 454 Sequencing
	4.2.2	 Illumina Sequencing
	4.2.3	 SOLiD Sequencing
	4.2.4	 Ion Personal Genome Machine
	4.2.5	 The Third-Generation Sequencers

	4.3	 HCC Genomics Studies via NGS Technology
	4.3.1	 HCC Viral Risk Factors in Viral-Related HCCs
	HBV Integration in HBV-Related HCCs
	HCV Quasispecies Diversity in Chronic Liver Disease and HCC

	4.3.2	 Mutational Landscapes in HCC
	WNT/Beta-Catenin Pathway and P53 Pathway
	Chromatin Regulators
	PI3K/Akt/mTOR-Pathway and MAPK Pathway
	Others

	4.3.3	 Expression Profiles of HCC
	4.3.4	 Epigenetic Alterations in HCC
	4.3.5	 Potential Clinical Utilization in HCC

	4.4	 Conclusion and Prospective
	References

	5: Epigenetic Regulations in the Pathogenesis of HCC and the Clinical Application
	5.1	 Introduction
	5.2	 Epigenetics
	5.2.1	 DNA Methylation
	5.2.2	 Micro RNAs
	5.2.3	 Histone Modifications and Histone Variants

	5.3	 Hepatitis B Virus-Associated Hepatocellular Carcinoma
	5.4	 Hepatits C Virus-Associated Hepatocellular Carcinoma
	5.5	 Alcohol-Associated Hepatocellular Carcinoma
	5.6	 NAFLD-NASH-Associated Hepatocellular Carcinoma
	5.7	 Future of Biomarkers for the early diagnosis of Hepatocellular Carcinoma
	References

	6: Biomarker Discovery and Validation in HCC Diagnosis, Prognosis, and Therapy
	6.1	 Introduction
	6.2	 Epidemiological Considerations on Cancer Biomarkers
	6.2.1	 The Definition of Cancer Biomarker
	6.2.2	 Epidemiological Considerations of Biomarker Discovery and Validation
	6.2.3	 The FDA-Defined Companion Diagnostics and Complementary Diagnostics

	6.3	 Established Biomarkers for HCC Diagnosis, Prognosis, and Treatment
	6.3.1	 Introduction
	6.3.2	 Liver Cancer Biomarkers for Screening
	Alpha-Fetoprotein (AFP)
	Lens culinaris agglutinin-Reactive Glycoform of AFP (AFP-L3)
	Des-γ-Carboxy Prothrombin (DCP)

	6.3.3	 Liver Cancer Biomarkers for Predicting Treatment Responses
	6.3.4	 Liver Cancer Biomarker for Post-resection Surveillance

	6.4	 Emerging Biomarkers for the Diagnosis, Prognosis, and Treatment of HCC
	6.4.1	 Serum Proteins
	Gypican 3
	Osteopontin
	Golgi Protein 73

	6.4.2	 Liquid Biopsy for Liver Cancers
	Circulating DNA/RNA
	Circulating Tumor Cells (CTC)
	Exosomes


	6.5	 Perspectives
	6.5.1	 Future Research Directions
	6.5.2	 Summary

	References

	7: Imaging of Hepatocellular Carcinoma
	7.1	 Introduction
	7.2	 Screening of HCC
	7.3	 Altered Hemodynamics
	7.4	 Ultrasound
	7.5	 Ultrasound Surveillance Algorithm
	7.6	 Computed Tomography (CT)
	7.7	 Magnetic Resonance Imaging (MRI)
	7.8	 Emerging Imaging Techniques
	7.8.1	 Elastography
	7.8.2	 Dual-Energy CT

	7.9	 Imaging Implications on Patient Care Including Transplant Eligibility
	References

	8: Epithelial-to-Mesenchymal Transition in Hepatocellular Carcinoma
	8.1	 Introduction
	8.1.1	 Hepatocellular Carcinoma and the Urgent Need for Alternative Treatment Options
	8.1.2	 Epithelial-to-Mesenchymal Transition
	8.1.3	 Classification of EMT

	8.2	 Understanding the Complex Orchestration of EMT
	8.2.1	 Molecules Responsible for Executing EMT: The Effectors
	8.2.2	 Transcription Factors Orchestrating EMT: The Core Regulators
	8.2.3	 Extracellular Factors Inducing Cells to Undergo EMT: The Inducers/Activators
	Transforming Growth Factor β (TGFβ)
	Other Growth Factors
	Additional Signaling Pathways
	Hypoxia
	Inflammatory Cytokines
	MicroRNAs


	8.3	 EMT and Cancer Metastasis
	8.3.1	 Malignant Cell Conversion and Localized Invasion
	8.3.2	 Intravasation of Cancer Cells into Circulation
	8.3.3	 Systemic Transport Through the Bloodstream
	8.3.4	 Extravasation of Cancer Cells from the Bloodstream into Distal Tissue
	8.3.5	 Cancer Cell Colonization of Secondary Sites

	8.4	 Potential Biomarkers for Diagnosing HCC Earlier
	8.5	 Targeting EMT as a Potential HCC Therapeutic Strategy
	8.5.1	 EMT Effectors as Possible Targets for HCC
	8.5.2	 EMT Transcription Factors as Possible Targets for HCC
	8.5.3	 EMT Inducers as Possible Therapeutic Targets for HCC

	References

	9: Hepatocellular Carcinoma Metastasis and Circulating Tumor Cells
	9.1	 Introduction
	9.2	 The Dynamic Interaction Between Tumor Cells and the Tumor Microenvironment in HCC
	9.2.1	 Contribution of Distinct Inflammatory Components to the Progression of HCC Metastasis
	Hepatic Stellate Cells
	Mesenchymal Stem Cells
	Tumor-Associated Fibroblasts

	9.2.2	 The Signature Roles of Immune Components to the Facilitation of HCC Metastasis
	T Cells
	Tumor-Associated Macrophages


	9.3	 Circulating Tumor Cells: The Foundation of Cancer Dissemination in HCC Metastasis
	9.3.1	 Relationship Between Circulating Tumor Cells and Cancer Stem Cells
	The Expression of CSC Markers in CTCs
	Tumor Self-Seeding: A CSC Trait of CTCs
	The Origin of CTCs

	9.3.2	 Epithelial-to-Mesenchymal Transition: A Hallmark of Metastasis That Links Circulating Tumor Cells and Cancer Stem Cells
	The Evidences of EMT Phenotype in CTCs
	Dynamic Role of EMT in Postulating Cancer Stem Cell Phenotype of CTCs


	References

	10: Immune Regulation in HCC and the Prospect of Immunotherapy
	10.1	 Introduction
	10.2	 Current Medical Therapy for HCC
	10.3	 Immunosuppressive Factors for HCC
	10.4	 LSEC
	10.5	 Kupffer
	10.6	 Stellate and MDSC
	10.7	 DC
	10.8	 NK
	10.9	 T Cells
	10.10	 HCC-Specific Antigens/Tumor-Associated Antigens (TAAs)
	10.10.1 AFP
	10.10.2 Glypican-3 (GPC3)
	10.10.3 NY-ESO-1
	10.10.4 Telomerase Reverse Transcriptase (TERT)
	10.10.5 HCA519/TPX2
	10.10.6 Other CTAs: SSX-2 and Melanoma Antigen Gene-A (MAGE-A) Family

	10.11	 Immune Checkpoint Blockade
	10.11.1 PD-1/PD-L1 Immune Checkpoint
	Anti-PD-1 Antibody in Clinical Trials for HCC

	10.11.2 Cytotoxic T Lymphocyte-Associated Antigen-4 (CTLA-4) Blockade
	Anti-CTLA-4 Antibody in Clinical Trials for HCC


	10.12	 Anticancer Vaccination Strategies
	10.12.1 Peptide-Based Vaccine
	10.12.2 Dendritic Cell (DC)-Based Vaccine
	10.12.3 DNA-Based Vaccine
	10.12.4 Oncolytic Virus Therapy

	References

	11: Liver Cell Dysplasia and the Development of HCC
	11.1	 Introduction
	11.2	 Pathogenesis
	11.2.1	 Cirrhotic Background
	11.2.2	 Non-cirrhotic Background

	11.3	 Histologic Classifications
	11.3.1	 Dysplastic Foci
	11.3.2	 Dysplastic Nodules
	11.3.3	 Small HCC
	11.3.4	 Early HCC
	11.3.5	 Progressed HCC

	11.4	 The Use of Immunohistochemistry in Hepatic Nodules
	11.4.1	 Stains of Moderate Utility
	Cytokeratins 7 and 19
	Glypican 3
	Heat Shock Protein 70
	Glutamine Synthetase
	The Combination of GPC3, HSP70, and GS

	11.4.2	 Less Useful Markers
	CD34 and Ki-67
	Alpha-Fetoprotein
	P53

	11.4.3	 Molecular Analysis

	11.5	 Liver Biopsy Role and Interpretation in Regard to Dysplasia
	11.6	 Summary
	References

	12: Locoregional Therapies for Hepatocellular Carcinoma
	12.1	 Introduction
	12.2	 Diagnosis
	12.3	 Local Ablative Therapies
	12.3.1	 Percutaneous Ethanol Injection
	12.3.2	 Radiofrequency Ablation
	12.3.3	 Microwave Ablation
	12.3.4	 Cryotherapy
	12.3.5	 Irreversible Electroporation
	12.3.6	 Laser-Induced Thermotherapy
	12.3.7	 Transarterial Chemoembolization
	12.3.8	 Drug-Eluting Bead Chemoembolization
	12.3.9	 Bland Embolization
	12.3.10	 Radioembolization
	12.3.11	 Hybrid Therapy

	12.4	 Treatment Evaluation
	12.5	 Developing Locoregional Therapies
	References

	13: The Future Prospect of Targeted Therapy in Hepatocellular Carcinoma
	13.1	 Introduction
	13.2	 Systemic Chemotherapy for the Treatment of HCC
	13.2.1	 Monotherapy
	13.2.2	 Combination Chemotherapy

	13.3	 Molecular Pathogenesis of HCC
	13.3.1	 Genetic Mutations and Drivers
	13.3.2	 Signaling Pathways
	p53
	WNT/β-Catenin
	PI3K/AKT/mTOR
	RAS/MAPK
	JAK/STAT
	Notch
	HDACs
	Other


	13.4	 Molecular Targeted Therapies for the Treatment of HCC
	13.4.1	 Anti-VEGF Agents
	Sorafenib
	Sunitinib
	Regorafenib
	Bevacizumab
	Brivanib
	Others

	13.4.2	 Anti-PDGF Agents
	Linifanib

	13.4.3	 Anti-FGF Agents
	13.4.4	 Anti-EGRF Agents
	Erlotinib

	13.4.5	 Newer Drugs Under Development
	MET
	TGF-β
	RAS/MAPK
	Antiproliferative/Cell Cycle
	PI3K/mTOR Inhibitors
	HDACis
	Immunomodulators


	13.5	 Future Directions
	References

	Index



