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Preface

The recent enormous advances in biotechnology, therapeutic development strategy, 
and information technology have led to the emergence of precision medicine 
approach, aiming to optimize patient care according to characteristics and needs of 
each individual and subpopulation. This paradigm shift is relevant to hepatocellular 
carcinoma (HCC) care because of the highly complex and heterogeneous clinical 
demographics, natural history, and molecular pathogenesis across the patients. 
Furthermore, HCC prognosis is still dismal, and its incidence keeps rising in 
multiple regions, such as North America, in parallel with the epidemic of obesity 
and metabolic syndrome. Thus, there is a mounting expectation for introducing the 
precision medicine concept in the HCC care to make a significant impact on this 
growing global health issue.

Studies have been elucidating promising therapeutic targets and developing 
useful tools that will help introduce new tailored approaches in HCC screening, 
diagnosis, treatment, and prevention, which have potential to transform clinical care 
of HCC patients. These achievements represent unprecedented opportunities to 
clinically implement the novel strategies with the rapidly expanding biomedical and 
IT infrastructure and resources. The major challenge is to coordinate the efforts 
across highly multidisciplinary and diverse expertise involved in the HCC care and 
research, including clinical hepatology, surgical oncology, diagnostic and 
interventional radiology, population science, high-throughput omics, systems 
biology, nanomedicine, biomarker, molecular targeted therapies, and experimental 
modeling.

This book was planned to assist the collaboration between the diverse disciplines 
and facilitate forward and reverse translation between basic and clinical research by 
providing a comprehensive overview of relevant areas, covering epidemiological 
trend and population-level patient management strategies (Chaps. 1, 2, and 3), new 
diagnostic and prognostic tools (Chaps. 4, 5, 6, and 7), recent advances in the 
standard care and novel therapeutic approaches (Chaps. 8, 9, 10, 11, 12, and 13), 
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and new concepts in pathogenesis and experimental approaches and tools (Chaps. 
14, 15, and 16), by the leaders in the respective fields. The editor hopes that this 
book helps promote the development of personalized precision care strategies that 
leads to substantial improvement of disease burden and patient prognosis in HCC.

Dallas, TX, USA  Yujin Hoshida
February 2019

Preface
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Chapter 1
Risk Factors of Hepatocellular Carcinoma 
for Precision Personalized Care

Naoto Fujiwara, Po-Hong Liu, Sai Krishna Athuluri-Divakar, Shijia Zhu, 
and Yujin Hoshida

 Introduction

Liver cancer, predominantly hepatocellular carcinoma (HCC) arising in the context 
of cirrhosis, is the second most lethal cancer worldwide with persistently increasing 
mortality in Europe, North/South America, and Africa in contrast to the decreasing 
trend in East Asia [1–3]. Cirrhosis is estimated to cause over 1.2 million deaths (2% 
of global incidences) in 2013 and increased by 47% since 1990 [4]. Cirrhosis and 
HCC are the major life-limiting consequences of progressive fibrotic liver diseases 
mainly caused by viral, i.e., hepatitis B virus (HBV) and hepatitis C virus (HCV), 
and metabolic, i.e., alcohol abuse and nonalcoholic fatty liver disease (NAFLD), 
etiologies [5]. In the USA, HCC is the fastest rising cause of cancer-related deaths; 
HCC mortality rate has been increasing across almost all counties over the past 
three decades particularly in HCV-infected white men aged 55 to 64 years old and 
Hispanics affected with NAFLD in the Texas region [6–8]. In a model-based 

N. Fujiwara 
Liver Tumor Translational Research Program, Simmons Comprehensive Cancer Center, 
Division of Digestive and Liver Diseases, Department of Internal Medicine, University of 
Texas Southwestern Medical Center, Dallas, TX, USA 

Department of Gastroenterology, Graduate School of Medicine, The University of Tokyo, 
Tokyo, Japan 

P.-H. Liu · S. K. Athuluri-Divakar · S. Zhu · Y. Hoshida (*) 
Liver Tumor Translational Research Program, Simmons Comprehensive Cancer Center, 
Division of Digestive and Liver Diseases, Department of Internal Medicine, University of 
Texas Southwestern Medical Center, Dallas, TX, USA
e-mail: Yujin.Hoshida@UTSouthwestern.edu 

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-21540-8_1&domain=pdf
mailto:Yujin.Hoshida@UTSouthwestern.edu


4

simulation forecasting until 2030, HCC incidence rate will continue increasing in 
the 1950–1959 birth cohorts, Hispanic men, and black women [9].

HCC is highly refractory to therapeutic interventions. Even after surgical resec-
tion or ablation, 70% of patients experience tumor recurrence within 5 years [10], 
and once the tumors progress into advanced stage, currently available medical ther-
apies yield only marginal survival benefit and are not cost-effective [11]. 
Furthermore, the highly complex and heterogeneous genetic aberrations in HCC 
tumors hamper identification of therapeutic strategies despite the emerging breadth 
of molecular targeted anticancer agents [12]. Thus, it will be a rational approach to 
consider preventing HCC development and progression in patients at risk rather 
than treating advanced-stage disease with limited health benefit. However, despite 
the clinical unequivocal predisposing factors for liver disease progression toward 
cirrhosis and HCC, cancer prevention in this setting remains a daunting task as 
evidenced by the still dismal HCC prognosis with 5-year survival rate below 15% 
[13]. In this chapter, we overview limitations of the currently available measures of 
HCC prevention and opportunities to develop individual cancer risk-based tailored 
preventive strategies in the era of precision medicine.

 Overview of HCC Prevention Strategies

Cancer prevention encompasses a wide variety of medical interventions. Primary 
prevention focuses on preventing exposure to cancer-predisposing factors or 
eliminating them at an early stage by vaccination, lifestyle modification, or 
environmental interventions in an etiology-specific manner (Fig. 1.1). Secondary or 
tertiary prevention covers early detection and chemoprevention of HCC occurrence 
or recurrence, respectively, in patients already exposed to etiological agents [14]. 
Tertiary prevention after radical HCC treatment aims to reduce either recurrence 
arisen from dissemination of residual tumor cells (disseminative recurrence) or 
de novo carcinogenesis in remnant fibrotic/cirrhotic livers (de novo recurrence). 

Liver disease
progression

Healthy liver

Subclinical HCC Clinically diagnosed
first primary HCC

Recurrent HCC
(disseminative or de novo)

Preventive
intervention HCC screening

Secondary TertiaryPrimary

HBV, HCV, alcohol abuse, NAFLD, metabolic disorders, antiviral use, diet,
environmental carcinogen

Post-treatment monitoring

Chronic hepatitis Advanced fibrosis, cirrhosis

Etiology, clinical context

Fig. 1.1 Natural history of HCC development in progressive fibrotic liver diseases and preventive 
interventions. HCC, hepatocellular carcinoma; HBV, hepatitis B virus; HCV, hepatitis C virus; 
NAFLD, nonalcoholic fatty liver disease

N. Fujiwara et al.
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Regular HCC screening twice a year is recommended in the current HCC practice 
guidance as a measure of secondary prevention [15]. However, its implementation 
in clinical practice is far from satisfactory, as detailed in the next section.

 Regular HCC Screening

Screening is a vital component of cancer prevention. Current practice guidelines 
recommend regular HCC screening (or interchangeably, surveillance) by biannual 
ultrasound with or without α-fetoprotein (AFP) in clinically identifiable population 
with HCC risk exceeding a certain threshold [16]. A series of cohort studies and 
model-based simulation indicate that HCC screening is cost-effective and associ-
ated with improved early tumor detection, curative treatment rates, and survival, 
when it is available to more than 34% of patients at risk [17–21]. However, the real-
world utilization rate is below 20% due to multiple patient- and provider-related 
factors [22]. Population- based interventions such as mailed outreach could improve 
the utilization rate to up to 50% [23]. With the currently available resources, the vast 
size of the target population is another obstacle given that cirrhosis is estimated to 
affect 1–2% of the global population and cause over 1.2 million (and 2% of total) 
deaths in 2013 and increased by 47% since 1990 [4]. The magnitude of HCC risk 
for emerging populations, i.e., patients with noncirrhotic NAFLD as well as after 
HCV cure, is yet to be determined, and screening strategies for these populations 
have not been established [22]. These issues highlight the limitation of the current 
one-size-fits-all approach, which assumes uniform HCC risk across all patients and 
results in often harmful over- or under-estimation of HCC risk for each individual 
patient [24, 25]. Thus, prediction of individual HCC risk is critical to implementing 
effective and feasible HCC screening strategy (Fig. 1.2).

 Clinical Scores to Predict HCC Risk

Combination of readily available clinical symptoms and laboratory variables has 
been evaluated to develop HCC risk-predictive scores, although their performance 
is somewhat limited and yet to be adopted in clinical practice (Table 1.1) [22]. Semi-
quantitative histological fibrosis stage has been associated with future HCC risk, 
although the staging is known to be affected by inter-observer variation [26]. 
Computational quantification of collagen proportionate area is an objective and 
more reliable measurement of fibrous tissue amount for estimation of HCC risk, but 
it is still a liver-biopsy-based method, which is not free from the issue of sampling 
variability [27–29]. Hemodynamic measurement of portal hypertension, hepatic 
venous pressure gradient (HVPG), has been associated with HCC risk [30]. Liver 
stiffness measurement (LSM) by ultrasound- or magnetic resonance imaging (MRI)-
based elastography, by presumably capturing fibrotic and inflammatory tissue 

1 Risk Factors of Hepatocellular Carcinoma for Precision Personalized Care



6

Table 1.1 Clinical risk scores to predict future HCC development

Risk 
indicator Endpoint

Major 
etiology

Major 
race/
ethnicity Variables Reference

REACH-B HCC (3/5/10y) HBV Asian Sex, age, ALT, 
HBeAg, HBV DNA

[83]

CU-HCC HCC (5y) HBV Asian Age, albumin, 
bilirubin, HBV 
DNA, cirrhosis

[84]

LSM-HCC 
score

HCC (3/5y) HBV Asian LSM, age, albumin, 
HBV DNA

[85]

Yang et al. HCC (5/10y) HBV Asian Sex, age, HCC 
family history, 
alcohol, ALT, 
HBeAg, HBV DNA, 
HBV genotype C

[86]

AGED HCC (5/10/15/20y) HBV Asian Age, gender, 
HBeAg, HBV DNA

[87]

Hung et al. HCC (10y) HBV Asian Age, sex, ALT, 
previous liver 
disease, HCC family 
history, smoking, 
HBV, HCV

[88]

PAGE-B HCC (5y) HBV White Age, sex, platelet [89]
Modified 
PAGE-B

HCC (5y) HBV Asian Age, sex, platelet, 
albumin

[90]

Patients with chronic
fibrotic liver diseases,
particularly cirrhosis

High Intermediate Low

HCC risk
assessment by

clinical or
Molecular scores

High Low

Intensity of preventive intervention
(e.g., in application of HCC detection tests)

Fig. 1.2 Individual risk-stratified HCC 
preventive intervention

N. Fujiwara et al.
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(continued)

Risk 
indicator Endpoint

Major 
etiology

Major 
race/
ethnicity Variables Reference

Sohn et al. HCC (5y) HBV Asian Age, sex, cirrhosis [91]
FIB-4 HCC HBV Asian AST, ALT, platelet, 

age
[92]

GAG-HCC HCC (5/10y) HBV Asian Age, sex, HBV 
DNA, core promoter 
mutations, cirrhosis

[93]

Shin et al. HCC (5y) HBV Asian LSM, spleen 
diameter, platelet

[33]

Kim et al. HCC HBV Asian LSM [94]
Singal 
et al.

HCC (3/5y) HCV White, 
black, 
Hispanic

23 clinical variables [95]

REVEAL- 
HCV

HCC (5y) HCV Asian Age, ALT, AST/ALT, 
HCV RNA, cirrhosis, 
HCV genotype

[96]

Ganne- 
Carrié et al.

HCC (3y) HCV n.a. Age, past alcohol 
abuse, platelet, GGT, 
SVR

[97]

Nakagomi 
et al.

HCC HCV Asian LSM [98]

Lok et al. HCC (5y) HCV White, 
black, 
Hispanic

Age, race, platelet, 
ALP, esophageal 
varices, smoking

[99]

El-Serag 
et al.

HCC HCV White, 
black

AFP, ALT, platelet, 
age

[100]

Huang 
et al.

HCC HCV n.a. CPA [28]

Motosugi 
et al.

HCC HCV Asian LSM by MRE [31]

Chang 
et al.

HCC (5y) HCV after 
interferon

Asian Age, sex, platelet, 
AFP, advanced 
fibrosis, HCV 
genotype 1b, SVR

[101]

Ikeda et al. HCC HCV after 
SVR

Asian Age, AST, platelet 
before interferon 
treatment

[102]

scoreHCC HCC HCV after 
SVR

Asian Age, AFP, platelet, 
advanced fibrosis

[103]

ALBI HCC HCV after 
SVR

White Albumin, bilirubin [104]

Wang et al. HCC HCV after 
SVR

Asian LSM, advanced 
fibrosis, diabetes

[34]

ADRESS- 
HCC

HCC (1y) HCV, alcohol, 
NASH/
cryptogenic

White, 
Hispanic

Age, diabetes, race, 
etiology, sex, 
Child-Pugh score

[105]

Table 1.1 (continued)
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Table 1.1 (continued)

Risk 
indicator Endpoint

Major 
etiology

Major 
race/
ethnicity Variables Reference

Velázquez 
et al.

HCC (4y) Alcohol, 
HCV

n.a. Age, HCV, 
prothrombin time, 
platelet

[106]

VFMAP HCC (5y) Nonviral, 
HCV

Asian LSM, fast plasma 
glucose, sex, age, 
AFP

[107]

Wen et al. HCC (10y) General 
population

Asian Smoking, alcohol, 
physical activity, 
diabetes, AST, ALT, 
AFP, HBV, HCV

[108]

Singh et al. HCC, fibrosis 
(decompensation)

HCV, HBV, 
alcohol, 
NASH

n.a. LSM by TE, MRE [32]

Konerman 
et al.

Fibrosis (>2 Ishak 
score, 1.5/3.5y)

HCV White 25 clinical variables [109]

Lens et al. Fibrosis (F4, 
5/7/10y)

HCV White Advanced fibrosis, 
age, AST, GGT, 
Forns score

[110]

FILI score Fibrosis after 
lifestyle 
intervention (1y)

NASH n.a. HbA1c change, 
platelet, ALT 
normalization

[111]

ELF score Fibrosis (F3–4) HCV, HBV n.a. Hyaluronic acid, 
TIMP1, PIIINP

[112]

Tsochatzis 
et al.

Fibrosis 
(decompensation)

Alcohol, 
HCV

n.a. CPA [27]

HCC hepatocellular carcinoma, HBV hepatitis B virus, LSM liver stiffness measurement, ALT 
alanine aminotransferase, HCV hepatitis C virus, AST aspartate aminotransferase, GGT, 
γ-glutamyltransferase, SVR sustained virologic response, ALP alkaline phosphatase, AFP 
α-fetoprotein, CPA collagen proportionate area, MRE magnetic resonance elastography, NASH 
nonalcoholic steatohepatitis, VFMAP virtual touch quantification, fast plasma glucose, sex, age, 
and AFP, TE transient elastography, FILI fibrosis improvement after lifestyle interventions, ELF 
enhanced liver fibrosis, TIMP1 tissue inhibitor of metalloproteinase-1, PIIINP propeptide of type 
III procollagen

contents, has been associated with an increased risk of HCC mostly in viral hepati-
tis, including cured HCV infection [31–34]. Smoking has been associated with 
increased HCC risk (relative risk [RR], 1.51) in a meta-analysis of 38 cohort and 58 
case-control studies [35] and has been incorporated in several HCC risk scores. The 
population attributable fraction (PAF) of smoking for HCC was 9% in the USA. [36] 
Passive smoking was also associated with HCC development (odds ratio [OR] at 
home, 4.86; OR at work, 2.44) [37]. Association of metabolic HCC risk factors is 
augmented by smoking (interaction p  =  0.004) [38]. Alcohol exposure may also 
enhance risk, as suggested by characteristic somatic DNA aberrations [12].

N. Fujiwara et al.
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 Molecular Biomarkers to Predict HCC Risk

Molecular biomarkers of HCC risk have been actively explored. Some of them were 
combined with clinical prognostic factors to develop integrative HCC risk scores to 
complement clinical scoring systems to refine HCC risk prediction (Table  1.2). 

Table 1.2 Molecular biomarkers related to future HCC

Type of 
molecular 
information Molecular feature HCC endpoint

Major 
etiology

Major 
race/
ethnicity

Combined 
clinical 
variables Reference

SNP 1p36.22 
(rs17401966,  
A >G)

Presence HBV Asian n.a. [50]

STAT4 
(rs7574865,  
G >T)

Presence HBV Asian n.a. [42]

HLA-DQB1/
HLA-DBA2 
(rs9275319,  
A >G)

Presence HBV Asian n.a. [42, 113, 
114]

EGF 61AG 
(rs4444903,  
A >G)

Development HCV White, 
black

Age, sex, 
smoking 
history, ALP, 
platelet

[115–117]

IFNL3 
(rs8099917,  
T >G)

Development HCV Asian n.a. [118–120]

MICA (rs2596542, 
G >A)

Presence HCV Asian n.a. [43, 121, 
122]

DEPDC5 
(rs1012068,  
T >G)

Presence HCV Asian n.a. [44]

TLL1 
(rs17047200,  
A >T)

Development HCV 
after 
SVR

Asian Age, albumin, 
AFP after 
SVR

[50]

PNPLA3 I148M 
(rs738409, C >G)

Development Alcohol, 
HCV

White Age, sex, BMI [123–126]

TM6SF2 E167K 
(rs58542926,  
C >T)

Development Alcohol White n.a. [126–128]

MBOAT7 
(rs641738, C >T)

Presence NAFLD White n.a. [49]

MPO -463AG 
(rs2333227,  
A >G)

Development HCV White n.a. [40]

HFE C282Y 
(rs1800562,  
G >A)

Development Alcohol, 
HCV

White n.a. [129]

(continued)

1 Risk Factors of Hepatocellular Carcinoma for Precision Personalized Care



10

Several germline single nucleotide polymorphisms (SNPs) have been identified as 
indicators of elevated HCC risk with odds ratios of around 1.5 in prospective and 
retrospective cohorts: EGF (in HBV- or HCV-infected patients); MPO, DEPDC5, 
and MICA (in HCV-infected patients); region in 1p36.22, STAT4, and HLA-DQ (in 
HBV-infected patients); and PNPLA3 and TM6SF2 (in alcoholic liver disease and 
NAFLD patients) [39–47]. Shorter telomeres and germline mutations in TERT gene 
were observed in NAFLD-related HCC patients [48]. A SNP in MBOAT7 gene was 
linked to HCC in noncirrhotic NAFLD patients [49]. A recent genome-wide asso-
ciation study identified a SNP in TLL1 gene associated with HCC risk after HCV 
cure [50]. A 7-gene SNP panel (Cirrhosis Risk Score) was associated with fibrosis 
progression in HCV-infected individuals [51]. Liver tissue-derived transcriptome 
signatures have been associated with HCC risk. For example, a 32-gene signature in 
fibrotic liver has been validated as a pan-etiology HCC risk indicator in patients 
with chronic hepatitis B/C, alcohol abuse, and nonalcoholic steatohepatitis (NASH) 
[10]. Abundance of serum/plasma proteins such as insulin- like growth factor 1 
(IGF1) and osteopontin (OPN/SPP1) has also been associated with HCC risk in cir-
rhosis [52, 53]. The N-glycosylation pattern of total serum protein 
(GlycoHCCRiskScore) has identified a subset of compensated cirrhosis patients at 
HCC risk [54]. Body fluid (e.g., blood, urine)-based biomarkers will enable less 

Table 1.2 (continued)

Type of 
molecular 
information Molecular feature HCC endpoint

Major 
etiology

Major 
race/
ethnicity

Combined 
clinical 
variables Reference

Tissue 
transcriptome

186/32-gene 
signature

Development, 
recurrence

HCV, 
HBV, 
Alcohol, 
NASH

Asian + 
n.a./
white/
white/
Asian

AFP, vascular 
invasion, 
bilirubin, 
platelet, 
Child-Pugh 
class, AJCC 
stage

[10, 130, 
131]

HIR gene 
signature

Recurrence 
(>2 year)

HBV Asian n.a. [132]

ELS signature Recurrence 
(>2 year)

HCV Asian n.a. [133]

Activated HSC 
gene signature

Recurrence HBV Asian n.a. [134]

HSC signature Recurrence HCV, 
HBV

White/
Asian

Bilirubin, 
platelet

[135]

SNP single nucleotide polymorphism; HSC hepatic stellate cell, HIR hepatic injury and 
regeneration, ELS ectopic lymphoid-like structures, IGF insulin-like growth factor, AST aspartate 
aminotransferase, ALT alanine aminotransferase, HCC hepatocellular carcinoma, NAFLD 
nonalcoholic fatty liver disease, HCV hepatitis C virus, SVR sustained virologic response, NASH 
nonalcoholic steatohepatitis, HBV hepatitis B virus, BMI body mass index, AFP α-fetoprotein, 
ALP alkaline phosphatase

N. Fujiwara et al.



11

invasive and more flexible prognostic prediction given the decreasing utilization of 
liver biopsies in clinical practice, although tissue acquisition will help ensure their 
relevance to liver disease at least during the process of establishing such assays. 
Scientifically rigorous biomarker validation following the predefined phases of bio-
marker development will help ensure clinical validity of the biomarkers [55]. These 
biomarkers are promising candidates for clinical application, although assay devel-
opment and implementation, regulatory approval, and reimbursement are challeng-
ing obstacles [56].

 HCC Detection Modalities and Biomarkers  
for Regular HCC Screening

Abdominal ultrasound and serum AFP have been widely used as the main HCC 
screening modalities. The suggested minimal sensitivity for an HCC screening test 
to be cost-effective is 42% assuming a screening access rate of 34% [21]. The sen-
sitivity of ultrasound and AFP for detection of early-stage HCC tumor exceeds the 
threshold (approximately 60%), although it is still considered suboptimal [57]. 
Operator dependency and patient-related factors such as obesity are the major 
sources of variation in ultrasound sensitivity, which can be as low as 32% [58–60]. 
Serum AFP levels can nonspecifically rise due to chronic hepatitis-related liver 
regeneration, which raises concern about its clinical utility as a screening modality 
[61]. New serum or plasma biomarkers have been explored as possible replace-
ments for AFP, and some of them are awaiting larger clinical validation for further 
development and deployment (Table  1.3). Integrative scores combining serum 
biomarkers with clinical variables have been proposed to improve diagnostic 
performance [62, 63]. In addition, identification of specific clinical contexts (e.g., 
HCV cirrhosis with normal serum alanine aminotransferase [ALT] level) has been 
suggested as a strategy to achieve improved performance of AFP [64]. An integrative 
score combining fucosylated kininogen, AFP, and clinical variables yielded highly 
accurate detection of early-stage HCC [65]. Circulating cell-free DNA and its 
epigenomic alterations have also shown encouraging results to detect HCC in both 
experimental studies and clinical trials [66, 67].

Computed tomography (CT) and MRI may serve as alternatives to ultrasound 
with better performance and are free from interoperator variability. Indeed, CT and 
MRI can double the lesion-based sensitivity for small HCC tumors (up to 86%), 
although the high costs and irradiation (for CT) preclude their use as practical 
widespread options for HCC screening [68–70]. Abbreviated contrast-enhanced 
MRI (AMRI) has been developed as an option that is specifically designed for 
regular HCC screening at half the cost of a full MRI while maintaining a high sen-
sitivity (81%) and specificity (96%) [71].

1 Risk Factors of Hepatocellular Carcinoma for Precision Personalized Care
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 HCC Biomarker Development

Despite the numerous HCC biomarker candidates in literature, virtually none of 
them has been translated into clinic to date. This is primarily due to the highly 
demanding process of clinical translation: (i) biomarker discovery and validation, 
(ii) assay development, (iii) analytical validation, (iv) clinical utility validation in 

Table 1.3 Clinical and experimental biomarkers to diagnose HCC

Biomarker
Major 
etiology

Major 
race/
ethnicity Sensitivity Specificity AUROC Reference

Biomarker in clinical use
AFP n.a. White, 

Asian
4–71% 29–100% n.a. [136, 137]

AFP-L3 HCV Asian 21–49% 93–100% 0.69 [137]
DCP n.a. Asian 28–89% 68–100% 0.86 [138]
Integrative score
GALAD model∗ Alcohol, 

HCV, HBV
n.a. 82% 82% 0.91 [63, 139, 

140]
Doylestown 
algorithm (DA)

HBV/
HCVC + 
HCV/HBV/
HCV∗

n.a. 45% Fixed to 
95%

0.81 [62, 141]

Experimental biomarker
GPC3∗ HBV, HCV n.a. 55% 97% n.a. [142]
microRNA panel∗ HBV Asian 83–86% 77–84% 0.89 [143]
DKK1∗ HBV Asian 74% 91% 0.91 [144]
MDK HBV, 

NASH
Asian 86% 90% n.a. [145, 146]

Annexin A2∗ HBV Asian 86% 74% 0.80 [147]
GlycoHCCTest HBV Asian 57% 88% 0.81 [148]
Osteopontin∗ n.a. n.a. 49% 72% n.a. [149]
GP73∗ HCV White 62% 88% 0.77 [150]
GlycoHCCRiskTest HCV n.a. n.a. n.a. 0.73 [54]
DA plus (DA + 
kininogen)∗

HCV n.a. 86% Fixed to 
95%

0.97 [65]

Plasma methylated 
DNA

HCV, 
alcohol, 
NAFLD

n.a. 95% 92% 0.96 [67]

∗The performance is for early-stage HCC detection. HCC hepatocellular carcinoma, AUROC area 
under the receiver operating characteristic curve, AFP α-fetoprotein, HCV hepatitis C virus, AFP- 
L3 lens culinaris agglutinin-reactive fraction of AFP, DCP des-gamma-carboxy prothrombin, 
GALAD gender, age, AFP-L3, AFP, des-carboxy prothrombin, HBV hepatitis B virus, GPC3 
glypican 3, BCLC Barcelona Clinic Liver Cancer, DKK1 Dickkopf-1, MDK midkine, AJCC 
American Joint Committee on Cancer, GP73 Golgi protein-73, UNOS United Network for Organ 
Sharing, NAFLD nonalcoholic fatty liver disease

N. Fujiwara et al.
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prospective trial, and (v) clinical implementation for regulatory approval, commer-
cialization, reimbursement, and incorporation in practice guidance (Fig. 1.3) [56]. It 
is indeed practically infeasible to follow the costly and lengthy process for every 
single biomarker candidate. To address the challenge, a prospective-specimen- 
collection, retrospective-blinded-evaluation (PRoBE) design has been proposed for 
the evaluation of diagnostic, prognostic, and screening biomarkers [55]. In this 
framework, biospecimens and relevant clinical annotations are prospectively col-
lected from a cohort of patients, representing the target population of biomarker 
application (e.g., cirrhosis patients at risk of HCC development) without intension of 
assessing any specific biomarker. Prospective and longitudinal follow-up of the 
cohort eventually reveals clinical outcomes of interest (e.g., HCC development), and 
case and control patients are determined. At this stage, a candidate biomarker can be 
blindly evaluated in randomly chosen case and control patients using the stored bio-
specimens without concern about potential biases frequently seen in retrospective 
studies (Fig. 1.4). This strategy avoids replicating the costly, lengthy, and laborious 
prospective cohort generation, the major bottleneck of clinical biomarker develop-
ment, and will create invaluable resource to facilitate clinical translation of promis-
ing biomarker candidates. In HCC, a few resources have been established with 
maturing prospective clinical follow-up information in several thousand patients, 
e.g., US National Cancer Institute’s Early Detection Research Network (EDRN) for 
HCC [72] and Texas Hepatocellular Carcinoma Consortium (THCCC) [73]. EDRN 
adopts an approach of biomarker development consisting of five phases: preclinical 
exploratory studies (phase 1); clinical assay development for clinical disease, ana-
lyzing specimens collected from case patients at the time of observing endpoint of 
interest (phase 2); retrospective longitudinal repository studies, using specimens col-
lected from case patients before observing endpoint of interest (phase 3); 

Biomarker discovery,
early-stage validation

Assay development

Analytical validation

Clinical utility validation

Clinical implementation
• Regulatory approval
• Licensing, commercialization
• Reimbursement
• Incorporation in practice guidance

Key issues

• Validity of biomarker derivation
 and validation (study design)

• Appropriate assay platform
• Cost of assay development

• Assay performance
 (reproducibility, standardization)
• Availability of relevant specimens

• Validation study design
• Availability of validation cohort
• Cost of prospective trial

Fig. 1.3 Steps to clinically translate HCC biomarker
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prospective screening studies (phase 4); and cancer control studies (phase 5) 
(Fig.  1.5) [74]. With the resources such as EDRN and THCCC in line with the 
PRoBE design principle, one can skip phase 2 and directly move to the pivotal phase 
3 study, following discovery and early-stage validation of promising biomarker 

Nested case-control

Blinded assessment of biomarker performance
(Sensitivity/specificity, PPV/NPV, AUROC, hazard separation)

Prospective cohort of cirrhosis patients

• Biospecimens at enrollment
• Clinical annotations
• Clinical endpoint relevant to biomarker

Cohort

• Cases: endpoint observed
 during follow-up
• Controls: free from endpoint,
 matched for HCC risk
 variables, follow-up time

• Sufficient number of endpoint
 observed
• Clinical context for subgroup
 analysis

Random subset selection
if/as needed

Fig. 1.4 The PRoBE design for HCC biomarker evaluation

Phase 1
Preclinical exploratory study

Phase 2
Clinical assay validation study

Phase 3
Retrospective longitudinal study

Phase 4
Prospective screening study

Phase 5
Cancer control study

Goals/focuses

• Identify promising biomarker candidate

• Detect in specimens from cirrhosis
 patients who already have HCC

• Detect in specimens from cirrhosis
 patients before HCC development

• Characterize endpoint-detected patients,
 identify false referral rate

• Quantify impact of biomarker testing on
 HCC burden at population level

Fig. 1.5 Phases of HCC biomarker development study
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candidates. Simulation-based cost-effectiveness analysis is a useful tool to quantita-
tively estimate population-level net benefit of clinically implementing a biomarker 
in actual clinical setting (i.e., the goal of phase 5 study), where real- world applica-
tion rate can also be modeled [75]. These resources and framework will significantly 
facilitate clinical translation of HCC risk-predictive and detection biomarkers.

 Individual Risk-Based Tailored HCC Screening

The heterogeneous individual HCC risk among the patients captured by clinical and 
molecular scores will enable rational allocation of the limited HCC screening 
resources to the high-risk patients who need screening the most and avoid ineffective 
and unnecessary distribution of the demanding screening efforts to low-risk individu-
als. The currently recommended HCC screening interval of 6 months was determined 
based on estimated tumor volume doubling time [76, 77]. Uniformly longer or shorter 
intervals did not improve HCC detection [78, 79]. However, given that high-risk sub-
jects likely develop HCC at a high frequency and in a multicentric manner, altering 
HCC screening intensity according to estimated individual HCC risk may enable 
more efficient early tumor detection (Fig. 1.2) [24]. Such a personalized risk-based 
cancer screening strategy has been successfully implemented in other tumor types 
such as colorectal and breast cancers [80, 81]. In addition, education programs target-
ing high-risk communities with specific HCC risks based on etiology, for example, 
African-born immigrants in New York City with a high prevalence of HBV infection, 
may efficiently improve uptake of high-risk individuals to HCC screening [82].

The net benefit of HCC screening is determined as a function of multiple factors, 
including screening interval, performance of screening modalities, HCC incidence 
in the target population, and screening access rate, which has been evaluated by 
model-based cost-effectiveness analysis. A recent comprehensive assessment of 
individual risk-based tailored HCC screening strategies revealed superior cost- 
effectiveness of personalized screening compared to the currently recommended 
uniform biannual screening of all patients [75]. For instance, exclusive screening of 
high-risk subjects using AMRI is a robustly cost-effective strategy. More frequent 
screening, i.e., four times per year, is cost-effective when annual HCC incidence is 
greater than 3%. Although these results need to be clinically verified, testing of such 
strategies is now technically feasible with the HCC risk tests, and new screening 
modalities are already available in the clinical setting.

 Conclusions

Clinical evaluation and implementation of HCC preventive strategies, including 
HCC screening, will not be successful nor feasible without individual risk-based 
tailored approaches. Diversity in HCC incidence according to etiology, patient race/
ethnicity, and clinical context needs to be considered in assessing clinical utility and 
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real-world effectiveness of preventive interventions. The precision medicine 
approaches rely on molecular information derived from biospecimens. Although 
liver tissue is the most reliable source to measure pathogenic molecular dysregulation, 
transition to less invasive types of biospecimen will help widen its applicability. 
Sampling bias and robustness in molecular readout should also be determined in 
preclinical and clinical studies. Once these issues are resolved and the preventive 
strategies are clinically implemented, the tailored approach will enable more cost- 
effective and precise preventive intervention in the clinical care of patients at HCC 
risk, which will substantially improve the dismal prognosis of HCC.
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Chapter 2
Hepatocellular Carcinoma Surveillance 
and Staging

Amit G. Singal, Neehar D. Parikh, Nicole E. Rich, Binu V. John, 
and Anjana Pillai

Hepatocellular carcinoma (HCC) is the third leading cause of cancer-related death 
worldwide [1]. Despite improvement over time, the majority of HCC patients in the 
United States continue to be diagnosed at advanced stages, and prognosis remains 
poor, with median survival of less than 6 months [2]. One of the strongest predictors 
of overall survival is early tumor detection. Patients diagnosed with early-stage 
HCC are eligible for curative treatments including liver transplantation, surgical 
resection, or local ablative therapy and can achieve 5-year survival exceeding 70%. 
In contrast, patients with advanced HCC are only amenable to palliative therapies 
and have a particularly poor prognosis, with median survival typically below 1 year. 
Thus, early detection and accurate staging to guide treatment decisions are essential 
to prolong survival of patients with HCC.
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 HCC Surveillance

Since most patients with HCC are asymptomatic when tumors are at an early stage, 
routine surveillance (or screening) in patients at high risk for the development of 
HCC is particularly important. The goal of HCC surveillance among at-risk patients 
is to detect HCC at an early stage when treatment options would be most effective 
in resulting in prolonged patient survival. Several organizations have issued evi-
dence-based recommendations for HCC surveillance in populations at high risk of 
the disease (Table 2.1) [3–5].

The American Association for the Study of Liver Diseases (AASLD) guidelines, 
updated in 2017, recommend HCC surveillance every 6 months using abdominal 
ultrasound with or without the serum biomarker, alpha-fetoprotein (AFP) in at-risk 
individuals, including subgroups of patients with hepatitis B virus (HBV) and all 
patients with cirrhosis from any etiology [5]. Surveillance is not recommended in 
patients with Child-Pugh C cirrhosis unless they are awaiting liver transplantation, 
given the low probability of treatment eligibility. Recommendations from the 
European Association for the Study of the Liver (EASL), Asian Pacific Association 
for the Study of the Liver (APASL), and National Comprehensive Cancer Network 
(NCCN) also recommend surveillance every 6 months [3, 4]. However, there are 
key differences between professional society guidelines (Table 2.2); for example, 
EASL includes patients with chronic HCV with F3 fibrosis among at-risk patients 
requiring surveillance and recommends surveillance using ultrasound alone without 
AFP. Though HCC has been reported in some patients with noncirrhotic NASH, 
none of the guidelines recommend surveillance in patients with NASH in the 
absence of cirrhosis.

Table 2.1 Populations in whom 
hepatocellular carcinoma surveillance 
is recommended

Surveillance recommended

Asian male hepatitis B carriers over age 40
Asian female hepatitis B carriers over age 50
African blacks with hepatitis B
Hepatitis B carriers with family history of HCC
Cirrhosis related to hepatitis B
Cirrhosis related to hepatitis C
Cirrhosis related to genetic hemochromatosis
Cirrhosis related to other etiologies
Surveillance benefits uncertain

Hepatitis B carriers younger than 40 (males) or 50 
(females)
Hepatitis B carriers who contacted infection via 
horizontal transmission
Chronic hepatitis C infection without cirrhosis
Nonalcoholic fatty liver patients without cirrhosis
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 Benefits of HCC Surveillance

Professional society recommendations for HCC surveillance are supported by sev-
eral studies that have demonstrated improved early tumor detection, curative treat-
ment receipt, and overall survival. Studies on surveillance should be evaluated 
separately for patients with chronic HBV versus those with cirrhosis given differ-
ences in patient populations, HCC risk, surveillance test effectiveness, and curative 
treatment eligibility.

 Patients with Chronic HBV Infection

There have been two large randomized controlled trials comparing surveillance 
every 6 months to no surveillance in chronic HBV patients [6, 7]. In both studies, 
patients randomized to surveillance were significantly more likely to be detected at 

Table 2.2 Professional society hepatocellular carcinoma surveillance recommendations

Professional society 
guideline At-risk patient population

Frequency of 
surveillance

Recommended 
surveillance tests

American 
Association for the 
Study of Liver 
Diseases (AASLD)

Patients with cirrhosis except 
Child-Pugh C unless awaiting liver 
transplantation; noncirrhotic HBV 
carriers: Asian females >50 years, 
Asian males >40 years, Africans/
North American blacks, and family 
history of HCC

Every 
6 months

Ultrasonography 
with or without 
AFP testing

National 
Comprehensive 
Cancer Network® 
(NCCN®)

Patients with cirrhosis; noncirrhotic 
HBV carriers

Every 
6 months

Ultrasonography 
with or without 
AFP testing

US Department of 
Veterans Affairs

Patients with cirrhosis; noncirrhotic 
HBV carriers: Asian females 
>50 years, Asian males >40 years, 
Africans >20 years, and family 
history of HCC

Every 
6–12 months

Ultrasonography 
and serum AFP 
measurement

European 
Association for the 
Study of the Liver 
(EASL)

Patients with cirrhosis, Child-Pugh 
A and B, or Child-Pugh C awaiting 
transplantation; noncirrhotic HBV 
carriers with active hepatitis or 
family history of HCC; and 
noncirrhotic patients with chronic 
hepatitis C and fibrosis stage F3

Every 
6 months

Ultrasonography 
alone

Asian Pacific 
Association for the 
Study of the Liver 
(APASL)

Patients with cirrhosis; noncirrhotic 
HBV carriers: Asian females 
>50 years, Asian males >40 years, 
Africans >20 years, and family 
history of HCC

Every 
6 months

Ultrasonography 
and serum AFP 
measurement
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an early stage, were more likely to undergo curative therapy, and had better overall 
survival. The first study included 17,820 HBV-infected persons who were random-
ized to surveillance or no surveillance and followed for an average of 14.4 months 
[6]. Of patients randomized to surveillance who developed HCC, 29 (76.3%) were 
detected at an early stage, whereas none of the 18 patients who developed HCC in the 
no-surveillance group were detected at an early stage (p < 0.01). Similarly, a higher 
proportion of patients in the surveillance group underwent curative therapy, with 24 
patients having resection in the surveillance group compared to none in the no-sur-
veillance group (p < 0.05). Accordingly, the 1- and 2-year survival rates for HCC 
patients in the surveillance group were 88.1% and 77.5%, respectively, compared to 
0% at 1 year for HCC patients in the no-surveillance group (p < 0.01). Although this 
study was limited by lead-time bias, this would only account for a survival difference 
of 5.4 months, so data from this study still suggests surveillance reduces HCC-related 
mortality. The second trial included 18,816 HBV carriers who were randomized to 
surveillance or no surveillance [7]. HCC was detected at an early stage in 45% of the 
86 surveillance-group patients who developed HCC, compared to none of the 67 
patients who developed HCC in the no-surveillance group (p < 0.01). HCC-related 
mortality of patients undergoing surveillance was significantly lower than that of the 
no-surveillance (83.2 vs. 131.5 per 100,000, p < 0.01), with a hazard ratio of 0.63 
(95% CI 0.41–0.98). Taken together, these randomized controlled trials provide level 
I evidence that HCC surveillance among patients with chronic HBV infection 
improves early tumor detection and reduces cancer-related mortality.

 Patients with Cirrhosis

Given the lower sensitivity of abdominal ultrasound for detection of HCC in a nodu-
lar cirrhotic liver, added comorbidities in this patient population, and fewer curative 
treatment options for cirrhosis patients, one cannot extrapolate surveillance data 
from patients with chronic HBV infection who are predominantly noncirrhotic to 
patients with cirrhosis. Although there have not been randomized controlled trials in 
patients with cirrhosis, several cohort studies have demonstrated an association 
between HCC surveillance and increased early detection, curative treatment receipt, 
and improved overall survival [8]. Although these cohort studies have limitations 
including potential for confounders, length-time bias, and lead-time bias (Fig. 2.1) 
[9], they provide consistent evidence of likely benefit from HCC surveillance in cir-
rhosis patients.

In a retrospective analysis of a prospective cohort among 451 HCC patients, 
patients who underwent surveillance had significantly prolonged survival compared 
to those who did not undergo surveillance, after adjusting for lead-time bias [10]. 
The greatest benefit was seen in patients with Child-Pugh A cirrhosis although 
patients with Child-Pugh B cirrhosis still derived a survival benefit. There was not 
an observed survival benefit of HCC surveillance in patients with Child-Pugh C cir-
rhosis given the high competing risk of dying from cirrhosis-related complications. 
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Similarly, a retrospective analysis among 1480 HCC patients from the Department 
of Veterans Affairs (VA) database demonstrated HCC surveillance at 0–6 months 
and 7–24 months prior to HCC diagnosis was associated with significantly lower 
mortality risk (HR 0.71, 95% CI 0.62–0.82) compared to no surveillance [11].

A systematic review and meta-analysis of 47 studies (including a total of 15,158 
patients with cirrhosis) demonstrated surveillance is associated with increased early 
tumor detection and curative treatment receipt as well as improved overall survival 
[8]. Patients who had undergone surveillance were significantly more likely to have 
HCC diagnosed at an early stage (OR 2.08, 95% CI 1.80–2.37) and undergo cura-
tive treatment receipt (OR 2.24, 95% CI 1.99–2.52). The pooled proportion of 
patients with early-stage HCC was 70.9% among patients undergoing surveillance, 
compared with only 29.9% of those without surveillance. Similarly, a significantly 
higher proportion of patients undergoing surveillance underwent curative treatment 
receipt compared to those who did not receive prior surveillance (51.6% vs. 23.7%). 
Surveillance was also significantly associated with improved overall survival (OR 
1.90, 95% CI 1.67–2.17), with a pooled 3-year survival of 50.8% among those who 
underwent surveillance versus 27.9% for those who presented symptomatically or 
were diagnosed incidentally. Among the subset of studies that adjusted for lead-time 
bias, the association between HCC surveillance and improved survival was sus-
tained (3-year survival 39.7% vs. 29.1%). Another systematic review of 2 trials and 
18 observational studies similarly concluded HCC surveillance is associated with 
early tumor detection; however, the authors were unable to conclude if there was a 
survival benefit due to study limitations including unmeasured confounders and 
length-time bias [9].

Cancer-related
survival time

Cancer-related
survival time

Hepatocellular carcinoma
detected through surveilance

Hepatocellular
carcinoma develops

Hepatocellular carcinoma
diagnosed due to symptoms

Cancer
surveillance

No
surveillance

Lead time

Patient death

Patient death

Fig. 2.1 Lead-time bias for cohort study showing association between HCC surveillance and 
 survival benefit
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Evidence in support of HCC surveillance in patients with cirrhosis continues to 
accumulate, with several recent studies also demonstrating HCC surveillance 
benefits.

A recent analysis from the Netherlands evaluated the effectiveness of HCC sur-
veillance in five Dutch academic centers and showed that in those patients undergo-
ing HCC surveillance, tumors were detected at a smaller size (2.7 cm vs. 6.0 cm) 
and earlier stage (61% vs. 21%), more therapeutic options were offered, and 1-, 3-, 
and 5-year survival rates were significantly higher after adjusting for lead-time bias 
[12]. Similarly, an analysis among 374 patients followed at four US centers found 
HCC surveillance was associated with significantly improved early detection 
(63.1% vs. 36.4%) and curative treatment receipt (31% vs.13%). HCC surveillance 
was associated with improved survival (HR 0.59, 95% CI 0.37–0.93) after adjusting 
for demographics, Child-Pugh class, and performance status and accounting for 
lead-time bias [13]. Finally, an analysis of HCC surveillance patterns in patients 
with HCV- or HBV-associated cirrhosis conducted among 35 centers in France 
showed that semi-annual surveillance was associated with early diagnosis and more 
curative treatment options. In addition, after adjusting for lead-time bias, overall 
survival was longer in the surveillance group (53.2 vs. 25.4 months p = 0.01) com-
pared to the group that did not adhere to surveillance guidelines [14].

 Harms of HCC Surveillance

The value of a cancer screening program must weigh benefits against potential 
screening-related harms. Multiple types of harms should be considered when con-
sidering a cancer screening program including the potential for physical, financial, 
and psychological harms [15, 16]. Physical harms can result from screening or fol-
low- up testing and extend beyond medical complications to include discomfort. 
Financial harms can include anticipated or real costs of screening and diagnostic 
evaluation plus indirect costs such as missed work. There are also opportunity costs, 
including patient distraction from other health-related activities or self-care and 
misallocation of limited resources, such as radiology facilities, from a system per-
spective. Psychological harms can occur at any step of the screening process and 
include anticipation or fear of abnormal results, reactions of depression, anxiety, or 
cancer-specific worry after positive results, and psychological effects of being 
labeled with a diagnosis. Although HCC surveillance using ultrasound and AFP has 
minimal discomfort and no direct physical harms, there are potential “downstream” 
harms associated with diagnostic evaluation protocols.

To date, there have been few studies quantifying HCC surveillance harms in 
patients with cirrhosis. In a single-center retrospective cohort study among 680 cir-
rhosis patients undergoing HCC screening over a 3-year period, screening-related 
physical harms were reported in 187 (27.5%) patients, with 66 (9.7%) having mul-
tiple CT/MRI exams [17]. Three (0.4%) patients underwent angiogram or biopsy 
after multiple (≥7) CT/MRI exams, with 1 hospitalized for postbiopsy bleeding. 
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Harms increased from 11.9% among those with 1 screening exam to 29.6% among 
those with ≥2 screening exams. The most common trigger was false-positive screen-
ing tests (ultrasound 34% and AFP 27%), but 39% had harms due to indeterminate 
results. Screening harms were associated with elevated alanine transaminase (ALT), 
portal hypertension, and receipt of subspecialty gastroenterology care. In another 
single-center study among 999 patients undergoing HCC surveillance over a median 
follow-up of 2.2 years, 256 patients were found to have abnormal imaging – 69 who 
were diagnosed with HCC and 187 with an indeterminate nodule (i.e., lesion greater 
than 1 cm in diameter that could not be categorized as definitely benign or definite 
HCC on cross-sectional imaging). Among those with indeterminate nodules, 18 
(9.6%) did not undergo further diagnostic evaluation, 132 (70.6%) returned to ultra-
sound surveillance after negative CT/MR imaging (median 2; IQR 1–3), and 37 
(19.8%) continued CT/MR-based imaging (median 2; IQR 1–2). Of those who 
underwent diagnostic evaluation with CT/MRI, nearly half (47.9%) had multiple 
CT/MRI exams and 11 underwent invasive evaluation including biopsy. Future 
studies evaluating HCC surveillance should consider both benefits and harms to 
better characterize its overall value.

 Surveillance Tests

An ideal surveillance test would be highly sensitive and specific for early HCC and 
undetectable in premalignant liver disease. Additionally, tests that are easily mea-
surable, reproducible, and minimally invasive are better accepted by both patients 
and physicians. Currently, both radiographic and serologic tests are used for HCC 
surveillance.

 Radiographic Surveillance Tests

Liver ultrasound has been long regarded as a standard surveillance test for HCC and 
is one of the most commonly used. Its advantages include being noninvasive and 
relatively inexpensive, and it poses no risk of contrast or radiation exposure. In one 
of the randomized trials evaluating surveillance among HBV patients, the sensitiv-
ity of ultrasound was 84% for HCC at any stage and 63% for early-stage HCC [18]. 
However, the performance of ultrasound appears to be worse in patients with cir-
rhosis. In the Hepatitis C Antiviral Long-term Treatment Against Cirrhosis 
(HALT-C) Trial, a large multicenter study in the United States, the sensitivity of 
ultrasound for early-stage tumors was substantially lower. Of 39 patients with HCC 
analyzed in a nested case-control study, only 14 (35.9%) tumors were detected at an 
early stage by ultrasound [19]. These results were also confirmed in a large prospec-
tive single-center cohort study, in which the sensitivity of ultrasound for early-stage 
HCC was only 31.7% [20]. A meta-analysis of studies performed among cirrhotic 
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patients reported a pooled sensitivity of 84% (95% CI 76–92%) and a pooled speci-
ficity of 91% (95% CI 86–94%) for detection of HCC at any stage. In a subgroup 
analysis of studies that examined early-stage HCC detection, the pooled sensitivity 
of ultrasound was only 47% (95% CI 33–61%) for detection of early-stage HCC 
[21]. There was a wide range in sensitivities for any stage HCC detection (28–
100%) as well as early HCC detection (21–89%).

The wide range in sensitivities for HCC detection may reflect the operator- 
dependent nature of ultrasound and heterogeneity in the patient populations included 
in the studies. Detection of HCC in the background of a nodular cirrhotic liver is 
particularly challenging due to the presence of fibrous septa and regenerative nod-
ules, which appear as a coarse pattern on ultrasound and may mask the presence of 
a small tumor. The operator dependency of ultrasound and the importance of high- 
quality equipment for good performance have been emphasized in consensus guide-
lines. To maximize ultrasound efficacy, special training for those performing 
ultrasounds for HCC surveillance has been advocated.

The performance of ultrasound can also be impacted by several patient-level fac-
tors, with particularly suboptimal performance in obese patients and those with 
more advanced cirrhosis. In a retrospective analysis of 941 cirrhotic patients under-
going HCC surveillance, over 20% of ultrasound exams were determined to be of 
inadequate quality for surveillance [22]. Factors correlated with ultrasound inade-
quacy included male sex, obesity and morbid obesity, alcohol or NASH etiology of 
cirrhosis, advanced liver disease (Child-Pugh class B cirrhosis), inpatient status, 
and elevated alanine transaminase (ALT). Rib shadowing and poor beam penetra-
tion were the most common causes for unsatisfactory liver visualization and dimin-
ished ultrasound quality. Likewise, another study found male sex, Child-Pugh class 
B cirrhosis, and elevated AFP levels were significantly correlated with surveillance 
failure in patients with cirrhosis, which was defined as a tumor detected beyond an 
early stage or missed on ultrasound and later identified by CT or MRI [23]. In a 
retrospective analysis of the HALT-C data, the most common reason for not diag-
nosing HCC at an early stage was an “absence of detection,” i.e., ultrasound failing 
to detect HCC lesions [24]. Taken together, these data clearly highlight the need for 
better HCC surveillance tools to improve detection of early-stage tumors.

Cross-sectional imaging modalities, such as CT or MRI, would be anticipated to 
have high accuracy based on data for HCC diagnosis. However, there have been few 
data evaluating CT or MRI for surveillance purposes, with only two studies evaluat-
ing CT-based surveillance and two evaluating MRI-based surveillance. In a single- 
center randomized controlled trial comparing ultrasound- and CT-based surveillance 
in patients with cirrhosis, the sensitivity and specificity of CT for any stage detec-
tion were 87.5% (95% CI 50.8–99.9%) and 87.5% (95% CI 77.7–93.5%), respec-
tively; however, the sensitivity of CT for early HCC detection was only 62.5% (95% 
CI 30.4–86.5%) and did not significantly differ from that of ultrasound [25]. The 
other study by Van Thiel and colleagues reported sensitivity and specificity of CT 
for any stage detection but did not report performance characteristics for early HCC 
detection [26]. Further, CT-based surveillance is also likely limited by potential 
harms including radiation exposure and contrast-induced nephrotoxicity. The two 
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studies evaluating MRI had a pooled sensitivity and specificity for any HCC detec-
tion of 83.1% (95% CI 72.0–90.5%) and 89.1% (95% CI 86.5–91.3%), respectively 
[27, 28]. In the PRIUS study, a prospective cohort study of 407 cirrhotic patients 
comparing MRI- and ultrasound-based surveillance, MRI-based surveillance 
resulted in significantly higher early-stage HCC detection (83.7% vs. 25.6%; 
p < 0.001) compared with ultrasound [27]. In addition, MRI had significantly fewer 
false-positive findings (3.0% vs. 5.6%; p  =  0.004). Although these data suggest 
MRI-based surveillance could improve early tumor detection, this is likely not cost- 
effective if implemented in all at-risk patients and might best be reserved for the 
subset of patients who are prone to ultrasound failure.

 Serologic Surveillance Tests

The addition of biomarkers to ultrasound for surveillance has been proposed as a 
means of increasing the sensitivity of surveillance, particularly with regard to early 
tumor detection. The best studied biomarker to date is AFP, a glycoprotein that is 
expressed by fetal hepatocytes and/or poorly differentiated HCC cells.

Assessment of AFP has several advantages including being easy to perform, 
inexpensive, and broadly available. However, the optimal threshold for AFP positiv-
ity is under debate. A level of 20 ng/mL has become the most commonly used cutoff 
to trigger further evaluation in clinical practice, although this value was derived 
from a study in which only one-third of patients had early-stage HCC. For the detec-
tion of early-stage HCC, the sensitivity of AFP drops considerably. At a cutoff value 
of 20 ng/mL, the sensitivity of AFP for any stage HCC is approximately 60%, but 
sensitivity for early-stage tumors is only 32–49% [29]. Further, false-negative and 
false-positive findings are not uncommon, each occurring at a rate of about 20–40%. 
AFP may be elevated in the setting of chronic liver disease, particularly in patients 
with significant elevations of transaminases, and in some patients with non-HCC 
malignancies such as cholangiocarcinoma. A systematic review of five studies eval-
uating AFP at this level in cirrhotic patients showed sensitivities ranging from 41% 
to 65% and specificities ranging from 80% to 94% for HCC at any stage [30]. A 
multicenter phase 2 case-control biomarker study among 417 patients with cirrhosis 
but no HCC and 419 patients with HCC (49.6% early-stage tumors) showed that 
AFP, using a lower cutoff of 10.9 ng/mL, had improved sensitivity of 66% for early- 
stage HCC compared to the traditional cutoff of 20 ng/mL [31].

Current evidence suggests that ultrasound in combination with AFP is likely the 
most effective strategy for HCC surveillance in patients with cirrhosis. A prospective 
cohort study among 446 patients with cirrhosis found the sensitivity of ultrasound 
alone for early HCC detection was 31.7%, compared to 63.4% when using the two 
tests in combination [20]. A secondary analysis of a multicenter randomized con-
trolled trial in France comparing 3- and 6-month surveillance intervals also found a 
benefit of using AFP in combination with ultrasound (sensitivity 74.8% vs. 65.0%), 
although the difference was not statistically significant (RR 1.15, 95% CI 0.97–1.35) 
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[32]. Similarly, a secondary analysis of the PRIUS study from Korea found a nonsig-
nificant improvement in sensitivity using ultrasound with AFP than ultrasound alone 
(RR 1.27, 95% CI 0.65–2.50) although sensitivities were very low in both groups 
(32.6% vs. 25.6%, respectively) [27]. A meta-analysis of studies evaluating this 
debate found ultrasound with AFP had significantly higher sensitivity than ultrasound 
alone (RR 1.23, 95% CI 1.08–1.41) [21]. The pooled sensitivities of ultrasound with 
and without AFP for early-stage HCC were 63% (95% CI 48–75%) and 45% (95% 
CI 30–62%), respectively (p = 0.002). The benefit of AFP as an adjunct test to ultra-
sound was consistent across subgroups including prospective studies (RR 1.28, 95% 
CI 1.09–1.52), studies conducted in the United States (RR 1.70, 95% CI 1.18–2.44), 
and studies conducted after the year 2000 (RR 1.27, 95% CI 1.05–1.52).

There have been several methods proposed to further improve AFP accuracy for 
HCC detection. AFP levels can fluctuate with exacerbations of underlying liver dis-
ease so often have lower specificity in those with active viral hepatitis and higher 
specificity in patients with nonviral causes of liver disease and after successful anti-
viral treatment due to decreased hepatitis activity [33]. In a retrospective cohort 
study of 1128 patients with cirrhosis, AFP was significantly more accurate in HCV- 
negative patients than those with active HCV infection (c-statistic 0.89 vs. 0.83, 
p = 0.007) [34]. Therefore, Gopal and colleagues suggested tailoring AFP cutoffs by 
liver disease etiology may maximize accuracy including cutoffs of 59 ng/mL for 
HCV-positive patients and 11 ng/mL for HCV-negative patients. Another proposed 
method to improve AFP accuracy is incorporating other patient factors to develop 
AFP-adjusted algorithms. In another study among 11,721 patient with HCV-related 
cirrhosis, an AFP-adjusted algorithm incorporating platelet count, ALT level, and 
patient age was developed to improve predictive value of AFP for identifying 
patients likely to develop HCC within 6 months [35]. Similarly, the Doylestown 
algorithm is an AFP-adjusted algorithm that includes age, sex, alkaline phospha-
tase, and ALT [36]. External validation of the Doylestown algorithm in a cohort of 
>2700 patients with cirrhosis demonstrated increased performance (AUC) for HCC 
detection by 4–20% compared with AFP alone. Finally, longitudinal AFP measure-
ments have been evaluated to discriminate benign changes in AFP from changes 
that reflect true development of HCC and improve accuracy compared to single- 
threshold measurements. In a case-control study that employed 193 patients with 
HCC and 74 patients with cirrhosis, longitudinal changes in AFP was shown to be 
more sensitive for HCC detection than a single-threshold method. For an average 
progressive monthly increase of ≥7 ng/mL in AFP levels, sensitivity and specificity 
were 71.4% and 100%, respectively. In a secondary analysis of the HALT-C Trial, 
incorporation of the standard deviation and rise of AFP significantly improved accu-
racy for detecting HCC compared to only using the most recent AFP level (c- statistic 
0.81 vs. 0.76; p < 0.001) [37]. In another analysis of the HALT-C Trial cohort, a 
parametric empirical Bayes screening algorithm was similarly shown to be more 
effective at detecting HCC in patients with cirrhosis (77.1% from 60.4%, p < 0.005) 
than the single-threshold method [38].

Other promising biomarkers are in development for the diagnosis of HCC, but 
most have only been evaluated in phase II biomarker studies, so their utility as HCC 
surveillance markers is not yet known. Des-gamma-carboxy prothrombin (DCP), an 
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abnormal prothrombin protein that is generated as a result of an acquired defect in 
the posttranslational carboxylation of the prothrombin precursor in malignant 
hepatic cells, and lens culinaris agglutinin-reactive AFP (AFP-L3), an isoform of 
AFP, have both been approved by the FDA for predicting risk but not for HCC sur-
veillance. The relative risk of HCC development is increased 7-fold with AFP-L3 
ratios ≥10% and 4.8-fold with elevated DCP ≥7.5  ng/mL.  Several prospective 
cohort studies in patients with cirrhosis have evaluated DCP for detecting HCC and 
found sensitivities ranging from 23% to 57% compared to 14–71% for AFP [39–
41]. In a nested case-control study among patients in the HALT-C Trial, DCP and 
AFP had sensitivities of 74% and 61%, respectively, for HCC at any stage, which 
was increased to 91% by using the two markers in combination [19]. Prospective 
studies evaluating AFP-L3 in patients with cirrhosis have demonstrated sensitivities 
ranging from 35% to 75% and specificities from 68% to 92%, although some stud-
ies only included patients with elevated AFP levels [42–45]. In a prospective cohort 
study among 372 patients with HCV cirrhosis, of whom 34 developed HCC, AFP- 
L3 had a sensitivity and specificity of 37% and 92%, respectively, compared to 61% 
and 71% for AFP [44]. A recent large multicenter study demonstrated that AFP, at a 
cutoff of 10.9 ng/mL, is more sensitive for early-stage HCC than either of these two 
new biomarkers. AFP-L3 only had a sensitivity of 37% (95% CI 31–45%) for early- 
stage tumors and DCP had a sensitivity of 56% (95% CI 53–75%), whereas AFP 
had a sensitivity of 66% (95% CI 56–77%) [31].

Glypican 3, GP73, osteopontin, squamous cell carcinoma antigen, human hepa-
tocyte growth factor, and insulin growth factor-1 are examples of other biomarkers 
that are currently being evaluated, but data are preliminary and require validation in 
large cohorts [46, 47]. Using proteomics-based approaches, more biomarkers are 
likely to be identified. A recent study determined that serum fibronectin is useful for 
the detection of early HCC and discrimination from cirrhosis with an AUC value of 
0.832 [48]. A two-marker panel of fibronectin plus AFP demonstrated superior 
detection than AFP alone. Further studies, based on guidelines for biomarker devel-
opment, are necessary to better evaluate the potential role of these biomarkers dur-
ing surveillance.

For optimal detection of HCC, the most effective surveillance strategy may be a 
combination of several biomarkers. A model that included age, gender, AFP-L3, 
AFP, and DCP (GALAD) was evaluated in a multinational study with 2430 HCC 
patients and 4404 patients with chronic liver disease, demonstrating sensitivity 
exceeding 70% for overall HCC detection and exceeding 60% for early HCC detec-
tion [49]. Randomized studies that assess the clinical utility of the newer biomark-
ers and biomarker combinations for HCC surveillance are needed.

 Surveillance Interval

HCC surveillance should be performed in at-risk individuals every 6 months. In a 
meta-analysis of prospective cohort studies evaluating the efficacy of surveillance 
tests for detecting HCC, ultrasound had a sensitivity of 70% in studies using a 
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6-month interval compared to a sensitivity of 50% in those with surveillance inter-
vals between 6 and 12 months [50]. A retrospective analysis of a large prospectively 
maintained multicenter Italian database showed that patients who received surveil-
lance every 6 months had tumors detected at an earlier stage and significantly better 
overall survival than patients receiving annual surveillance, even after correcting for 
lead-time bias [51]. The median corrected survival among the 510 patients in the 
6-month surveillance group was 40.3 months, compared to 30 months in the 139 
patients in the 12-month surveillance group (p = 0.03). A subsequent multicenter 
randomized controlled trial among 1340 patients with cirrhosis evaluated whether 
further shortening the surveillance interval to 3 months results in better detection of 
early-stage tumors and improves survival [32]. The majority of patients in both 
groups were detected at an early stage (79% vs. 71%, p = 0.40), and similar propor-
tions received curative therapies (62% vs. 58%, p = 0.88). Furthermore, the 3-month 
surveillance group had a higher incidence of nonmalignant lesions, leading to a 
higher number of unnecessary recall procedures.

 Surveillance Utilization

Despite more tumors detected at an early stage and the probable survival advantage, 
less than 20% of patients with cirrhosis undergo surveillance [52]. Among those 
receiving regular hepatology care by a specialist, surveillance rates are higher at 
52%, but almost one-third receive inconsistent HCC surveillance, being evaluated 
less than once per year. HCC surveillance underuse can be attributed to several fail-
ures in the screening process including provider failure to identify liver disease, 
provider failure to identify the silent transition to cirrhosis, provider failure to order 
HCC surveillance, and patient failure to adhere with surveillance recommendations 
[53]. In a single-center study of patients with HCC, the most common reason for 
surveillance underuse was failure of providers to order HCC surveillance in patients 
with recognized cirrhosis. A survey study among primary care providers found sev-
eral barriers to providers ordering HCC surveillance including insufficient knowl-
edge regarding professional society guidelines for HCC surveillance, insufficient 
time in clinic, and competing clinical demands [54]. One study conducted at a 
safety-net health system suggested patients may also experience potential barriers 
to HCC surveillance including difficulty navigating the scheduling process, costs of 
surveillance tests, uncertainty where to complete surveillance, and transportation 
barriers; however, these results still require validation in other settings [55].

To address these lapses, models to improve surveillance have been proposed. For 
example, electronic medical record clinical reminders to perform surveillance sig-
nificantly improved surveillance rates from 18.2% to 27.6% (p < 0.001) in a study 
among 2884 VA patients with cirrhosis who had not received HCC surveillance in 
the preceding 6 months [56]. A randomized study of surveillance among high-risk 
patients showed that a mailed outreach strategy that encouraged patients to undergo 
ultrasound screening with or without patient navigation also significantly improved 
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surveillance rates. One-time screening completion within 6  months was signifi-
cantly higher in outreach/navigation (47.2%) and outreach-alone (44.5%) arms than 
usual care (24.3%) (p < 0.001 for both comparisons); however, screening rates did 
not significantly differ between outreach arms (p = 0.25) [57]. Similarly, HCC sur-
veillance every 6 months over the 18-month study period was performed in 23.3% 
of outreach/navigation patients, 17.8% of outreach-alone patients, and 7.3% of 
usual care patients. HCC surveillance was significantly higher in both outreach 
groups than usual care (p < 0.001 for both) and higher for outreach/navigation than 
outreach-alone (p = 0.02). Despite improvements in surveillance rates in interven-
tion studies to date, HCC surveillance in most intervention groups have remained 
disappointingly low, highlighting a need for more intensive interventions.

 HCC Surveillance Cost-Effectiveness

The standard threshold for cost-effectiveness has been determined to be a maximal 
of $50,000 per quality-adjusted life year (QALY). HCC surveillance was deter-
mined to be cost-effective among HBV carriers when the incidence of HCC exceeds 
0.2% per year. Surveillance with ultrasound and AFP has been demonstrated to be 
cost-effective in patients with compensated cirrhosis in several decision analysis 
models. Surveillance with biannual ultrasound and AFP in patients with Child- 
Turcotte- Pugh class A cirrhosis increases the mean life expectancy with cost- 
effectiveness ratios between $26,000 and $55,000 per QALY [58]. When a similar 
analysis was performed in patients with HCV cirrhosis, the cost-utility ratio was 
$26,689 per QALY [59]. Another study evaluating the cost-effectiveness of bian-
nual AFP and ultrasound in HCV Child-Turcotte-Pugh class A cirrhosis revealed a 
cost-effectiveness ratio of $33,083 per QALY [60]. Individual risk-based personal-
ized HCC surveillance strategies utilizing novel screening modalities such abbrevi-
ated MRI were reported to be substantially more cost-effective compared to the 
guideline-recommended uniform application of the biannual surveillance [61].

 Staging

Patients diagnosed with HCC should be classified into prognostic groups based on 
the stage of disease to help inform clinical decision-making and provide the patient 
with the most appropriate treatment. Establishing a robust cancer staging system 
requires large numbers of patients who ideally remain untreated until death. This is 
typically not feasible in real life, so the performance of treatment stages may be 
impacted by discordant treatments that patients receive, even within the same stage. 
Though it is desirable to incorporate histology into prognostic systems, this is not 
included in most available staging systems given the large number of patients who 
were diagnosed solely based on imaging criteria. Because the attributes of HCC are 
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unique across different geographic regions, a universally applicable HCC staging 
system does not exist. Certain staging classifications work well in certain regions 
due to the local epidemiologic factors, such as the high HBV incidence in Asia and 
the increased likelihood of fatty liver disease in the United States due to a continued 
rise in obesity. There are also notable differences in the degree of liver dysfunction 
and aggressiveness of treatments, with higher rates of noncirrhotic HCC in Eastern 
populations and the use of resection even for multifocal tumors. In addition, staging 
HCC can be exceptionally difficult due to the interplay of underlying liver disease 
and cancer.

More than 11 different HCC staging systems exist [62–75]. Examples include 
Okuda, Cancer of the Liver Italian Program (CLIP), Japan Integrated Staging (JIS), 
the Barcelona Cancer Liver Cancer (BCLC) model, the Hong Kong Liver Cancer 
(HKLC) system, and ITA.LI.CA, as well as the conventional tumor, node, metasta-
sis (TNM) system (Table 2.3). Most use parameters that reflect liver function, tumor 
status, and patient performance status – the three strongest prognostic factors for 
HCC. The CLIP scoring system which utilizes Child-Pugh staging and tumor bur-
den considers AFP as a prognostic factor but does not incorporate patient symptoms 
[64]. The JIS and ITA.LI.CA models also recognize AFP as a prognostic factor [65, 
68]. The TNM system relies on pathology and is only valid for resected tumors or 
transplanted livers and does not consider liver function. In addition, a prognostica-
tion model called BALAD that includes the biomarkers AFP-L3, AFP, and DCP in 
addition to bilirubin and albumin has been proposed and validated in a large inter-
national cohort [49]. Many of the HCC staging systems have limitations owing to 
their varying methodologies and populations used to develop the models. Although 
all can be utilized for patient prognostication, only BCLC and HKLC are linked to 
treatment recommendations.

 Barcelona Cancer Liver Cancer (BCLC)

In the United States and Europe, the BCLC staging system is widely used (Fig. 2.2). 
The BCLC was developed based on several studies including the natural course of 
untreated HCC and survival after radical therapies [62]. The BCLC system first 
classified patients into four prognostic groups, A, B, C, and D, with stage 0 added 
later to recognize very-early-stage HCC. The BCLC system incorporates liver func-
tion (Child-Pugh class), tumor burden (number, size, vascular invasion, metastases), 
and patient performance status (Eastern Cooperative Oncology Group [ECOG] sta-
tus). Whereas the BCLC system uses the Child-Pugh classification for liver func-
tion, both CLIP and JIS use the Model for End-stage Liver Disease (MELD) score.

Patients with BCLC stage 0 HCC, i.e., very early stage, have Child-Pugh class A 
cirrhosis, a single nodule that is less than 2 cm, and no cancer-related symptoms. 
BCLC stage A HCC, i.e., early stage, includes patients with single tumors of any 
size or up to three tumors that are smaller than 3 cm. Patients with BCLC stage A 
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Table 2.3 Hepatocellular carcinoma staging systems

Classification system Components Derivation cohort (year)

Okuda Tumor burden
Serum albumin
Presence of ascites
Total bilirubin

Multicenter Japanese 
Cohort (1985)

Cancer of the Liver Italian Program 
(CLIP)

Tumor morphology
AFP
Presence of portal vein 
invasion

Multicenter Italian 
Cohort (1998)

GRoupe d’Etude et de Traitement 
du Carcinoma Hépatocellulaire 
(GRETCH)

Presence of portal vein 
invasion
AFP
Total bilirubin
Alkaline phosphatase
Performance status

Multicenter French 
Cohort (1999)

Barcelona Cancer Liver Cancer 
(BCLC)

Tumor burden
Child-Pugh score
Functional status

Single Center European 
Cohort (1999)

Chinese University Prognostic Index 
(CUPI)

TNM staging
AFP
Total bilirubin
Alkaline phosphatase
Presence of ascites
Presence of asymptomatic 
disease on presentation

Single Center Chinese 
Cohort (2002)

Japan Integrated Staging (JIS) TNM staging
Child-Pugh score

Multicenter Japanese 
Cohort (2003)

Tokyo Score Tumor burden
Serum albumin
Total bilirubin

Single Center Japanese 
Cohort (2005)

Advanced Liver Cancer Prognostic 
System (ALCPS)

Presence of ascites
Presence of abdominal pain
Presence of weight loss
Child-Pugh score
Alkaline phosphatase
Total bilirubin
AFP
Urea
Tumor burden
Presence of portal vein 
thrombosis
Presence of lung metastases

Single Center Chinese 
Cohort (2008)

American Joint Committee on 
Cancer/TNM 7th edition

TNM staging
Histologic grade
Fibrosis score

Updated 2010

Taipei Integrated System Tumor burden
Child-Pugh score
AFP

Single Center Taiwanese 
Cohort (2010)

(continued)
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HCC have preserved liver function (Child-Pugh class A and B) and no cancer- 
related symptoms. Patients classified as BCLC stage 0 or A are eligible for curative 
therapies, such as surgical resection, liver transplantation, and percutaneous abla-
tion, and typically achieve 5-year survival rates greater than 70%. Patients with 
BCLC stage B HCC, i.e., intermediate stage, are asymptomatic and have preserved 
liver function (Child-Pugh class A and B) but have multinodular tumors exceeding 
BCLC stage A without vascular invasion or extrahepatic spread. Treatment of 
BCLC stage B patients usually entails locoregional therapy, such as transarterial 
chemoembolization (TACE) or transarterial radioembolization (TARE). The median 
survival of untreated stage B patients is approximately 2 years, although this differs 
widely between BCLC stage B patients depending on tumor burden and Child-Pugh 
class. Patients with advanced HCC are classified as BCLC stage C and have tumors 
with vascular invasion and/or extrahepatic spread with or without cancer-related 
symptoms (ECOG of 1–2). Patients with advanced HCC are typically treated with 
systemic therapies and have a median survival of approximately 1 year. Terminal- 
stage HCC, i.e., BCLC stage D, is treated symptomatically with best supportive care 
given severe symptoms (ECOG 3–4) and/or poor liver function (Child-Pugh C) pre-

Table 2.3 (continued)

Classification system Components Derivation cohort (year)

Eastern Staging System Presence of macro-/
microvascular invasion
Tumor burden
Performance status
Extrahepatic metastasis
Serum albumin
AST
Total bilirubin
Presence of cirrhosis

Single Center Chinese 
Cohort (2011)

Model to Estimate Survival in 
Ambulatory HCC patients 
(MESIAH)

Age
MELD score
Serum albumin
Largest tumor diameter
Number of tumors
Presence of tumor vascular 
invasion
Extrahepatic metastases
AFP

Single Center US 
Cohort (2012)

Hong Kong Liver Cancer (HKLC) Tumor burden
Child-Pugh score
Functional status

Single Center Chinese 
Cohort (2014)

ITA.LI.CA Tumor burden
Child-Pugh score
Functional status
AFP

Multicenter Italian 
Cohort (2016)

NIACE (tumor Nodularity, 
Infiltrative nature of the tumor, AFP 
level, Child-Pugh class, and ECOG)

Tumor burden
AFP
Child-Pugh score
Functional status

Multicenter French 
Cohort (2016)
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cluding a benefit from other HCC-directed therapies. One criticism of the BCLC is 
heterogeneity of prognosis within BCLC stage B and BCLC stage C and failure to 
incorporate more aggressive therapies for selected patients who may benefit. 
Specifically, many Asian centers offer surgical resection in selected patients with 
BCLC stage B (limited multifocal HCC) or stage C (small intrahepatic vascular 
invasion) HCC, whereas the BCLC treatment algorithms do not mention this option. 
Another criticism includes the imprecise use of the ECOG performance status, 
which could be influenced by hepatic function, cancer symptoms, or nonliver- 
related conditions.

The prognostic ability of the BCLC has been validated in European, American, 
and Asian populations. In a study comparing the prognostic ability of seven staging 
systems, the BCLC was found to have the best independent predictive power for 
survival [76]. The median survival for patients with BCLC stage D tumors was 
approximately 5 months, which was significantly shorter than the 10-month median 
survival for those with BCLC stage C tumors (p = 0.01). Patients with BCLC stage 
B tumors had a median survival of approximately 27 months (p = 0.04 vs. BCLC 
stage C tumors) and BCLC stage A patients had a median survival exceeding 4 years 
(p < 0.001 vs. BCLC stage B). Similarly, the BCLC staging system was validated in 
a prospective assessment of 195 Italian patients with HCC and demonstrated to have 
the best predictive power compared with other staging systems [77]. However, the 
validity of the BCLC staging system will need to be reevaluated in the future and 
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Fig. 2.2 Barcelona Clinic Liver Cancer (BCLC) staging system
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compared to newer staging systems, particularly given the progress in both risk 
stratifications and treatment.

 Hong Kong Liver Cancer (HKLC)

The HKLC staging system, like the BCLC, is useful for guiding treatment algo-
rithms as well as for patient prognostication (Fig. 2.3). This system was created 
based on data collected retrospectively from a large Hong Kong cohort of 3856 
patients with HCC treated between 1995 and 2008 [66]. Similar to the BCLC sys-
tem, the HKLC system also incorporates Child-Pugh class, ECOG status, and tumor 
burden. Patients are first divided according to ECOG status (0–1 vs. 2–4) and Child- 
Pugh class (A–B vs. C) and then stratified according to presence or absence of 
extravascular invasion/metastasis and tumor burden, yielding a total of nine possible 
stages, to identify best treatment options. Importantly, the HKLC system identified 
subsets of patients classified as BCLC B and BCLC C for which more aggressive 
treatments led to improved patient survival. Hypothetical Kaplan-Meier survival 
curves showed the HKLC treatment algorithm yielded better survival outcomes 
(median overall survival: HKLC, 16.6 months, BCLC, 8.9 months) [66]. A caveat 
with using a more complex system, such as HKLC, is its implementation in the 
clinic, as many clinicians find the BCLC more user-friendly. As more variables are 
included in a staging system, using it efficiently at bedside becomes increasingly 
difficult. Further, the Kaplan-Meier curves do not demonstrate discrimination of 
survival between some advanced stages (e.g., stages 3b to 5a).

ECOG 0-1,
Child A-B

ECOG 2-4/
Child C

No EVM  EVM Early
tumor,

no EVM

Other
tumors/

EVM

Early
tumor

ECOG 0,
Child A

Child A

Stage I

Resection/
LT/ablation

Resection TACE
Systemic
therapy

Systemic
therapy/

supportive
care

LT
Supportive

care

Stage IIa Stage IIb Stage IIIa Stage IVa Stage IVb Stage Va Stage VbStage IIIb

Child B
ECOG 1/
Child B

Intermediate
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Locally-
advanced
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Fig. 2.3 Hong Kong Liver Cancer (HKLC) staging system
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Although the HKLC is more aggressive in treatment recommendations, it may 
not necessarily do a better job of predicting survival than other staging systems. 
External validation in Western populations is particularly important given the 
HKLC system was developed in an Eastern patient population with the majority 
having underlying HBV-related liver disease. The prognostic performance of the 
HKLC system was evaluated in a North American cohort of 881 patients with HCC 
undergoing intra-arterial therapy. Although both BCLC and HKLC predict patient 
survival with high certainty, the HKLC-5 system outperformed the BCLC system in 
terms of survival separation, calibration, and discrimination (c-statistic 0.707 for 
HKLC vs. 0.643 for BCLC) [78]. In a European population, the HKLC treatment 
algorithm resulted in significantly more patients assigned to curative therapy than 
the BCLC algorithm; however, the BCLC system outperformed the HKLC classifi-
cation in survival prediction [79].

 Additional HCC Staging Systems

A nomogram based on the BCLC model was recently proposed to address the 
diverse prognosis of subgroups of BCLC stages and improve its prognostic value 
[80]. The nomogram generated a c-statistic of 0.766 (95% CI: 0.686–0.808) in the 
derivation cohort and 0.775 (0.607–0.909) in the validation cohort, both of which 
were Asian populations. The BCLC-based nomogram yielded a better survival dis-
tribution, especially for patients staged BCLC C and D when compared with pub-
lished results. Since the BCLC-based nomogram uses the same clinical parameters 
as BCLC, tumor burden, performance status, and liver disease, and assigns a score 
from 0 to 26, the authors suggested that it would be easy to use by clinicians. 
However, external validation in a French group concluded that the system was lim-
ited by its complexity and absence of linkage to treatment strategies. The BCLC- 
based nomogram has recently undergone further refinements using primary 
treatment as a factor in model construction [81]. The revised treatment-integrated 
nomogram showed larger linear trend x2 and likelihood ratio x2 values, and similar 
c-statistic (0.774) as the original nomogram.

The ITA.LI.CA stratifies patients with HCC into six groups and includes AFP as 
a prognostic factor [68]. The ITA.LI.CA model was developed in an Italian patient 
cohort of mostly HCV carriers, and externally validated in an Asian cohort of mostly 
HBV carriers. The core component of ITA.LI.CA incorporates a tumor staging 
which has stages 0, A, B, and C. Stage 0 includes tumors ≤2 cm; stage A involves 
tumors within Milan criteria for transplantation (single lesion not more than 5 cm, 
up to three lesions, none more than 3 cm); stage B is divided into B1, B2, and B3 
with B3 according to size and number cutoffs of 5 cm and three lesions, respec-
tively; and stage C includes patients with extrahepatic vascular involvement or dis-
tant metastasis. In addition to tumor burden, the ITA.LI.CA staging system also 
incorporates Child-Pugh class, ECOG performance status, and AFP to create a final 
0–13-point score. In comparison with other staging systems, including HKLC and 
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BCLC, there is some data to show that ITA.LI.CA showed significantly better 
prognostication.

The Model to Estimate Survival in Ambulatory HCC patients (MESIAH) scoring 
system utilizes the MELD parameter and was developed in an American cohort and 
externally validated in a Korean cohort [69]. The c-statistic in the derivation cohort 
with MESIAH was 0.77, which was higher than for CLIP (0.70), JIS (0.70), and 
BCLC (0.71). The MESIAH scoring system performed equally well in patients with 
cirrhosis (0.77) as in patients without cirrhosis (0.78).

The NIACE (tumor Nodularity, Infiltrative nature of the tumor, AFP level, Child- 
Pugh class, and ECOG) score was also developed to help refine prognoses within the 
BCLC A, B, and C groups. When used in combination with the BCLC-based nomo-
gram, NIACE demonstrated the best predictive accuracy for overall survival in a 
French cohort of 1102 patients compared with the BCLC, HKLC, and CLIP systems 
[82]. The NIACE score significantly differentiated survival times in BCLC A patients 
treated with surgery and BCLC B patients treated with chemoembolization [83]. Some 
have suggested that the best strategy may encompass utilization of a staging system 
such as BCLC in combination with a complementary scoring system like NIACE.

The staging system with the most clinical utility is yet to be determined as inves-
tigations that have compared different staging systems have generated differing 
conclusions. At this time, although the BCLC staging system for HCC has its limi-
tations, it is relatively easy to categorize patients and thus remains the most widely 
used staging system in the United States and Europe.

 Conclusion

The rising incidence of HCC worldwide is a major health concern with high mortal-
ity rates. Although the benefits of HCC surveillance are well-documented, surveil-
lance implementation and effectiveness in clinical practice remains suboptimal so 
most HCC patients present at an advanced stage with limited treatment options. 
Although there is not a universally accepted staging system, the BCLC remains the 
most widely used given its balance of accuracy and ease of use. Staging systems are 
continuously being developed and restructured to aid in prognostication, guide clin-
ical decision-making, and improve overall survival in this challenging and heteroge-
neous patient population.
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Chapter 3
Changing Epidemiology of Hepatocellular 
Carcinoma and Role of Surveillance

Yueran Zhuo, Qiushi Chen, and Jagpreet Chhatwal

 Introduction

Hepatocellular carcinoma (HCC) is responsible for 80–90% of primary liver cancer 
cases and is the third most common cause of cancer deaths worldwide [1, 2]. In the 
United States, HCC is the fastest growing cause of cancer deaths. While the overall 
cancer death rate has declined by 18% in the last two decades, HCC-related mortal-
ity has increased by 40% during the same period (Fig. 3.1 shows mortality in men, 
who are 4–8 times more likely than women to develop HCC) [3]. In addition, HCC 
incidence has increased threefold between 1975 and 2009, and the upward trend 
continues (Fig. 3.2) [4]. The rising burden of HCC was also highlighted by the 2015 
Annual Report on the Status of Cancer [5]. Common risk factors for HCC include 
hepatitis C virus (HCV) infection, hepatitis B virus (HBV) infection, heavy alcohol 
use leading to alcoholic liver disease (ALD), and nonalcoholic steatohepatitis 
(NASH).

Survival after diagnosis of HCC is worse than that of almost every other major 
form of cancer, including the lung, esophagus, and stomach [5]. While patients with 
advanced HCC have a median survival of less than 1 year, patients with early HCC 
who receive potentially curative therapy such as liver transplantation or resection 
achieve 5-year survival rates near 70%. Early diagnosis, therefore, is critical to 
improved survival. However, unlike other major cancers such as breast, prostate, 
and colorectal cancers, surveillance for HCC has been underutilized in practice [6]. 
While ultrasound-based surveillance with or without α-fetoprotein (AFP) is 
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 recommended in high-risk individuals (e.g., cirrhosis), surveillance failures are 
common, and the majority of patients with HCC are diagnosed at an advanced stage 
[7]. Furthermore, fewer than 20% of patients with cirrhosis receive regular surveil-
lance [8, 9]. Another key factor that distinguishes HCC from most other cancers is 
that it primarily occurs in the setting of end-stage liver failure, which severely limits 
treatment options such as curative resection as well as palliative locoregional ther-
apy. Liver transplantation is a life-saving modality but is a highly restricted resource 
with long waiting lists.
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 HCC Incidence and Mortality Trends

According to the 2015 Global Burden of Disease Study [10], there were 854,000 
incident cases of liver cancer and 810,000 deaths globally in 2015. According to the 
study, HBV is the most prevalent cause of HCC, accounting for 33% of all the HCC 
deaths globally. Alcohol is the second most common cause of HCC, accounting for 
30% of all HCC deaths. HCV accounted for 21% of all HCC deaths and other 
causes including NASH accounted for the remaining 16%. These distributions of 
HCC-led death etiologies vary across different geographical regions (Table 3.1). 
The study also noted that the etiologies of HCC vary substantially across different 
countries and regions. The study also reported increasing trends in HCC incidence 
across all etiology groups from 1990 to 2015—HBV-related HCC incidence rates 
increased by 42%, HCV-related HCC incidence by 114%, ALD-related HCC inci-
dence by 109%, and other causes by 56%. The increasing rates in HCC incidence 
occurred primarily due to population growth and aging of population.

Table 3.1 Contribution of hepatitis B, hepatitis C, alcohol, and other causes on absolute liver 
cancer deaths, both sexes, globally and by region, 2015

Contributor of HCC-related death

Alcohol (%) HBV (%) HCV (%)
Other (including 
NASH) (%)

Australasia 39 9 39 13
Caribbean 25 26 30 19
Central Asia 20 30 37 13
Central Europe 46 15 29 10
Central Latin America 27 8 47 18
Central sub-Saharan Africa 29 20 37 13
East Asia 32 41 9 18
Eastern Europe 53 15 24 8
Eastern sub-Saharan Africa 32 26 28 14
High-income Asia Pacific 18 22 55 6
High-income North America 37 9 31 23
North Africa and Middle East 13 27 44 16
Oceania 16 38 19 27
South Asia 18 38 25 19
Southeast Asia 31 26 22 21
Southern Latin America 42 6 41 11
Southern sub-Saharan Africa 40 29 20 11
Tropical Latin America 32 20 35 13
Western Europe 32 13 44 10
Western sub-Saharan Africa 29 45 11 15

Adapted from [10]
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Asia presented very unique HCC etiologies among all the populations in the 
world, while a great majority of the HCC occurred in Asia.

The burden of HCC is in particular high in Asia. In 2018, around 47% of the 
841,000 new hepatocellular carcinoma cases occurred in China alone [11]. The eti-
ology of HCC in selected Asian countries is summarized in Table 3.2 [12]. Unlike 
other parts of the world, the leading cause of HCC in Asia has been HBV [13]. The 
only exception is Japan, where HCV is the leading cause for HCC.  Since most 
Asian countries started implementing nationwide hepatitis B immunization pro-
grams in the last couple of decades, the seroprevalence of HBV among children and 
young adults has declined significantly in these countries [14–16]. It is expected 
that HBV-associated HCC incidence will decrease substantially in younger genera-
tions in these Asian countries. In addition, advanced HBV treatment methods have 
also significantly reduced the risk of HCC among HBV-infected people [17, 18]. 
However, other HCC-leading causes are on the rise, while HBV is on the decline. 
Specifically, the rapid socioeconomic development in many Asian countries has 
caused lifestyles and dietary patterns that lead to more cases of NASH-related HCC 
[19]. With the controlling of HBV in most Asian countries and HCV epidemics in 
Japan, NASH is gaining prominence and will likely become the new leading cause 
of HCC in the years to come.

In the United States, the HCC incidence has increased sharply in the past a cou-
ple of decades. A population-based descriptive study showed that the age-adjusted 
incidence rates of HCC increased by 52% from year 2000 to 2012 [20]. The rising 
HCC incidence is primarily related to an aging population with chronic HCV infec-
tion [21], but this is expected to change in the near future because of the availability 
of highly effective HCV treatments [22, 23]. NASH-related HCC incidence, on the 
other hand, is rising because of obesity and nonalcoholic fatty liver disease (NAFLD) 
[24, 25]. The incidence of HBV-led HCC is likely to remain steady [26]. The mor-
tality rates due to HCC have also increased over the past a couple of decades. As 
shown by an observational study [27], from year 1999 to 2006, the annual HCC- 
related deaths double to 11,073, particularly highlighting alcohol as the reason for 
HCC-related deaths among young people between ages 25 and 34.

Table 3.2 Etiology distribution of HCC in selective Asian countries

HBV (%) HCV (%) Alcohol (%) Others (%) Unknown (%)

China 70 – – – 30
Hong Kong 80 6 5 9 –
South Korea 63 14 11 7 5
Japan 16 70 – 14
Taiwan 66 32 – – 2
Philippines 67 3 10 20 –
Singapore 57 2 11 28 2
Malaysia 85 2 4 – 9
Thailand 80 15 – – 5
India 70 12 16 – 2

Adapted from [12]
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Future trends in HCC-related incidence and mortality and underlying etiology can 
be projected using decision-analytic modeling. A modeling study projected current 
and future impact of HCV disease burden in 16 countries [28]. It projected a 245% 
increase in HCC incidence rates from 2013 to 2030 in these countries. Similarly, the 
number of liver-related death is projected to increase up to 230% in all countries 
except for Sweden. Table 3.3 summarizes the model projected HCC and LRD trend 
in these 16 countries. However, with aggressive HCV screening along with unre-
stricted access to new antivirals, HCC incidence can be reduced substantially.

In the United States, HCV disease burden and related HCC burden in the era of 
Direct-acting antivirals (DAAs) have been projected using decision-analytic model-
ing. For instance, Hepatitis C Disease Burden Simulation (HEP-SIM) has projected 
the changing HCV prevalence and associated disease burden in the United States 
from 2001 to 2050 [22, 23]. The HEP-SIM model closely replicated the HCV preva-
lence as estimated by the National Health and Nutrition Examination Survey 
(NHANES). The model predicted that the number of viremic patients will decrease 
over time—from 2.5 million people in 2010 to below 1.0 million by 2020 (Fig. 3.3). 
At the same time, the number of individuals living with a sustained virologic 
response (SVR), a surrogate for HCV cure, is expected to increase from 0.8 million 
to 1.6 million by 2020. This study showed that despite the expected decrease of 
HCV-associated outcomes with implementation of the DAA therapy, HCC incidence 
would continue to increase until 2020. However, the cumulative incidences of HCC 
and LRD from 2015 to 2050 would be reduced substantially. It was estimated that 

Table 3.3 Model-projected HCC incidence and associated deaths in 16 countries from 2013 to 
2030 [28]

HCC incidence HCC-related deaths
Base 
case

Percentage increase by 
2030

Base 
case

Percentage increase by 
2030

Australia 590 245% 530 230%
Austria 110 35% 100 25%
Belgium 300 110% 290 95%
Brazil 9710 95% 9000 85%
Canada 730 190% 720 150%
Czech 
Republic

90 85% 80 90%

Denmark 90 140% 80 130%
Egypt 16,050 15% 32,950 10%
England 410 125% 390 100%
France 1790 1630 76%
Germany 1530 10% 1300 10%
Portugal 1150 80% 890 90%
Spain 2210 105% 1940 95%
Sweden 270 10% 170 1%
Switzerland 400 85% 380 70%
Turkey 2230 70% 2020 70%
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the cumulative incidence of HCC when treated with DAAs, pre-DAA therapies, and 
no treatment from 2015 to 2050 were 157,000, 305,000, and 415,000 respectively, 
while the corresponding liver-related deaths were 320,000, 587,000, and 776,000, 
respectively. Moreover, the study showed that increasing the annual treatment rate to 
280,000 from 2015 onward would prevent 5400 cases of HCC and 9700 deaths.

Another modeling study projected trends in NASH and related disease burden from 
2015 to 2030 [29]. The study estimated that the number of NASH cases would increase 
by 63% from year 2015 to year 2030. The prevalence of NASH-associated HCC would 
increase by 146% from 10,100 to 24,900 from 2015 to 2030. The incidence rate of 
NASH-HCC is also expected to increase by 137% from 5200 in 2015 to 12,200 in 
2030. With potential availability of NASH treatments in the near future, NASH-
associated HCC could be lower than what has been projected by the above studies.

While ALD accounts for 30% of all the HCC cases worldwide [10], the future 
burden of ALD-associated HCC has not been well studied [10, 30]. The Global 
Burden of Disease Study estimated the proportion of ALD-HCC among all-cause 
HCC cases across different geological regions as shown in Table 3.1. HCC patients 
with ALD are more prone to adverse disease prognosis and less frequent access to 
curative therapies [9, 31–36]. The Global Burden of Disease Study concluded that 
the contribution of alcoholic is expected to increase further due to improved preven-
tive and treatment measures of nonalcoholic HCC etiologies, such as HBV vaccina-
tion, HCV treatment with DAA therapies, and potential stabilization of obesity in 
the United States, Europe, and China [12, 30, 37].

 Knowledge Gaps in HCC Surveillance

Though HCC surveillance can detect early-stage treatable cancers, its use remains 
controversial and highly variable in practice [7]. Many professional societies rec-
ommend regular HCC surveillance in high-risk patients (e.g., having cirrhosis) 
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using liver ultrasound and/or AFP measurements to increase the likelihood of 
detecting early-stage treatable cancer [38–40]. However, the US Preventive Services 
Task Force (USPSTF) does not endorse routine HCC surveillance.

Several gaps remain in the comparative effectiveness data that inform surveil-
lance policies [41]. First, conclusive evidence from randomized controlled trials 
(RCTs) showing that HCC surveillance reduces mortality is lacking. To date, only 
two clinical trials have evaluated the effectiveness of HCC screening—one found 
that surveillance was effective in reducing all-cause mortality, but the second did 
not find any benefits [42, 43]. Notably, these studies included only HBV patients 
from China; no trial has evaluated screening in patients with other etiologies of 
HCC, which cause 85–90% of all HCC cases in the United States. Any future trial 
evaluating a no-screening scenario may be deemed unethical because clinical prac-
tice guidelines are already in place [44]. Furthermore, the vast majority of patients 
are not willing to participate in trials that have a no-screening arm [45]. Many obser-
vational studies have shown that HCC surveillance increases survival [46]; however, 
these studies are prone to lead- and length-time bias [47, 48], as has been observed 
in other cancer screening programs [49–51].

Second, the current screening guidelines fail to capture many at-risk individual 
[52]. Though current guidelines primarily recommend surveillance in cirrhotic 
patients, 20–50% of patients presenting with HCC have previously undiagnosed 
cirrhosis [53]. Furthermore, nearly 50% of all cases of HCC originate in noncir-
rhotic livers, and HCV patients without cirrhosis are also at risk of developing HCC 
[54–57]. Many of these patients would not enter into a surveillance program if the 
presence of cirrhosis alone were used to define a target population. Therefore, data 
on the risk and benefit of regular surveillance in this cohort are needed.

Third, existing guidelines do not tailor surveillance according to an individual’s 
risk and instead follow a “one-size-fits-all” paradigm, making them inefficient or 
ineffective for many individuals [58]. For a successful effectiveness program, it is 
important to distinguish patients in whom aggressive surveillance in needed from 
those who require less frequent surveillance, if at all. Despite the heterogeneous 
nature of HCC, published studies have not evaluated individualized surveillance 
based on patients’ risk factors including age, liver disease, comorbidity, and access 
to liver transplant. For example, current guidelines do not specify when to start or 
stop surveillance in most patients, which makes it difficult to define the populations 
for which surveillance could be cost-effective. Furthermore, recent exciting 
advances in molecular biomarkers that can aid in early HCC detection have not been 
incorporated in surveillance guidelines [59].

Fourth, current surveillance practices are based on the cost-effectiveness studies 
that have not considered recent changes in liver transplant practice and advances in 
the treatment of HCC [38, 60–63] and therefore could have underestimated the 
value of surveillance.

Finally, there is a need to balance the benefits of regular surveillance with harms. 
Potential harms of HCC screening include serious complications from liver biopsy, 
which occur in about 1% of patients [64], and, rarely, death from liver biopsy (0.009–
0.12% patients) [65]. Other harms include complications from liver resection and 
from other tests and treatments offered because of findings from ultrasonography 
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[66]. Surveillance could also result in the overdiagnosis of HCC in patients with 
comorbidities, especially in older age, who are not eligible for curative treatments 
such as liver transplantation.

 Significance of Mathematical Modeling  
for Surveillance of HCC

RCTs on HCC surveillance would likely be prohibitively expensive, time- 
consuming, and considered unethical by many. To sufficiently address the evidence 
gaps, a large RCT will need to incorporate and compare a prohibitively large num-
ber of arms [67], which is not realistically achievable. Under such situation, math-
ematical modeling can capture many of the complex intricacies to healthcare 
delivery in the real world, incorporate risks and benefits, and predict the long-term 
outcomes of different strategies that can guide decision-makers in establishing 
evidence- based guidelines [67, 68]. Results of such analyses have been used by the 
USPSTF and the Centers for Medicare and Medicaid Services (CMS) for determin-
ing screening recommendations for breast [69], colorectal [70, 71], cervical [72], 
and lung cancers [73].

To develop an effective and cost-effective surveillance for HCC, the first step is 
to determine which patients will (or will not) benefit from routine surveillance. 
Populations at risk of developing HCC are highly heterogeneous because of multi-
ple possible etiologies, liver disease stage, comorbidities, and access to treatment. 
Mathematical modeling can consider such complex dynamics and provide insights 
to determine the frequency of surveillance personalized to individual’s risk factors 
based on clinical and/or molecular indices [74].

 Cost-Effectiveness of HCC Surveillance by Etiology

The risk of developing HCC varies with the underlying etiology—5-year cumula-
tive risk is 17% in patients with HCV cirrhosis, 10% with HBV cirrhosis, and 2–8% 
with alcoholic cirrhosis [26, 75]. Therefore, a surveillance policy tailored to the 
underlying etiology could be more effective and cost-effective than a single policy 
across all etiologies. Another gap in the current surveillance recommendations is 
that they exclude noncirrhotic patients (except for HBV). However, up to 54% of all 
cases of HCC originate in noncirrhotic livers according to various etiologies [56, 
57]. Finally, many HCV patients have multiple comorbidities; therefore, a surveil-
lance program needs to weigh the harms and benefits in this population.
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 Hepatitis C Patients After Viral Cure

A recent retrospective cohort study using data from the VA HCV Clinical Case 
Registry showed that the annual risk of HCC remained considerably high among 
patients with cirrhosis (1.39%/year) and those cured after age 64 (0.95%/year) [54]. 
Patients with diabetes (adjusted HR = 1.88) or HCV genotype 3 infection (adjusted 
HR = 1.62) were also more likely to develop HCC. In an ongoing work, we further 
predicted the number of HCV patients who will develop HCC after a successful 
antiviral treatment. These data highlight the importance (and urgency) of an effec-
tive surveillance policy in HCV patients after a successful treatment. However, 
there are no data to guide optimal surveillance policies—including when to stop 
surveillance [54, 76].

 Nonalcoholic Fatty Liver Disease

A systematic review of 61 studies showed that although patients with NAFLD or 
NASH without cirrhosis had a low risk for HCC [77], the risk was considerably 
higher in NASH cirrhosis (cumulative incidence ranging from 2.4% over 7 years to 
12.8% over 3 years). Because NASH patients are different from patients with viral 
hepatitis, we should not generalize HCC surveillance policies from other etiologies 
to this growing group. This work emphasizes the need for data on the benefits and 
harms of HCC surveillance in this population.

Patients with NAFLD or NASH who have cirrhosis have a high risk of develop-
ing HCC [77]. In addition, a recent study found that 13% of patients with HCC did 
not have cirrhosis [78]. Patients with NASH also have the highest risk for unrecog-
nized liver disease, which makes timely diagnosis of HCC even more difficult [77]. 
Risk of liver-related death is higher in NASH patients, but death from cardiovascu-
lar disease is the most common cause [79–82]. The association with cardiovascular 
disease suggests that the cost-effectiveness of HCC surveillance in patients with 
NAFLD or NASH could be different from that in other etiologies [83].

 Alcoholic Liver Disease

Risk of HCC in ALD is lower than that in other major etiologies [26, 75]. Though 
the current guidelines recommend surveillance in patients with ALD-associated cir-
rhosis, a recent study questioned the value of HCC surveillance in this population 
[26, 75]. There is a need to evaluate the effectiveness and cost-effectiveness of 
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surveillance in this group. Because HCC can also arise without established cirrhosis 
in 14–19% ALD patients [84], there is also a need to evaluate the value of surveil-
lance in both cirrhotic and noncirrhotic ALD patients.

 Heavy Alcohol Consumption with HBV/HCV

Heavy alcohol consumption significantly increases the risk of HCC in HCV and 
HBV patients [85]. The risk for HCC increases five times with a daily alcohol con-
sumption of 80 g; and a combination of both HCV and alcohol leads to a 100-fold 
risk for HCC development [86]. Similarly, the 10-year cumulative HCC incidence 
is significantly higher for cirrhotic patients with HBV infection and alcoholism 
than for those with HBV or alcoholism alone (52.8%, 39.8%, and 25.6%, 
 respectively) [87].

 Conclusions

HCC is responsible for 80–90% of primary liver cancer cases and is the third most 
common cause of cancer deaths worldwide. In the United States, HCC is the fastest 
growing cause of cancer deaths. HCC incidence has increased threefold between 
1975 and 2009. HCC etiology has changed in the last decade and is further pro-
jected to change. HCV-associated HCC is projected to decrease substantially 
because of the availability of new antivirals for HCV; however, NAFLD- and ALD- 
associated HCC is likely to increase in the near future.

Routine surveillance plays an important role in early detection of HCC, but the 
adherence to surveillance remains low. In order to increase the value of surveillance 
programs, surveillance should be tailored to underlying etiology and other risk fac-
tors. Current screening guidelines are based on cost-effectiveness data that are old, 
and there is a need to evaluate the new threshold to HCC incidence above which 
routine HCC surveillance can be deemed cost-effective.
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DECT Dual energy CT
DN Dysplastic nodule
DWI Diffusion-weighted imaging
EASL European Association for the Study of Liver
ECCM Extracellular contrast media
HBP Hepatobiliary phase
HCC Hepatocellular carcinoma
HGDN High-grade dysplastic nodule
IVIM Intravoxel incoherent motion
LI-RADS Liver Imaging Reporting and Data System
MRI Magnetic resonance imaging
NASH Nonalcoholic steatohepatitis
OPTN Organ Procurement and Transplantation Network
PET Positron emission tomography
TACE Transarterial chemoembolization
US Ultrasound

 Introduction

Over the past 20 years, noninvasive imaging has played a central role in the diagno-
sis of hepatocellular carcinoma (HCC). Biopsies in patients with chronic liver dis-
ease are not routinely performed for diagnosis because HCC diagnosis can be made 
using imaging with high specificity and reasonable sensitivity (depending on tumor 
size), according to the current practice guidelines [1, 2]. In addition, patients with 
chronic liver disease are at risk of post-procedure complications [3]. There is also a 
risk of neoplastic seeding on the biopsy tract [4], emphasizing the need interest of 
noninvasive diagnosis in this population. Radiologists are involved in most important 
aspects of HCC management including screening, surveillance, diagnosis, staging, 
and assessment of posttreatment response [5, 6]. Imaging methods can also be used 
for guidance for percutaneous biopsy and for HCC treatment using locoregional 
therapies (LRT).

Abdominal ultrasound (US) is the imaging modality of choice for HCC screen-
ing, as recommended by the American Association for the Study of Liver Diseases 
(AASLD). The role of serum alpha-fetoprotein (AFP) for screening is limited, and 
serum AFP is optional in the latest AASLD practice guidelines [1, 7]. Contrast- 
enhanced US (CEUS) provides dynamic assessment of tumor contrast enhancement 
in addition to gray-scale US evaluation. However, its use is still limited in the United 
States. Contrast-enhanced multiphasic computed tomography (CE-CT) and 
magnetic resonance imaging (MRI) are the mostly used modalities for characterizing 
liver lesions in cirrhotic patients, at risk for HCC.

HCC diagnosis can be confidently made with high specificity based on the imag-
ing characteristics on CT or MRI, without pathologic confirmation needed in typi-
cal cases. According to the AASLD and the European Association for the Study of 
Liver (EASL), HCC diagnosis is indeed based either on pathological examination 
or noninvasive imaging criteria [4, 8]. These criteria are based on three findings/

N. Vietti Violi et al.



73

conditions that must be present: (1) patient with cirrhosis, (2) presenting a liver 
nodule >10  mm, and (3) with characteristic vascular features compared to the 
adjacent liver parenchyma in a cross-sectional imaging study using intravenous 
iodine or gadolinium-based contrast agents: hypervascular lesion in the arterial 
phase (wash-in) and washout in the portal venous (60–70 s postinjection) or delayed 
venous (180  s postinjection) phases. In the absence of one of these criteria, 
radiological diagnosis of HCC cannot be made, and further investigations (other 
imaging tools/biopsy/follow-up) are required. Multiple national and international 
practice guidelines have also been developed with some local differences but with a 
consensus on the concept of noninvasive diagnosis: the Asian Pacific Association 
for the Study of the Liver (APASL) [9], the Japan Society of Hepatology [10], and 
the Italian Association for the Study of the Liver [11]. The diagnostic pathway from 
the liver lesion detection to the diagnosis has also been standardized [1, 7].

Based on HCC radiologic diagnosis criteria, the Liver Imaging Reporting and 
Data System (LI-RADS) was introduced in 2011 and endorsed by the American 
College of Radiology (ACR) [12]. The goal is to provide a standardized interpretation 
and reporting system of CT and MRI performed in patients at risk of HCC. The 
LI-RADS classified imaging observations from definitely benign (LR-1) to 
definitely HCC (LR-5) using HCC diagnosis main features (arterial 
hyperenhancement, lesion size, washout, capsule appearance, and threshold growth) 
and ancillary features favoring either malignancy or benignity (see below). 
Additional classifications have been added for treated lesions (LR-T), lesions 
suspicious for malignancy but not HCC (LR-M), and HCC with macrovascular 
invasion (LR-TIV: tumor in vein) due to important implications for patient 
management [13]. In addition, the LI-RADS provides guidelines for radiologists 
performing, interpreting, and reporting the radiologic images and suggests patient 
management. This classification has shown to be accurate even with lesion size 
<2 cm with a high specificity for diagnosing HCC (96.4% for LI-RADS category 4 
and 5) and sensitivity of 65.4% [14]. The LI-RADS is now extending worldwide 
and has recently merged with the AASLD diagnostic criteria [15].

 Imaging Modalities

 Ultrasound and Contrast-Enhanced Ultrasound

US is the most frequent first imaging modality used in abdomen due to its low cost, 
wide availability, and noninvasiveness. It is the modality of choice for HCC 
screening and surveillance because of its advantages and its high specificity that 
reaches over 90% for detecting HCC [16]. However, US sensitivity is limited in the 
background of cirrhosis and obesity and for detecting small HCC <20 mm, described 
as low as 27.9% in UNOS T1/T2 HCC in a recent prospective Korean study [17]. 
US is also operator-dependent. Due in part to these challenges, US sensitivity for 
early-stage HCC, potentially curative disease, is low. Nevertheless, currently no 
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alternative to US is appropriate for screening because of higher cost, radiation 
exposure (CT), and long exam times for CE-MRI (at least 30 min). As a result, 
current practice guidelines do not advocate multiphasic CE-CT or CE-MRI for 
HCC surveillance.

On US, HCC with a size <30 mm will typically appear hypoechoic. Lesion het-
erogeneity could be due to either fat, hemorrhage, or necrosis. A hyperechoic focus 
within a hypoechoic mass may be suggestive of an HCC developed in a dysplastic 
nodule (DN) [18]. Lesions with a size ≥30 mm may exert mass effect on adjacent 
structures and invade the portal vein and its branches. Larger lesions tend to be more 
heterogeneous and poorly defined or may present with hypoechoic halo [19].

CEUS is based on a blood pool agent (sulfur hexafluoride, Lumason, Bracco 
Imaging, and perflutren protein-type A microspheres, Optison, GE Healthcare, both 
approved for liver imaging in the United States) that remains confined to the vascu-
lar space, without interstitial distribution like CT and MR contrasts. Compared to 
gray- scale US, CEUS assesses dynamic evaluation of lesion contrast enhancement 
with real-time evaluation of all different phases with identification of the wash-in 
and washout features mirroring multiphasic CT or MRI. CEUS has the advantage 
over CT and MRI as it is less costly and it allows a dynamic contrast evaluation. It 
has shown excellent sensitivity for detection of hypervascular lesions [20–22]. 
CEUS use is still very limited in the United States, due to recent FDA approval of 
the contrast agents. In addition, CEUS has the same limitations as conventional US, 
such as operator dependence, limited sensitivity in obese and cirrhotic patients and 
for small lesions, and limited detection of deep liver lesions [23].

 Contrast-Enhanced CT

Contrast-enhanced CT (CE-CT) is a valuable technique for HCC diagnosis. As rec-
ommended by UNOS guidelines [2], multiphasic CT for HCC diagnosis should 
include four phases: (1) non-contrast phase in order to detect hyperdense structures 
(such as hemorrhage or changes related to locoregional therapy); (2) late arterial 
phase, corresponding to the peak of tumor enhancement; (3) portal venous phase 
(60–70 s postinjection) corresponding to the peak of portal venous and parenchymal 
enhancement within the liver and the most adequate for venous evaluation; and (4) 
the delayed venous phase (180 s postinjection) which increases detection of tumor 
capsule [24] (Fig. 4.1).

While CT sensitivity for nodular HCC ≥2 cm can be as high as 90%, it falls 
significantly for lesions with a size between 1 cm and 2 cm (40–44%) or <1 cm 
(10–33%) [25]. CT has the advantage over MRI as being widely available, rapid, 
and robust, and images do not need an advanced expertise to be interpreted. The 
main disadvantages of CT are the radiation exposure, the lower contrast resolution 
compared to MRI, and lower sensitivity for small lesions as indicated above [25].
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 MRI

Liver MRI can be performed using two different gadolinium-based contrast agents 
(GBCA): extracellular contrast media (ECCM), which have the same behavior as 
iodinated contrast agent used for CT, and liver-specific contrast agents [gadobenate 
dimeglumine, MultiHance, Bracco Diagnostics, and gadoxetic acid (Gd-EOB- 
DTPA), Eovist/Primovist, Bayer Healthcare]. Liver-specific agents can be used ini-
tially as dynamic agents and eventually penetrate the hepatocytes (small portion 
3–5% for gadobenate dimeglumine and up to 50% for gadoxetic acid) and are 
excreted into the biliary system. Although the use of liver-specific agents for HCC 
diagnosis is increasing, ECCM remain the reference contrast agents for this 
purpose.

a

b

Fig. 4.1 A 72-year-old 
male patient with chronic 
hepatitic C virus cirrhosis 
and HCC.  
(a) Axial contrast-
enhanced CT acquired 
during the arterial phase 
demonstrates a large 
(4.5 cm) mass in segment 
VIII with arterial 
hyperenhancement 
(wash-in, arrow).  
(b) Axial contrast-
enhanced CT during the 
portal venous phase 
demonstrates lesion 
washout with enhancing 
capsule (arrow)
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 MRI with ECCM

Similar to CT, dedicated liver MRI must include multiple vascular phases acquired 
at pre-contrast, arterial (one or multiple arterial phases), portal venous (60 s postin-
jection), and delayed venous (180 s postinjection) phases with the same goal as CT: 
to demonstrate wash-in (during late arterial phase) and washout (during portal 
venous and/or delayed venous phases). In addition, T2-weighted imaging, 
T1-weighted in- and out-phase imaging, and diffusion-weighted imaging (DWI) 
sequences are performed in order to assess ancillary features of HCC (Fig. 4.2).

MRI sensitivity is excellent for lesions with a size ≥2 cm and 1–2 cm (100% and 
84% in a lesion-by-lesion analysis). However, sensitivity falls to 29–43% for lesions 
with a size <1 cm [26, 27]. In tumors with a size between 1 cm and 2 cm, MRI was 
shown to be superior over CT (sensitivity: 84% vs 47% for 1–2 cm) [28]. In clinical 
practice, the choice between imaging modality depends on institutional preferences 
and patient-specific factors.

Compared to CT, MRI provides higher contrast resolution and assessment of a 
greater number of tissue properties, which are valuable for lesion detection and 
characterization. However, MRI is limited by accessibility, longer acquisition time 

a

c d

b

Fig. 4.2 A 75-year-old male patient with chronic hepatitis B virus cirrhosis and HCC. (a) Axial 
T2-weighted image demonstrates a moderately hyperintense lesion (arrow) in right hepatic lobe, 
with diffusion restriction on DWI (hyperintensity on high b-value image b800, b, arrow), heterog-
enous arterial hyperenhancement (wash-in) during the arterial phase (c, arrow) obtained with an 
extracellular gadolinium contrast agent (gadopentetate dimeglumine), and washout during late 
venous phase with enhancing capsule (d, arrow)
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(30 min for a standard liver MRI protocol), the need for optimization and expertise 
to be accurately interpreted, and increased sensitivity to motion [25].

CT and MRI have both limited detection of well-differentiated and small HCCs. 
Furthermore, approximately 40% of HCC are not hypervascular during the arterial 
phase, including early HCC, infiltrative HCC, and some poorly differentiated 
HCC, and the presence of washout can be absent in approximately 40–60% of 
small HCC [29].

 MRI with Liver-Specific Agents

Two different liver-specific contrast agents are commercially available in the United 
States: gadoxetic acid (or Gd-EOB-DTPA, FDA approved in 2008) and gadobenate 
dimeglumine (FDA approved in 2004). They mainly differ by the rate of biliary 
excretion (50% for gadoxetic acid and 3–5% for gadobenate dimeglumine) and the 
timing of the hepatobiliary phase (at 10–20 min versus 45 min–3 h after injection 
for gadoxetic acid versus gadobenate dimeglumine, respectively). For these reasons, 
Gd-EOB-DTPA is the agent most currently used for liver MRI protocols. The use of 
gadoxetic acid has increased in cirrhotic patients. Gadoxetic acid-enhanced MRI 
has been shown to be more sensitive than CT [30], particularly when considering 
early HCC. The data comparing ECCM vs gadoxetic acid is very limited. Lesion 
conspicuity and lesion-to-liver contrast ratio had shown to be significantly higher at 
hepatobiliary phase (HBP) compared to arterial phase images [31]. Gadoxetic acid 
allows assessment of both the vascular compartment and hepatobiliary function. 
When first injected, gadoxetic acid circulates through the vascular system for the 
acquisition of dynamic contrast phases. After approximately 5 min in healthy liver 
(longer in cirrhotic liver), around 50% of injected gadoxetic acid dose is taken up by 
functioning hepatocytes via the OATP8 transporter and subsequently excreted into 
the biliary system through MRP2 and MRP3 transporters. In a subsequent image 
acquisition at 10 and 20 min after contrast injection, labeled HBP or hepatocyte 
phase demonstrates liver contrast uptake with hyperintense liver parenchyma. 
Cirrhotic and low-grade dysplastic nodules may still express the OATP8 transporter; 
however with the progression to carcinogenesis within a cirrhotic nodule, the 
expression of OATP8 will decline. Thus, most HCC including some high-grade 
dysplastic nodules (HGDN) will appear hypointense during the HBP (Fig.  4.3). 
However, up to 10% of HCC may demonstrate some degree of hyperintensity on the 
HBP (due to residual OATP8 expression).

The HBP is valuable for characterizing small hypervascular lesions in the arterial 
phase without evidence of washout. On HBP, malignant lesions (in the context of 
cirrhosis, mainly HCC or less likely cholangiocarcinoma) will appear hypointense, 
while pseudolesions such as arterioportal shunts are isointense relative to 
surrounding liver parenchyma. For lesions that are hyperintense on HBP, ancillary 
image features assessed on other sequences such as T2-weighted imaging and DWI 
must be taken into account for distinguishing HCC from benign lesions such as 
focal nodular hyperplasia from hyperintense HCC.
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Compared to ECCM, gadoxetic acid has several limitations:

• Multiple North American studies have shown that the quality of the dynamic phases 
using gadoxetic acid may be limited by motion artifacts and sometimes breathing 
difficulties (called transient severe motion), which are exaggerated in comparison 
with ECCM. It has been described in up to 17% of MRI examinations [32].

• Dynamic imaging quality is limited due to the relatively smaller amount of gado-
linium injected (0.025 mmol/kg for Gd-EOB-DTPA compared to 0.1 mmol/kg 
for ECCM) [33]. The trend is to inject a fixed dose of 10 mL in several institu-
tions. The late venous phase acquired between 3 and 5 min post-contrast injec-
tion can be limited as hepatocyte uptake of contrast may have started, confounding 
assessment of washout at this time [34].

• Detection of HCC is challenging in the setting of advanced cirrhosis. Extensive 
hepatic fibrosis can appear hypointense on HBP.  In the setting of severe liver 
dysfunction, cholestasis, or biliary obstruction, hepatocyte contrast uptake can 
be significantly reduced or absent. In this setting, MRI with ECCM is preferred.

• The cost of gadoxetic acid is higher compared to ECCM, in addition to the lon-
ger acquisition time.

a

d

b

c

Fig. 4.3 A 72-year-old male noncirrhotic patient with chronic hepatitis B virus infection and 
HCC. DWI demonstrates right hepatic lobe lesion with diffusion restriction (a, hyperintense on 
high b-value image b800, arrow). Axial T1-weighted image demonstrates strong arterial 
hyperenhancement (wash-in) during arterial phase (b, arrow), washout during portal venous phase 
with capsule enhancement (c, arrow), and hypointensity at hepatobiliary phase post-gadoxetic acid 
injection (d, arrow), diagnostic for HCC in the setting of chronic liver disease
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 Positron Emission Tomography-CT and MRI

18Fluorodeoxyglucose (FDG) positron emission tomography (PET) is not included 
in the HCC diagnosis guidelines due to low sensitivity for detection (between 
50% and 68%) [1, 7]. Sensitivity is better in poorly differentiated tumor due to a 
higher rate of FDG uptake in these tumors. Consequently, FDG uptake has been 
shown to be a prognostic marker for poorly differentiated tumor, microvascular 
invasion, shorter recurrence-free survival after curative treatment and short sur-
vival in case of palliative condition [35]. The role of FDG-PET for the evaluation 
of extrahepatic disease is also limited by low sensitivity, and current recommen-
dations endorse CT, MRI, chest CT, and bone scintigraphy for this purpose. Dual 
tracer imaging with addition of 11C-acetate or 18F-choline is of interest in order to 
achieve a higher sensitivity and is currently under investigation [36]. With the 
emergence of quantitative imaging, the use of PET/MRI hybrid systems is prom-
ising [35, 37, 38].

 Imaging Characteristics

 Diagnostic Imaging Features

A distinction is currently made between early and progressed HCCs based on their 
pathological evolution. Early HCC can be considered as a “microinvasive carci-
noma,” while progressed HCC is a malignant neoplasm with ability to invade ves-
sels and metastasize [24]. Consequently, imaging appearance of both HCC will 
differ. HCC imaging diagnosis features are mainly predicated on differences in vas-
cularity between the lesion and background liver on dynamic contrast-enhanced 
imaging, as described above. Approximately 75% of the blood supply to the liver 
parenchyma is supplied by the portal vein, and 25% is supplied from the hepatic 
artery. During pathologic development from early to progressed HCC, portal flow 
into the tumor will decrease, while the proliferation of unpaired arteries and sinusoi-
dal capillarization will result in an increase in hepatic arterial flow. Consequently, in 
late arterial phase imaging, HCC will appear hyperdense/intense compared to liver 
parenchyma (wash-in). Due to the decreased portal venous supply and arterioportal 
shunt within the tumor, the lesion will demonstrate washout in the portal venous 
and/or delayed venous phases. Wash-in is characteristic of progressed HCC while 
HGDN/early HCC may be iso−/hypovascular during the arterial phase. Wash-in 
appearance is sensitive for progressed HCC but not specific as several benign and 
malignant lesions can demonstrate arterial hyperenhancement, such as arterioportal 
shunt, hemangioma, focal nodular hyperplasia, focal fibrosis, cholangiocarcinoma, 
or hypervascular metastasis. Washout is the hypoenhancement of the tumor in com-
parison with the surrounding liver parenchyma in the portal venous and/or delayed 
venous phases. The explanation for washout is not completely understood. It is 
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probably multifactorial and due in part to early venous drainage, reduction of portal 
venous blood flow, and progressive enhancement of the liver parenchyma. As for the 
wash-in, washout in itself is not specific for HCC as it can be seen in cirrhotic liver 
in DN, cholangiocarcinoma, and biphenotypic HCC-cholangiocarcinoma. 
Nevertheless, in the setting of cirrhosis, a focal liver lesion >1 cm presenting wash-
in and washout is an HCC (sensitivity of 100% in lesion with a size ≥2 cm and 90% 
in lesion with a size between 1  cm and 2  cm) according to AASLD criteria. 
Progressed HCC can also demonstrate a capsule/pseudocapsule surrounding the 
tumor. This is better visualized during the portal venous or late venous phases. 
Histologically, it is not always correlated with the presence of a real capsule, but it 
is specific of progressed HCC that makes it an important image feature for HCC 
diagnosis. In patients without history of liver disease, alternative diagnoses such as 
hepatocellular adenoma or hypervascular metastasis have to be considered as these 
lesions can have a similar imaging appearance.

 Ancillary Imaging Features

When the tumor progresses, local invasion beyond the lesion is frequent and is 
manifested by the presence of satellite nodules surrounding the tumor. The presence 
of macrovascular invasion of the portal vein branches and/or hepatic veins needs to 
be assessed and should be part of the radiology report. Patients with cirrhosis and 
portal hypertension are at risk of bland venous thrombosis, which should be 
differentiated from a tumor thrombus. Thrombus location relative to the tumor and 
internal enhancement are key features to diagnose a tumor thrombus.

Other ancillary imaging features can aid in the diagnosis of HCC, although these 
are non-specific. The presence of intralesional fat is characteristic of early 
HCC. However, fat can also be present in DN, and therefore a fat-containing lesion 
can be considered as either malignant or premalignant. Corona enhancement, 
defined as the enhancement of the venous drainage area surrounding the tumor, is 
suggestive of hypervascular progressed HCC. Nodule-in-nodule appearance refers 
to the presence of a suspicious nodule within a larger nodule that histologically 
indicates the development of an HCC within a DN. Mosaic architecture refers to the 
presence of discrete internal compartments with differential enhancement and is 
characteristic of large HCC.  Mosaic architecture is believed to reflect tumor 
heterogeneity and when present may be useful for differentiation of HCC from 
intrahepatic cholangiocarcinoma. The presence of mild to moderate T2 hyperinten-
sity on T2 weighted imaging and DWI in the setting of chronic liver disease is spe-
cific for HCC. Focal lesional sparing in the setting of either diffuse hepatic iron 
deposition or steatosis can also be suggestive of HCC.  Evidence of significant 
growth within 6 months is also an argument for malignancy. Finally, with the grow-
ing use of liver-specific agents for HCC detection, hypointensity at the HBP phase 
has been recently added as an ancillary feature suggestive of malignancy. In con-
trast, a lesion demonstrating either reduction in size or stability over ≥2  years, 
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enhancement pattern that follows blood pool, presence of undistorted vessels in the 
tumor vicinity, iron within a mass, marked T2 hyperintensity, and isointensity on 
HBP are all ancillary features favoring benignity.

 Staging

HCC staging is critical for guiding treatment strategy. Among the different HCC 
staging systems, the Barcelona clinic liver cancer (BCLC) criteria are widely used 
as they integrate both relevant imaging findings and clinical factors such as 
underlying liver function and patient functional status into a therapeutic algorithm 
for each tumor stage, linking tumor stage with management strategy ranging from 
curative intent to supportive care [39]. Tumor staging – mainly based on lesion size 
and number and presence of macrovascular invasion  – is based on radiologic 
appearance made on CT or MRI.  The Organ Procurement and Transplantation 
Network (OPTN) also sets forth strict imaging criteria that are tied to tumor stage in 
order to determine eligibility and priority assignment for liver transplantation. 
Patients with one lesion up to 5 cm or two to three lesions up to 3 cm are eligible; 
however, patients with macrovascular invasion or evidence of extrahepatic disease 
are not eligible for liver transplantation [2].

 Quantitative Imaging in HCC

Given the noninvasive imaging criteria for HCC, patients with typical imaging fea-
tures of HCC can be diagnosed and treated without histopathologic confirmation 
[26]. However tissue sampling may provide information on molecular subtyping 
which provides valuable information on tumor aggressiveness [40]. There is 
growing interest in the use of imaging markers to provide tissue quantification as a 
surrogate of histopathologic findings. The introduction of molecular targeted agents 
for treatment of advanced stage HCC has also fueled interest in quantitative imaging 
markers of response assessment. The ultimate goal of quantitative imaging 
techniques is to achieve a personalized approach to cancer treatment response by 
identifying imaging biomarkers that will characterize tumor aggressiveness and 
potentially drive treatment decisions.

 CT and MR Perfusion

CT and MR perfusion share the same principle of quantifying blood flow character-
istics of focal liver lesions and background liver. Knowing the particular property of 
vascular modifications in the HCC tumorigenesis helps identify the changes from a 
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portal venous predominant blood supply to an arterialized flow. Perfusion measures 
the variation of contrast concentration in a determined tissue during time. For the 
calculation, the tissue of interest is scanned repeatedly before, during, and after 
contract injection. The schematic tissue enhancement can be divided in two phases 
according to the space where the contrast is located: the intravascular and the extra-
vascular extracellular spaces. The use of a vascular input function (in the aorta used 
as a surrogate for the hepatic artery and the portal vein) and a pharmacokinetic 
model [41] allows the quantification of perfusion parameters such as blood flow, 
blood volume, mean transit time, permeability, hepatic arterial perfusion, portal 
venous perfusion, and hepatic perfusion index [42–45]. Additionally, model-free 
parameters can be calculated such as slope or area under the curve to described 
tumor or liver parenchyma time/concentration curve [43, 46]. For all parameters, 
parametric maps can be generated. These parameters can be conceived to reflect 
physiologic markers related to tumor angiogenesis.

Perfusion imaging can be acquired with both CT and MRI. Perfusion CT is lim-
ited by radiation exposure due to the repetitive scanning requirement. The advan-
tage with perfusion MRI is that it can be combined to other functional imaging as 
DWI in the same MRI acquisition. Both techniques are limited to the volume of 
tissue coverage and suffer from a need of standardized protocols, variable repeat-
ability and inter-platform reproducibility [47].

Due to the HCC vascular profile (neoangiogenesis with development of arterio-
lar network), perfusion parameters in HCC lesions are different from adjacent liver 
parenchyma [48] (Fig. 4.4). However, there are possible differences in perfusion 
parameters related to tumor grade [49]. Perfusion imaging can be also used for 
assessment of tumor response after locoregional therapy, such as transarterial 
chemoembolization (TACE) [45]. Persistence or apparition of arterial perfusion 
after TACE corresponds to incomplete treatment or tumor recurrence [50]. Perfusion 
for the assessment of early response to therapy such as TACE and Yttrium90 
radioembolization or emerging molecular targeted agents is also promising for bet-
ter selection of patients [51, 52].

 Dual Energy CT

Dual energy CT (DECT) is a technique based on the different elemental composi-
tion of the tissue. Compared to conventional CT, DECT allows differentiation of 
material in tissue composition based on differences in iodine and water densities. 
DECT allows selective quantification and visualization of iodine-related density 
differences by providing polychromatic images using two orthogonal X-ray tubes 
working at low and high voltages (80 kVp and 140 kVp, respectively) [53]. This 
method enables virtual reconstructed images using a combination of images 
acquired at the low- and high-energy acquisitions and allows reconstruction of vir-
tual unenhanced images. DECT improves the ability to distinguish high-density 
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substances created by iodine (enhancement) from those created by hemorrhage and 
to detect subtle enhancement.

Furthermore, selective iodine-related attenuation and volumetric iodine uptake 
in a specific tissue can be measured, enabling quantification of tissue perfusion by 
providing iodine maps and information regarding blood volume. As the amount of 
iodinated contrast medium in tissue depends on its degree of vascularization, the 
amount of volume iodine-intake may be considered as representative of blood 
perfusion and vascularization in the tumor [54]. It has been described as a surrogate 
to perfusion CT allowing a reduction in radiation dose [55].

In clinical practice for HCC, dual energy CT is used as an alternative to conven-
tional multiphasic CT in order to reduce radiation dose as it allows virtual non-
contrast acquisition by identifying and subtracting the iodine component of an 
enhanced phase [56]. DECT has shown efficacy for HCC detection and 
characterization using both qualitative (lesion conspicuity) and quantitative (using 
iodine density values) image analysis [57].
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Fig. 4.4 A 66-year-old male patient with large HCC in the right hepatic lobe (13  cm). Axial 
DCE-MR images acquired using 3D-FLASH sequence demonstrate ROI placement in different 
regions at different time points: tumor (purple) acquired at 20 s postinjection (a), abdominal aorta 
(red) (b, 11 s postinjection), main portal vein (blue) (c, 28 s postinjection), and liver parenchyma 
(green) (d, 55 s postinjection). Plots below (e) demonstrate relative signal intensity versus time 
curve [y-axis: 100× (SI/SI0 −  1), with SI and SI0 representing the signal intensity and signal 
intensity before enhancement, respectively]. Plot shows fast enhancement and subsequent washout 
of HCC as opposed to slow enhancement of the liver parenchyma. (This figure has been reproduced 
with the permission from Springer Nature)
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 Diffusion-Weighted Imaging

DWI is a non-contrast MRI sequence that quantifies the motility of water protons 
within the tissue and provides information on tissue cellularity and integrity of the 
cell membranes [58]. High cellularity (as in tumors), distortion of the extracellular 
space (as in cirrhosis), and increased density of hydrophobic membranes within 
tissues restrict water diffusion. In hypercellular tissue, extracellular water cannot 
diffuse, and this results in a reduction on the apparent diffusion coefficient (ADC). 
A cystic/necrotic component has few structures to restrict diffusion, and this results 
in a high ADC [58]. ADC contains information reflecting a combination of cellular 
density and perfusion (microcirculation) and is derived from the monoexponential 
fitting of the signal intensity decay curve. DWI is used in daily clinical practice for 
liver lesion detection and characterization [15]. DWI has generally shown equal to 
superior performance compared to T2-weighted images and is helpful when 
employed in conjunction with contrast-enhanced sequences. It is also of a great 
interest for patients with contraindications to gadolinium-based contrast agents. 
Based on their composition, cysts and hemangiomas can typically be distinguished 
from solid liver lesions with reasonable accuracy, with some degree of overlap [59]. 
ADC also increases after locoregional therapy (LRT) and systemic therapy, 
correlating with necrotic changes in response to therapy [60, 61].

Intravoxel incoherent motion (IVIM) DWI captures relative contributions of true 
cellular diffusion and microvascular perfusion within a tissue, which are affected by 
several physiologic and pathophysiologic factors, including the presence of 
restrictive barriers within the tissue, fluid viscosity, and fractional volume of 
perfusing spins [62]. These characteristics may enable IVIM to detect and 
characterize the tissue changes caused by disease. As opposed to DWI, IVIM is 
derived from biexponential fitting of the signal intensity decay curve. IVIM 
calculation allowed to obtain different parameters: perfusion fraction (PF or f) is the 
fraction of pseudodiffusion, Dslow (or Dt or D) is the true diffusion coefficient 
representing the pure molecular diffusion, and Dfast (or D∗) is the pseudodiffusion 
coefficient that means the incoherent microcirculation within the voxel [62]. 
Limitations of standard DWI and IVIM suffer from a low spatial resolution and high 
susceptibility to artifact: heart motion artifact (and other motion as peristaltic bowel) 
and susceptibility artifact at the boundary surfaces.

IVIM has shown promise for the diagnosis of liver fibrosis/cirrhosis diagnosis 
[63] and assessment of response to therapy [64] (Fig. 4.5). However, data on HCC 
response using IVIM is limited.

 Radiomics Quantification

In the setting of translational and precision medicine, radiomics and radiogenomics 
represent more advanced steps of research in the field in radiology. Radiomics is 
based on the concept that images contain information about pathophysiology that 
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can be expressed by the extraction of a large number of quantitative features. 
Radiomics analysis provides a large amount of data that has then to be processed, 
statistically analyzed, pooled, compared, and integrated into a clinical situation. 
Radiomics has been designed in order to be a decision support tool, giving informa-
tion on disease detection, diagnosis, prognosis, and response to therapy. Cancer 
imaging follow-up allows potentially an indefinite amount of data for each patient 
with repetitive follow-up in the course of his or her cancer. An essential step of the 
process to the application of radiomics in clinical care is to create large database 
pooling and comparing the results of research groups from different centers in order 
to get solid and reproducible datasets [65, 66].

Going one step beyond, radiogenomics is the correlation of radiomics data with 
gene signatures and gene expression profiles. Recent studies suggest that radiomics 
features may reflect biological processes occurring at the genetic and molecular 
level [67]. Compared to the histopathologic and genetic analysis of tumor tissue 
(obtained either by biopsy or following tumor resection), radiomics and 
radiogenomics analysis offers several advantages. First, an analysis of the entire 
tumor can be performed by radiomics analysis compared to biopsy. Second, 
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Fig. 4.5 A 59-year-old male patient with partially necrotic HCC post TACE. (a) Axial contrast- 
enhanced T1 weighted image obtained during portal venous phase, (b) axial fat suppressed DWI 
image at b800. Both demonstrate a partially necrotic HCC with solid enhancing component with 
restricted diffusion (arrow) and non-enhancing necrotic component which is hypointense on DWI 
(short arrows). (c) Magnified b800 DW images show ROI placement in solid and necrotic compo-
nents. (d) Biexponential diffusion modeling for quantification of diffusion and perfusion (IVIM: 
intravoxel incoherent motion DWI) in the whole HCC lesion. The following parameters were 
obtained in a solid/necrotic HCC components/background liver: D 1.21/1.57.0.77 × 10−3 mm2/s, 
PF 15.81%/23.33%/21.58%, ADC 1.47/1.97/1.09 × 10−3 mm2/s, and enhancement ratios (during 
portal venous phase) 113.0%/−16.4%/47.8%. (Figure copyright S. Kakite, licensed under CC 
BY-NC-ND 4.0)
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 intra- tumoral heterogeneity limits the usefulness of tissue sampling by biopsy per-
formance that is known to have a sampling error rate as high as 20.3% [68, 69]. 
Radiomics can be used to quantify tumor heterogeneity to predict the best target 
location for a biopsy in order to reduce the error rate. Third, it is well known that 
genetic expression changes during time due to cancer evolution and response to 
therapy. When repeated biopsies are not acceptable, repeat radiomics analysis is 
feasible during cancer follow-up.

Qualitative and quantitative features based on intensity, shape, size, volume, or 
texture can provide information about tumor phenotype and microenvironment that 
can be correlated to clinical outcomes.

Radiomics requires different steps: (1) image acquisition, (2) identification of the 
volume of interest, (3) volume segmentation, (4) extraction and qualification of 
descriptive features from the volume, (5) using these data to conceive and enrich a 
database, and (6) using the database to develop model classifiers to predict outcome. 
Each step has its limitations and challenges.

Medical images are acquired using a wide range of acquisition parameters and 
reconstruction protocols that may have a substantial effect on image quantification 
with radiomics analysis. An effort of standardization is currently performed by the 
professional societies as, for instance, the American College of Radiology and the 
Radiological Society of North America (RSNA) that promote guidelines on 
quantitative imaging.

Radiomics in HCC has shown early interest in the technique development. Zhou 
et al. studied the mean intensity and gray-level run-length nonuniformity (a texture 
feature) of the MRI arterial phase of 46 patients with resected HCC. Based on these 
features, they were able to predict HCC tumor grade (high versus low grade) with a 
sensitivity of 76% and a specificity of 100% [70]. Multiple texture features have 
been shown to predict microvascular invasion in HCC with good accuracy [71]. 
Segal et  al. reconstructed 78% of the global gene expression profile of HCC by 
combining 28 distinct imaging traits on CT.  These traits were linked to cell 
proliferation, liver synthetic function, and prognosis [72]. Correlation has also been 
made between CT and MRI features and gene signature of aggressive HCC [73, 74]. 
An example of quantification of HCC heterogeneity is shown in Fig. 4.6. Radiomics 
limitations relate to reproducibility and standardization. It is also challenging to 
adequately manage large amount of data.

Current imaging strategies are not able to differentiate the two causes of HCC 
multifocality: intrahepatic metastasis and multicentric carcinogenesis. These two 
different pathways are known to have different prognosis. In the future, radiomics 
may be able to determine this difference, which may have direct consequences on 
HCC staging systems and treatment.
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 Conclusion

Imaging is central in HCC diagnosis and management. With its vascular character-
istics, typical HCC can be diagnosed with imaging without the need for histopatho-
logic confirmation. Tissue sampling may be needed in atypical cases and for the 
purpose of molecular profiling. Additional advantages of imaging include (1) the 
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Fig. 4.6 A 54-year-old male patient with chronic hepatitis B virus cirrhosis and HCC. (a) 
Representative magnified parametric maps of a large (8.3 cm) HCC. Location of the tumor within 
the liver is indicated by the white arrow on the T2-weighted image (bottom row, right). A distinct 
region in the anterior portion of the tumor of high arterial flow (Fa) and low R2∗ was observed, 
reflective of high tumor perfusion and normoxia (gray arrow in Fa and R2∗ pre O2 maps). The 
posterior portion of the tumor displays low Fa and high R2∗, suggestive of poor perfusion and 
hypoxia (white arrow in Fa and R2∗ pre O2 maps). (b) Histograms of Fa, R2∗ pre O2, R1 pre O2, 
and ADC in the same lesion. The extensive heterogeneity observed in the parameter maps of Fa 
and R2∗ pre O2 is also reflected in the histograms, as illustrated by the fat tails and pronounced 
skewness, indicated by arrows. The R1 pre O2 histogram also exhibited skewness (black arrow). 
ADC apparent diffusion coefficient, ART arterial fraction, DV distribution volume, Fa arterial 
flow, Fp portal flow, Ft total flow, MTT mean transit time, R1 longitudinal relaxation rate, R2∗ 
transverse relaxation rate. (Figure copyright S. Hectors, licensed under CC BY 4.0)
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possibility of analyzing the entire lesion and enabling lesion heterogeneity analysis 
and (2) repeat imaging assessments that can be performed for assessing response to 
therapy. Emerging quantitative imaging techniques such as radiomics may enable 
better tumor characterization and assessment of tumor aggressiveness, which may 
help personalize therapy in patients with HCC.
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Chapter 5
Analysis of Hepatocellular Carcinoma 
Tissue for Biomarker Discovery

Connor A. West, Alyson P. Black, and Anand S. Mehta

 Introduction

Liver cancer causes more than 700,000 deaths annually, making it the fifth most 
common cancer overall and second most common cause of cancer-related deaths 
worldwide [1, 2]. Hepatocellular carcinoma (HCC) is the most common form of 
liver cancer with multiple known risk factors, such as chronic hepatitis B virus 
(HBV), chronic infection with hepatitis C virus (HCV), alcohol abuse, obesity, and 
many other metabolic diseases [3]. These risk factors induce a progressive 
inflammatory response, resulting in liver fibrosis and eventually cirrhosis, which is 
the true risk factor for HCC. This process occurs in multiple cycles of necrosis and 
regeneration, often leading to genetic instability [4]. Because of this genetic 
heterogeneity, the pathways involved in hepatocarcinogenesis are not fully clear, 
resulting in a lack of diagnostic and therapeutic options [5]. Therefore the survival 
rates of primary liver cancer are low, generally with a 0.95 ratio of mortality to 
occurrence and 5-year survival rates as low as 11% [6, 7].

Over the last 10 years, HCC is the cancer with the greatest increase in mortality 
in the United States of America (USA). In the Annual Report to the Nation on the 
Status of Cancer, between 1975 and 2012, mortality from HCC increased at an 
annual rate of 2.8% in men and 2.2% in women [8]. Indeed, the occurrence of liver 
cancer is predicted to continue rising in the United States and will exceed 50,000 
cases by the year 2021 and will be associated with greater mortality than observed 
with breast or colorectal cancer [9].
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 Treatment Options

Related to the low survival rates of liver cancer patients, there are few treatments 
and even fewer curative options, especially for those patients with large lesions. 
While there are chemotherapeutic possibilities and ablation and resection techniques 
for lesions smaller than 3–5  cm in size, there are few curative options (survival 
greater than 60  months). These are surgical resection of small lesions and 
transplantation [10]. The patient’s unique clinical case, which contains a variety of 
factors such as hepatic reserve, hepatic function, and lesion size, determines which 
method is most viable. By most standards, patients with fewer and smaller lesions, 
as well as ample hepatic reserves, are often good candidates for resection, with 
5-year survival and disease-free survival rates at 39% and 26%, respectively [10, 
11]. Resection, however, is usually available to only 10–37% of patients at the time 
of diagnosis [11], and transplantation availability is even lower. Transplantation is 
the most successful form of curative therapy for liver cancer patients with overall 
and disease-free survival rates at 85% and 92%, respectively, but complications 
from immune rejection and lack of organ donors for patients result in transplantations 
being less common as a treatment technique [10, 11].

Chemotherapeutic options for HCC are limited and used primarily in those who 
are not candidates for resection. The frontline agent for those with non-ablatable 
tumors is the multi-kinase inhibitor sorafenib, sold under the brand name Nexavar. 
Sorafenib is a general tyrosine and serine/threonine protein kinase inhibitor with 
activity against vascular endothelial growth factor (VEGF) and platelet-derived 
growth factor (PDGF) receptors as well as intracellular kinases B-Raf and Raf-1 [8]. 
Agents that specifically target one growth receptor, such as enhanced VEGFR 
inhibitors, have failed to show activity against HCC [8]. It is noted that sorafenib’s 
activity against HCC is limited, with improved survival times of only a few months 
[9]. These bleak treatment options—both in their availability and efficacy—
highlight the necessity for early detection of HCC.

 Current Detection Methods

Current guidelines by the American Association for the Study of Liver Diseases 
(AASLD), National Comprehensive Cancer Network (NCCN), and Department of 
Veterans Affairs (VA) recommend HCC surveillance with abdominal US with or 
without α-fetoprotein (AFP) every 6  months in all patients with cirrhosis [11]. 
Although there is no randomized trial evaluating HCC surveillance in patients with 
cirrhosis, several prospective cohort studies have demonstrated an association 
between HCC surveillance and improvement in early detection and survival in 
patients with cirrhosis, after adjusting for known confounders and lead-time bias 
[12, 13]. Although the surveillance has efficacy, the majority of the patients in the 
USA are diagnosed beyond the early stage where curative therapies are no longer 
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effective. In addition to poor sensitivity for early HCC detection, US and AFP are 
both prone to false positive results, leading to unnecessary patient anxiety and 
diagnostic testing [14, 15]. While some providers use alternative, expensive imaging 
modalities such as computed tomography (CT) and magnetic resonance imaging 
(MRI), in all cirrhosis patients (despite a dearth of supporting data), others have 
abandoned HCC surveillance from frustration about the poor accuracy, leading to 
underuse of HCC screening in clinical practice [16]. Given the importance of early 
tumor detection for improving survival among HCC patients, there is a need for 
surveillance tests with higher sensitivity and specificity.

Biomarkers were put into practice to enhance earlier detection through less inva-
sive means. AFP is a widely used and clinically approved biomarker for detection of 
hepatocellular carcinoma, with changes in the glycosylation site increasing its 
power to indicate a cancerous state [17–20]. AFP measurements can be taken 
directly from serum, allowing for a less invasive and more cost-effective screening 
method [21–24]. Combining AFP detection with US screening increased screening 
sensitivity to 90.2%, making this combination the most preferred method for the 
detection of hepatocellular carcinoma [25]. Recent reports have indicated that algo-
rithms consisting of several clinical factors and patient information can be used to 
improve the performance of AFP [26, 27]. It is also noted that AFP may be associ-
ated with very specific types of HCC [28].

As with many cancers, outcome is greatly improved by early detection [29, 30]. 
Overall survival of those detected with early cancers is >60 months but <20 months 
if the cancer is caught at a later stage [31]. Hence there is great significance in the 
development of methods for the early detection of HCC.

 Glycosylation and Biomarkers of Hepatocellular Carcinoma

Glycosylation, or the covalent addition of a carbohydrate chain to a protein, occurs 
through site-specific and enzyme-directed modification post- or co-translationally 
[32–34]. Glycosylation can occur in two forms: N-linked and O-linked. N-linked 
involves attachment of the carbohydrate chain to an asparagine residue with a 
consensus sequence of N-X-S/T (where X can be any amino acid except proline) 
and O-linked is attached to a serine or threonine residue. This modification occurring 
on cell surface proteins is crucial for cell-cell adhesion, signaling, and other cellular 
processes [35], and because of this dynamic variability, it is often a target for 
investigation as many disease states alter glycosylation expression [9, 22, 36]. As 
stated above, many current biomarkers are glycoprotein biomarkers—such as AFP 
for hepatocellular carcinoma—with the glycosylation playing an important role in 
the detection of the disease. It has been shown that many different structural motifs 
of these carbohydrate chains, or glycans, are associated with a disease state, such as 
increased branching, sialylation, fucosylation, or polylactosamine additions [22, 
37–39]. Specifically for HCC, the addition of a core fucose (α1,6 linkage) to the 
associated N-glycosylation site on AFP is indicative of the disease [18].
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Unfortunately, the use of these glycoprotein biomarkers is limited due to the lack 
of specificity for the tumor region. While serum is hepatic in origin and a viable 
option for biomarker detection of the disease, the sensitivity to earlier cases of 
hepatocellular carcinoma are still lacking. To more effectively detect earlier cases of 
HCC with higher degrees of specificity and sensitivity, more site-directed tissue 
analysis is necessary.

 Broad Tissue Analysis in Hepatocellular Carcinoma

Tissue analysis for HCC, while often less favorable than serum studies, covers a wide 
range of analyses. Multi-omic studies approach the topic of characterizing hepatocel-
lular carcinoma, including analyses in genomics, proteomics, transcriptomics, glyco-
proteomics, glycomics, and metabolomics. While some studies have a broad focus 
and touch on multi-omic approaches, others focus primarily on one to further eluci-
date possible changes and therapeutic targets between the cancerous region, cirrhotic 
tissue, and normal tissue. In broad studies, the focus is often on building a network 
that links many aspects of the specific cancer to determine affected pathways. For 
example, Ressom et al. characterized 499 genes, 217 proteins, 296 glycoproteins, 
41 N-glycans, and 48 metabolites that represented significant changes between HCC 
and cirrhotic tissue, enabling the creation of a network that identified the most dys-
regulated pathways [40]. These findings demonstrated that tRNA charging, epithelial 
adherin junction remodeling, ILK signaling, EIF2 signaling, and glycolysis are sig-
nificant pathways in the formation and maintenance of HCC. While these broad-
scale studies usually don’t lead to therapeutic targets, they provide a starting point for 
more specific -omic studies to move forward. Recently, one of the largest studies 
involved a genomic characterization of tissue via multiple platforms [4]. These 
researchers were able to corroborate and expand on the previous findings, determin-
ing that genes altered more significant pathways such as β-catenin/WNT and RTK/
RAS/PI(3)K and other factors such as mutations in TERT, TP53, and CTNNB1 
genes, and immune checkpoints [4, 28, 41]. These genomic studies of tissue are 
increasingly important in HCC as our knowledge of the tumor heterogeneity 
increases. It has been well studied that HCC displays frequent heterogeneous growth 
patterns and features, often within the same tumor, making it difficult to accurately 
determine a specific pathway or gene that fits precisely for each case [28, 42, 43]. 
With the successes of AFP as a viable serum biomarker, many studies have shifted to 
proteomic and glycomic studies of liver tissue in hopes of establishing a more 
encompassing method of detection or developing a therapeutic target.

 HCC Tissue Proteomics

Tissue proteomics have long been studied in many disease states, with excised tis-
sue being homogenized and digested for protein analysis and comparative studies 
against normal tissue samples. Because of the availability of serum and its hepatic 
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origin, many proteomic analyses have been done using serum, though tissue 
proteomics are of equal importance. Through these studies, links can be established 
between what is seen in serum and in tissue. Utilizing both top-down and bottom-up 
proteomics, researchers have been determining specific proteins associated with 
disease state, tissue morphology, and progression.

As stated previously, in tissue proteomics, AFP is a clinical biomarker that arose 
through proteomic research; however, others were also found to indicate HCC 
presence. Osteopontin, a biomarker that is measured in plasma, has also been 
studied in tissue, and an increase in both osteopontin and Bcl-2 has been found in 
surgically resected HCC patients, indicating a co-dependence between the two in 
the tumorigenesis of HCC [44–46]. Along with osteopontin, peroxiredoxin 3 
(PRX3) was also identified as a marker for HCC, and it has shown an increase of 
expression on both the mRNA and protein levels in 94.9% of HCC cases [47]. In 
tissue analysis, PRX3 has been shown to indicate poor differentiation as associated 
with progression of the disease. Unfortunately, while these two markers have shown 
promising possibilities in the detection of HCC, they failed to detect HCC in the 
presence of high levels of cirrhosis, making them inappropriate for clinical 
application. With many proteins associated with HCC found to be glycosylated, 
glycomic studies have become more relevant—both in serum and liver tissue 
analysis—to better understand the role and function glycosylation plays in HCC 
progression and the viability of glycoproteins as a therapeutic agent.

 HCC Glycomics

Glycomics has quickly become an emerging trend in the field of cancer biomarker 
development, and HCC is no exception [48–78]. In most cases, glycan analysis has 
been done with serum and not directly from the cancer tissue itself [51, 63–78].

Our work, and that of others, has documented significant alterations in serum 
N-linked glycosylation with the development of HCC [79–84]. Specifically, the 
alterations most often observed are increased levels of alpha-1,3- and alpha-1,6- 
linked fucosylation found on bi-, tri-, and tetra-antennary glycans and to a lesser 
extent alterations in high mannose and tetra-antennary glycans [51, 68, 70, 72, 78, 
81, 83, 85–100]. We have examined many of these fucosylated proteins as biomarkers 
of HCC and are in the process of commercializing them. Our results have shown 
that no one marker is good enough to detect all HCC, but when these fucosylated 
glycoproteins are used as part of a diagnostic algorithm, AUROCs of >0.90 are 
obtained [100].

Prior work about the source cells of serum fucosylation has been performed by a 
number of groups (including us) with unclear conclusions. Initial work suggested 
that the genes involved in the production of GDP-fucose, the substrate for the 
fucosylation reaction, were increased in HCC as compared to surrounding normal 
tissue [101].

Support that transformed hepatocytes are the source cells for fucosylated pro-
teins comes from our recent work where we showed that as hepatocytes dedifferen-
tiate and undergo an EMT, they increase their level of fucosylation and upregulate 
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many of the genes involved in alpha-1,6-linked fucosylation [102]. This is consis-
tent with studies in lung cancer, where the alpha-1,6-fucosyltransferase gene (FUT-
8) was involved in EMT [103]. It has also been shown that in a mouse model, 
deletion of FUT8 inhibits chemical-induced HCC by the downregulation of cancer-
associated signaling pathways [94, 104]. Importantly, while these recent studies 
highlight the importance of fucosylation in cancer development, they do not offer 
any true data on the source cell(s) for fucosylation in the human disease.

Although a simple question, the fundamental question of the source of increased 
serum fucosylation has remained unanswered. As stated, our group has previously 
performed glycan analysis on HCC tissue following homogenization and HPLC- 
based glycan analysis [105]. In that study, two surprising things were noticed. First, 
there was a much higher level of fucosylation observed in normal liver tissue as 
compared to human serum depleted of immunoglobulins (highly abundant non- 
liver- derived serum protein). And, second, while 8 out of 16 tissue pairs did have 
increased levels of fucosylation, statistically there was no change in fucosylated 
glycans when HCC tissue was compared to either normal liver tissue (from an 
independent liver or from distal untransformed tissue) [105]. However, that study 
had two major flaws. First, we did not have matching serum to allow for the analysis 
of both serum and tissue, so it could not be determined which of these patients had 
elevated fucose. Second, we have recently determined that the glycan profile of 
hepatocytes and other liver cells are substantially different. That is, while liver 
tissue from normal individuals contains high levels of fucosylation (Fig.  5.1a), 
purified human hepatocytes from the same individual have very little fucose 
(Fig.  5.1b). In contrast, another liver cell type, liver sinusoidal endothelial cells 
(LSEC), contains high levels of fucosylated glycan (Fig. 5.1c). This high level of 
fucosylation within LSEC can confound the results when tissue is homogenized and 
examined in a mixed population. That is, although an HCC tumor may be primarily 
composed of transformed hepatocytes, adjacent liver tissue used for comparison 
will contain a mix of cells. Thus, any comparison is not a “like for like” evaluation. 
This is true for glycan analysis, proteomic analysis, and expression data. We will 
address this for the first time using several orthogonal methods. In regard to glycan 
analysis of tissue, we propose a new method, MALDI imaging mass spectrometry 
(MALDI-IMS) [106]. This method bypasses the need for microdissection and 
solubilization of tissue prior to analysis [105]. When matrix is applied across the 
tissue section, desorption can be targeted to specific “points” in a pattern and the 
data rasterized. The resulting spectra can then be used to generate two-dimensional 
maps of hundreds of analytes directly from the surface of a tissue section. These 
molecular maps display the relative abundance and spatial distribution of these mol-
ecules. Thus, MALDI tissue profiling has the power to link the molecular detail of 
mass spectrometry with molecular histology, generating mass spectra correlated to 
locations within a thin tissue section [107–110].

Figure 5.2 presents an example of the type of data observed with MALDI-glycan 
imaging of HCC tissue. Figure 5.2a is the tissue following H&E staining, and the 
large tumor is clearly visible, surrounded by nonmalignant tissue. Figure 5.2b shows 
the distribution of one glycan, the tetra-antennary galactosylated branched glycan 

C. A. West et al.



99

(A4G4), in red. As this panel shows, the A4G4 glycan is found predominantly in the 
tumor region with little observed outside of the tumor. Similarly, the fucosylated 
version of this glycan (A4G4F1) was also found predominantly within the tumor 
region (Fig. 5.2c, in green). However, as Fig. 5.2d highlights, these glycans are dif-
ferentially localized within the tumor, with the branched glycan without fucose pre-
dominantly in the inside of the tumor while the fucosylated branched glycan on the 
outside of the tumor. It is noted that in our recent study of 138 HCC tissue samples 
and 117 distally located adjacent nonmalignant tissue or cirrhotic tissue, 96% had 
increased levels of at least one fucosylated structure. Those patients were then cat-
egorized into the number of these highly branched and/or fucosylated structures 
they were presenting, with patients demonstrating increased levels in anywhere 
from one fucosylated structure all the way to 33 fucosylated structures [111].

As stated, one of the most observed cancer-associated glycosylation modifica-
tions is core fucosylation, though the exact reason is still unknown. Enzymatic 
activity was one of the first possibilities explored, as the increase of fucosyltransfer-
ase 8 (FUT8) through the β-catenin/WNT pathway is seen in many cancers includ-
ing some HCC cases [103]. The use of core fucose-binding lectins for staining 
tissue has been used to determine the role of core fucosylation in HCC; however, 
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Fig. 5.1 (a) Desialylated 
N-linked glycan profile of 
liver tissue from a normal 
individual; (b) purified 
hepatocytes from that same 
individual; or (c) liver 
sinusoidal endothelial cells 
(LSEC) from that same 
individual. Arrow points to 
the bi-antennary 
fucosylated peak, the only 
fucosylated peak observed 
in hepatocytes. While liver 
tissue has high levels of 
fucosylation, as do LSEC, 
hepatocytes have low 
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when comparing normal, cirrhotic, and HCC tissue staining, there does not appear 
to be a significant increase of fucosylation solely within HCC tissue but an overall 
trend within all tissue types [9, 112]. Along with core fucosylation, another glycan 
modification in HCC is increased glycan branching resulting in an increased 
presence of tetra-antennary glycans. These glycans are formed through β1,6 N- acet
ylglucosaminyltransferase V (MGAT-5) which results in an addition to tri-antennary 
glycans to form tetra-antennary structures [113]. This modification, more so than 
core fucosylation, has been seen in HCC tissue specifically and could play a role in 
the cancer’s development and metastatic potential [111, 114, 115].

 Future Directions and Conclusions

While tissue analysis of HCC has become more prevalent, there are still necessary 
steps required to link what is known regarding serum and tissue for more accurate 
biomarker discovery. Although biomarker discovery and analysis is moving in the 

a
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Fig. 5.2 MALDI-glycan imaging reveals regionally localized cancer-specific glycan signatures. 
(a) H&E stain of HCC tissue with surrounding nonmalignant tissue. (b) Localization of a glycan 
with a m/z value of 2393.840, which we have shown to be a tetra-antennary glycan. Red areas 
highlight localization of this glycan. (c) Localization of a glycan with a m/z value of 2539.957, 
which has been shown to be a tetra-antennary glycan with a single fucose residue. Green areas 
highlight areas of localization. (d) Overlay of Panels b and c which show distinct localization of 
these glycans within tissue
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right direction and focusing more on the patient-specific tissue sections than simple 
circulating serum and plasma, most studies still fail to acknowledge the complex 
heterogeneity and morphology found within HCC tissue. In many cases, a tissue 
block or section is obtained and homogenized for analysis. This method disregards 
all pathological and histological complexities within the tissue, often including nor-
mal adjacent tissue or cirrhotic tissue in the analysis. This is where many tissue 
analyses are lacking, in that they could possibly include patterns and expressions 
that are not associated with the cancer. This leads to challenges in the development 
of robust biomarkers and contributes to their inability to detect earlier stages of liver 
cancer and disease. In the future, linking serum glycoproteomics to specific tissue 
glycomics within the cancerous region itself will become increasingly important. 
The utilization of MALDI MSI techniques provides a substantial basis for further 
analysis and helps determine protein and glycosylation changes in specific regions 
that can be correlated to disease states. In combining this technique with other -omic 
approaches, there is the possibility to develop more sensitive and specific biomark-
ers for enhanced detection of hepatocellular carcinoma.
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Chapter 6
Molecular Subtypes and Genomic 
Signatures of Hepatocellular Carcinoma 
for Prognostication and Therapeutic 
Decision-Making

Sung Hwan Lee, Sun Young Yim, Jae-Jun Shim, and Ju-Seog Lee

EPCAM

 Introduction

New technological developments have frequently preceded major advances in bio-
medical research and medicine [1]. For example, the development of fluorescent 
DNA sequencing technique made it possible to establish the large-scale high- 
throughput technology needed for the human genome sequencing. Also, polymerase 
chain reaction (PCR), fluorescent DNA sequencing, and other techniques have 
enabled the discovery of over 6000 Mendelian disease genes [2]. The advent of the 
DNA sequencing technologies has now made it possible to measure every alteration 
in human genome and expression of all coding and noncoding genes in different 
tissues under variety of conditions. This high-throughput technology has therefore 
afforded biomedical scientists a unique opportunity to integrate the descriptive 
characteristics (i.e., “phenotype”) of a biological system under study with the 
genomic readout (i.e., mutations, copy number alteration, and RNA expression). 
The opportunity to contemplate the integrated view of biological systems has 
provoked a shift in biological sciences away from the classical reductionism to 
systems biology [1, 3, 4]. The systems approach to a disease is based on the 
hypothesis that disease processes perturb the regulatory network of genes and 
proteins in a way that differ from the respective normal counterpart. Consequently, 
by using multiparametric measurements, it may be possible to transform current 
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diagnostic and therapeutic approaches and enable a predictive and preventive per-
sonalized medicine [4].

The application of next-generation DNA sequencing technologies to character-
ize tumors at the gene level has had significantly impacted clinical oncology [5–7]. 
In particular, global gene expression analysis of various human tumors has resulted 
in the identification of gene expression patterns or signatures related to tumor clas-
sification, disease outcome, and response to therapy. The microarray and DNA/
RNA sequencing technologies have also been used to investigate the mechanism of 
action of specific cancer therapeutics.

 Clinical Staging of Hepatocellular Carcinoma

It is well established that cancer even in the same tissue is a very heterogeneous 
disease that differs widely in clinical outcomes and in response to therapy. It is now 
clear that this heterogeneity is due to different molecular defects that can induce 
similar tumor phenotypes. Although histopathological and biochemical markers 
constitute important tools for identifying groups of tumors that differ with respect 
to prognosis and responses to treatments, the genes and molecular pathways 
associated with these markers have not been comprehensively defined. Global gene 
expression analysis of human tumors has already revealed the identification of gene 
expression patterns or signatures related to tumor classification, prognosis, and 
response to therapy [8, 9].

The goal of all staging systems is to separate patients into groups with homoge-
neous prognosis, which then form the bases for the selection of most appropriate 
treatments. Much work has been devoted to establishing prognostic models for 
hepatocellular carcinoma (HCC) by using clinical information and pathological 
classification in order to provide information at diagnosis on both survival and treat-
ment options [10–15]. Although much progress has been made, many issues still 
remain unresolved. For example, a staging system that reliably separates patients 
with early HCC as well as intermediate to advanced HCC into homogeneous groups 
with respect to prognosis does not exist. This is of particular importance because the 
natural course of early HCC is unknown and the natural progression of intermediate 
and advanced HCC are known to be quite heterogeneous [15]. This is especially 
troublesome since the accuracy of imaging techniques is rapidly evolving and 
affording detection of early HCC nodules [16, 17]. Although the pathological diag-
nosis of high-grade dysplastic nodules (DN) and early HCC is at present controver-
sial, it is likely that many HCCs evolve from the DN [18]. However, prognostic 
predictions based on morphological characteristics of these early lesions are still 
tentative. Due to early surveillance program and improvement in imaging systems, 
early-stage and small HCCs at diagnosis dramatically increased [19]. Prognosis of 
early-stage HCC is not well understood, and conventional parameters such as num-
ber of tumors and size of tumors may not well account for response to treatment and 
prognosis. Thus, future classification will have to identify new more relevant vari-
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ables that discriminate between patients with small early HCC without any vascular 
or extrahepatic extension.

 Molecular Profiling of Hepatocellular Carcinoma

Numerous studies dealing with gene expression profiling of HCC have appeared 
during the last 15  years (Table  6.1). The molecular profiling of HCC presents 
challenges that are not commonly seen in other human tumors. This is primarily due 

Table 6.1 Clinically relevant genomic subtypes of HCC

First author Year Primary endpoint
Number 
of genes

Experimental 
platform Reference

Norio 
Iizuka

2003 Prediction of early intrahepatic 
recurrence of HCC after 
curative resection

12 Oligonucleotide 
microarray

[25]

Yukinori 
Kurokawa

2004 Prediction of early recurrence of 
HCC

20 PCR-based array [26]

Qing-hai Ye 2003 Prediction of hepatitis B 
virus-positive metastatic HCC

153 cDNA microarray [27]

Stephanie 
Roessler

2010 Prediction of tumor relapse in 
early-stage HCC Patients

161 NCI oligo set 
microarray

[28]

Hyun Goo 
Woo

2008 Prediction of HBV-related HCC 628 Affymetrix U133A 
2.0 array

[29]

Beatriz 
Mínguez

2011 Prediction of microscopic 
vascular invasion in HCV- 
related HCC

35 Affymetrix 
HG-U133 plus 2 
array

[32]

Jean–
Charles 
Nault

2013 Prediction of HCC recurrence 
after curative resection

5 Affymetrix 
HG133A array

[34]

Ju-Seog 
Lee

2004 Classification of prognostic 
subclass and prediction of 
overall survival in HCC

406 Oligonucleotide 
microarray

[8]

Ju-Seog 
Lee

2004 Comparison of the molecular 
features of mouse and human 
HCCs

329 Oligonucleotide 
microarray

[42]

Ju-Seog 
Lee

2006 Prediction of the cellular origin 
of the tumor (hepatobalst vs. 
hepatocyte)

907 Oligonucleotide 
microarray

[9]

Sandrine 
Boyault

2007 Transcriptome classification of 
HCC and potential therapeutic 
target

16 Affymetrix 
HG133A array

[48]

Taro 
Yamashita

2008 Classification system defined by 
EpCAM and AFP to reveal 
HCC subtypes

29 cDNA and Oligo 
microarray

[46]

(continued)
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to the complex pathogenesis of this cancer [20, 21]. HCC arises most commonly in 
cirrhotic livers following infection with HBV or HCV.  However, HCC can also 
occur under variety of other conditions such as hemochromatosis, excessive alcohol 
consumption, and nonalcoholic steatohepatitis. Each of these conditions represents 
complex and different constellations of chromosomal aberrations and genetic and 
epigenetic alterations as well as changed molecular pathways. Nevertheless, global 
gene expression profiling, because of its extraordinary power of resolution, may 
currently be the most appropriate technology platform to molecularly resolve the 
complex pathogenesis of HCC. These datasets represent an impressive progress in 
the use of gene expression profiling in elucidating the molecular pathogenesis of 

Table 6.1 (continued)

First author Year Primary endpoint
Number 
of genes

Experimental 
platform Reference

Taro 
Yamashita

2009 EpCAM-positive HCC as a 
tumor-initiating cells with stem/
progenitor cell features

793 cDNA and Oligo 
microarray

[47]

Derek 
Y. Chiang,

2008 Molecular classification of HCC 
using copy number alteration 
and gene expression data

~1000 Affymetrix 
HG-U133 plus 2

[49]

Hoshida 2009 Molecular subclasses of human 
HCC

619 cDNA & Oligo 
microarray

[54]

Hyun Goo 
Woo

2010 Identification of a 
cholangiocarcinoma-like gene 
expression trait in HCC

581 Affymetrix U133A 
2.0 array

[52]

Xin-Rong 
Yang

2010 Investigate the prognostic 
values of putative hepatic stem/
progenitor cell in HCC

14 Real-time 
qRTePCR analysis

[36]

Soomi Kim 2012 Prediction of overall survival in 
HCC

65 Illumina 
microarray 
platform

[41]

TCGA 2017 Comprehensive and integrative 
genomic characterization of 
HCC

528 Illumina Hiseq [56]

TCGA 2017 Characterization of the clinical, 
pathological, and molecular 
features of nonproliferative 
HCCs

550 Various 
microarray, 
Illumina Hiseq

[58]

Yujin 
Hoshida

2008 Genomewide expression 
profiling of HCC correlated 
with survival outcome

186 Illumina DASL [62]

Lindsay Y 
King

2015 Genomic and clinical prognostic 
index for hepatitis C-related 
early-stage cirrhosis

186 Illumina DASL [65]

Ji-Hoon 
Kim

2014 Development of genomic 
predictor for identifying late 
recurrence and its clinical 
implications

233 Illumina 
HumanHT-12

[66]

S. H. Lee et al.



113

HCC and hold the promise of improving the diagnostic and prognostic prediction 
for HCC patients. The dataset is also large enough to warrant a critical examination 
of reproducibility and validation of the molecular classification of HCC and the 
predictive expression “signatures” (or markers) generated by the global gene expres-
sion profiling of HCC.

For the analysis of cancer genomic data, two general methods have been applied 
to uncover molecular subtypes significantly associated clinical outcomes [22]. 
Supervised approach intends to find a set of variables such as expressed genes or 
mutation frequency from tumors on the basis of which one can reliably predict clini-
cal outcomes such as survival, recurrence, response to treatments, or any class of 
interest in patients. Unsupervised approach intends to find either a completely novel 
subset (or cluster) of patients that are not recognized previously or to uncover simi-
larity among group of patients that were considered as clinically different ones. The 
goal is to find more details about underlying biology of tumors that are clinically 
different and identify robust biomarkers that can reliably classify patients for better 
management.

 Prognostic Subtypes of Hepatocellular Carcinoma Redefined 
by Supervised Approaches

HCC recurrence is a serious complication following resection of the primary tumor 
and happens in 50% of cases 3 years after the operation [23]. In 75% of the cases, 
this is due to intrahepatic metastasis, whereas the remaining 25% are due to de novo 
HCC [24]. The major histopathological features that predict HCC recurrence are 
vascular invasion, degree of differentiation of the tumor, and multinodularity [23].

Several studies have employed supervised approach to gene expression profiling 
data to address the issue of HCC recurrence following resection and intrahepatic 
metastasis.

Iizuka et al. investigated mRNA expression data from 33 HCC tumors as training 
set with use of early version of oligonucleotide microarrays with only 6000 genes 
[25]. The training set was used in a supervised learning manner to construct a pre-
dictor with 12 genes. The predictive performance of the system was then compared 
on a blinded set of samples from 27 newly enrolled patients. The system correctly 
predicted early intrahepatic recurrence or nonrecurrence in 25 (93%) of 27 samples 
in the blinded set and had a positive predictive value of 88% and a negative predic-
tive value of 95%. This study was the first one that demonstrated the potential of 
prognostic values of genomic data from HCC tumors.

In another study, Kurokawa et al. addressed the issue of intrahepatic recurrence 
by analyzing gene expression using a quantitative reverse transcriptase polymerase 
chain reaction (qRT-PCR)-based array platform of 3072 genes in 100 HCC patients 
[26]. The authors selected 92 genes that demonstrated distinct expression patterns 
differing significantly between recurrence and recurrence-free cases. Using the 20 
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top-ranked genes (from the 92 selected), the predictor correctly predicted the early 
intrahepatic recurrence for 29 of 40 cases within the validation group, with the odds 
ratio of 6.8 (95% CI 1.7–27.5, p = 0.01). The 2-year recurrence rates in the patients 
with the good signature and those with the poor signature were 29.4% and 73.9%, 
respectively. The authors further showed (using multivariate Cox analysis) that the 
20-gene molecular signature was an independent indicator for recurrence (hazard 
ratio 3.82, 95% CI 1.44–10.10, p = 0.007).

Ye et  al. analyzed the expression profiles of 67 primary and metastatic HCC 
samples from 40 patients [27]. Using a supervised machine learning algorithm, the 
authors generated a 153-gene-expression signature that permitted classification of 
metastatic HCC patients and patient survival. The authors further showed that the 
gene-expression signature of primary HCCs with accompanying metastasis was 
very similar to that of their corresponding metastases, implying that genes favoring 
metastasis progression were initiated in the primary tumors. Furthermore, 
osteopontin, which was identified as a lead gene in the signature, was overexpressed 
in metastatic HCC and an osteopontin-specific antibody effectively blocked HCC 
cell invasion in vitro and inhibited pulmonary metastasis of HCC cells in nude mice. 
This metastatic gene signature was further redefined and validated in follow-up 
study [28]. In multivariate analyses including various clinical risk factors and 
clinical staging, the metastasis signature was an independent prognostic predictor, 
especially applicable to early recurrence, and a poor prognostic factor mainly 
associated with metastatic dissemination of HCC cells but not late recurrence, an 
outcome contributed mainly by high carcinogenic activities of diseased livers.

Woo et al. applied similar approach to identify genes whose expression is signifi-
cantly associated with early recurrence after curative-intent treatment [29]. Authors 
selected 628 genes as classifiers from gene expression data from 65 HBV- associated 
HCC tumors by using univariate Cox proportional hazard model. Prognostic signifi-
cance of the recurrence signature was validated in independent cohort of HCC 
patients. Gene network analysis with the recurrence signature revealed that SP1 
transcription complex might be prominent common regulators of genes that differed 
in expression between high risk and low risk of early recurrence.

Vascular invasion is significantly associated with recurrence and poor clinical 
outcome after curative treatment of HCC such as resection and liver transplantation 
[30]. Meta-analysis with 1500 HCC patients further supported that the presence of 
vascular invasion is a critical factor for selection of patients for curative treatment in 
addition to size and number of tumors [31]. Minguez et  al. developed 35-gene- 
based predictor that can identify HCC patients with vascular invasion [32]. 
Interestingly, high expression of CD24, an adhesion receptor of activated endothelial 
cells and platelets, was significantly associated with vascular invasion [33]. In 
contrast, many of metabolic genes such as GLYAT, UGT2B15, CYP3A4, and ADH4 
were under-expressed in the tumors with vascular invasion.

Nault et al. carried out stepwise analysis of gene expression data from HCC to 
identify prognostic gene set. By analyzing gene expression data from previous 
studies, they first selected 103 candidate genes for further selection with qRT-PCR 
experiments. By applying univariate Cox analysis and a stepwise forward selection 
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and backward elimination approach to expression data of 103 genes from training 
datasets, they identified a panel of five genes (TAF9, RAMP3, HN1, KRT19, and 
RAN) showing the strongest prognostic relevance and constructed five-gene scores 
for validation in independent cohort of HCC patients [34]. The five genes reflected 
different signaling pathways deregulated in poor prognostic tumors. KRT19 is 
related to the stem cell and progenitor feature and known to be associated with poor 
prognosis of HCC [9]. Authors suggested that the five-gene score could be used for 
better selection of patients for liver transplantation, for example, by extending the 
Milan criteria to good prognostic tumors even if tumor size is more than 5 cm [35]. 
Yang et al. used similar approach with genes related to hepatic stem and progenitor 
cells to identify prognostic genes [36]. In this study, the expression and clinical 
significance of putative hepatic stem cell genes and tumor angiogenesis-related 
genes were investigated by real-time RT-PCR first and later by immunohistochemistry 
in three independent cohorts of patients with HCC.

 Prognostic Subtypes of Hepatocellular Carcinoma Uncovered 
by Unsupervised or Semi-supervised Approaches

By applying unsupervised analysis of global gene expression data from human 
HCC, Lee et al. identified two distinctive subclasses that are highly associated with 
the survival of the patients: subtype A and B represent tumors with a poor and better 
prognosis, respectively [8]. A limited number (1016 gene features representing 947 
unique genes) of genes were identified that both predicted the length of survival of 
the HCC patients and provided new molecular insights into the pathogenesis of 
HCC.  Because application of a knowledge-based annotation of the 947 genes 
revealed that cell proliferation is the best characteristic of subtype A, it was named 
National Cancer Institute Proliferation (NCIP) signature. Subtype A also displayed 
higher expression of genes involved in ubiquitination and histone modification. It is 
well established that the ubiquitin system is frequently deregulated in cancers [37] 
and has been proposed as a possible predictive marker for recurrence of human 
HCC [38, 39]. The predictive power of the NCIP signature was validated in 
independent HCC datasets [9, 40, 41]. Cross-species comparison of the signature 
also revealed mouse models best mimicking human subtypes A and B [42].

The hepatic stem (HS) cell subtype of HCC was defined as gene expression 
patterns resembling those found in fetal hepatic stem cells [9]. Interestingly, HS 
subtype is a subset of previously recognized poor prognostic subtype A of 
NCIP. Gene network analysis of HS signature revealed that AP1 transcription fac-
tors such as FOS, FOSL2, and JUNB are highly activated in HS subtype. Shared 
gene expression patterns of the HS subtype and hepatic stem cells suggest that this 
subtype of HCC may arise from adult hepatic progenitor cells. Further support for 
this idea is supplied by the finding that expression of well-known markers of 
hepatic oval cells, such as KRT7, KRT19, and VIM, is found in the HS subtype of 
HCC [43].
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Hepatic stem cell-like subtype of HCC was also uncovered by independent study. 
Epithelial cell adhesion molecule (EpCAM) was predominantly expressed in 
hepatic progenitor cells or hepatic stem cells [44, 45]. In attempt to find subset of 
HCC with stem cell characteristics, Yamashita et  al. identified 70 EpCAM- 
coexpressed genes in EpCAM-positive HCC for construction of prediction model 
[46]. Prognostic significance of EpCAM-positive HCC subtype was validated in 
large independent cohorts. Based on the EpCAM signature, which may be related to 
different liver cell lineages, authors proposed the four subtypes of HCC: EpCAM- 
positive and AFP-positive HCC as hepatic stem cell-like HCC, EpCAM-positive 
and AFP-negative as bile duct epithelium-like HCC, EpCAM-negative and AFP- 
positive HCC as hepatocytic progenitor-like HCC, and EpCAM-negative and AFP- 
negative HCC as mature hepatocyte-like HCC. Markers for hepatic progenitor cells 
such as KRT19 and KIT are more abundantly expressed in hepatic stem cell-like 
HCC, whereas mature hepatocyte-specific genes such as CYP3A4 are more 
abundantly expressed in mature hepatocyte-like HCC.  Later study demonstrated 
that EpCAM-positive HCC is highly invasive and EpCAM is account for invasiveness 
of these cancer cells [47].

Another unsupervised approach revealed six genomic subtypes of HCC (G1–
G6) [48]. Each subtype showed characteristic genetic alterations. The tumors in 
G1–G3 subtypes were associated with high chromosomal instability compared to 
the tumors in G4–G6 subtypes. Among the frequently mutated genes, CTNNB1 
mutations were enriched in the G5–G6 subtypes, while mutations in TP53 genes 
were significantly associated with the G2–G3 subtypes. PIK3CA mutations were 
associated with the G2 subgroup. Hypermethylation on promoters of CDH1 and 
CDKN2A were most frequently observed in the G5–G6 and G3 subtypes, 
respectively.

Integrative analysis of genomic copy number alteration with mRNA expression 
data from HCC tumors uncovered five genomic subtypes [49]. A subtype is a 
unique subclass of HCC characterized by polysomy of chromosome 7 and the con-
comitant overexpression of many genes in this chromosome. Intriguingly, these 
tumors lack gains of chromosome 8q, which are the second most frequent chromo-
somal alterations in hepatocellular carcinomas and include the known oncogenes 
MYC, PTK2, and COPS5 [50, 51]. CTNNB1-activated subtype was enriched for 
gain-of- function mutations in CTNNB1 (mostly located in exon 3). Interferon 
(IFN)-related subtype overexpressing several IFN-stimulated genes was associated 
with smaller tumor size.

Woo et al. carried out semi-supervised analysis with pooled gene expression data 
from HCC and cholangiocarcinoma. They discovered that the subset of HCC tumors 
is highly similar to cholangiocarcinoma and named them cholangiocarcinoma-like 
HCC (CLHCC) [52]. Tumors in CLHCC subtype are characterized by high 
expression of markers for hepatic progenitor cells such as KRT19, EPCAM, and 
PROM1. As expected, CLHCC subtype is significantly associated with poor 
prognosis, and it was validated in multiple independent cohorts of HCC patients. 
The CLHCC tumors are enriched with the proliferation, metastasis/adhesion, and 
development-related functions reflecting their aggressive phenotype. Biological 
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characteristics of CLHCC signature are also well overlapped with multiple embry-
onic stem cell signatures as well as hepatic stem cell signature [9, 53].

Meta-analysis of gene expression data from eight independent patient cohorts 
uncovered three HCC subtypes (S1, S2, and S3), each correlated with clinical 
parameters such as tumor size, extent of cellular differentiation, and serum AFP 
levels [54]. Of the three subtypes, S1 and S2 subtypes are associated with poor 
prognosis of HCC patients and S3 subtype is characterized by less aggressive 
features, including preserved hepatocyte function, smaller and more differentiated 
tumor, and better prognosis. S1 subtype is characterized by activation of TGF-β 
pathway and CLHCC gene signature [9, 52, 55], while S2 subtype is characterized 
by stem cell markers such as EPCAM, AFP, and GPC3, activation of IGF2 pathway, 
and relative suppression of interferon target genes and hepatoblastoma-like gene 
signature [46, 47]. A vascular invasion gene signature [32] is more strongly 
associated with the S2 subtype. Interestingly, a subset of the S3 subtype HCC is 
characterized by gain-of-function mutations in CTNNB1. S2 subtype is further 
characterized by proliferation as well as MYC and AKT activation, and S3 was 
associated with hepatocyte differentiation.

Kim et al. carried out meta-analysis with two prognostic gene expression signa-
tures to find limited number of genes whose expression is significantly associated 
with the prognosis of HCC patients [41]. Of 1016 NCIP genes and 628 recurrence 
genes from previous studies [8, 29], only 65 genes were shared by both gene lists. 
For easier translation of prognostic genome signatures to clinics, author generated 
recurrence-risk scores based on expression of 65 genes. The risk score was devel-
oped using Cox coefficient values of 65 genes in the training set, and its robustness 
was validated in test sets. The risk score was a highly significant predictor of overall 
survival and recurrence-free survival. In multivariate analysis, the risk score was a 
significant risk factor among clinical variables examined together. Interestingly, 
authors found that a high risk score was significantly associated with activation of 
AKT and IGF1R, whereas a high frequency of mutations of CTNNB1 was signifi-
cantly associated with a low risk score.

In recent analysis of HCC genome data from The Cancer Genome Atlas (TCGA) 
project, investigators found that HCC with IDH1/2 mutations has very unique gene 
expression [56]. Interestingly, many HCC tumors without IDH mutations have IDH 
signature, and those with IDH signature (IDH-like subtype) showed significantly 
poor survival after treatment. When compared with other molecular subtypes of 
HCC, the IDH-like HCC exhibited the highest similarity to an HS [9]. These 
samples exhibited similarity to Hoshida’s S2 subtype [54] and CLHCC subtype [52] 
and had high risk scores based on a gene expression of 65 genes [41].

By applying iCluster approach that integrates all of genomic data including 
somatic mutation, copy number alteration, mRNA expression, miRNA expression, 
and DNA methylation data [57], TCGA investigator uncovered three genomic 
subtypes: iC1, iC2, and iC3 [56]. iC1 subtype is characterized by clinical associations 
with younger age, Asian ethnicity, and female gender. These tumors exhibited 
features such as higher tumor grade and presence of macrovascular invasion. 
Molecular correlations with iC1 included a low frequency of CDKN2A silencing, 
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CTNNB1 mutation, and TERT promoter mutations accompanied with low TERT 
expression. This subclass was associated with overexpression of proliferation 
marker genes such as MYBL2, PLK1, and MKI67. iC2 and iC3 subtypes exhibited a 
high frequency of CDKN2A silencing, TERT promoter mutations, CTNNB1 
mutations, and HNF1A mutation. Correlation with clinical variables reveals 
association of iC2 subtype with low-grade tumors and less microvascular invasion. 
iC3 subtype is characterized by a higher degree of chromosomal instability with 
distinct 17p loss, high frequency of TP53 mutation, and hypomethylation of multiple 
CpG sites. When compared with Hoshida’s 3 genomic subtypes, iC1 is highly 
similar to Hoshida S2 subtype whereas iC3 is highly similar to Hoshida S3 subtype.

Recent meta-analysis with pooled HCC gene expression data revealed four sub-
types of HCC that are well associated with liver zonation program: periportal (PP) 
subtype, perivenous (PV) subtype, extracellular matrix (ECM) subtype, and stem 
cell (STEM) subtype [58]. PV subtype is enriched for somatic mutations in CTNNB1 
and expresses many genes involved in liver zonation such as GLUL, HAL, and 
VNN1. Likewise, PP-type HCCs expressed a host of amino acid-degrading enzymes, 
such as ARG1 and GLS2, which were major hubs in the periportal gene network in 
liver. STEM subtype is highly related to previously recognized HS subtype [9].

 Nontumor Genomic Signatures

It has long been recognized that survival prediction of HCC patients is more chal-
lenging than with most other cancers. This is, in case of HBV and HCV, the conse-
quence of the underlying viral-driven nonneoplastic disease, i.e., chronic hepatitis 
and cirrhosis that can inflict functional impairment on the liver that may affect the 
outcome of the HCC patients [59]. In HCC, two distinct types of recurrence are 
known. Early recurrence arises from primary cancer cells disseminating to the sur-
rounding liver and is usually observed within the first 2 years after surgery. In con-
trast, late recurrence, which is typically observed more than 2 year after surgery, 
appears to be a result of chronic liver damage known as the “field effect” and 
produces de novo tumors that are independent of resected primary tumors [60]. The 
two types of recurrence have different clinical courses and probably appear in 
distinct biological contexts [61]. For better disease management, it is therefore 
important to uncover the biological characteristics of each type of recurrence and to 
develop distinct molecular prognostication systems that can identify patients at high 
risk for either type.

Hoshida et al. characterized gene expression data from nontumor surrounding 
tissues from HCC patients to uncover critical genes that might reflect field effect in 
liver leading to HCC development later [62]. By applying leave-one-out cross- 
validation procedure, authors identified 186 genes whose expression is significantly 
associated with survival of HCC patients. Prognostic significance of the signature 
was validated in large independent cohort of HCC. In particular, while the signature 
is not associated with early recurrence after surgery, it was significantly associated 
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with late recurrence. Genes upregulated in poor prognostic subtype include those 
related to interferon signaling, activation of NFκB, and TNFα signaling pathway. 
Interestingly, the downstream targets of IL6 were strongly associated with the 
signature, which is consistent with the finding that IL6 plays key roles in protecting 
mice from chemically induced HCC development [63]. The 186-gene signature was 
further validated in more relevant clinical setting. It was significantly correlated 
with long-term outcomes including HCC development of patients with hepatitis 
C-related early-stage cirrhosis [64, 65]. Therefore, the signature might be used to 
identify patients with cirrhosis in most need of surveillance and strategies to prevent 
the development of HCC.

Kim et al. identified gene set whose expression is significantly associated with 
hepatic injury and regeneration (HIR) in human liver [66]. When applied to gene 
expression data from nontumor surrounding tissues of HCC patients, HIR signature 
was significantly associated with late recurrence. In contrast, tumor-derived 65-gene 
recurrence score [41] was only associated with early recurrence. Gene network 
analysis revealed that STAT3 might be key upstream regulator of HIR signature. 
Activation of STAT3 in HCC patients with high risk for late recurrence was validated 
by immunostaining of surrounding liver tissues. The outcomes of analysis strongly 
suggested that early and late recurrences are clinically different entities with 
distinctive biological characteristics. Thus, separate rational treatment 
recommendations should be developed for better management of HCC patients. For 
example, patients at high risk of late recurrence may benefit from the use of JAK/
STAT pathway inhibitors after surgical resection. Because current staging systems 
and biomarkers are limited in their ability to assess patients’ risk of recurrence and 
their potential benefit from adjuvant therapy, two genomic predictors specific for 
early and late recurrence may represent tools that could help refine treatment 
decisions based on molecular characteristics.

 Conclusion and Perspective

Comprehensive molecular and genomic analyses of large cohorts of HCC have now 
uncovered clinically relevant genomic subtypes, characteristic genomic alterations 
associated with subtypes, and genomic predictors of these subtypes. The results 
from analysis of genomic data have started to impact both clinical decision-making 
in oncology and advanced our understanding of cancer biology, as well as facilitated 
the development of more effective therapies.

While most of these findings are very encouraging, there are substantial gaps in 
translating genomic subtypes to clinics. While many of discovered genomic 
subtypes are clinically relevant, its clinical utility is hampered by discrepant results, 
which are probably due to difference in technological platforms, patient population, 
preparation and processing of samples, and classification algorithms. However, 
some of genomic subtypes were repeatedly discovered by independent studies. For 
example, HS subtype from NCI study is subset of poor prognostic subtype of NCIP 
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classification and highly similar to EpCAM-positive subtype, CLHCC subtype, and 
IDH-like HCC [56]. PV subtype from meta-analysis study is subset of Hoshida’s S3 
subtype and highly similar to CTNNB1 subtype from Barcelona group’s study [49]. 
Albeit the similarity among independent classifications still remains superficial 
level, these similarities clearly suggest that it is possible to find consensus among 
different genomic classification methods that are clinically significant and biologi-
cally meaningful.

Key limitation of genomic subtype in HCC is that they do not provide clinically 
actionable information that is essential for personalized treatment of patients. 
Although sorafenib, a multi-kinase inhibitor [67], is approved for first-line treatment 
of advanced HCC patients more than 10 years ago [68, 69], there are no studies 
demonstrating association of genomic subtypes with treatment response to sorafenib 
yet. Likewise, many of targeted drugs approved for treatment of HCC patients lacks 
biomarkers reflecting genomic subtypes. Therefore, it will be important to collect 
tumors in prospective clinical trials to connect genomic subtypes and response to 
treatment.

Finally, another limitation is lack of actionable targets in subtypes. Many known 
drivers of HCC such as CTNNB1, TERT, MYC, and YAP1 have been considered to 
be undruggable targets. Furthermore, key drivers or therapeutic targets are not fully 
discovered yet in some genomic subtypes. Therefore, it is important to establish 
preclinical models that faithfully recapitulate pathogenesis of subtypes. Animal 
models that recapitulate human’s physiology and clinical setting have been crucial 
for understanding hepatocarcinogenesis and improving the treatment of HCC. The 
perfect animal model should reproduce natural history, etiology, and pathology of 
human HCC that would allow not only to uncover molecular mechanisms of HCC 
development over time but also to examine and evaluate potential novel therapeutic 
approaches in preclinical setting.
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Chapter 7
Liquid Biopsy in Hepatocellular 
Carcinoma

Irun Bhan, Daniel A. Haber, Raymond T. Chung, and David T. Ting

 Introduction

Liquid biopsy, the sampling of cellular material from a solid tumor that has actively 
or passively entered the bloodstream, is an exciting area of research in cancer 
diagnostics. Tumor-derived components amenable to liquid biopsy include 
circulating tumor cells, exosomes, and circulating nucleic acids such as cell-free 
DNA and noncoding RNA.  While the detection of secreted proteins might 
technically fit the definition of liquid biopsy, the term is usually used to refer to 
newer techniques focusing on other cellular products or cells themselves. The 
concept of sampling a tumor through phlebotomy is inherently attractive due to the 
risks of sampling the primary tumor which, in the case of hepatocellular carcinoma, 
include tumor seeding along the biopsy tract, hemoperitoneum, pneumothorax, bile 
peritonitis and sampling error leading to false negative results. The risk of tumor 
seeding with tissue biopsy of suspected HCC is reported to be 2.7% [1]. In the set-
ting of cirrhosis, major complications of liver biopsy occur in 1.5–2.6% of cases [2, 
3]. Liquid biopsy also offers the patient the convenience of a blood draw over pro-
cedures with conscious sedation which require hours from preparation to recovery. 
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For these reasons, the application of liquid biopsy to biomarker development in 
hepatology and oncology has been an intense and rapidly expanding area of research 
in recent years.

Liquid biopsy development has focused on key areas of need in oncology that 
apply to each stage of cancer (Fig. 7.1). In individuals at high risk for developing 
HCC, such as those with cirrhosis or chronic hepatitis B infection, early detection 
of HCC through surveillance may facilitate curative treatment and improve long- 
term outcomes. However, commonly used surveillance tools including serum AFP 
and liver ultrasonography are suboptimal, suffering from low sensitivity for early 
lesions. Current areas of research include adapting liquid biopsy platforms to detect 
HCC lesions at an early, curable stage. For diagnosed early-stage cancer, liquid 
biopsy could play a role in risk stratification and detection of recurrence after treat-
ment. In the setting of metastatic cancer, liquid biopsy could aid in treatment selec-
tion, monitoring of response, and understanding mechanisms of resistance. Each 
cellular component targeted by liquid biopsy has both strengths and weaknesses in 
addressing these clinical needs.

 Circulating Tumor Cells

 Background

Circulating tumor cells (CTCs) are cells shed from primary and metastatic sites of 
solid tumors into the bloodstream. CTCs were initially identified in 1869 during an 
autopsy of a woman with metastatic breast cancer [4]. Over 100 years later, the 
mechanism of entry of these cells into the vasculature is not well-understood but 
may involve both passive shedding of tumor cells facilitated by abnormal tissue 
vasculature and active migration of tumor cells as part of epithelial-to-mesenchymal 
transition. Upon entry into the circulation, many of these cells do not survive, but a 

Increased cancer risk
• Cancer risk stratification
• Surveillance for early
 detection

• Assess risk for dissemination
• Monitoring for recurrence
 after treatment

Early stage cancer
• Treatment Selection
• Monitoring treatment
 response
• Assess mechanisms
 of resistance 

Late stage cancer

Fig. 7.1 The role of liquid biopsy according to disease stage in HCC. Blood-based biomarkers 
have the potential to improve each stage of cancer care
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subset may carry additional functional gains required to persist including resistance 
to anoikis (apoptosis occurring when anchorage-dependent cells detach from the 
extracellular matrix) and evasion of the immune system [5]. The lifespan of these 
cells is likely several hours as most patients with localized cancer have no detectable 
CTCs at 24 hours after curative tumor resection [6]. Some CTCs gain the ability to 
intravasate into distant organs and coopt local tissues to create a supportive niche. 
Due to their varied mutational status, circulating tumor cells are heterogenous. The 
heterogeneity of CTCs is highlighted by comparisons of their morphology, 
proliferative index by Ki67 staining [6], and transcriptional profiling [7–9]. CTCs 
can circulate individually or in clusters. In the latter case, multicellular groupings 
are oligoclonal cells that may perform complementary metastatic functions [10].

 Technology

The rarity of CTCs in the bloodstream creates challenges in the isolation of these 
cells. While a small number of patients may have high blood concentration of CTCs, 
even patients with metastatic cancer, who tend to have higher CTC concentrations, 
generally have fewer than 10 CTCs per mL of blood [11]. In a typical blood sample 
of a cancer patient, there may be one million-fold more white blood cells and one 
billion-fold more red blood cells than CTCs. CTC isolation technologies must 
balance achieving a high sensitivity for these rare and heterogenous cells while 
limiting contamination with white and red blood cells. CTC storage and processing 
must preserve the integrity of the cells and their informative cargo, including DNA, 
RNA, and protein. These technologies incorporate one or more of the following 
approaches to the isolation of CTCs: (1) size-based positive selection of CTCs, (2) 
positive selection of CTCs based on expected cell-surface marker expression, or (3) 
depletion of blood cells with collection of untagged CTCs (negative selection).

CTCs, consistent with their epithelial origin, tend to be larger than leukocytes 
(median diameter 15 μm vs. 10 μm) [12, 13]. Devices that filter CTCs based on size 
are attractive in their simplicity and ease of use. However, the hemodynamic forces 
required for filtration can cause cellular stress and damage, reducing cell viability 
and altering cell phenotype. Furthermore, due to heterogeneity in CTC size and the 
presence of large hematopoietic cells (such as bone marrow-derived megakaryocytes 
in patients undergoing chemotherapy), these devices could suffer from both reduced 
sensitivity and specificity [13–15]. Devices that include both size-based filtration 
and sorting based on additional physical properties such as deformability are under 
development and could provide superior results. Other physical properties that have 
been exploited for CTC isolation include photoacoustic resonance [16, 17], electrical 
charge [18], and differential density [19].

An alternative to a filtering-predominant approach is to detect the CTCs among 
the WBCs. One such platform involves plating CTCs and WBCs on an adherent 
surface, immunofluorescent staining of epithelial or tumor cell surface markers, and 
high-throughput microscopic scanning to identify CTCs [20]. Such an approach 
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facilitates enumeration of CTCs unbiased by cell size but may not allow for molecu-
lar analyses of the cells.

A popular approach involves the isolation and detection of CTCs using antibod-
ies targeted against epithelial cell surface markers. This is the strategy employed by 
CellSearch (Menarini Silicon Biosystems), which, at the time of this writing, is the 
only platform for CTC assessment approved by the US Food and Drug Administration. 
In this assay, blood samples are fixed and CTCs are extracted in a magnetic field 
after being tagged with magnetic anti-EpCAM antibodies. Isolated cells are stained 
for DAPI to identify cell nuclei, additional epithelial markers (cytokeratins 8/18/19) 
to confirm identity of CTCs, and CD45 to highlight contaminating WBCs. Cells are 
imaged and candidate CTCs (DAPI-positive, cytokeratin-positive, CD45-negative) 
are displayed for final review by a human operator. The test is FDA-approved based 
on clinical studies demonstrating that CTCs identified by CellSearch are an 
independent predictor of overall and progression-free survival in metastatic breast 
[21], prostate [22], and colorectal cancer [23]. Limitations include an inability to 
interrogate cellular cargo (such as DNA or RNA) and reduced detection sensitivity 
due to cell loss through multiple processing steps and the requirement of EpCAM 
expression. Importantly, CTCs may lose expression of epithelial cell surface 
markers through epithelial-to-mesenchymal transition and may have particularly 
diminished or absent EpCAM expression in the setting of HCC, which is known to 
have low EpCAM expression [24, 25]. Other technologies use anti-EpCAM 
antibodies bound to various scaffolds to capture and eventually release CTCs but 
are liable to the same limitation of epithelial marker expression [26, 27].

Newer technologies rely on negative selection of CTCs through the depletion of 
white blood cells. The rationale is that WBCs have well-characterized cell surface 
markers that can be targeted for WBC removal, whereas targetable CTC antigens 
are incompletely understood. This strategy is employed by the CTC-iChip which is 
an integrated microfluidic device that removes red blood cells and platelets by size- 
based sorting and then deflects WBCs tagged with magnetic antibodies. CTCs, 
which remain untagged, are then collected for downstream bulk or single-cell 
analyses including enumeration, molecular characterization, and cell culture [15, 
28]. Negative selection increases the sensitivity of CTC detection at the risk of 
contamination with WBCs that escape removal.

 Applications in HCC

One of the first published works demonstrating the association of clinical outcomes 
and CTCs in HCC was by Matsumura et al. in 1999 who isolated peripheral blood 
nucleated cells by density centrifugation and identified CTCs among these cells by 
RT-PCR of alpha-fetoprotein mRNA as a marker of HCC origin [29]. The study 
followed 81 patients with biopsy-confirmed HCC confined to the liver who were 
undergoing locoregional therapy. The group found 64% of HCC patients tested 
positive for peripheral blood AFP mRNA which was associated with poorly 
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differentiated tumors and an increased incidence of extrahepatic metastasis. Patients 
with negative AFP mRNA after treatment demonstrated improved survival compared 
to patients with persistently positive levels. The utility of AFP mRNA as a prognostic 
marker was supported by subsequent studies [30, 31] but was also found to be 
positive in some patients with benign liver disease or cancers of non-hepatic origin 
[31, 32]. Other groups have studied various mRNA markers of HCC CTCs including 
MAGE 1, MAGE 3, GPC-3, CD44, and hTERT with variable success [33].

Studies employing the CellSearch system have generally demonstrated a sensi-
tivity of 20–50% in identifying CTCs in HCC patients. Sun et al. enumerated CTCs 
using CellSearch in HCC patients undergoing potentially curative resection [34]. 
Using a threshold of 2 CTCs per 7.5 mL of peripheral blood, the group detected 
CTCs in 41% of patients preoperatively. CTC concentrations over this threshold 
were independently associated with postoperative tumor recurrence, even in 
subgroups thought to be otherwise at low risk for tumor recurrence such as those 
with Barcelona Clinic Liver Cancer stage 0 or A. The captured CTCs displayed 
stem cell-like phenotypes with expression of markers of cancer stem cell (CD133 
and ABCG2), epithelial-mesenchymal transition, and Wnt pathway activation.

Emerging technologies have focused on depletion of white blood cells rather 
than positive selection of CTCs [15, 35, 36]. These technologies, which include the 
CTC-iChip, have the benefit of isolating unperturbed viable CTCs with high-quality 
RNA [7]. Our group combined the CTC-iChip with droplet digital PCR to create a 
CTC score based on the expression of liver-specific mRNA transcripts [28]. The 
CTC score had a sensitivity of 56% at a specificity of 95% for detecting HCC of any 
stage when using at-risk patients with chronic liver disease as controls. Notably, the 
CTC score decreased in HCC patients receiving therapy, suggesting a role for the 
platform in monitoring treatment response. Our follow-up study identified 
circulating cells of hepatic origin in patients with chronic liver disease (without 
hepatocellular carcinoma) using immunofluorescence and RNA sequencing after 
depletion of blood cells by the iChip [37]. These results suggest that liquid biopsy 
can detect preneoplastic “circulating epithelial cells.” We created a machine learning 
algorithm based on RNA expression data to distinguish circulating epithelial cells 
of chronic liver disease and those of HCC (including early-stage disease), with an 
AUC of 0.927. The detection of circulating epithelial cells in preneoplastic disease 
has been noted in other solid organ disease including intraductal papillary mucinous 
neoplasm of pancreas [38–40]. The detection and analysis of these cells as they 
evolve from premalignant to malignant may facilitate using liquid biopsy for the 
early detection of cancer.

A large multicenter trial examined another negative enrichment strategy, 
RosetteSep Human CD45 Depletion Cocktail (STEMCELL Technologies), for 
CTC isolation in combination with RT-PCR of a panel of nine putative cancer stem 
cell mRNA transcripts for CTC detection in discovery, training, and validation 
cohorts (total of 1006 patients) [41]. In this study, Guo et al. narrowed the panel to 
four transcripts (EpCAM, CD90, CD133, CK19), which, when combined in a 
logistic regression model, demonstrated an AUC of 0.93 (sensitivity 82.1%, 
specificity 94.2%) in the validation cohort to differentiate HCC from a control 
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population of healthy blood donors and individuals with chronic hepatitis B, 
cirrhosis, or benign hepatic lesions. The platform’s performance was similar in the 
detection of early-stage HCC and was superior to that of the standard serum 
biomarker AFP.  Among patients undergoing resection for HCC, postoperative 
recurrence was associated with persistently positive CTC testing after surgery and 
higher preoperative CTC concentrations.

Studies to date of liquid biopsy in HCC have demonstrated the feasibility of 
detection and clinical relevance of CTCs. Research in HCC CTCs has been 
hampered by the use of multiple isolation and detection technologies, limiting the 
ability to compare results and draw definitive conclusions from the body of work. A 
meta-analysis of 20 studies with heterogenous methods calculated a pooled 
sensitivity of 67% at a specificity of 98% implying the included technologies would 
be inadequate to use alone for HCC diagnosis [42]. Whether CTCs can be useful as 
part of a multi-analyte surveillance regimen for the early diagnosis of HCC has not 
been adequately studied prospectively. On the other hand, enumeration of CTCs 
could play a role in monitoring response to therapy and evaluation of minimal 
residual disease given the demonstrated prognostic value of CTC testing. Studies 
successfully using molecular analysis of HCC CTCs raise hope that further research 
may lead to a better understanding of the mechanisms of metastasis and could allow 
for patient selection for emerging treatments such as immunotherapy. As new 
medical therapies for HCC develop, liquid biopsy could also facilitate personalized 
treatment through ex vivo culturing and treatment testing of CTCs.

 Circulating Tumor DNA

 Background

Cell-free DNA (cfDNA) are fragments of nucleic acids shed into the bloodstream 
from cells undergoing necrosis, apoptosis, or other forms of cell death [43]. ctDNA 
refers to the subset of cfDNA that is derived from tumors, whether from the primary 
site, metastatic deposits, or circulating tumor cells. cfDNA was first described in 
1948 [44], but the identification of tumor-derived fragments was subsequently noted 
in the 1970s [45]. cfDNA typically circulates in fragments of approximately 180 bps 
which corresponds to the unit of chromatin protected by nucleosomes [46]. The 
plasma of healthy individuals typically carries less than 25 ng cfDNA per mL (the 
equivalent of several genomes) while in certain physiologic states, such as in the 
setting of inflammation or cancer, cfDNA concentrations are often several fold 
higher [45, 47]. Between cancer patients, the portion of cfDNA that is ctDNA is 
variable (ranging from <0.1% to >10%) which may reflect the underlying rate of cell 
turnover and cancer stage. However, within individuals, ctDNA fraction may track 
with tumor burden and response to treatment [48]. Tumor-specific genetic altera-
tions, including point mutations, copy number changes, and gene rearrangements, 
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can be detected in ctDNA and reflect alterations found in the primary tumor in indi-
vidual patients [49]. As ctDNA is shed from the entire tumor but tissue biopsies only 
sample a small portion, liquid biopsy of ctDNA may have an increased sensitivity 
for informative mutations which may only be present in a subpopulation of tumor 
cells. Liquid biopsy also allows for longitudinal sampling of an evolving cancer 
when repeat tissue biopsy carries prohibitive risk. These mutational analyses are 
helpful for cancers for which actionable mutations have been established. For exam-
ple, specific ctDNA tests have been FDA-approved to detect BRAF V600E or 
V600K mutations (in melanoma to determine whether patients are candidates for 
targeted therapy), KRAS mutations (to identify colorectal cancer patients who may 
be ineligible for EGFR-targeted therapies), and EGFR mutations (to identify patients 
with non-small cell lung cancer who may benefit from targeted therapies). No spe-
cific tests have been approved to date for hepatocellular carcinoma, reflecting a lack 
of effective targeted therapies. Commercial tests for the detection of multiple tumor-
associated mutations in ctDNA have also been approved. In such broad testing, a 
potential source of false positive results may be cfDNA derived from clonal expan-
sions of nonmalignant cells that harbor typical tumor driver mutations. In blood 
cells, such nonmalignant proliferation has been termed “clonal hematopoiesis of 
indeterminate potential” as their mutations are associated with myeloid malignancy, 
but they generally do not progress to cancer [50]. A similar phenomenon has been 
described in solid organs [51, 52]. That cfDNA is a mixture of DNA derived through-
out the body is both a strength and a weakness: it allows the sampling of all tumor 
sites (primary and metastatic as well as subpopulations therein) but makes identifi-
cation of the tissue origin challenging. The analysis of DNA methylation patterns 
may allow for better tissue specificity [53].

 Technologies

Compared to the isolation of circulating tumor cells, isolation of ctDNA is straight-
forward. Five to twenty milliliters of peripheral blood is drawn in a collection tube 
containing anticoagulant and preservatives. Cells are removed by centrifugation 
leaving plasma from which cfDNA can then be extracted using commercially 
available kits. cfDNA is generally procured from plasma rather than serum, due to 
the risk of increased non-tumor cfDNA from cell lysis when serum separator tubes 
are used. Distinguishing ctDNA from non-tumor cfDNA is a major challenge in 
liquid biopsy research, analogous to the “needle-in-a-haystack” problem of 
identifying CTCs among blood cells. Success depends on the sensitivity of the 
method employed for DNA analysis. While traditional RT-PCR has been used to 
identify point mutations, newer higher sensitivity methods with the potential for 
absolute quantification include digital PCR in which samples are diluted to one 
template per PCR reaction. Modifications of this approach include droplet digital 
PCR [54, 55] in which PCR reactions occur in separate droplets. Alternatively, 
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next-generation sequencing has become commonly used in the study of ctDNA for 
the detection of targeted mutations, whole exome sequencing or whole genome 
sequencing. Chromosomal rearrangements can also be detected by next-generation 
sequencing but requires the distinction of tumor-associated structural changes from 
germline copy number variants which can be facilitated by established bioinformatic 
filters [56]. While next-generation sequencing of ctDNA is performed clinically 
with FDA-approved tests, the concordance between assays has been called into 
question, a potential issue that will require further investigation [57]. An additional 
concern is that the amount of tumor-derived cfDNA varies as a function of total 
tumor burden. Most studies to date have focused on patients with advanced 
metastatic cancer, but in individuals with localized and potentially curable cancers, 
the ratio of signal to background in ctDNA-based mutation detection is less reliable.

 Applications in HCC

Proof of principle for the detection of HCC point mutations in peripheral blood was 
demonstrated by Szymanska et al. who examined cfDNA for the presence of p53 
R249S, a mutation described in patients with aflatoxin-associated HCC [58]. Plasma 
was collected from a longitudinal cohort monitored for the subsequent onset of 
HCC. Eight of fourteen patients carried the mutation in the tumor, and 9 carried 
R249S in cfDNA (as detected by short oligonucleotide mass analysis) with a 
concordance of 64%. Another study found a 22.2% concordance of HCC hotspot 
mutations in 27 matched resected tumor tissue specimens and plasma ctDNA 
samples [59]. The ctDNA samples were analyzed by digital droplet PCR which was 
noted to have a detection limit of 0.01%. Chan et al. demonstrated that copy number 
variations in four HCC patients could be detected in cfDNA prior to treatment but 
not after surgical tumor resection [60].

Cohen et  al. developed a multi-analyte blood test for resectable cancer called 
CancerSEEK that incorporates ctDNA detection [61]. The platform determines a 
probability of cancer using plasma-based sequencing of 16 cancer-associated genes 
and the measurement of 8 cancer-associated serum proteins. A machine learning 
algorithm then combines these data with the measurement of a 31-protein panel to 
predict the tissue of origin of the cancer. The assay was developed to detect eight 
different solid cancers, including hepatocellular carcinoma. The initial portion of 
the test, which indicates the presence of any cancer, demonstrated a sensitivity of 
100% for stage I hepatocellular carcinoma at a specificity of 99% when healthy 
individuals were used as the control population. In their cohort of eight cancer 
types, when cancer was detected in HCC patients, the machine learning algorithm 
was able to predict the tissue of origin with an accuracy of 44%. The assay is prom-
ising but will need to be evaluated in patients with chronic liver disease at high risk 
for HCC, the population who would most benefit from surveillance. It is possible 
the specificity may be reduced in this setting as the positive analytes could reflect 
the underlying liver disease rather than the HCC itself, a concern with any study that 
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relies on healthy control populations, rather than at-risk individuals who have can-
cer-predisposing conditions.

Several studies have examined the diagnostic potential of DNA methylation pat-
terns which have been shown to be highly tissue-specific [62]. Kisiel et al. examined 
the accuracy of HCC detection using methylation patterns in cfDNA [53]. Candidate 
markers were identified by reduced representation bisulfite whole methylome 
sequencing on tissue DNA from HCC and control tissues. The candidate markers 
were evaluated in cfDNA from patients with HCC and cirrhotic controls. In the final 
assay, a six-marker panel (HOXA1, EMX1, AK055957, ECE1, PFKP, and 
CLEC11A) was scored using recursive partitioning decision analysis. In a cross- 
validated analysis of 95 HCC patients and 51 cirrhotic controls, the assay yielded a 
sensitivity of 95% at a specificity of 92%. The sensitivity for Barcelona Clinic 
Staging Criteria stage 0 was 75% and 93% for stage A. The selected genes were 
identified agnostic of biological significance but were subsequently noted to be 
involved in carcinogenesis.

Studies examining ctDNA in HCC have not yet explored the full technological 
power available in the field, which may partly be due to the lack of actionable 
mutations in HCC.  There is, however, strong early data supporting the role of 
methylated ctDNA in the diagnosis of early HCC. Further validation is required.

 Cell-Free Noncoding RNA

 Background

Noncoding RNA (ncRNA) molecules are involved with various cellular processes 
including the regulation of gene expression. They are often categorized by their 
length as short and long species. The most studied variety of short noncoding is 
microRNAs (miRNAs) which are typically 21–25 nucleotides in length and regulate 
protein expression by binding mRNA at the 3’UTR, targeting the mRNA molecule 
for degradation or blocking translation. miRNAs have been shown to play roles in 
fundamental cell processes including differentiation, metabolism, and death. Long 
noncoding RNAs (lncRNAs) are >200 nucleotides in length and can modulate gene 
transcription through binding of regulatory proteins and complementary RNA or 
DNA. After cell lysis or from active secretion from cells, ncRNAs access the circu-
lation as free nucleic acids or in membrane-bound extracellular vesicles [63].

 Technology

The field of cell-free ncRNA is relatively new with the first description of circulat-
ing miRNA as a biomarker for solid tumors published in 2008 [64]. While extracel-
lular RNA is susceptible to degradation by nucleases, miRNA is relatively resistant 
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to digestion compared with mRNA [65]. Studies examining circulating noncoding 
RNAs generally use commercially available kits for isolation of total RNA or 
miRNA from plasma followed by identification of RNA species by various methods 
including RT-PCR, digital PCR, microarray, NanoString (NanoString Technologies), 
or next-generation sequencing. While analysis of ctDNA focuses on the presence or 
absence of cancer-specific alterations, liquid biopsy of ncRNA relies on quantifica-
tion of cancer-associated transcripts. Thus, ncRNA assessment requires either abso-
lute transcript quantification or appropriate normalization to accurately compare 
levels between samples.

 Applications in HCC

Numerous studies have examined the diagnostic capability of circulating miRNA 
in HCC. Okajima et al. identified candidate miRNAs with high expression in HCC 
tissue including miR-224 which was upregulated in HCC and HCC cell lines com-
pared to normal tissues [66]. They found that miR-224 plasma levels detected by 
RT-PCR correlated with HCC tissue levels, decreased after resection of the pri-
mary tumor, correlated with tumor size and tumor recurrence, and was elevated in 
HCC patients compared to those with chronic liver disease without HCC. A meta-
analysis suggested that panels of miRNAs may have better diagnostic characteris-
tics than individual markers with miR-21, miR-199, and miR-122 providing 
improved specificity when using patients with liver disease as the control popula-
tion [67]. Several studies have examined the utility of miRNA panels in HCC 
diagnosis, including a subsequently published work by Moshiri et al. [68]. Using 
RNA-seq, the group identified potential miRNA markers based on an initial analy-
sis comparing plasma samples from patients with HCC, cirrhosis, and no known 
liver disease. They validated their findings in three small cohorts of HCC patients, 
cirrhotic patients, and healthy controls using droplet digital PCR to evaluate 
marker expression. A panel of three miRNA markers (miR-101-3p, miR-1246, and 
miR-106b-3p) scored by logistic regression performed with an AUC of 0.99 for 
distinguishing HCC and cirrhosis. The group demonstrated the feasibility of com-
bining the discovery of miRNA markers of HCC by RNA-seq with subsequent 
validation using the higher throughput and more economical approach of droplet 
digital PCR.

The role of circulating lncRNA in liquid biopsy has only been studied in a lim-
ited fashion. Based on studies showing overexpression of the lncRNA metastasis- 
associated lung adenocarcinoma transcript 1 (MALAT1) in solid cancer including 
HCC [69], Konishi et al. investigated its role as a plasma biomarker of HCC [70]. 
While some HCC patients had elevated plasma MALAT-1 levels, many had levels 
similar to healthy controls or controls with chronic liver disease, limiting the 
sensitivity of using MALAT-1 alone as a diagnostic tool. Yan et  al. performed 
quantitative RT-PCR for circulating lncRNAs reported to be associated with HCC 
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and found that a panel of three lncRNAs (LINC00152, XLOC014172, and RP11- 
160H22.5) and serum AFP in a logistic regression model was able to distinguish 
HCC patients from HBV chronic hepatitis patients with an AUC of 0.986 [71]. The 
ability of the panel to distinguish HCC patients and cirrhotic patients was not 
examined.

The detection of ncRNA as a liquid biopsy is a nascent field with numerous het-
erogenous studies suggesting different biomarkers may be useful in HCC diagnosis 
and prognosis. The relative ease of miRNA isolation, storage, and detection will 
facilitate a rapid accumulation of new data that will identify the most promising 
candidates.

 Extracellular Vesicles

 Background

Extracellular vesicles (EVs) are lipid bilayer-enclosed particles that are released 
by both normal and diseased cells and carry various cellular molecules. They are 
categorized as apoptotic bodies, microvesicles (also called microparticles or ecto-
somes), and exosomes depending on their mechanism of generation. Apoptotic 
bodies are large cell fragments (usually with a diameter of over 500 nm) formed 
by blebbing during programmed cell death. Microvesicles are formed directly 
from blebbing of cell membranes and released into the extracellular space. Their 
diameter can range from 50 nm to 1000 nm, although in the setting of cancer, 
some larger microvesicles (termed “large oncosomes”) have been observed. 
Exosomes are formed in a more complex manner from the endolysosomal path-
way. First, the membrane of intracellular endosomes bulges inward and forms 
“intraluminal vesicles.” The endosome subsequently fuses with the cell mem-
brane, releasing the intraluminal vesicles as exosomes into the extracellular 
space. Exosomes are typically smaller than microvesicles, with a diameter of 
30–100 nm. Biologically, EVs play a role in cell-to-cell communication, transfer-
ring various cellular molecules including proteins and nucleic acids to near or 
remote cells [72].

EVs have been reported to play an important role in carcinogenesis and metasta-
sis. In a mouse model of pancreatic ductal adenocarcinoma, cancer-derived exo-
somes travel to the liver and induce changes in the hepatic microenvironment that 
facilitate liver metastases [73]. The role of EVs in hepatocarcinogenesis is less well 
studied. Wei et al. found that exosomes shuttle oncogenic miRNA between HCC 
cells, a process inhibited by the potential tumor suppressor Vps4a [74].

EVs have been detected in various body fluids, where they can be sampled for 
diagnostic means. The cargo can be interrogated to evaluate the cell of origin and 
query possible underlying disease states analogous to the analysis of circulating 
tumor cells.
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 Technology

As with circulating tumor cells, the technology for isolation of EVs is evolving. The 
associated techniques have not yet been standardized. Isolation techniques include 
differential ultracentrifugation, density gradient separation, immunoaffinity 
purification, and size-exclusion chromatography. EV research has largely used 
differential centrifugation with or without size-based exclusion by an additional 
filtration step, although the established protocols are lengthy and not conducive to 
high-throughput workflows for clinical care. Importantly, the particles isolated as 
well as the cargo detected can vary by technique [75]. While these factors have 
complicated the advancement and validation of research in EVs as biomarkers, 
several factors make them attractive candidates for ongoing study including the 
availability of newer commercial kits for EV isolation and the relative stability of 
these particles and their membrane-protected contents.

 Applications in HCC

There has been hope that ncRNA isolated from EVs may show improved reproduc-
ibility as biomarkers over free circulating ncRNA due to the increased stability of 
nucleic acids in lipid-bound packaging where they are protected from endogenous 
nucleases [76]. Sohn et al. investigated the expression of several exosomal miRNAs 
in patients with HCC, cirrhosis, or chronic hepatitis B [77]. Exosomes were isolated 
from patient plasma using a kit-based system and the expression of ten miRNAs, 
selected based on published data on their expression in HCC tissue, was evaluated 
by RT-PCR. Levels of miR-18a, miR-221, and miR-222 were significantly elevated 
in HCC patients compared to patients with cirrhosis or chronic hepatitis but indi-
vidually did not sufficiently discriminate between the patient populations for the 
purposes of diagnostic testing. Wang et al. examined miR-21 expression, which was 
previously shown to be elevated in solid tumors including HCC, using an exosome 
isolation kit and RT-PCR for quantification [78]. They found exosomal and free 
serum miR-21 expression were significantly elevated in HCC patients compared to 
those from chronic hepatitis B patients with overall higher expression and better 
discrimination using exosomal miRNA.

The possibility of using differentially expressed exosomal proteins as biomark-
ers was studied by Arbelaiz et al., who used mass spectrometry to examine the pro-
teomes of exosomes derived from patients with primary sclerosing cholangitis, 
cholangiocarcinoma, or hepatocellular carcinoma [79]. Several potential exosomal 
protein biomarkers were identified including LG3BP which distinguished HCC 
patients and healthy controls with an AUC of 0.904 and FIBG which distinguished 
intrahepatic cholangiocarcinoma from HCC with an AUC of 0.894.
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Given their mechanistic role in carcinogenesis, their multimolecular contents, 
and their stability, EVs have an exciting future in liquid biopsy; however, little is 
known about their role in HCC specifically at this time.

 Conclusions

In recent years, there has been rapid development in blood-based analysis of solid 
tumors. The application of these technologies lags in HCC compared to other 
cancers, but as liver disease becomes a growing worldwide menace, we will see 
increasing applications to liver cancer. Advancement in the field will require 
standardization of isolation and analysis techniques and large-scale prospective 
studies with appropriate controls. The latter point regarding controls is especially 
important in the focus on early diagnosis: even screening tests with near-perfect 
sensitivity and specificity will suffer from poor positive predictive value if deployed 
in populations with low cancer incidence and prevalence. Thus, evaluating and 
employing diagnostic tests in high-risk populations (e.g., those with cirrhosis or 
chronic hepatitis B) is key. However, designing tests that distinguish HCC patients 
from chronic liver disease patients without HCC will likely be challenging. Many 
analytes that are elevated in HCC reflect an underlying proinflammatory or diseased 
state and may be elevated in nonmalignant liver disease as well. The role of liquid 
biopsy in HCC is currently strongest in cancer detection, monitoring, and 
prognostication but could evolve as novel therapies emerge that require identification 
of patient subgroups most likely to benefit. Technological issues that will continue 
to require attention include improvement in signal to noise due to the low 
concentration of tumor-derived components in the blood. As the sensitivity improves 
to detect subtle abnormalities, assessing cancer risk or detecting microscopic cancer 
and not just the presence of macroscopic cancer may be possible. The detection of 
invisible cancer will raise new questions in patient management for a disease that 
lacks effective chemoprevention or systemic therapy and for which curative 
treatment relies on the identification of radiographically detectable lesions.

Overall, each form of liquid biopsy has strengths and weaknesses in the noninva-
sive assessment of HCC. It is likely that not one but a combination of tests, perhaps 
both novel and conventional, will be required to improve detection and monitoring 
of HCC. The current body of work highlights exciting leads but is limited by heter-
ogenous techniques, the need for further prospective validation, and the risk of false 
discovery associated with testing numerous markers simultaneously. Further work 
is still required before any of these technologies are ready for routine clinical appli-
cation in HCC, but this is worthy of study: blood-based testing of a large and grow-
ing at-risk populations with liver disease could have major implications for the 
management of a deadly cancer.
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Chapter 8
Surgical Therapies in Hepatocellular 
Carcinoma

Caitlin A. Hester and Adam C. Yopp

 Introduction

Hepatocellular cancer (HCC) is the seventh most common cancer and the fourth 
leading cause of cancer-related deaths worldwide [1]. It represents the fastest- 
growing cause of cancer-related deaths among males in the United States, and its 
incidence and mortality have increased threefold over the last 20  years. Among 
patients with cirrhosis, it represents the leading cause of death [2, 3]. HCC is 
inherently complex; its outcomes are not only associated with burden of disease but 
also underlying liver function. The challenge of management is in delivering 
curative treatment without precipitating further liver decompensation, and thus a 
multidisciplinary team is strongly associated with improved patient outcomes [4].

Curative treatment, defined as surgical resection, liver transplantation, and radio-
frequency ablation (RFA), has been associated with a median overall survival (OS) 
of greater than 60 months, with 5-year survival rates approaching 70%. In clinical 
practice guidelines, curative surgical treatment is recommended for early- stage dis-
ease [5]. Recent implementation of HCC surveillance programs has resulted in ear-
lier tumor diagnosis and thus created a greater demand for curative treatment among 
HCC patients [6, 7]. The aim of this chapter is to identify patients eligible to receive 
curative therapy, review the types and techniques of curative surgical therapies 
available in HCC management, namely resection and transplantation, and describe 
outcomes associated with various operative techniques.
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 Staging Systems to Determine Patient Eligibility for Curative 
Treatment

The decision to proceed with surgical resection or transplantation is multifaceted. 
Careful consideration of the patient’s performance status, underlying liver function, 
and tumor biology including number of nodules, size of nodules, and vascular 
involvement is essential. A multidisciplinary approach including a medical 
oncologist, transplant hepatologist, transplant surgeon, surgical oncologist, radiation 
oncologist, interventional radiologist, and radiologist should be utilized for all 
patient management plans [4]. The multitude of published staging systems is 
evidence of the complexity of evaluating a newly diagnosed HCC patient. Various 
staging systems have been proposed, including American Joint Committee on 
Cancer tumor-node-metastasis (TNM), Okuda, and the Cancer of the Liver Italian 
Program (CLIP) staging systems [8–10]. According to the staging by American 
Association for the Study of Liver Diseases (AASLD), early-stage diseases are 
recommended to be treated by surgical therapies, including resection and 
transplantation (Fig. 8.1) [5].
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Fig. 8.1 American Association for the Study of Liver Diseases (AASLD) HCC staging and treat-
ment recommendation. HCC, hepatocellular carcinoma; ECOG, Eastern Cooperative Oncology 
Group; TACE, transarterial chemoembolization; RFA, radiofrequency ablation; MWA, microwave 
ablation; OLT, orthotopic liver transplantation; TARE, transarterial radioembolization; SBRT, ste-
reotactic body radiotherapy; BSC, best supportive care. (Redrawn based on Marrero et al. [5])
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The criteria in place to help guide liver transplant allocation are even more spe-
cific, and the organs available are scarce. In an attempt to facilitate fair allocation of 
donor livers, the United Network for Organ Sharing (UNOS) was established and 
ranks patients for organ allocation based on a pretransplant mortality risk, or Model 
for End-Stage Liver Disease (MELD) score [11]. Unfortunately, relatively few 
eligible HCC patients receive a liver transplantation due to the limited supply of 
donor organs. When orthotopic liver transplantation (OLT) was first introduced, it 
was offered to patients with unresectable disease secondary to tumor burden or liver 
dysfunction, and in so doing, the survival rates were low and recurrence rates were 
high [12, 13]. In an attempt to improve survival following OLT, the Milan criteria 
were established [14]. The Milan criteria apply to patients with a single nodule 
≤5 cm or up to three nodules ≤3 cm and without evidence of macroscopic vascular 
invasion, lymph node involvement, or extrahepatic disease [14]. The University of 
California San Francisco (UCSF) criteria were subsequently created in an attempt 
to broaden the Milan criteria, which were felt to be too restrictive [15]. The UCSF 
criteria include a single nodule ≤6.5  cm or ≤3 nodules with the largest being 
≤4.5 cm, with a total tumor burden ≤8 cm [15]. The Milan criteria remain the most 
frequently applied criteria for liver allocation, with 97% of all transplanted livers 
from 2002 to 2007 meeting Milan criteria, while only 3% fit UCSF criteria [16].

 Surgical Resection

AASLD stage 0/A patients clearly meet criteria for resection of their HCC. AASLD 
stage 0 constitutes patients with a single nodule ≤2 cm with preserved liver function, 
while AASLD stage A includes a solitary lesion or up to three nodules ≤3 cm with 
preserved liver function and performance status. The goal of hepatic resection for 
HCC is to appropriate oncological margins while maintaining a functional liver 
remnant.

 Preoperative Assessment

HCC is a predominantly radiographic diagnosis, and most guidelines do not recom-
mend routine biopsy of suspected HCC lesions in cirrhotic patients. Appropriate 
staging is necessary prior to proceeding with resection. Extrahepatic staging would 
include CT of the chest and CT or MRI of the abdomen and pelvis [17]. Additionally, 
assessment of the volume of the future liver remnant (FLR) is imperative, due to the 
risk of post-hepatectomy liver failure (PHLF) following resection in cirrhotic 
patients. PHLF is a major cause of morbidity and mortality following hepatectomy, 
and therefore accurate estimation of the remnant functional liver volume is one of 
the most important preoperative steps in reducing postoperative morbidity [18].
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Knowledge of standard liver volume proportions is necessary to determine if 
extent of surgical resection will result in an appreciable decline in remnant func-
tional liver volume. On average, the right liver (segments V–VIII) contributes two-
thirds of the total liver volume, while the left liver (segments II–IV) contributes 
one-third of the total liver volume [19]. The method used to calculate the future liver 
remnant (FLR) is heavily debated and can be calculated based on formulas involv-
ing body surface area and radiographic imaging [20, 21]. Computed tomography 
with 3D reconstruction or volumetric MRI traces the hepatic segmental contours 
and multiplies the surface area by slice thickness to calculate the total liver volume 
[22]. To calculate the FLR, the following formula is used: (resected volume − tumor 
volume)/(total liver volume − tumor volume) [23, 24]. Guidelines for minimum 
standardized future liver remnants before hepatic resection have been well defined 
in studies for hepatic resection of colorectal metastases (Fig. 8.2).

The minimum FLR considered to be safe following extended liver resection is 
based on the function and exposure status of the underlying liver. Normal livers 
without cirrhosis are considered low risk for PHLF if 20% of the liver volume 
remains following resection, while livers exposed to extensive chemotherapy and 
cirrhotic livers necessitate greater liver remnants of 30% and 40%, respectively [25] 
Small liver remnant volume is associated with higher rates of PHLF and other 
complications following hepatectomy [26, 27].

If the preoperative assessment of FLR is considered to be inadequate or border-
line, several options are available to induce hypertrophy of the remnant liver and 
thus increase the FLR following resection. Portal vein embolization (PVE) is the 
most commonly utilized adjunct and most often involves ipsilateral portal vein 
puncture (although contralateral or ileocolic approaches are also feasible) with 
subsequent embolization of the main portal vein to the involved lobe using the 
institutional preferred embolic material [28]. Embolization results in progressive 
ischemia and necrosis with a subsequent increase in flow to the unaffected lobe and 
resultant growth factor and cytokine release stimulating parenchymal hypertrophy. 
A prospective trial compared upfront right hepatectomy to PVE followed by right 
hepatectomy and found significantly reduced postoperative complications in the 
PVE cohort [29].

Typically, repeat imaging is performed 4–6 weeks following PVE, and the degree 
of hypertrophy and the growth rate are strong predictors of PHLF following hepatec-
tomy [28]. In a study from Memorial Sloan Kettering, no patient with a growth rate 

Future liver remnant

Normal liver
≤20%

Extensive
chemotherapy

≤30%
Cirrhosis
≤40%

Fig. 8.2 Guidelines for minimum standardized future liver remnants following hepatectomy strat-
ified by underlying liver condition. (Reprint from Zorzi et al. [25])
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of >2.66% volume per week developed PHLF, concluding that early surgery may be 
safe in patients who demonstrate an adequate growth rate [28]. It is accepted that the 
absence of early hypertrophy following a successful PVE is an indication of low 
regenerative capacity and a contraindication to major hepatectomy [30]. In cases of 
unsuccessful hypertrophy from PVE alone, some studies recommend a dual inflow 
obstruction technique with the addition of hepatic artery embolization [30, 31].

Associated liver partition and portal vein ligation for staged hepatectomy 
(ALPPS) is a recently developed strategy to prevent PHLF by inducing rapid 
remnant liver hypertrophy [32, 33]. The first step of the ALPPS procedure is to 
ligate a branch of portal vein to induce hepatic hypertrophy. After confirming 
increased hepatic volume typically 1–2 weeks after the initial surgery, HCC tumor 
resection is performed. Limited hypertrophy was noted when substantial fibrosis is 
present in the liver [34]. In a series of 17 HCC patients at an Italian center, 2-year 
postsurgical overall survival and disease-free survival were 38.5% and 60%, 
respectively [35].

 Choice of Surgical Resection

For small tumors measuring <2 cm, most surgeons advocate for anatomic resections 
over nonanatomic (wedge) resections due to the limitations of preoperative imaging 
in diagnosing concomitant satellite lesions or portal vein involvement that would 
preclude nonanatomic resections. A recent meta-analysis comparing anatomic to 
nonanatomic resections found no difference in postoperative morbidity, including 
PHLF, and found a lower recurrence rate and higher 5-year disease-specific survival 
(DSS) in the anatomically resected cohort (OR 0.27, 95% CI 0.2–0.4 for recurrence 
in the anatomic group compared to nonanatomic cohorts, and OR 2.1, 95% CI 1.4–
3.1 for DSS for the anatomic compared to nonanatomic cohorts) [36].

For larger tumors measuring 2–5 cm, the most parenchyma-preserving anatomic 
resection is recommended in an effort to avoid postoperative outcomes. Table 8.1 
summarizes the outcomes of studies evaluating more extensive anatomic resections 
to parenchyma-preserving anatomic resections. While the results of these studies 
vary, there appears to be no difference in survival between parenchyma-sparing 
resections and extended hepatectomy with significant advantages in postoperative 
outcomes [37–40]. We prefer to preserve as much of the future liver as possible and 
therefore recommend parenchyma-sparing resections over extended hepatectomy 
when R0 resections can be achieved. For much larger tumors measuring >5 cm or 
with poor prognostic features, and hence outside of AASLD stage 0/A criteria, there 
is evidence that surgical resection is efficacious. In such cases, major liver resections 
such as right hepatectomy and extended right and left hepatectomy are often 
necessary. Figure  8.3 depicts the nomenclature of and liver segments in various 
anatomic liver resections [19].

8 Surgical Therapies in Hepatocellular Carcinoma



150

 Surgical Technique

For large right-sided tumors, two approaches have been proposed. The conventional 
approach involves inflow vascular control followed by complete mobilization of the 
right lobe of the liver with control of the right hepatic vein prior to parenchymal 
transection [41–43]. Advocates of this technique report reductions in intraoperative 
blood loss [41–43]. However this technique is not always feasible when resecting 
very large tumors such as those that surround vascular structures or if the sheer size 
of the tumor may greatly limit access to the hepatic vein.

The anterior approach to major right hepatectomy is an alternative technique that 
involves initial parenchymal transection before the right lobe of the liver is 
mobilized. A randomized clinical trial compared anterior and conventional approach 
for right hepatectomy for HCC > 5 cm and found less intraoperative blood loss and 
decreased transfusion rate and improved OS in the anterior approach (median OS > 

Table 8.1 Summary of studies comparing parenchyma-preserving hepatectomy to formal or 
extended hepatectomy

Author, year
No. of 
patients Findings 5-year OS DSS

Right-sided tumors

Fisher, 2013 
[37]

RPS = 100
RH = 480

↑ PHLF in RH (1% RPS vs 9% 
RH, p < 0.001)

n/a n/a

Yip, 2015 [38] RPS = 49
RH = 32

No difference PHLF (2% RPS 
vs 9% RH, p = 0.34)

(84% RPS vs 
76% RH, 
p = 0.77)

(52% RPS vs 
53% RH, 
p = 0.86)

Central tumors

Lee, 2015 Matched
CH = 63
EH = 63

↑ Pringle time in CH (50 vs 
36 min, p = 0.04)
↓ Blood loss in CH (800 vs 
500 mL, p = 0.01)
A post-op bilirubin > 4 mg/dL 
was observed in 2% CH vs 
39% EH (p < 0.01)

n/a n/a

Chen, 2014 
[40]

CH = 118
RE = 47
LE = 33

↑ PHLF in RE (11% CH vs 2% 
RE, p = 0.03) but no difference 
between CH and LE
↓ Rate of R0 resection in CH 
(67% vs 83% RE and 85% RE, 
p < 0.05)

(29% CH vs 
30% EH, 
p = 0.58)

(17% CH vs 
27% EH, 
p = 0.11)

Lee, 2014 
[100]
systemic 
review of CH 
cases

CH = 895 Operative time = 115–627 min
Pringle was used in majority of 
cases
Intraop blood 
loss = 380–2450 mL

32–67% 17–32%

RPS right posterior sectionectomy, RH right hepatectomy, CH central hepatectomy, EH extended 
hepatectomy, RE right extended hepatectomy, LE left extended hepatectomy, OS overall survival, 
DSS disease-specific survival

C. A. Hester and A. C. Yopp



151

68 months compared to 23 months, p = 0.01) [44]. Although this trial is associated 
with significant methodological issues, other studies have replicated these findings 
and further support utilizing an anterior approach to major right hepatectomy [45, 
46]. An adjunct to the anterior approach includes the use of Belghiti’s hanging 
maneuver. This maneuver is performed by creating a retrohepatic tunnel anterior to 
the inferior vena cava and securing a Penrose drain or umbilical tape to hang the 
liver and guide the transection plane [47] (Fig. 8.4). We recommend conventional 
approach for the majority of major right hepatectomy but do endorse the use of the 
anterior approach with or without the use of hanging technique when mobilization 
of the right lobe of the liver is not feasible, particularly for tumors >5 cm or with 
invasive characteristics.

 Surgical Outcomes

An R0 resection margin is critical for a complete oncologic resection. A meta- 
analysis evaluating the influence of the width of resection margin on recurrence and 
survival for HCC showed that a resection margin ≥1 cm did not provide significant 
prognostic benefit compared with a resection margin <1 cm [48]. We recommend 
microscopically negative resection margin and do not specify a margin width.

VII
VIII I

IV II

Extended right hepatectomy
or right trisectionectomy

Right hepatectomy
or right hemihepatectomy Bisegmentectomy II + III

or left lateral sectionectomy

Left hepatectomy
or left hemihepatectomy

Extended left hepatectomy
or left trisectionectomy

III
VVI

Fig. 8.3 Nomenclature of 
and liver segments 
involved in anatomic liver 
resections. (Reprint from 
Abdalla et al. [19])
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The largest study to date reports 1-, 3-, and 5-year survival rates of 85%, 64%, 
and 45%, respectively [49]. Five-year survival rates as high as 60–70% have been 
reported in Child-Pugh stage A patients with tumors <2  cm undergoing surgical 
resection [5]. The main predictors for disease recurrence and survival following 
liver resection include tumor number, tumor size, vascular invasion, and tumor 
grade. In multifocal HCC, more than three nodules, positive margin, and 
microvascular invasion are associated with worse overall survival [50].

Recurrence is reported in up to 70% of patients at 5 years post resection [51–54]. 
Recurrence occurring within 2  years of resection is thought to be secondary to 
disease propagation from the original resected liver tumor [55]. Factors such as 
tumor size, microvascular invasion, satellite nodules, and nonanatomic resection are 
likely causes of early recurrence [56]. Recurrence more than 2 years post resection 
has been defined as a delayed recurrence and may represent “de novo” tumors in an 
oncogenic cirrhotic liver [57, 58]. Risk factors associated with delayed recurrence 
include underlying cirrhosis, active hepatitis, vascular invasion, moderate or poorly 
differentiated HCC, and multi-nodularity [55]. The role of genomic profiling of 
molecular signatures to define the level of oncogenicity in the cirrhotic liver has 
been proposed, but further evidence is needed prior to clinical implementation [59].

 Novel Approaches to Surgical Resection

Over the last two decades, minimally invasive surgical approaches have become 
increasingly utilized. There is abundant literature within colorectal surgery, 
gynecology, and urology to demonstrate similar oncologic outcomes with possible 
improved postoperative morbidity compared to an open approach. The limitations 
of minimally invasive techniques become more apparent with increasing case 
complexity; thus implementation into hepato-pancreatico-biliary operations has 

Fig. 8.4 Hanging 
maneuver as an adjunct to 
the anterior approach for 
major right hepatectomy. 
Umbilical tape is passed 
retrohepatically, anterior to 
the inferior vena cava, and 
used to lift the liver and 
facilitate parenchymal 
transection. (Reprint from 
Belghiti et al. [47])
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been slower than in the aforementioned specialties. With conventional laparoscopy, 
there is reduced visualization and the range of motion is restricted to 4° of freedom 
compared to 7° of freedom of the human wrist [60, 61]. However, the introduction 
of robotic surgical platforms with its enhanced range of motion and better 
visualization has allowed a more natural transition into minimally invasive liver 
operations. Currently, laparoscopic, hand-assisted laparoscopic, hybrid approach 
with laparoscopic mobilization and open parenchymal transection, and robotic 
approaches are utilized in liver resections.

Laparoscopic liver resection has been used with increased frequency and is 
mostly used for nonanatomic liver resections. A large study of 2800 laparoscopic 
liver resections demonstrated that nearly two-thirds of the cases were laparoscopic 
wedge resection or left lateral sectionectomy. The conversion rate was 4% in this 
series. The overall complication rate was 11% with the most common complications 
being bile leak (1.5%) and PHLF (1%). Comparative studies of laparoscopic to 
open approaches have demonstrated increased operative time with a reduction of 
perioperative blood loss and postoperative morbidity and shorter length of stay in 
the laparoscopic groups [45, 62–66]. Oncologic outcomes are similar between 
laparoscopic and open approaches [45, 66].

The largest series utilizing the robotic surgical platform is from Tsung et  al. 
which compared 57 robotic- to 114 laparoscopic-assisted hepatic resections. There 
was no significant difference in intraoperative or postoperative outcomes with the 
exception that the robotic approach was associated with a higher rate of completion 
by a minimally invasive approach (81% vs 7.1%, p < 0.05) [67]. However, a meta- 
analysis pooled seven studies and found laparoscopic liver resection resulted in 
reduced blood loss and shorter surgical times compared to robotic liver resections 
without differences in conversion rate, margin status, or morbidity [68].

Although there is no clear evidence to guide choice of minimally invasive modal-
ity, we feel that the literature supports the use of minimally invasive approaches at 
high-volume centers. The proposed learning curve for laparoscopic liver resections 
is 60 cases and no case volume proposal is available for robotic approach [69]. 
Relative contraindications for minimally invasive major liver resection include 
prior major abdominal surgeries; chronic obstructive pulmonary disease; lesions 
near the vena cava, hilum, or major hepatic veins; and patients with coagulopathy 
or portal hypertension [70]. Absolute contraindications include patients unable to 
tolerate pneumoperitoneum and patients with severe portal hypertension [70].

 Role of Adjuvant Therapy

Adjuvant therapy following curative resection is an unmet need to improve postsur-
gical prognosis. Due to the high rate of recurrence following resection, attempts 
have been made to find adjuncts to resection in an effort to improve recurrence-free 
survival. Recurrence can occur due to dissemination of resected primary tumor 
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(disseminative recurrence) or de novo carcinogenesis in remnant diseased livers (de 
novo recurrence), and precise prediction of these distinct types of recurrence will 
enable tailored preventive intervention accordingly [58]. Sorafenib, an oral multi-
kinase inhibitor, is approved for use in patients with unresectable HCC based on two 
randomized controlled trials [71]. Due to its proven efficacy in advanced HCC, the 
STORM trial was designed to assess the efficacy and safety of sorafenib versus 
placebo as adjuvant therapy after successful surgical resection or local ablation. No 
difference was noted in median recurrence-free survival between the groups, and it 
was concluded that adjuvant sorafenib is not an effective treatment for HCC follow-
ing resection or ablation [72].

For patients with underlying viral hepatitis, interferon (IFN) has been proposed 
as a treatment adjunct. IFN suppresses the replication of HBV and HCV and elicits 
a tumoricidal effect on HCC tumor cells [73–75]. Multiple RCTs have been 
completed with conflicting conclusions. A meta-analysis of seven randomized 
controlled trials with 620 patients demonstrated adjuvant IFN treatment was 
associated with a significant reduction in 2-year mortality risk reduction of 0.65 
(95% CI 0.5–0.8) [76]. IFN was also associated with a significant risk reduction in 
tumor recurrence of 0.86 (95% CI 0.8–0.9) [76]. Two subsequent meta-analyses had 
similar conclusions [77, 78]. Due to methodological limitations of the randomized 
trials, no definitive recommendations have been made to date.

 Liver Transplantation

The first liver transplant was performed by Thomas Starzl in 1963; however it was 
not until after 1980, with the introduction of cyclosporine, in addition to azathio-
prine, prednisone, and antilymphocyte globulin, that patients were able to consis-
tently achieve 1-year survival [79]. This improvement in survival resulted in 
expansion of liver transplantation nationally. Since 2001, HCC has significantly 
increased as a major cause of liver transplantation, and in 2012 it surpassed hepati-
tis C virus as the most common indication for liver transplantation [80]. Liver trans-
plantation is a popular therapeutic option for HCC because it not only removes the 
macroscopic tumors and microscopic foci of HCC but it also replaces the underly-
ing neoplastic liver and prevents the development of complications associated with 
cirrhosis [56].

 Preoperative Assessment

The role for transplantation is limited to patients with low disease burden as litera-
ture has shown patients with small tumors can be cured, while patients with exten-
sive disease have poor outcomes [14]. The Milan criteria are the benchmark for the 
selection of HCC patients for liver transplantation [17]. Accurate extrahepatic 
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staging is necessary and would include CT of the chest and CT or MRI of the abdo-
men and pelvis [17].

In 2002, UNOS changed the allocation prioritization of eligible recipients from a 
Child-Pugh categorized system to a MELD-based system which provides a more 
accurate predictor of waitlist mortality compared to Child-Pugh and is the current 
practice today [81]. Even still, patients placed on the transplant list with HCC meet-
ing Milan criteria often have sufficient liver function, and therefore their MELD 
score often underrepresents their survival prognosis [82]. For this reason, exception 
MELD (eMELD) points are given to HCC patients listed within the Milan criteria 
[82]. The eMELD points given to eligible patients are 22, equivalent to a 15% prob-
ability of death within 3 months, and are increased every 3 months until transplanta-
tion or until the patient no longer meets Milan criteria [82]. Patients with HCC must 
undergo CT or MRI scanning, and alpha-fetoprotein measurements every 3 months 
to document these still are within Milan criteria [17, 82]. Patients found to have 
progressed beyond Milan criteria should be placed on hold and considered for 
downstaging, and patients with progressive disease in whom locoregional interven-
tion is not appropriate should be removed from the waiting list [17].

 Extending Beyond the Milan Criteria: The UCSF Criteria 
and the Metroticket Calculator

There has been a move to extend transplant allocation to patients exceeding Milan 
criteria. Proponents of extension claim that the improved accuracy of imaging tech-
niques has enabled identification of very small lesions that were not detectable 
10 years ago and thus resulted in exclusion of patients who would have historically 
been listed [83]. The UCSF criteria are the most widely used criteria outside of the 
Milan criteria, but most studies report worse overall survival when comparing the 
two criteria [84, 85]. Some studies conclude that measuring response to neoadjuvant 
therapy or downstaging should be used as an adjunct to support listing patients 
within UCSF criteria [86]. Others suggest UCSF criteria are more suitable for cases 
of liver transplantation in living donors but should not be used for listing of deceased 
donor livers [85].

In an effort to more accurately define criteria exceeding Milan that could be uti-
lized in liver allocation, Mazzaferro et  al. developed an algorithm known as the 
Metroticket calculator to identify transplant patients exceeding Milan criteria who 
would have similar survival to those who are within Milan criteria, i.e., a 70% 
5-year overall survival rate [83]. The authors concluded that patients without 
microvascular invasion who fell within the up-to-seven criteria (seven as the sum of 
the size of the largest tumor in centimeters and the number of tumors) achieved 
similar OS to patients meeting Milan criteria [83]. They argue that the up-to-seven 
criteria should be considered to extend liver transplantation to more HCC patients 
[83]. However, the Milan criteria remain the recommended criteria to determine 
transplant-eligible HCC patients.
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 Surgical Technique of Conventional Liver Transplant

The conventional technique utilized in liver transplantation is the bicaval anastomo-
sis (Fig. 8.5a) [79]. This is created by performing the recipient hepatectomy en bloc 
with the native inferior vena cava and replacing with the donor liver and IVC. To 
perform the donor hepatectomy, the components of the hepatic hilum are isolated. 
The left and right hepatic arteries are divided separately. The proper hepatic artery 
is dissected proximal to the origin of the gastroduodenal artery as a patch composed 
of the GDA, and common hepatic artery is used for the subsequent arterial anasto-
mosis. The cystic duct and the common bile duct are divided. The portal vein is 
dissected to the level of the first pancreatic branch. Prior to division of the portal 
vein, the liver is mobilized completely. Once mobilization is complete, the portal 
vein, the infrahepatic IVC, and the suprahepatic IVC are clamped, and the liver is 
removed. Some surgeons prefer to utilize venous bypass during the anhepatic phase. 
Two end-to-end IVC anastomoses are required, one suprahepatic and one infrahe-
patic [56, 80].

Most commonly, end-to-end portal vein, hepatic artery, and common bile duct 
anastomoses are also performed. Technical considerations of the remaining 
anastomoses include maintaining “growth factor” when tying a circumferentially 
run suture in the PV anastomosis which acts to accommodate space for blood flow 
and decrease the likelihood of stricture and subsequent thrombosis. The arterial 
anastomosis includes a Carrel patch on the donor and recipient ends, typically 
creating a patch composed of the donor celiac trunk and aorta to a patch composed 
of the recipient GDA and the proper hepatic artery. The biliary reconstruction can 
be performed via an end-to-end choledochocholedochostomy or a Roux-en-Y 
hepaticojejunostomy, although the Roux-en-Y approach is often reserved for 
re-transplantation, strictured bile ducts, or living donor transplants. 
Choledochocholedochostomy is preferred if possible as it allows preserved function 
of the sphincter of Oddi and allows easy endoscopic access to the biliary system for 
diagnostic and therapeutic purposes [56, 80]. The donor liver can also be divided to 
create split liver transplantation, in which the deceased right donor liver is 
transplanted into an adult recipient and the deceased left donor liver is transplanted 
into a pediatric recipient (Fig. 8.5c).

 Piggyback Technique of Liver Transplantation

When the recipient IVC is preserved, the anastomosis is performed in a “piggyback” 
technique (Fig. 8.5b). The recipient hepatectomy involves complete mobilization of 
the liver off the IVC, including ligation of all hepatic veins. The donor suprahepatic 
IVC is anastomosed to the confluence of the recipient hepatic veins. The remaining 
anastomoses are performed similar to the conventional technique. Modifications of 
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a Conventional technique
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Fig. 8.5 Piggyback technique of liver transplantation. (a) Depiction of a conventional bicaval 
anastomosis transplantation. The donor IVC is placed as an interposition segment of the transected 
recipient infrahepatic and suprahepatic IVC, and two IVC anastomoses are created in an end-to- 
end fashion. (b) Depiction of a piggyback transplantation. The recipient IVC remains intact and 
the donor suprahepatic IVC is sutured to the confluence of the hepatic veins on the suprahepatic 
recipient IVC. (c) Depiction of split liver transplantation, where a single deceased donor liver is 
divided to provide two donor organs. (d) Depiction of living donor right lobe liver transplantation, 
with isolation of the right +/− middle hepatic vein, right hepatic duct, right hepatic artery, and right 
portal vein. (e) Depiction of living donor left lobe liver transplantation, with isolation of the left 
hepatic vein, left hepatic duct, left hepatic artery, and left portal vein. (Reprint from Zarrinpar and 
Busuttil [79])
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the piggyback technique include a side-to-side between the donor IVC and the recipi-
ent IVC or an end-to-side anastomosis between the suprahepatic donor IVC and the 
recipient suprahepatic IVC by extending the common orifice of the hepatic veins [87].

 Surgical Technique of Living Donor Liver Transplant

Living donor liver transplant (LDLT) was first performed in the pediatric population 
and, with its success, was introduced into the adult population. It is an attractive 
option because it can help offload national organ shortages, it provides an opportunity 
for transplantation prior to liver decompensation, the cold ischemic time is 
significantly reduced, and there is a possible immunologic advantage to receiving 
an organ from a haploidentical sibling or patient [88]. The donor liver can be 
provided by a right or left hepatectomy. For the donor right hepatectomy, the first 
step is to take down the falciform ligament toward the hepatic veins and develop the 
sulcus between the right and middle hepatic veins (Fig. 8.5d). A cholecystectomy is 
performed and an intraoperative cholangiogram is captured to determine the 
anatomy of the right biliary system. The hilum is subsequently dissected, isolating 
the right hepatic artery, right common hepatic duct, and right portal vein. The right 
lobe of the liver is mobilized by separating its ligamentous attachments and exposing 
the retrohepatic IVC and dividing the short hepatic veins of the right lobe of the 
liver. The right hepatic vein is isolated and encircled with a vessel loop [88].

The parenchymal transection line is defined by occluding the vascular inflow and 
marked with electrocautery, ensuring the transection line is 2 cm from the middle 
hepatic vein. The parenchyma is divided according to surgeon preference. The right 
hepatic duct is sharply divided close to the liver to avoid injury to the left biliary 
system. The right hepatic artery, portal vein, and hepatic vein are divided. With this 
division, the donor hepatectomy is free, allowing removal and preparation of the 
donor organ by flushing the vascular and biliary structures [88]. A donor left hepa-
tectomy is performed similarly, but isolating the left liver lobe structures (Fig. 8.5e).

Recipient hepatectomy is performed using the piggyback technique, preserving 
the retrohepatic IVC. The implantation can be performed by anastomosing the donor 
right hepatic vein to the recipient right hepatic vein or to the confluence of the 
hepatic veins [88]. The remaining anastomoses are performed as above with the 
exception of the biliary reconstruction which necessitates a Roux-en-Y hepaticoje-
junostomy [88].

 Surgical Outcomes

HCC patients who undergo transplantation within Milan criteria have a recurrence 
rate of 10%. The 1-year and 5-year survival rates after liver transplantation approach 
85% and 70% for deceased donor liver transplantation. There is evidence that the 
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piggyback technique is associated with shorter operative time, shorter anhepatic 
phase, shorter warm ischemia time, and fewer transfusions compared to the 
conventional approach. Additionally, the piggyback technique has been associated 
with improved overall survival and recurrence-free survival [89]. In a propensity- 
matched analysis, LDLT had significantly higher rates of perioperative complications, 
most often biliary complications compared to deceased donor liver transplantation 
(DDLT), while DDLT was more likely to have serious complications leading to 
graft loss. The survival rates were similar for the two techniques, and LDLT appears 
to be a valuable alternative to DDLT at high-volume transplant centers [90].

 Management of Posttransplant Complications

Biliary complications are the most common posttransplant complication and include 
bile duct strictures and biliary leak. Strictures occur in 15% of cases, and treatment 
depends on location of the biliary stricture [91]. Strictures occurring at the biliary 
anastomosis can be early or late onset. Early-onset anastomotic strictures are often 
due to technical issues, while late-onset anastomotic strictures are related to isch-
emic changes resulting in fibrosis [80]. Nonanastomotic strictures result from isch-
emia. ERCP is the best diagnostic modality as it also allows therapeutic balloon 
dilation and stent placement for anastomotic strictures. Management of 
nonanastomotic strictures includes stenting and, if the stricture is limited to the 
extrahepatic ducts, consideration of revising to a hepaticojejunostomy [91]. Bile 
leak occurs in 20% of liver transplantations. Most are self-limiting with adequate 
drainage. If patients demonstrate signs of systemic decompensation, an ERCP with 
sphincterotomy and stent placement should be considered. It is rare that a bile leak 
should need operative revision [91].

Hepatic artery thrombosis occurs at a rate of 2–5%, and half occur <30 days after 
surgery (early onset), while the other half occur after 30 days (late onset). Early- 
onset thrombosis leads to graft loss. If caught early, it can be treated with 
thrombectomy and reconstruction of the arterial anastomosis or re-transplanted. In 
late-onset thrombosis, the graft will often survive due to portal venous flow; however 
the biliary system is completely dependent on arterial blood flow and is more 
sensitive to arterial injury. Duplex ultrasound is used to evaluate the patency of the 
hepatic artery, and a flow less than 200 cc/min is associated with an increased risk 
of hepatic artery thrombosis and primary non-function [92, 93]. Hepatic artery 
stenosis occurs in 2–10%, with early onset occurring in 40% and late onset in 60% 
of patients. Patients with hepatic artery stenosis often have an insidious course, 
making it difficult for diagnosis. Therapeutic interventions include surgical revision 
or percutaneous angioplasty with or without stent placement.

Portal vein thrombosis and stenosis occur around 1% of the time and are more 
common in living donor transplants. Risks of portal vein thrombosis include the 
recipient portal vein thrombus necessitating intraoperative thrombectomy, hyperco-
agulable state, low-flow states, and small vein diameter. Portal vein thrombosis 
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results in early graft loss. Duplex ultrasound is used to diagnose portal vein throm-
bosis and should measure greater than 1 L/min [93]. Like arterial strictures, venous 
strictures can be managed with revision or percutaneous angioplasty.

 Postoperative Management of Recurrent HCC Following 
Transplantation

There is no strong evidence to suggest surveillance imaging or measurement of 
alpha-fetoprotein is necessary following liver transplantation for HCC [17]. There is 
no indication for re-transplantation of recurrent HCC following transplantation, but 
recurrence may be treated by alternative locoregional or systemic modalities [17].

 Comparison of Resection and Transplantation

The optimal treatment for early-stage HCC remains controversial. Studies compar-
ing the two treatment modalities have resulted in mixed conclusions. A propensity 
score-matched analysis from Shen demonstrated comparable long-term survival in 
all patients meeting Milan criteria treated with resection or transplantation, with 
the exception of a subgroup of patients with AFP ≥ 400 ng/mL, in whom an associ-
ated survival advantage was seen with transplantation [94]. Additional larger 
propensity- matched analyses demonstrated an associated improvement in long-
term survival with transplantation compared to resection [95]. A meta-analysis of 
all available literature demonstrated low quality of evidence demonstrating that 
resection is a good alternative to liver transplantation in eligible patients with early-
stage HCC.  To date, there are no randomized controlled trials [96]. Figure  8.6 
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Fig. 8.6 Meta-analysis of seven studies comparing transplantation and resection. The data repre-
sents 5-year overall survival data and odds ratio signifying survival of resection to transplantation 
with 95% confidence intervals. The combined odds ratio is not statistically significant of 0.84 
(95% CI 0.48–1.48). (Reprinted from Proneth et al. [96])
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represents the meta- analysis comparing survival following surgical resection to 
survival following liver transplantation. There was no significant difference in sur-
vival in the pooled analysis [96].

HCC recurs or develops de novo in 50–80% of patients at 5-years post liver 
resection [51]. Recurrence rates following liver transplantation are much lower, 
reported at 4–10% if transplantation is performed within Milan criteria [14]. 
Recurrence in a native liver following surgical resection decreases the 5-year sur-
vival rates from 50–80% to 39–48% [51, 97]. Recurrence in a transplanted liver 
decreases the 5-year overall survival rate from 95% to 60% [51]. The most thorough 
comparison of resection and transplantation includes an intention-to-treat analysis 
and thus incorporates drop-out time associated with the transplant waiting list. 
Studies have demonstrated that the survival benefit of transplantation for HCC is 
most significant when patients wait less than 6 months from the time of listing [5]. 
Koniaris performed an intention-to-treat comparison of resection and transplanta-
tion, finding 1-year and 5-year survival of 92.0% and 63.0% for resection and 83.0% 
and 41.0% for transplant (p = 0.036) [98]. For this reason, some suggest that trans-
plantation is the preferred treatment of choice for early-stage HCC, but resection 
should be the preferred option in regions where access to transplant is not available 
or is expected to exceed 6 months [99]. There is no strong evidence favoring one 
surgical treatment over the other. We consider both to be excellent options with 
comparable outcomes.
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Chapter 9
Interventional Radiologic Therapies 
for Hepatocellular Carcinoma: 
From Where We Began to Where We Are 
Going

Patrick D. Sutphin, Daniel Lamus, Sanjeeva P. Kalva, Junjie Li, 
and Ian R. Corbin

 Introduction: Liver and Tumor Blood Supply

The liver is the recipient of a dual blood supply. The portal vein transports venous 
blood from the gastrointestinal tract and spleen to the liver and accounts for approxi-
mately 75% of the blood flow to the liver and 50% of the oxygen content. The arte-
rial supply to the liver from the hepatic artery provides 25% of the blood supply and 
the remaining 50% of the oxygen. This relationship of the two blood supplies to 
discrete components of the liver inspired the investigation of the role of the two 
blood supplies in pathologic processes. Wright et al. examined liver necropsy speci-
mens from 15 patients with metastatic liver disease following the injection of gelatin 
stained with either carmine (red) into the portal vein or Berlin blue into the hepatic 
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artery. The tumor type was variable. In all cases, with the exception of microscopic 
disease, the tumors stained blue consistent with a hepatic arterial supply (Fig. 9.1). 
Histologic examination demonstrated that the branching arteries, arterioles, and 
capillaries could be traced back to branches of the hepatic artery [1].

Similarly, in the exploration of the hepatic circulation in rabbits, Breedis et al. 
demonstrated that injection of the portal vein with India ink resulted in intense 
staining of the hepatic parenchyma, whereas hepatic tumors failed to stain. In con-
tradistinction, tumor tissue and liver parenchyma stained with India ink following 
injection of the hepatic artery [2]. These findings suggested that hepatic tumors 
were supplied predominantly, or perhaps exclusively by the hepatic artery (Fig. 9.2). 

Fig. 9.1 Section of human 
liver containing multiple 
metastatic lesions. The liver 
was excised from human 
cadaver, and the hepatic 
artery and portal vein was 
cannulated and perfused 
with solutions of blue and 
red gelatin, respectively. 
Note all the metastatic 
lesions were stained with 
the blue gelatin, while the 
surrounding liver 
parenchyma was stained 
with red gelatin

Fig. 9.2 Diagram showing 
the blood supply to the 
liver and hepatic tumor. 
The tumor derives 95% of 
its blood supply from the 
hepatic artery. Normal liver 
parenchyma receives 75% 
of its blood supply from 
the portal vein and the 
remaining 25% from the 
hepatic artery
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The study was extended to include metastatic human disease, and the results 
reported in 11 livers obtained at autopsy confirmed the hepatic arterial supply to 
metastatic liver disease through injection experiments and histologic quantification 
of arterial versus portal venous vessels [2].

 Physiologic Targeting Through the Hepatic Artery

 Hepatic Artery Ligation

Interruption of the hepatic arterial supply to hepatic tumors was proposed as early as 
1952 [3]. Breedis et al. reported attempting hepatic artery ligation in a small series 
of rabbits with VX2 carcinoma without evidence of tumor regression. Details and 
data from the small series were not provided. It was noted that the failure of regres-
sion may be secondary to the rich collateral supply to the liver so that the arterial 
supply to the tumors was not completely eliminated [2]. Nilsson and Zettergren later 
examined tumor vascular supply in an induced model of primary hepatic malignancy 
in rats. After chemical induction of cirrhosis with 3′-methyl-4- 
dimethylaminoazobenzene (3′-Me-DAB), the rats developed hepatocellular carci-
noma, cholangiocarcinoma, and mixed hepatocellular and cholangiocellular 
carcinomas. Vascular supply to the tumors was examined with x-ray micrography 
following infusion of 30% barium sulfate into either the hepatic artery or portal vein 
after euthanasia. The authors concluded that cholangiocarcinoma was supplied 
exclusively by the hepatic artery and that hepatocellular carcinoma is supplied by the 
hepatic artery, but it likely receives a contribution from the portal vein as well [4]. In 
the same rat model of induced liver cancer, Nilsson and Zettergren ligated the hepatic 
artery at the hilus in 19 rats and observed necrosis of tumors with some demonstrat-
ing reduction in size and no viable tumor on microscopic examination [5].

Clinical demonstration of the benefit of hepatic artery ligation was reported in 
1964  in a patient with gastric carcinoma with liver metastasis. During a surgical 
procedure, the hepatic artery was accidently obstructed. The patient died 30 h post 
procedure, and autopsy revealed severe necrosis of the tumor with only slight 
damage evident in the surrounding liver [6]. Gelin et  al. demonstrated a 90% 
reduction in blood flow to tumor tissue following hepatic artery ligation in three 
patients, compared to a 35–40% reduction in normal hepatic parenchyma [7]. 
Subsequent investigation of hepatic dearterialization in 27 patients did not provide 
survival benefit, but it was acknowledged to result in necrosis in the majority of 
tumor cells. It was concluded that the hepatic dearterialization should not be a 
stand-alone procedure but combined with other methods of treatment [8]. The 
failure of hepatic dearterialization to result in clinically meaningful benefit is 
secondary to the rich hepatic arterial collateralization. Angiographic studies of ten 
patients following hepatic artery ligation and dearterialization demonstrated the 
rapid development of arterial collateralization as early as 4 days post procedure, the 
earliest time examined (Fig. 9.3) [9].
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The development of techniques to directly catheterize branches of the aorta pre-
sented an opportunity to more directly administer antineoplastic agents or radioac-
tivity directly to tumoral tissue. In 1951, Bierman described the experience of 
catheterizing the celiac and hepatic artery in 50 patients, most of whom had neo-
plastic involvement of the liver. In addition to describing the technique for hepatic 
catheterization, many of the angiographic hallmarks of tumor tissue were also 
reported including the increased vascular outlines of the tumor with small bizarre 
and disorderly branching patterns arising from disproportionately large parent arter-
ies. It was also recognized that in addition to the diagnostic potential of hepatic 
angiography for liver metastases, hepatic artery catheterization also provided a 
direct conduit for therapeutic delivery [10, 11].

 Hepatic Artery Infusion

Long-term hepatic artery infusion was evaluated in 28 patients with either primary 
or secondary liver cancer via transbrachial artery approach by Clarkson et al. in the 
early 1960s. Successful hepatic artery cannulation was achieved in 23 out of 28 
patients with long-term administration of antimetabolic agents (e.g., 5-fluorouracil, 
methotrexate). Significant regression was reported in 9 of 16 patients, but it was 
noted to be brief, and it was ultimately concluded that the procedure may be of 
doubtful clinical benefit [12].

Fig. 9.3 Aortography 
40 days after hepatic artery 
obstruction. At least two of 
the intercostal arteries 
(arrow) are widened and 
give collateral vessels to 
the liver
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 Transarterial Embolization

Chuang and Wallace sought to address the rapid arterial collateralization that fol-
lowed hepatic ligation with both proximal and distal embolization of the hepatic 
artery. Forty-seven patients with primary or secondary liver cancer were examined 
across 72 embolization procedures from 1972 to 1979. Patients were embolized 
with a combination of gelatin sponge to the peripheral hepatic artery bed and 
proximal embolization with a stainless steel coil. The majority of patients had prior 
systemic or intra-arterial infusion of chemotherapy, and when chemotherapy failed 
hepatic artery embolization was the subsequent treatment option. Patients in the 
series had a median survival of 11.5 months from the embolization. The authors 
compared median survival times from the literature and from their own institution, 
leading the authors to conclude that this is an effective treatment for hepatic 
neoplasms [13].

 Transarterial Chemoembolization

Kato et al. formally introduced the concept of chemoembolization with the intra- 
arterial delivery of mitomycin C encapsulated in ethylcellulose microparticles 
(225 μm) to treat a variety of tumor types at different sites. The concept was that the 
embolic agent would add ischemia and prolong transit through the arterial system 
improving localized drug delivery [14]. Though the patients demonstrated a high 
rate of response, the data did not suggest survival benefit in patients with several 
metastases but did often provide symptomatic relief. Chemoembolization was 
further studied in 120 patients with unresectable hepatoma. The authors mixed 
either mitomycin C or Adriamycin with gelatin sponge and contrast to embolize 
hepatic tumors. Objective tumor response was observed in 75% of cases, and the 
1-year survival was 44% which was greater than that observed with surgery at that 
time 28% [15].

Nakamura et al. compared the chemoembolization with gelatin sponge in 104 
patients to 100 patients treated with doxorubicin mixed with iodized oil infused 
intra-arterially followed by gelatin sponge embolization [16]. Compared with intra- 
arterial doxorubicin alone, serum concentrations of doxorubicin were significantly 
lower in patients treated with the in-oil emulsion. The authors compared the 
cumulative survival of 100 patients treated with iodized oil chemoembolization to a 
historical control of 104 patients treated with gelatin sponge chemoembolization 
with the suggestion of a survival benefit. A comparison of intra-arterial delivery of 
a doxorubicin-iodized emulsion with or without gelatin sponge embolization 
demonstrated significantly higher rates of complete tumor necrosis with the 
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inclusion of gelatin sponge embolization, 83% versus 13% [17]. No comparison 
was made between iodized oil and gelatin sponge embolization with and without 
doxorubicin.

 Randomized Controlled Trials

Early studies in the use of transarterial embolization and transarterial chemoembo-
lization compared the results across multiple tumor types, and the results were gen-
erally compared to historical controls. It was not until the late 1980s that randomized 
control studies were performed. In one of the early randomized controlled trials, Lin 
et al. randomized patients into three groups with 21 patients each. Group 1 patients 
had multiple rounds of hepatic artery embolization with polyvinyl alcohol particles 
and Gelfoam powder or cubes. Group 2 had a single HAE followed by monthly 
chemotherapy with 5-fluorouracil, and Group 3 was treated with 5-fluorouracil 
only. The results of the study found a survival benefit of multiple HAE over 5-fluo-
rouracil alone [18].

Pelletier et al. randomized 42 patients to either be treated with Gelfoam chemo-
embolization or symptomatic treatment [19]. No significant difference in survival 
was noted between the two patient groups. A subsequent study by Pelletier et al. that 
randomized patients to lipiodol chemoembolization versus symptom control also 
failed to demonstrate a survival benefit for chemoembolization [20]. The lack of 
benefit has been attributed in part to broad selection criteria with patients treated up 
to age 80, with patients treated with bilirubin up to 2.8 mg/dL, and greater fraction 
of patients with performance status of 1 or greater.

Bruix et  al. designed a randomized controlled trial to compare transarterial 
embolization with gelatin sponge cubes and proximal embolization with a steel coil 
when feasible (40 patients) to symptomatic control (40 patients). Though 55% of 
the patients in the TAE group demonstrated a partial response, no survival benefit 
was found between the TAE group and the symptom control group [21].

It was not until May 2002 that a pair of randomized controlled trials demon-
strated a survival benefit of TACE relative to symptomatic control. In an asian ran-
domized controlled trial in Okuda stage I/II HCC patients, Lo et al. demonstrated a 
survival benefit in patients with unresectable HCC treated with lipiodol chemoem-
bolization with cisplatin compared to symptomatic treatment (Fig. 9.4a) [22]. In 
this study, 80% of the patients were seropositive for hepatitis B.  The cohort of 
patients that was randomized to chemoembolization had a 57%, 31%, and 26% 
survival at 12, 24, and 36 months compared to a 32%, 11%, and 3% survival in 
patients that had symptomatic control. Similarly, 112 patients in a European cohort 
were randomly assigned to one of the three treatment arms (Fig.  9.4b) [23]. 
Treatment group 1 underwent transarterial embolization with gelatin sponge, group 
2 underwent transarterial chemoembolization with gelatin sponge and doxorubicin 
with lipiodol, and group 3 received symptomatic treatment. The survival benefit 
observed in the study has been partially attributed to the restrictive selection criteria 
with an effort to exclude patients with factors that may lead to treatment intolerance 
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or failure. The survival probability at 1 and 2 years with chemoembolization was 
82% and 63% which was significantly higher relative to the symptomatic control 
group which had a 63% and 27% at 1 and 2 years. Embolization with Gelfoam had 
a survival probability of 75% and 50% at 1 and 2 years, which was not statistically 
different than either the chemoembolization group or symptomatic control group. It 
should be noted that the study was terminated early after the ninth sequential 
inspection revealed a survival benefit in patients treated with TACE relative to con-
servative treatment. The early termination of the study potentially underestimates 
the survival benefit of transarterial embolization relative to conservative manage-
ment [23, 24].

Since the above trials TACE has become the standardized treatment for interme-
diate stage HCC. Additional developments in chemoembolization include the intro-
duction of drug-eluting beads into the chemoembolization regimen. DC Beads were 
introduced in 2004 and represent an embolic drug delivery system [25]. The beads 
are biocompatible nonresorbable polyvinyl alcohol hydrogel beads which can be 
loaded with doxorubicin (Fig. 9.5). Preclinical and early clinical studies demon-
strated embolization with DC Beads resulted in higher intratumoral doxorubicin 
concentrations and less systemic exposure relative to lipiodol TACE. Doxorubicin- 
eluting bead TACE (DEB-TACE) was directly compared to conventional TACE 
(cTACE) in a phase II randomized control multicenter trial (PRECISION V). Two 
hundred twelve patients were randomized to either receive cTACE or DEB- 
TACE. DEB-TACE was performed with one vial of 300–500 μm beads followed by 
one vial of 500–700 μm beads with 150 mg doxorubicin delivered per procedure. 
Tumor response was evaluated at 6 months according to the European Association 
for the Study of the Liver (EASL) criteria. Though there was a slight trend toward 
improved response with DEB-TACE, superiority of DEB-TACE over cTACE was 
not demonstrated statistically. cTACE had a complete response, objective response, 
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and disease control rate of 22%, 44%, and 52%, respectively, compared to 27%, 
52%, and 63%, respectively, for DEB-TACE [26]. The study found improved toler-
ability of DEB-TACE with fewer adverse effects relative to cTACE. A subsequent 
randomized controlled study of 177 patients randomized to either DEB- TACE or 
cTACE found no significant difference in  local or overall tumor response and 
median time to progression of 9 months in both arms. In this study DEB-TACE was 
performed with 100–300 μm beads loaded with 50 mg doxorubicin per vial, and 
cTACE was performed with a maximum dose of 75 mg epirubicin. The incidence of 
adverse events was also similar between the two groups with the exception of less 
post-procedural abdominal pain in the DEB-TACE group. The overall 1- and 2-year 
survival rates for cTACE were 83.5% and 55.4% compared to 86.2% and 56.8% for 
DEB-TACE [27].

 Radioembolization

 Early Evaluation

In addition to chemotherapy, arterial catheterization provides an avenue for the 
delivery of radioactive agents directly to tumor tissue [28]. In the context of 
radiotherapy, infusional therapy is less favorable due to the risks of systemic 
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accumulation of radioisotopes and the potential of excretion of radioactivity. Thus, 
the advantage of lodging the therapeutic radioisotope in the precapillary bed of 
tumor tissue was recognized early. Initial studies of intravascular delivery of radio-
activity were performed for the treatment of lung cancer. Muller and Rossier injected 
particulate radioactive gold (Au 198) on charcoal intravenously with deposition in 
the lungs for the treatment of lung cancer [29]. Later studies evaluated the use of 
radioactive particles in both animals and human for the treatment of cancer.

Grady et al. examined the use of intravascular injection of large yttrium-90 oxide 
particles in rabbits, dogs, and subsequently human patients [30]. Intravascular 
injection of yttrium-90 oxide particles was used to treat 12 patients with lung and 
pelvic cancer and 5 patients with primary or secondary liver cancer [30]. Other 
embolic agents used in other early studies with intra-arterial radiation therapy 
include ceramic microspheres manufactured by the Minnesota Mining and 
Manufacturing Company (3M) labeled with yttrium-90 and a resin microsphere 
labeled with phosphorus-32 [31–35].

One of the early complications of the administration of the ceramic microspheres 
were the development of numerous small petechial-like irradiation reaction sites 
due to the gravity-dependent posterior deposition of microspheres due to the heavy 
density of the particles [32]. Delivering the microspheres in the prone position 
resolved this complication. The difficulty with suspension of the radioactive 
particles in solution for intra-arterial delivery with either yttrium oxide or ceramic 
microspheres led to the transition to the resin-based microsphere [36].

 Yttrium-90

Yttrium-90 has many characteristics that make it a suitable radionuclide for the 
treatment of cancer. Y90 is a high-energy (maximum 2.27  MeV with mean of 
0.937 MeV) pure beta emitter as it decays to zirconium 90. There is limited tissue 
penetration of the high-energy beta ray with an average distance of 2.5 mm and 
maximum of 11 mm [37, 38]. The limited tissue penetration provides focal radiation 
exposure without adverse effect to the bone marrow or the need for isolation of the 
patient (Fig. 9.6). The half-life is short at 2.67 days, and greater than 95% of the 
radiation is delivered within 2  weeks [35, 36]. In addition, the Bremsstrahlung 
gamma ray produced secondarily by beta activity is sufficient for both radiation 
survey with a Geiger-Muller counter and imaging of microsphere deposition.

 Current State

A shift in the algorithm for the treatment of intermediate stage HCC may be under-
way. Recently, Salem et al. provided the rationale for the institutional decision to 
transition to radioembolization with Y90 as the primary treatment for HCC based on 
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a 15-year experience with 1000 patients [39]. Though no survival benefit has been 
demonstrated with Y90 in intermediate stage HCC, Y90 does have some advantages 
over TACE. A recent randomized control phase II study compared cTACE with Y90 
radioembolization in the treatment of HCC.  Radioembolization demonstrated 
improved time to progression, the study’s primary endpoint. Radioembolization 
patients had a median TTP of >26  months compared to 6.8  months in cTACE 
patients. Despite the differences in TTP, no survival benefit was demonstrated [40]. 
Similar results were obtained in a retrospective propensity- matched study compar-
ing segmental radioembolization to segmental TACE with the findings of increased 
progression-free survival with radioembolization [41].

a

c d

b

Fig. 9.6 A 73-year-old man with alcoholic cirrhosis and segment VI hepatocellular carcinoma 
treated with Y90 radiation segmentectomy. (a) Arterial phase and (b) delayed phase coronal 
images from a four-phase CT demonstrate a 3.6  cm segment VI LiRads-5 lesion with arterial 
enhancement and delayed washout and pseudocapsule. (c) Segmental angiogram just prior to 
delivery of Y90 glass beads. (d) SPECT-CT from technetium-99m macroaggregated albumin 
(99mTc MAA) from planning study demonstrating preferential delivery of arterially administered 
99mTc MAA to tumor tissue relative to adjacent liver
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In addition to increased time to progression, radioembolization is associated 
with improved quality of life relative to TACE. Retrospective studies have found a 
reduced rate of post-embolization syndrome and post-procedure hospitalization. A 
prospective study assessed the quality of life at 2 and 4 weeks posttreatment. Despite 
more advanced disease, radioembolization improved quality of life related to func-
tional well-being and social well-being relative to TACE patients. In the phase II 
randomized controlled trial, delayed toxicities occurred in 3 of 21 cTACE patients 
and in 4 of 24 patients. It was reported that three of the four patients with delayed 
toxicity following radioembolization were related to ascites. Ascites has been found 
to be associated with reduced quality of life in cirrhotic patients [42–44].

Finally, another advantage of radioembolization over TACE is the ability to treat 
patients with portal vein invasion and occlusion. It was recognized early in the treat-
ment of patients with HCC with embolization techniques that patients with portal 
vein invasion were at higher risk for complications and death. Yamada et al. demon-
strated that five of nine patients treated with transarterial embolization with gelatin 
sponge mixed with chemotherapy died within 30 days. In three of the cases, exten-
sive necrosis was observed in the tumor as well as the surrounding liver parenchyma 
[15]. The smaller particle size in radioembolization is used primarily for the intra-
tumoral distribution of the radionuclide and results in less arterial occlusion and less 
ischemia than with TACE. The lack of embolic effect and induction of ischemia 
reduces the risk of hepatic necrosis in patients with compromised portal flow broad-
ening the spectrum of treatable disease.

 Innovations in Transarterial Therapies

There has been a steady increase over the last several years in the use of transarterial 
locoregional treatments for HCC. Despite the increasing interest and popularity of 
radioembolization, TACE remains the most common palliative treatment for HCC 
[45, 46]. Population-based data demonstrate that more patients with HCC are treated 
with TACE than all other HCC therapies combined [45, 46]. Unfortunately, progress 
toward improving survival or palliation with conventional transarterial approaches 
has been slow. To overcome this incremental pace forward, innovative strategies 
utilizing novel delivery systems should be employed. Nano- and microscale drug 
carriers have received considerable attention in recent years as they promise to 
improve the bioavailability, solubility, delivery efficiency, and therapeutic effective-
ness of anticancer agents. To date, there are numerous preclinical publications in the 
field of interventional oncology, many of which describe the transarterial delivery of 
conventional chemotherapies (e.g., doxorubicin) via polymer or liposome-based 
carriers. These approaches, however, are more or less extensions of current treat-
ment paradigms. Biomimetic or bioinspired vehicles represent a truly novel class of 
nanocarriers that offer a highly innovative and “out- of- the-box” approach to nano-
medicine. Bioinspiration and biomimicry describe technologies that exploit or reca-
pitulate biological materials not only from the standpoint of chemistry and structure 
but also in terms of their biological characteristics and functions [47]. Nature serves 
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as the perfect source of inspiration for designing biomaterials and nanotechnologies 
that are able to overcome the many physical and biological barriers that impede suc-
cessful drug delivery to tumors [48, 49]. Whether these technologies exploit natural 
molecular assemblies, organisms, or cells, this innovative approach enables unprec-
edented access, entry, and delivery of therapeutic payloads into cells via seamless 
natural biological processes [47]. In this section we will describe various preclinical 
bioinspired nanoparticle strategies that have been used in conjunction with transar-
terial delivery for the treatment of HCC; these include immune cell, viral, and lipo-
protein-like carriers.

 Natural Killer Cell-Based Therapy

Immune-cell-like therapies have received much attention in cancer research, due to 
the intrinsic tumoricidal and cytotoxic capacity of these cells. Human natural killer 
(NK) cells are cytotoxic lymphocytes that play a critical role in the innate immune 
system and tumor immune-surveillance [50]. Not requiring prior activation or anti-
gen priming these cells are able to identify and kill their target tumor cells in the 
absence of major histocompatibility complex (MHC) presentation [51, 52]. 
Furthermore, NK cells are known to function as effectors of innate immunity, their 
secretion of cytokines, such as IFNγ and TNFα, can activate macrophage, dendritic 
cells and neutrophils, which subsequently enables antigen-specific T and B cell 
responses. More recently NK cells have also been implicated in playing a role in 
the adaptive immune response [52]. For many of the aforementioned reasons NK 
cell- based adoptive transfer immunotherapy (ATI) holds great promise for the 
treatment of solid tumors, including HCC. The clinical experience with NK-ATI, 
however, has only produced modest results for cancer patients [53, 54]. Two hur-
dles that currently limit the efficacy of NK-ATI include: (1) inadequate homing 
efficiency of NKs to the targeted tumors and (2) lack of well-established noninva-
sive tools for predicting the NK-ATI response. To address these issues the group of 
Larson and Zhang studied the transarterial delivery of superparamagnetic iron 
oxide (SPIO) labeled NK cells in a rat model of HCC [55, 56]. The SPIO-label 
allowed for in vivo noninvasive tomographic tracking and quantitation of NK cells 
by MRI, while the local delivery through the hepatic artery ensured adequate tar-
geting of the HCC lesion. These studies showed that as early as 24 or 48 h after 
local transarterial delivery of SPIO-labeled NK cells, MRI was able to track NK 
cell homing to the targeted tumor [56]. An increase in the MRI R2∗ relaxivity sig-
nal within the tumor at 24 h was indicative of SPIO-NK cell accumulation within 
the tumor (see Fig. 9.7a) [56]. Histological evaluations confirmed these findings as 
high immunostaining for CD56 expression, a marker for NK cells, was also found 
in the HCC lesions. The early uptake of SPIO-NK cells correlated with the thera-
peutic response of marked tumor growth inhibition measured at 8 days post treat-
ment (Fig.  9.7b) [56]. Collectively, these findings demonstrate the utility of 
transarterial NK-ATI for HCC therapy. Furthermore, serial MRI monitoring of NK 
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migration to targeted tumors is feasible and early post treatment imaging of tumor 
R2∗ may serve as an important biomarker for prediction of longitudinal treatment 
response.

 Virus-Based Therapies

Viruses naturally exhibit several characteristics that are of interest for drug delivery 
due to their intrinsic ability to avoid immune system recognition and gain entry into 
cells. In this capacity viruses can serve as viral vectors for gene delivery or as tumor- 
targeted replication-competent viruses (i.e., oncolytic agents). In this section we 
will review transarterial applications of vesicular stomatitis virus (oncolytic virus) 
and adenovirus (gene vector) for the treatment of HCC.

 Vesicular Stomatitis Virus: Oncolytic Virus

Vesicular stomatitis virus (VSV) is an enveloped, negative-strand RNA virus 
(Rhabdoviridae family) that infects a wide variety of mammalian cells. Typically, 
this virus does not persist in normal cells due to the induction of interferon and the 
robust antiviral response. Conversely, in many tumors the IFN-responsive antiviral 
pathways are defective; hence this virus selectively replicates at high rates in tumor 
cells [57]. As VSV replicates, it destroys the infected tumor cell by oncolysis, 
releasing new infectious virus particles that go on to destroy neighboring cancer 
cells. Compared with other replication-competent oncolytic vectors, VSV is 
particularly appealing due to its rapid replication rate (8–10 h in tumor cells) [58]. 
Such high rates of viral replication enable rapid antitumor effects within hours of 
injection, and significant tumor destruction could occur before the initiation of 
potentially neutralizing antiviral immune responses. Studies from the Woo lab 
demonstrated that hepatic arterial infusion of recombinant VSV at the maximum 
tolerated dose (MTD) in tumor-bearing rats resulted in efficient viral transduction 
of multifocal HCC lesions, tumor-selective viral replication, and extensive oncolysis 
(Fig. 9.8a, b) [58]. Importantly, no significant vector-associated hepatotoxicity was 
noted. Finally, survival of vector-treated rats was substantially prolonged over that 
of animals in the control treatment group (p < 0.028) (Fig. 9.8c) [58]. The therapeutic 
window of VSV administered at MTD, however, is quite narrow as neurotoxicity 
and acute lethal hepatotoxicity are seen at doses above MTD [59]. To improve the 
safety of the VSV-based oncolytic virotherapy, this group recently evaluated the 
prophylactic administration of IFN-α (equivalent to clinical dose prescribed to viral 
hepatitis patients) in tumor-bearing rats before transarterial VSV therapy. The 
investigators concluded that IFN-α pretreatment was able to quench any lethal 
systemic proinflammatory responses triggered by high loads of administered 
VSV. This intervention increased the VSV MTD by ½ log unit [59]. Intratumoral 
VSV replication was not attenuated by exogenous administration of IFN-α, and 
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tumor response and survival advantages in the VSV-treated rats greatly surpassed 
that of untreated controls [59]. These findings are particularly pertinent as human 
IFN-α is currently in clinical use, thus its prophylactic application could be consid-
ered in future translational protocols of VSV-mediated oncolytic therapy against 
cancer.

 Adenovirus: Gene Vector

In addition to serving as an oncolytic virus, adenovirus can also function as a viral 
vector for cancer gene therapy. The adenoviral vectors are engineered such that viral 
genes are deleted and replaced with a cassette that expresses a foreign therapeutic 
gene. Typically the expression cassette is associated with a high-activity promoter 
such as the cytomegalovirus (CMV) immediate early promoter which efficiently 
drives expression of the foreign transgene. In addition to their capacity to serve as 
vaccines, adenovirus vectors have also received considerable attention for their role 
as gene delivery vehicles in cancer therapy. Studies by Shiba et al. examined the 
efficiency and selectivity of adenovirus gene delivery to HCC using hepatic artery 
administration followed by tumor vessel embolization [60]. The rationale for this 
strategy is that the secondary arterial embolization would allow the adenovirus 
particles to remain within the tumor vicinity to exert a more potent and selective 
gene transfer to tumor cells. These investigators went on to conclude through 
β-galactosidase staining that this approach of combining adenovirus vector 
(expressing β-gal) and degradable starch embolic microspheres did enable efficient 
gene transfer with a high tumor selectivity to HCC in rats [60]. Mutation of the 
tumor suppressor, p53, is one of the most common mutations in HCC biology and 
represents an attractive target for gene therapy. Restoration of wild-type p53 
function in tumors through ectopic expression of exogenous p53 gene is anticipated 
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to suppress tumor growth through the induction of tumor cell death and cell cycle 
arrest. This was demonstrated by the work of Anderson et al. who showed that four 
daily hepatic artery treatments of recombinant adenovirus encoding wild-type p53 
(rAd-p53) suppressed tumor growth when compared with untreated rats or animals 
treated with control adenovirus particles [61]. These findings demonstrate the 
potential for arterial gene delivery to tumors using recombinant adenoviruses, and 
support continued investigation of rAd-p53 gene therapy for liver malignancies. 
More recently this strategy was combined with TACE in a small cohort of patients 
with unresectable HCC [62]. This study found rAd-p53-based TACE could improve 
the overall survival (hazard ratio, 0.58; 95% confidence interval, 0.35–0.96; P, 
0.035), progression-free survival (hazard ratio, 0.60; 95% confidence interval, 0.37–
0.97; P, 0.037), and response rate (P, 0.047) compared with TACE monotherapy 
[62]. Patients receiving this combination therapy, however, did experience more 
occurrences of fever than with TACE alone (P  =  0.01). Future larger-scale 
prospective randomized clinical trials are warranted to assess the efficacy and safety 
of rAd-p53-based TACE treatment for HCC.

 Lipoprotein-Mediated Delivery of Omega-3 Fatty Acid

In recent years our own laboratory has developed a unique biologic nanomedicine 
for transarterial treatment of HCC. Our nanomedicine is engineered from circulating 
plasma low-density lipoproteins (LDL) (Fig.  9.9). These endogenous nanoscale 
lipid carriers are stripped of their neutral lipid cargo (cholesterol and triglycerides) 
and reconstituted with the natural polyunsaturated fatty acid, docosahexaenoic acid 
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Cholesteryl ester

Apoprotein B-100Fig. 9.9 Schematic 
diagram of plasma 
low-density lipoprotein 
(LDL). LDL a quasisperical 
particle that is 
approximately 20 nm in 
diameter. Overall the LDL 
particle is organized into 
two major domains, 
namely, a central apolar 
core of cholesteryl esters 
and triglycerides 
surrounded by an 
amphipathic shell 
consisting of a phospholipid 
monolayer, free unesterified 
cholesterol, and a single 
molecule of apolipoprotein 
B-100. (Credit: 
ellepigrafica/Shutterstock.
com)
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(DHA) [63]. We refer to this reconstituted LDL particle as LDL-DHA.  Like its 
natural predecessor, LDL-DHA retains its affinity for LDL receptor and is readily 
taken up by peripheral tissues [63, 64]. Malignant tumors, in particular, are known 
to avidly sequester circulating LDL [65, 66]. Rapidly proliferating neoplastic tis-
sues readily extract plasma LDL in order to acquire cholesterol to support mem-
brane turnover and growth signaling [67, 68]. Tumor tissues also aggressively 
endocytose LDL-DHA nanoparticles expecting to acquire cholesterol; however the 
unintended deposit of DHA elicits cytotoxicity to the tumor cells. HCC like many 
other tumors maintains higher levels of oxidative stress compared to their normal 
counterparts [69–71]. The high levels of intracellular reactive oxygen species (ROS) 
can be highly destructive to cell membranes enriched with polyunsaturated fatty 
acids (PUFA). As such malignant tumors favor the expression of saturated and 
monounsaturated fatty acids in their lipid membranes over PUFAs [72]. Indeed, 
several independent studies have shown that HCC tissues have significantly lower 
polyunsaturation indices compared to adjacent nonmalignant liver [73, 74]. Thus in 
principle, LDL-DHA treatments reverse the lipid metabolic reprogramming of 
tumor cells by introducing PUFAs and sensitizing them to the damaging effects of 
their deviant redox biology [75]. The cellular demise of treated HCC is perpetuated 
as LDL-DHA selectively deregulates cellular antioxidant defenses (e.g., glutathione 
content, glutathione peroxidase 4 activity) and induces lethal lipid peroxidation in 
HCC cells in a dose-dependent manner [64, 76]. Transarterial delivery enables 
LDL-DHA nanoparticles to reach HCC tumors at high concentrations without sys-
temic dilution. Unlike the traditional gelatin sponge or microsphere embolics which 
primarily lodge in peritumoral vessels [77, 78], the nanoscale size of LDL- DHA 
(22 nm) enables it to permeate into the tumor capillary bed and interact at the cell 
surface where it is endocytosed into tumor cells via receptor-mediated endocytosis. 
Preclinical studies revealed that following LDL-DHA treatment rat hepatomas 
(similar to in vitro cell experiments) selectively undergo marked oxidation of gluta-
thione and NADPH couples, depletion of GPx4, and pronounced lipid peroxidation 
which culminate in extensive necrosis of the tumor (Fig. 9.10) [64]. This form of 
cell killing was recently described as ferroptosis [76], a non- apoptotic programed 
necrosis that is iron-dependent and characterized by the accumulation of lipid per-
oxides [79, 80]. Concurrently, the surrounding liver tissue is also exposed to LDL-
DHA; however here it is well tolerated without redox disturbances or hepatic injury 
[64]. In normal hepatocytes DHA is likely enzymatically metabolized to nontoxic 
end products or esterified in membrane or neutral lipids. Studies are ongoing in our 
lab to elucidate the regulatory mechanisms governing the divergent metabolism of 
DHA in normal and malignant cells.

 Multifaceted Antitumor Effects of DHA

To date, the anticancer actions of LDL-DHA are primarily attributed to the copious 
levels of lipid ROS generated in tumor cells. Recently numerous other groups have 
also investigated the effects of nanoparticle-free unesterified DHA and have 
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implicated it in mediating multiple pathways of anticancer activity (see Fig. 9.11) 
[81–83]. Studies by Lim et al. have indicated that omega-3 PUFAs antagonize Wnt/
β-catenin pathway signaling through modulation of GSK-3β/proteasome activity 
[84]. Thus by stabilizing the β-catenin degradation complex, DHA promotes 
β-catenin degradation. In this same study, the authors also reported that DHA inhib-
its prostaglandin E2 signaling by downregulating COX-2 expression while concur-
rently upregulating the COX-2 antagonist 15-hydroxyprostaglandin dehydrogenase 
[84]. These actions work in concert to suppress inflammation and tumor growth. 
Omega-3 PUFAs and their metabolites are also natural ligands for peroxisome pro-
liferator-activated receptor (PPAR) [85, 86]. In this capacity DHA is able to sup-
press Iκκ/NF-κβ [87–89] and HIF-1α/VEGF signaling [90, 91]. The latter is 
particularly relevant, as conventional embolic therapies elicit a pronounced VEGF 
response which is associated with high rates of tumor recurrence [92, 93]. Other 
activities include the suppression of signaling growth factors (e.g., RAS and protein 
kinase C). DHA has also been cited to antagonize tumor spread and invasion through 
the downregulation of Rho GTPase, which inhibits cytoskeleton reorganization 
[94]. Finally, the incorporation of DHA into the cancer cell membrane can alter 
membrane properties by increasing fluidity, disrupting raft assembly and the signal-
ing of membrane receptors such as EGFR [95]. Collectively, DHA is able to modu-
late multiple pathways of tumorigenesis which include cancer cell proliferation, 
differentiation, inflammation, angiogenesis, and metastasis. These anticancer attri-
butes of DHA may also be active in the LDL nanoformulation. Thus, while LDL-
DHA treatments primarily evoke tumor cytotoxicity through the generation of lipid 
radicals, secondary insults to the tumor may occur at a molecular level through the 
inhibition of inflammatory, angiogenic, and growth signaling pathways. In short, 
these properties potentially enable LDL-DHA to act as both a cytotoxic and a 
molecular targeted agent.

Docosahexaenoic acid, 22:6

Induce redox dysregulation

COOH

↑ Lipid peroxidation
↓ GSH content
↓ GPx4 activityAnti-inflammatory

↓ NF-KB and TNF signaling Anti-angiogenic
↓ HIF and VEGF signaling
↓ COX-2 expression

Suppression of growth signaling
↓ Wnt/β-catenin
↓ RAS
↓ Protein kinase C
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Fig. 9.11 Multifaceted anticancer effects of docosahexaenoic acid
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 LDL-DHA Treatment Option for HCC

The components of the LDL-DHA nanomedicine, which include plasma LDL and 
DHA, are completely natural and biocompatible. Thus this technology readily lends 
itself for clinical translation. Furthermore, the selective tumor cytotoxicity of this 
agent makes it a safe and attractive candidate as a cancer therapeutic. In terms of 
treatment allocation, LDL-DHA could serve as an alternate therapy to patients who 
are contraindicated for TACE (i.e., impaired portal vein blood flow) or as a salvage 
therapy to patients who are unresponsive to TACE. Additionally, due to its selective 
antitumor activity, LDL-DHA therapy maybe indicated in patients with advanced 
HCC and poor liver function. In this setting the hepatic uptake of DHA would poten-
tially provide anti-inflammatory and hepatoprotective benefits to the liver [96, 97] 
while at the same time provide tumor control. In summary, the LDL-DHA nano-
medicine shows great promise as a novel complementary therapy to treat patients 
with HCC.

 Conclusion and Future Outlook

The characteristic arterial hypervascularity of HCC, which is distinct from the pre-
dominant portal vascular supply to the surrounding liver parenchyma, provides a 
unique opportunity for therapeutic intervention. Several historic iterations of isolat-
ing, occluding, and finally embolizing the tumor vasculature have all served to pref-
erentially starve the HCC of its blood supply to evoke tumor cell death (see 
Fig. 9.12). Refinements in interventional radiologic techniques, drug formulations, 
and patient selection have enabled transarterial therapies to emerge as the leading 
therapeutic option for patients with advanced HCC who cannot be effectively 
treated with surgical or ablative methods. TACE, either conventional or DEB-based, 
is recognized as the front-line therapy for treatment of HCC with BCLC-B disease. 
While both forms of TACE are considered therapeutically equivalent in providing 
similar survival benefits, lower incidences of some toxicities have been associated 
with DEB-TACE. More recently, TARE has emerged as an attractive alternate ther-
apy due to its potential utility among patients with portal vein thrombus and added 
benefits of extended time to progression. Despite these advances TACE and TARE 
remain palliative therapies providing median overall survival of 20 months. Further 
refinements to HCC therapy should focus on increasing disease specificity beyond 
anatomic targeting to minimize collateral liver toxicity in patients with already 
compromised liver function. To this end, transarterial biomimetic drug delivery sys-
tems represent an unconventional and innovative approach to treat HCC. Biomimetic 
particulates leverage nature’s optimized binding specificities to enable tumor-tar-
geting therapeutic approaches. Unlike the indiscriminant actions of embolic or 
radiation-based agents, which often damage surrounding normal tissues, the biomi-
metic platforms specifically engage their tumor target at the cell surface to 
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subsequently elicit their intracellular cytotoxicities. The leukocyte, viral, and lipo-
protein bioinspired constructs highlighted in this review represent emerging “out-
of-the-box” strategies that offer the unique opportunity to interrogate tumors in a 
new and unprecedented manner to advance transarterial therapies beyond conven-
tional treatment paradigms.
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Chapter 10
Precision Locoregional Therapies 
for Hepatocellular Carcinoma: 
Percutaneous Ablation and Radiotherapy

Ryosuke Tateishi and Naoto Fujiwara

 Introduction

Hepatocellular carcinoma (HCC) generally arises from chronically diseased liver 
with impaired function, which often limits application of surgical therapies (see 
Chap. 8). In addition, even if regular HCC screening program is widely adopted as 
in Japan, only one-third of HCC patients are diagnosed at early stage and eligible 
for surgical resection. Thus, locoregional therapies have been developed to expand 
treatment options for locally limited but more advanced HCC tumors outside indi-
cation of surgical therapies and to improve outcome of surgical therapies. In this 
chapter, we overview the two major locoregional treatment approaches, percutane-
ous ablation and radiotherapy, with special focus on recent technical development 
to improve precision of the treatment and maximize therapeutic benefit (see Chap. 
9 for interventional radiologic therapies).
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 Percutaneous Ablation

Percutaneous ablation is a method to destroy targeted tumor by chemical reaction, 
heat, freezing, or electric pulse using needle-like devices. Percutaneous ethanol 
injection is the first ablative method applied for HCC by Japanese hepatologists in 
the early 1980s. Since then, together with its successor techniques, percutaneous 
ablation has been widely used as a modality to achieve high local tumor control and 
incorporated in HCC treatment algorithms globally [1–3].

 Indication

The original indication for ethanol injection was somewhat arbitrarily defined as 
three or fewer tumors, none of which exceed 3 cm in diameter (3/3 rule) [4], which 
has been adopted in most practice guidelines until now [1–3]. Percutaneous ablation 
can achieve local tumor control rate comparable to surgical resection and better than 
other locoregional therapies such as transarterial chemoembolization (TACE) in 
small HCC tumors, whereas the control rate decrease as tumor diameter increases 
[5]. TACE will have advantage in treating multifocal lesions more than three. 
Interestingly, the empirical 3/3 rule distinguishes more aggressive tumors reasonably 
well and has also been utilized as a part of indication criteria for liver transplantation 
[6]. Recent technical advancement has enabled to achieve larger ablation zone, 
which may lead to expansion of indication criteria. Percutaneous ablation can also 
be applicable to inoperable cases due to decompensated cirrhosis if liver function is 
preserved at Child-Pugh class A or B, although survival benefit for Child-Pugh class 
C patients is minimal [7].

 Ablative Methods

 Radiofrequency Ablation

Radiofrequency ablation (RFA) is a thermal ablation method, using heat produced 
by electric current. RFA utilizes alternating current of 450 kHz, which is transmitted 
from the inserted electrode tip through patients’ body to the grounding pad pasted 
on the back or the thigh and induces heat coagulation of targeted tumor [8, 9]. RFA 
was introduced as a treatment modality for HCC, following ethanol injection and 
the first-generation microwave ablation. RFA overcome the limitation of ethanol 
injection, which is effective only for small tumors (e.g., <2 cm in diameter) with 
capsule and without intra-tumoral septa, by producing larger ablation zone indepen-
dent of capsule and septa [10]. Multiple studies have demonstrated superior local 
tumor control and posttreatment survival for RFA compared to ethanol injection 
[11, 12]. RFA is currently the most widely used percutaneous ablation method.
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There are two types of RFA electrode, single-needle and expandable electrodes 
(Fig. 10.1) [13]. An internal cooling system is equipped inside the single-needle 
electrode to prevent reducing ablation zone due to burnt tissue sticking on the 
surface of the needle. The expandable electrode equips four to nine small elec-
trodes in the inner sheath that can be expanded near the target tumor to produce a 
wide ablation zone. The advantage of the expandable electrode over single-needle 
electrode is secured ablation zone inside the expanded small electrodes, which can 
reach 5  cm in diameter. Disadvantage of the expandable electrode is potential 
injury of the vasculature by the tip of small electrodes, which could also cause 
draining of electric power through the punctured vessels and incomplete ablation. 
In addition, its thicker outer sheath (15 gauge [G]) compared to the single-needle 
electrode (17 G) is another limitation that may increase the risk of bleeding and 
tumor cell seeding. To date, the second-generation microwave ablation can pro-
duce similar or even larger ablation zone to the expandable electrode, and as a 
consequence, the expandable electrode has been less frequently used. The multi-
electrode system is a variation of the single-needle electrode, where up to three 
single-needle electrodes are inserted in parallel to achieve larger ablation zone or 
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Fig. 10.1 Various devices for radiofrequency ablation. (a) Single electrode with internal cooling. 
(b) Adjustable electrode with variable ablative zone with one electrode. (c) Multiple monopolar 
electrodes with switch controller to enable larger ablative zone. (d) Expandable electrode with four 
to nine smaller electrodes inside. (e) Bipolar electrode with no need of grounding pad. (f) Multi- 
bipolar system for no-touch ablation by placing the electrodes to surround but not directly puncture 
the target tumor
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to avoid direct puncture of targeted lesion [14]. Either of monopolar or bipolar 
electrodes are used in the system, and the latter is free from using grounding pads 
and associated complications [15].

 Microwave Ablation

Microwave ablation (MWA) has been developed since the early 1990s [16]. An elec-
trode connected to a microwave generator is inserted through a 14 G guide needle 
under ultrasonographic guidance. Microwaves of 2450 MHz are emitted from the tip of 
the electrode that can create an up to 1.5-cm-width ablation zone (Fig. 10.2). The first-
generation microwave had a clear advantage over ethanol injection with the secured 
ablation zone, not affected by intra-tumoral septa that blocks ethanol penetration. On 
the other hand, the thick needle is a disadvantage that increases the risk of complica-
tions such as intraperitoneal hemorrhage and neoplastic seeding. The first-generation 
MWA was soon taken over by the single-needle RFA, which can achieve similar abla-
tion zone with thinner needle (17 G) in the 2000s [17]. Recently developed second-
generation MWA yields larger ablation zone than the single-needle RFA in a shorter 
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Fig. 10.2 Various ablation technologies. (a) Microwave ablation. Microwaves of 2450 MHz are 
emitted from the tip of the electrode, which directly heat water in the surrounding tissue. 
Microwaves can propagate over surrounding vessels in the active zone. Passive zone is heated by 
conduction. (b) Cryoablation. Tissue freezing is induced by Joule-Thomson effect using argon or 
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electrodes make irreversible nano-size pores in the cell membrane
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ablation time. In addition, compared to RFA, MWA is less affected by “heat-sink 
effect,” which restricts ablation zone due to blood flow adjacent to the electrode, 
because microwave can propagate over surrounding vessels within the active zone [18]. 
These advantages of the second-generation MWA have helped revive it as a viable 
option of locoregional HCC treatment. Recent reports suggest that the second-genera-
tion MWA is superior to single-needle RFA in terms of local tumor control [19, 20].

 Ethanol Injection

Percutaneous ethanol injection is the precursor of all percutaneous ablation tech-
niques, which was first described in 1983 [21]. In the original procedure, a 22 G hol-
low needle with stylet is inserted into the tumor under sonographic guidance, and then 
2–8  mL of absolute ethanol is injected through the needle and infiltrates into the 
tumor via sinusoid-like structure and causes coagulation necrosis [4]. Ethanol injec-
tion is no longer performed at tertiary centers, where a high volume of HCC patients 
are treated. However, ethanol injection is an inexpensive procedure using readily 
available materials and with proven antitumor effect for small HCC tumors. Therefore, 
it still has a role in daily clinical practice when RFA and MWA are not accessible [22].

 Cryoablation

In contrast to the heat or chemical ablation techniques, cryoablation uses low tem-
peratures (< −20 °C) to induce tissue necrosis [23]. Tissue freezing is induced by 
Joule-Thomson effect via a probe using argon or helium gas. An ice ball around the 
probe is indicative of irreversible cellular damage with intracellular ice crystals. 
Small vascular vessels are frozen and occluded, whereas large vessels are maintained. 
The first-generation cryoablation required a thick (2.2 mm, approximately 11 G) 
probe and often caused bleeding complications and cryoshock, systemic 
inflammatory syndrome with multi-organ failure following large tissue freezing 
[24]. Recent technical development such as the thinner (17 G) probe and multi- 
probe system may advance cryoablation as an alternative strategy to RFA [25, 26].

 Irreversible Electroporation

Irreversible electroporation (IRE) is a nonthermal ablation, using very high-inten-
sity electric pulse between two electrodes that causes irreversible pore formation in 
cell membrane lipid bilayer and results in cell death [27]. Unlike other ablative 
methods, the connective tissue, basal membranes, and lumens of the vasculature are 
relatively preserved in IRE [28]. This feature will mitigate technical barrier to ablate 
tumor adjacent to bile ducts and hepatic hilum with RFA and MWA. On the other 
hand, general anesthesia is required with a muscular blockade to prevent muscle 
spasm. Cardiac arrhythmia and use of pacemakers are contraindications.
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 Techniques for Precision Percutaneous Ablation

The major limitations of percutaneous ablation include restricted applicability to 
difficult-to-access regions, such as hepatic hilum and dome, and visibility of target 
tumor under ultrasound to guide needle/probe insertion. Several techniques have 
been developed to address the challenges, most of which can be readily applicable 
in daily clinical care of the patients.

 Artificial Pleural Effusion

Ultrasonographic visualization of HCC tumor located in hepatic dome right beneath 
the diaphragm is often challenging. Some tumors can be visualized by adjusting 
patient posture (e.g., head-up or sitting position) or tilting the operation table. 
Laparoscopic or CT-guided techniques can be employed, although these approaches 
are highly resource-intensive. Artificial pleural effusion is a simple alternative 
method to address the issue, which can be conveniently and inexpensively utilized 
in daily clinical practice. Five percent glucose solution, which is spontaneously 
absorbed, is infused into the pleural cavity via a 14 G and metallic needle with a 
stylet to create an acoustic window (Fig. 10.3) [29]. This procedure can be safely 
performed with low risk of respiratory insufficiency [30]. Artificial pleural effusion 
is contraindicated in patients who had left pneumonectomy and may not improve 
tumor visualization when pleural adhesion is present.

 Artificial Ascites

Artificial ascites is a similar fluid infusion-based method, injecting the fluid into 
the peritoneal cavity, to mainly improve therapeutic access to index tumor 
adjacent to other organs, especially the intestine, to avoid perforation (Figs. 10.4, 
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Fig. 10.3 Artificial pleural effusion technique. A 500 mL of 5% glucose solution is infused into 
the pleural cavity to achieve clear visualization of the tumor located beneath the diaphragm
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and 10.5). Artificial ascites can also be used to improve visualization of tumors in 
the hepatic dome like artificial pleural effusion, although larger amount of fluid 
needs to be infused [31, 32]. Artificial ascites may not decrease the risk of intesti-
nal perforation or penetration in a case there is adhesion between the liver and 
surrounding intestine.

Kidney Kidney

Intestinal
tract

Liver

Abdominal
wall

Tumor

NeedleBefore After

Artificial
ascites

Fig. 10.4 Artificial ascites technique. A 5% glucose solution is infused to create a space between 
the liver and adjacent organs to enable safe ablation

Fig. 10.5 Representative case with recurrent HCC treated with artificial ascites. (a) Enhanced CT 
before ablation. A small nodule in segment 6 adjacent to the gallbladder and the ascending colon 
(allow head). (b) An ultrasonographic image during ablation. An electrode was inserted to the 
tumor after the infusion of 5% glucose solution. (c) Enhanced CT after ablation. The target was 
completely ablated without any damage to adjacent organs (arrow head)

a
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Fig. 10.5 (continued)

 Contrast Ultrasonography

Besides tumor location, various factors such as coarse liver parenchyma, small tumor 
size, and scar created by previous treatment impede clear visualization of target 
tumor. Contrast agents for ultrasonography have been developed to obtain vascular 
images on B-mode or Doppler ultrasonography. Levovist, the first- generation con-
trast agent that contains a suspension of galactose microparticles, has improved dif-
ferential diagnosis of liver tumors. However, Levovist is not suitable for percutaneous 
ablation because of short-lasting enhancement. Sonazoid, a second-generation sono-
graphic contrast agent, contains a lipid-stabilized suspension of perfluorobutane gas 
microbubbles and yields long-lasting enhancement. In addition, the perfluorobutane 
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microbubbles are taken up by Kupffer cells and enable parenchymal enhancement 
approximately 15 min after the injection (Kupffer phase), in which malignant liver 
tumors are visualized as defect in enhanced non- cancerous liver parenchyma 
(Fig. 10.6). The Sonazoid Kupffer phase image can be conveniently used to assist 
percutaneous ablation procedure since the phase lasts more than 30 min and is easily 
reproduced by another injection of the agent [33, 34].

Fig. 10.6 (a, b) A case with HCC treated with radiofrequency ablation using fusion imaging and 
contrast ultrasonography. (c) A fusion imaging before contrast ultrasonography. The left panel 
shows a virtual image of the tumor constructed from previously taken in advance. The tumor 
cannot be clearly visualized on ultrasonography (right panel) before contrast media injection. (d) 
A fusion imaging after Sonazoid injection. The target tumor with small satellite nodule (arrow 
head) was visualized on Kupffer phase 15 min after the injection of contrast media

a b

c
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 Fusion Imaging

Fusion imaging is a real-time construction of virtual sonographic image on the moni-
tor of ultrasonographic equipment using CT or MRI images obtained in advance 
(Figs. 10.6 and 10.7) [35]. The system consists of an ultrasonographic apparatus, a 
magnetic field generator, and a magnetic sensor attached to the ultrasound probe. 
First, the digital data of CT or MRI images are uploaded to the ultrasonographic appa-
ratus. After registration of specific points on the real ultrasonographic image to the 
virtual image, real-time virtual image synchronized with the movement of the ultra-
sound probe can be obtained. Fusion imaging significantly decreases the risk of mis-
targeting and sometimes enable accurate ablation of invisible tumor nodules on 
ultrasonography. The system can be combined with contrast ultrasonography, which 
enables more accurate and safe ablation in difficult-to-treat cases [36].

 Short- and Long-term Outcomes

 Local Tumor Progression

Local tumor progression is a key short-term treatment efficacy measure, which is typi-
cally defined as appearance of newly diagnosed tumor adjacent to previously ablated 
site. It has been demonstrated that local tumor progression rate after RFA is generally 
lower compared to ethanol injection [11, 12]. However, the reported local tumor pro-
gression rates at 5 years in RFA vary from 3.2% to 27% even in high- volume centers 
[7, 37]. This is likely due to variation in pretreatment detection of small satellite 

d

Fig. 10.6 (continued)
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Fig. 10.7 Representative case treated with radiofrequency ablation using the fusion imaging and 
artificial pleural effusion. (a) A small HCC nodule was detected in segment 2 under the right 
hepatic dome. (b) The left panel shows a virtual image reconstructed based on CT performed 
before ablation. The right panel shows a real ultrasonographic image during ablation. The circle 
indicates the target tumor. Left artificial pleural effusion was performed before ablation to get a 
clear view of the tumor. (c) Multiplanar reconstructed images before (left) and after (right) abla-
tion. The tumor was completely ablated (arrow head)

a

b

Artificial ascites

Electrode tip
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lesions and/or microvascular invasion near the primary lesion and may be attributable 
to variation in safety margin of ablation between operators [38]. Another factor is 
subjectivity in determining local tumor progression. Some investigators do not count 
tumor recurrence in adjacent area as local tumor progression when the primary site is 
completely ablated, following the determination of treatment failure in hepatectomy. 
In fact, 34.7% of patients with single HCC nodule treated with RFA had at least one 
recurrent nodule in the same liver subsegment of the primary lesion [39]. MWA and 
cryoablation are considered to be superior or at least equivalent to RFA in terms of 
local tumor control since they are less sensitive to the heat-sink effect [14, 18, 25, 40]. 
However, there is a trade-off between larger ablation zone and increased risk of com-
plications and liver failure.

 Overall Survival

Overall survival is the most important long-term outcome in the HCC treatments. 
RFA and ethanol injection as the initial treatment can achieve overall survival 
beyond 10 years [7, 22, 37, 41]. Ethanol injection has yielded 5-year survival rates 
of 50–60% and 10-year survival rates of approximately 20% when the 3/3 rule was 

Fig. 10.7 (continued)
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applied [22, 41]. RFA showed similar survival rates of approximately 60% at 5 years 
and approximately 30% at 10 years posttreatment [7, 37]. One unique feature in 
HCC prognosis is the frequent and repeated tumor recurrence even after complete 
resection or ablation of the initial primary tumor [42]. This is reflected in the char-
acteristic survival rates that keep declining over time even in patients who had suc-
cessful treatment of the initial tumors. Percutaneous ablation is a valuable modality 
because of its applicability to the recurrent tumors with the high local tumor control 
capability. Precise prediction of HCC recurrence at early stage will maximize the 
value of percutaneous ablation to ultimately prolong overall survival.

Percutaneous ablation and surgical resection share the same prognostic factors, e.g., 
tumor size and number, tumor differentiation, alpha-fetoprotein elevation, age, hepatic 
functional reserve, and liver disease etiology [43]. Among them, untreated chronic 
hepatitis is a critical factor [44]. Together with the nature of HCC prone to recur mul-
tiple times, the choice of treatment modality applied to the initial tumor has less impact 
on overall survival compared to the etiology, especially when the initial tumor is treated 
well at early stage. It also highlights importance to control liver disease etiologies such 
as viral hepatitis and metabolic disorders to substantially improve overall survival.

 Combination with Other Treatment Modalities

 Combination with Transarterial Embolization

The ablation zone by RFA or MWA can be expanded by occluding blood flow by 
a balloon catheter or transarterial embolization to reduce the surrounding blood 
flow and the heat-sink effect [45]. There are several studies, including random-
ized controlled trials, that compared survival of patients with medium to large 
HCC treated by RFA with or without transarterial chemoembolization (TACE) 
[46, 47]. Although the results are somewhat inconsistent, single-electrode RFA 
with TACE for HCC lager than 3 cm in diameter suggestively lowers local pro-
gression rate (Fig. 10.8).

 Combination with Immunotherapy

Immunomodulatory effect of percutaneous ablation, either with the use of 
extreme heat or cold, has been investigated for decades in multiple cancer types. 
One of the earlier observations is spontaneous regression of untreated tumor 
accompanied with ablation of other tumors [48, 49]. In thermal ablation by RFA 
and MWA, the electrode directly heats the tissue with emitted energy in the 
central zone. Outside the central zone, there is transitional zone heated to 
41–50 °C by thermal conduction from the central zone [50]. Inflammatory cells, 
including neutrophils, macrophages, dendritic cells, natural killer cells, B cells, 
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and T cells, were found to infiltrate in the transitional zone, some of which may 
elicit tumor-specific immune response [51, 52]. These immune cells were also 
observed in distant unablated tumors and peripheral blood, suggesting a sys-
temic immune response induced by thermal ablation. Similar immune activation 
was observed in the presence of necrosis and apoptosis induced by cryoablation 
[53]. More prominent release of pro-inflammatory cytokines such as tumor 
necrosis factor-α and interleukin-6 was observed in cryoablation compared to 
heat ablation, although this may be related to cryoshock, the critical complica-
tion unique to cryoablation. Antigen accumulation in dendritic cells was also 
greater in cryoablation compared to RFA [54].

Although such immune reaction induced by percutaneous ablation is often 
observed, its clinically recognizable antitumor effect is rarely seen in daily clin-
ical practice. This may indicate that the infiltrating immune cells need addi-
tional step(s) to be activated to elicit cancer cell killing. Recently developed 
immunotherapy agents, especially immune checkpoint inhibitors, may serve as 
drivers that activate such antitumor immununity [55]. In a pilot study combining 
RFA or cryoablation with tremelimumab, a monoclonal antibody to cytotoxic 
T-lymphocyte-associated protein 4 (CTLA4), an increase of intra-tumor CD8+ 
T cells was observed after 6 weeks of treatment in patients who showed response 
[56]. A phase III randomized controlled trial is ongoing to test nivolumab, 
monoclonal antibody to programmed cell death 1 (PD-1), as adjuvant therapy in 
patients who are at high risk of recurrence after curative HCC resection or abla-
tion (NCT03383458).

a b

Fig. 10.8 A case with 5 cm HCC treated with TACE + RFA. (a) An arterial phase of dynamic CT 
shows hypervascular tumor in segment 7. (b) The tumor was treated with TACE + RFA. A dense 
lipiodol deposit was surrounded by un-enhanced area indicating ablative margin
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 Complications

Complications of percutaneous ablation have been well described in RFA, MWA, 
and ethanol injection [57]. Low-grade pain and transient fever and increased liver 
enzymes are commonly observed minor side effects. This section summarizes major 
(incidences that need specific therapy and potentially result in permanent disability 
or death) or minor (incidences that need no or minimal therapy including overnight 
admission for observation only) complications according to the grade of complica-
tions defined by the Society of Interventional Radiology [58].

 Bleeding

Bleeding is a common complication across percutaneous ablation techniques that 
use needle-type devices especially because HCC patients often have coagulopathy 
due to underlying cirrhosis (Fig. 10.9). Bleeding complications are categorized as 
hemoperitoneum, hemothorax, and hemobilia [59]. Hemoperitoneum or intrahe-
patic hemorrhage is a consequence of intrahepatic vascular injury by needle devices. 
The risk factors of hemoperitoneum include long needle tract to the index tumor and 
low platelet counts [59]. The risk likely increases according to the needle thickness 
and number of needle insertion sessions to achieve destruction of target tumor. 
Bleeding is more frequent in cryoablation than RFA and MWA that have hemostatic 
effect per se. In fact, RFA and MWA can be used to stop bleeding by coagulating the 
bleeding point. Recently developed length-adjustable electrode enables the use of 
RFA for this purpose, with 1 cm electrode exposure.

Hemothorax is a rarer complication than hemoperitoneum and is caused by injury 
of intercostal arteries. However, once hemothorax occurs, the morality rate is higher 
than hemoperitoneum because spontaneous hemostasis less likely happens in arterial 
bleeding. Furthermore, bleeding to the pleural cavity causes reactive pleural effusion 

a cb

Fig. 10.9 Bleeding complications of percutaneous ablation. (a) Hemoperitoneum is intraperito-
neal bleeding from intrahepatic vasculature. (b) Hemothorax is bleeding to the pleural cavity from 
intercostal arteries. Hemothorax is always complicated with pleural effusion and consequently 
respiratory impairment. (c) Hemobilia is bleeding from intrahepatic bile ducts where the fistula 
between the hepatic artery or portal vein and bile duct exists
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and sometimes systematic inflammatory response, which could lead to respiratory 
failure. Involvement of interventional radiologist is needed to control hemothrax. 
When the intervention is ineffective, surgical procedures should be considered.

Hemobilia is a bleeding caused by injuring intrahepatic portal vein or artery and 
bile duct simultaneously with the needle devices. Unlike other two bleeding 
complications, hemobilia is rarely accompanied with hypovolemic shock. On the 
other hand, hemobilia is often first recognized as obstructive jaundice. Hemobilia 
can be identified by hemobilia sign, a clot formation in the gallbladder [60]. 
Hemobilia is generally self-limiting, and endoscopic intervention should be 
withheld unless patients are complicated with infection, since the intervention 
sometimes promotes rebleeding and infection [61].

 Infection

Major infectious complications include liver abscess and cholangitis. Liver 
abscess is likely related to trans-biliary bacterial translocation. Previous history 
of biliary intervention that causes enterobiliary reflux is a strong risk factor for 
developing liver abscess after percutaneous ablation. Specifically, a history of 
enterobiliary anastomosis is a contraindication for RFA and MWA given the 
extremely high risk (>50%) of abscess after these procedures [62]. Cholangitis 
is rarer complication compared to abscess [57]. However, the incidence of chol-
angitis may be underestimated because the diagnosis of cholangitis is often 
indeterminate unless accompanied with hemobilia and obstructive jaundice.

 Biliary Injury

Intrahepatic biliary injury often emerges as intrahepatic bile duct dilatation more 
frequently after RFA or MWA than cryoablation. Heat produced by the thermal 
procedures can injure the intrahepatic bile duct, where blood flow-related local 
cooling effect is not expected. Peripheral biliary injury is usually asymptomatic 
with elevated alkaline phosphatase and gamma-glutamyl transferase levels in the 
blood. However, injury of major intrahepatic bile duct can cause segmental atrophy 
of the liver parenchyma, which may lead to long-term deterioration of liver function 
[63]. IRE is expected to preserve biliary structure and therefore can be an alternative 
to RFA and MWA when the index tumor is located close to hepatic hilum [28].

 Neoplastic Seeding

Neoplastic seeding is another well-documented complication in percutaneous 
ablation of HCC (Fig. 10.10). Intrahepatic neoplastic seeding can be surgically 
resected or re-ablated, but it is difficult to treat intraperitoneal dissemination of 
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cancer cells, which could significantly deteriorate patient prognosis. The risk 
factors of neoplastic seeding include tumor located on the surface of the liver, 
poorly differentiated histology, and multiple treatment sessions [64, 65]. 
Preceding tumor biopsy can also cause neoplastic seeding [66]. In order to avoid 
direct puncture of the target tumor and consequential neoplastic seeding, “no-
touch” ablation using multiple electrodes inserted around the index tumor has 
been developed [14].

 Radiotherapy

The emergence of CT-based 3D conformal radiotherapy in the 1980s enabled 
more precise tumor targeting with reduced radiation-induced liver injury com-
pared to whole-liver irradiation and opened the path toward further development 
of radiotherapy in HCC [67]. Newly established techniques, including intensity- 
modulated radiotherapy (IMRT), stereotactic ablative radiotherapy (SABR) also 
known as stereotactic body radiation therapy (SBRT), and charged particle ther-
apy such as proton beam therapy and carbon ion radiotherapy, have been uti-
lized to achieve either local tumor control or enhanced efficacy of other treatment 
modalities.

There is certain diversity in their indication and application (e.g., does, 
schedule) across geographic regions, representing a range of dominant disease 
stages and infrastructure for radiotherapy, and high-level clinical evidence such 
as randomized controlled trial (RCT) is relatively limited.

a b c

Fig. 10.10 Neoplastic seeding. (a) Hypervascular HCC tumor in segment 4. (b) The tumor was 
completely ablated by RFA. (c) Intraperitoneal tumor seeding (arrow) along the needle tract was 
detected 1.5 years later
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 Major Radiotherapeutic Approaches

Because of relative scarcity of high-level clinical evidence as well as geographic 
diversity in tumor characteristics and access to the technologies and facilities, there 
is no globally accepted indication and treatment protocols, but in general, SABR 
and proton beam therapy are more widely used compared to other new modalities to 
achieve local tumor control or to enhance efficacy of other treatment modalities 
such as transarterial chemoembolization, whereas 3D conformal radiotherapy is uti-
lized when such new techniques are not available.

 Stereotactic Ablative Radiotherapy (SABR)

Recent technological development has enabled development of SABR, which 
delivers highly conformal radiation dose within tumor, while sparing large por-
tions of the liver from radiation-induced liver disease (RILD), and is typically 
indicated for treatment of inoperable tumors [68]. Although evidence support-
ing its survival benefit is still limited, local tumor control rates that are compa-
rable to resection and RFA and exceeding transarterial chemoembolization 
have been reported (Table 10.1). SABR can be applied to treat tumors in tech-
nically less accessible and/or challenging regions such as hepatic hilum and 
dome. Tumors close to or invading into the vasculature can also be treated 
without being affected by blood flow. SABR has been applied to diverse and 
somewhat biased tumor stages across geographic regions, and therefore there 
is no commonly used protocol. For example, small HCC tumors in livers with 
preserved function tend to be treated with higher radiation dose in Japan, 
whereas more advanced tumors in functionally impaired livers are more likely 
treated with lower dose in Western countries and China. Predictive score or 
biomarker of response to SABR will enable more personalized application. 
Combination with medical therapies, especially immune checkpoint inhibitors, 
has also been explored [69].

 Charged Particle Therapy

Charged particle therapy such as proton beam therapy and carbon ion therapy is 
characterized by its higher radiation dose concentration in tumor compared to X-ray 
and a high local tumor control rate comparable to SABR (Table  10.2) [70]. 
Application to various forms of advanced tumor such as portal venous tumor throm-
bus (PVTT) and large tumors (>10  cm in diameter) has been reported [71–73]. 
Concern about adverse event is noted when targeted lesions are located close to 
hepatic hilum and gastrointestinal tract, although relatively rarely observed [74–
80]. Indocyanine green retention test (ICG-r15) was reported to predict posttreat-
ment prognosis in Child-Pugh class A patients [81].
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 3D Conformal Radiotherapy

Compared to the new modalities such as SABR and charged particle therapy, it is 
less likely to achieve comparable irradiation dose and local tumor control with 3D 
conformal radiotherapy. However, given the limited availability of the new tech-
niques, 3D conformal radiotherapy still has roles as palliative and/or supplementary 
therapy in daily clinical practice. Multiple prospective and retrospective studies 
have reported survival benefit of combining 3D conformal radiotherapy to TACE, 
although such clinical trials were mostly conducted in China [82, 83]. In combina-
tion with surgical resection, survival benefit was observed in patients with small 
(<5 cm in diameter) tumors [84]. Combination with RFA, PEI, or high-intensity 
focused ultrasound (HIFU) did not yield survival benefit. In patients with unresect-
able HCC with PVTT, TACE combined with radiotherapy yielded better survival 
compared to sorafenib after propensity score matching [85, 86].

 Conclusions

Locoregional therapies have significantly expanded available options in the HCC 
treatment algorithms by providing good local tumor control with less invasive pro-
cedures compared to surgical therapies. Recent advancements in technologies and 
supporting techniques have contributed to substantial expansion of our capability to 
treat HCC at various stages. With the better characterization of the new modalities 
and identification of prognostic factors for each specific clinical scenario, it is 
expected that personalized application of the methods is facilitated to maximize 
prognosis of HCC patients.
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Chapter 11
Molecular-Targeted Therapies 
in Hepatocellular Carcinoma

Amit Mahipal, Anuhya Kommalapati, Rutika Mehta, and Richard D. Kim

 Introduction

Liver cancers are expected to account for approximately 42, 000 new cases and 
30,000 deaths in 2018  in the United States, 90% of which are hepatocellular 
carcinoma (HCC) [1]. The incidence of the disease has almost tripled since mid- 
1980s and HCC-related cancer deaths are increasing at a rapid pace as compared to 
other cancer types. Early-stage HCC (stage 1 and some stage II cancers) is generally 
treated with surgery and in selected cases with liver transplantation. In contrast, the 
majority of patients present with unresectable, advanced HCC, and require 
locoregional therapy (ablation, arterially directed therapies, or external beam 
radiation therapy) or systemic treatment depending on the extent of the disease and 
their functional status [2]. Systemic treatment options typically include molecular- 
targeted therapy with sorafenib or enrollment into clinical trials. Sorafenib had been 
the only FDA-approved therapy for systemic treatment of advanced HCC for almost 
a decade. More recently, other systemic therapies such as regorafenib and nivolumab 
have been approved as second-line treatment for patients with HCC who progress 
on sorafenib [2]. In addition, other molecular targeted agents such as lenvatinib, 
pembrolizumab, and cabozantinib have shown promising results in recent clinical 
trials [3–6]. With broader range of systemic therapies becoming available, the 
treatment of patients with HCC now involves a decision-making process with 
consideration for the magnitude of the beneficial effects of the therapeutic agent as 
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well as other factors including adverse events, patient baseline functional status, 
comorbidities, and Child-Pugh score. Clinical trials with new active agents are in 
progress, and many of these trials focused on targeted therapies and immunotherapies 
with the intense interest in developing novel, more effective, and less toxic agents. 
The current chapter details about the molecular pathogenesis of HCC, targeted 
therapies, and newer systemic therapies on the horizon in the management of 
HCC.  For a better understanding of molecular-targeted therapies for HCC, we 
detailed some of the key signaling pathway alterations that play a significant role in 
the pathogenesis of HCC.  A detailed description of immunotherapy and related 
pathways in the management of advanced HCC in described elsewhere in Chap. 12.

 Molecular Therapeutic Targets in HCC

Activation of receptor tyrosine kinase (RTK) by inducing the RAS-MAPK/ERK 
and PI3K-Akt kinase signaling pathways is observed generally in less than 5% of 
HCC tumors [7]. Phosphorylation of RTKs such as vascular endothelial growth 
factor receptor (VEGFR), epidermal growth factor receptor (EGFR), fibroblast 
growth factor receptor (FGFR), hepatocyte growth factor receptor (HGFR)/c-MET, 
and the stem cell growth factor receptor (c-kit) leads to activation of the MAPK and 
PI3K pathways. This activation of MAPK/ERK pathway triggers the proto- 
oncogene cFos and transcription factor AP-1/c-Jun, thereby leading to tumor cell 
proliferation [8]. In approximately half of the HCC cases, activation of PI3K-AKT 
kinase pathway via insulin/insulin-like growth factor (IGF) receptors result in 
mTOR activation, thereby promoting the carcinogenesis [8]. Loss of function of 
PTEN, a tumor suppressor gene by mutation or epigenetic silencing, can also lead 
to the activation of PI3K-AKT kinase pathway [7]. In addition, polymorphism of 
EGF gene results in the triggering of EGFR pathway, thereby leading to HCC 
initiation. A case-control study has shown that hepatic expression-associated EGF 
gene polymorphism (SNP rs44449030) (G/G versus A/A) in cirrhotic patients 
results in fourfold increase in the risk of HCC [9].

FGFR pathway is another RTK pathway that has been implicated in the patho-
genesis of HCC.  The ligands of FGF family interact with four FGF receptors 
(FGFR1–4). Among these four subtypes of receptors, FGFR4 is the most abundant 
receptor expressed in hepatocytes. The ligand, FGF19, binds to FGFR4 and plays an 
important role in regulating bile acid synthesis and hepatocyte proliferation. The 
activation of this FGF19-FGFR4 pathway activation may play a key role in a 
proportion of HCCs, and this pathway is a potential therapeutic target [8]. A phase 
I clinical trial that evaluated a highly selective small molecular FGFR4 inhibitor 
showed promising results in advanced HCC tumors that harbored FGF19-activated 
tumors. The maximum tolerated dose was 600  mg. This study opened new 
therapeutic approach in the management of advanced HCC that express FGF19.

Another RTK pathway implicated in the pathogenesis of HCC is the HGF 
(ligand)/c-MET pathway. Activation of c-MET triggers the stimulation of 
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downstream effector molecules, PI3K and ERK. A subgroup analysis in patients in 
a randomized trial evaluating sorafenib revealed an increased expression of HGF 
levels in patients who did not respond to sorafenib [10]. These high HGF levels 
correlated with poor prognosis. It is postulated that MET activation was associated 
with vascular invasion and poor prognosis in human HCC [10].

HCC is a highly vascular tumor and neo-angiogenesis is a prominent feature, 
with the hepatic artery as the major source of its blood supply. VEGF and other 
vascular growth factors (PDGF, FGF) play a prominent role in promoting and 
sustaining neo-angiogenesis in HCC [11]. This neo-angiogenesis from pre-exist-
ing vasculature is a fundamental process of the supply of oxygen and nutrients to 
the expanding tumor mass. The increased expression of both VEGF and its recep-
tor (VEGFR) is frequently seen in HCC, and VEGF level correlates with microves-
sel density, angiogenic activity, tumor progression, metastasis, postoperative 
recurrence, and poor prognosis [12]. A cross talk between VEGF and FGF also 
plays a key role in the angiogenesis of HCC. The expression of FGFR, VEGFR 
and PDGFR, and their ligands are increased in HCC, and high expression of 
FGFR is also related to the capsular invasion of neoplastic cells. In addition, 
PDGF overexpression has been linked to the increased metastatic potential of 
HCC.  It is important to note that the increased VEGF expression in the tumor 
mass often leads to disorganized and immature neo-vascularization. This imma-
ture neo-angiogenesis can lead to focal areas of tumor hypoxia in the rapidly 
expanding tumor mass. This hypoxic environment leads to the stimulation of 
growth factors such as hypoxia-inducible factor (HIF)-1 and 2 that are further 
shown to cause local tumor advancement and metastases, especially by increasing 
the expression of SERPINB3 [13]. The increased expression of HIFs can poten-
tially lead to failure of localized therapies such as trans-arterial embolization and 
poor prognosis after the treatment [8]. HIF-2 alpha antagonists that showed prom-
ising results in renal cell carcinoma may be a potential option in HCC by targeting 
the HIF pathway [14].

Other potential trigger of the carcinogenic tyrosine kinase pathway is the effects 
on the affinity of heparan sulfate for heparan sulfate-binding receptor tyrosine 
ligands. Many RTKs use heparan sulfate as a co-receptor, and a pair of heparan 
sulfate sulfatases, SULF1 and SULF2, have been shown to modulate HCC carcino-
genesis and tumorigenesis [15]. In addition, increased expression of HDAC2 gene 
that is involved in histone modification was found to be expressed more in HCC 
patients. HDAC2 gene regulates histone deacetylases (HDACs), chromatin- 
modifying enzymes that are involved in epigenetic regulation of cell cycle, 
differentiation, and apoptosis.

The JAK-STAT signaling pathway consists of three main components: a cell 
surface receptor, a Janus kinase (JAK), and two signal transducer and activator of 
transcription (STAT) proteins [16]. A variety of interleukins, cytokines, and growth 
factors can trigger STATs via tyrosine phosphorylation by JAKs. Dysregulation of 
JAK-STAT cascade can lead to cell migration and differentiation, thereby causing 
cancers and immunodeficiency syndromes. This activation of JAK-STAT cascade 
has been implicated in the carcinogenesis of HCC [17].
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Genetic mutations that alter the WNT/β-catenin signaling pathway have been 
implicated in the carcinogenesis in about half of the HCC cases [8]. Though multiple 
mechanisms that activate Wnt pathway are proposed, the most common mutations 
acting on the WNT/β-catenin signaling pathway are acting mutations in CTNNB1 
(results in the stabilization of β-catenin), inactivation of APC tumor suppressor 
gene, and mutations in AXIN1 and AXIN 2 (negative regulators of the Wnt pathway) 
[18]. The molecular pathogenesis in the HCC is thought to be different in different 
etiological entities. For example, activation of canonical WNT signaling pathway 
without CTNNB1 mutations is preferentially seen in HCC tumors with more 
aggressive molecular and clinical features [19].

Transforming growth factor (TGF)-β pathway dysregulation, which can be 
caused by genetic and other types of aberrations, has been implicated in molecular 
pathogenesis in HCC [20]. TGF-β signaling has been shown to play a critical role in 
cellular proliferation, apoptosis, differentiation, motility, lineage specificity, and 
stem cell homeostasis. TGF-β receptor inhibitor, Galunisertib, has been tested in 
clinical trials as single agent or in combination with immune checkpoint inhibitors 
(ClinicalTrials.gov) [21].

Therapeutic intervention toward some of these pathways is now feasible by using 
clinically developed and/or FDA-approved agents as summarized below.

 Clinically Tested Molecular-Targeted Agents for HCC

Multiple small molecule inhibitors, therapeutic antibodies, and immune checkpoint 
inhibitors have been evaluated in clinical trials, some of which have been approved 
or are soon to be approved as the first- and second-line therapies for advanced HCC 
(Table  11.1). Several agents such as sunitinib and tivantinib failed to meet the 
primary endpoint in “all-comer” clinical trials without prior patient selection. These 
agents may be found still beneficial in a subset of HCC patients if predictive 
biomarkers of response are identified.

Table 11.1 Molecular-targeted agents approved or soon-to-be-approved for advanced HCC 
treatment

Agent Targets Indication Reference

Sorafenib RAF, VEGFR1–3, PDGFR, c-kit First-line [26]
Lenvatinib VEGFR1–3, FGFR1–4, PDGFR, 

RET, c-kit
First-line [36]

Regorafenib VEGFR1–3, PDGFR, FGFR, c-kit, 
RET, RAF

Second-line [35]

Cabozantinib c-MET, VEGFR2, Axl, RET Second-line [6]
Ramucirumab VEGFR2 Second-line 

(AFP ≥ 400 ng/mL)
[38]

Nivolumab PD-1 Second-line [54]
Pembrolizumab PD-1 Second-line [55]
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 Sorafenib

Sorafenib, a multi-kinase (serine, threonine, and tyrosine kinases) inhibitor was the 
first agent that showed benefit in prolonging median overall survival (OS) in 
advanced HCC.  The drug primarily acts by targeting receptor tyrosine kinase 
pathway by blocking rapidly accelerated fibrosarcoma (RAF) kinases; VEGFR1, 2, 
and 3; PDGFR; and c-kit. Apart from blocking RTK pathway, other potential 
mechanisms of action have also been postulated. A study by Tai et al. has shown that 
sorafenib also acts by targeting the STAT3 pathway [22]. The drug also targets 
matrix metalloproteinase-2 and Ki-67 expression via simultaneous upregulation of 
p53 and suppression of transcription factor, forkhead box M1 (FOXM1) [23]. 
Blocking of FOXM1 leads to cell-cycle arrest by causing mitotic spindle defects 
and chromosome disaggregation. Sorafenib is also shown to target IGF1-mediated 
neoplastic cell proliferation and macrophage-mediated tumor cell growth [24].

Though the mechanisms underlying the sorafenib effect are not fully understood, 
the drug showed prolonging median OS patients with advanced, metastatic HCC in 
two randomized phase III trials (SHARP and Asia Pacific Trial) [25]. SHARP trial 
was a multicenter randomized placebo control study involving 602 treatment-naïve 
advanced HCC patients. Study subjects were randomized to receive sorafenib 
400 mg twice daily or placebo. The subjects in the sorafenib arm had a better median 
OS as compared to that of placebo arm (10.7 vs 7.9 months) (hazard ratio [HR] 
=0.69 [95% CI  =  0.55–0.87]; p  =  0.001). Time to radiologic progression of the 
disease was improved by 3 months in sorafenib arm (5.5 vs 2.8 months, p < 0.001). 
Similar results with sorafenib were seen in the Asia-Pacific study (median OS: 6.5 
vs. 4.2  months, HR  =  0.68 [95% CI  =  0.53–0.93], p  =  0.01; median time to 
progression: 2.8 vs 1.4 months, HR 0.57 [95% CI = 0.42–0.79], p = 0.0005). The 
side effect profile of sorafenib was similar in both the trials, and most common 
adverse events noted were weight loss, diarrhea, hand-foot skin reaction, and 
hypophosphatemia. Overall objective response rates (ORRs) were low, occurring in 
1% of the patients, and none of the patients achieved complete response in both the 
trials. Both the studies included patients with good performance status of ECOG 0 
or 1 (90%) and good liver function (95% of patients in sorafenib group were Child- 
Pugh class A and 5% were class B). Nonetheless, given the prolonged OS in 
sorafenib group, the FDA approved this medication for advanced metastatic 
HCC.  The safety profile of sorafenib is further evaluated in a phase IV Global 
Investigation of therapeutic DEcisions in hepatocellular carcinoma and Of its 
treatment with sorafenib (GIDEON) trial to evaluate safety profile and drug efficacy 
in various patient subgroups [26].

Sorafenib was also evaluated in a phase II double-blinded randomized trial in 
combination with doxorubicin involving 96 advanced HCC survivors. The study 
subjects were randomized to doxorubicin alone or in combination with sorafenib. 
The combination group showed significant improvement in time to progression (6.4 
vs. 2.8  months; p  =  0.02), progression-free survival (PFS) (6 vs. 2.7  months; 
p = 0.006), and median OS (13.7 vs. 6.7 months; p = 0.006) [27]. However, these 
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positive results were not replicated in phase III trial and the study was suspended 
prematurely due to increased toxicity and unlikely advantages of the combination 
regimen [28].

Sorafenib was also evaluated in combination with local therapies such as trans-
arterial chemoembolization (TACE). TACE is generally reserved as a palliative 
treatment option for patients with locally advanced and unresectable HCC. TACE 
showed improved survival as compared to that of control arm that received 
symptomatic management only. Wang et  al. showed that there is an increased 
expression of VEGF and PDGF after TACE procedure, which may contribute to 
tumor neo-angiogenesis and progression [29]. Phase III trials of combining sorafenib 
to TACE, TACTICS (in Japan) and TACE-2 (in UK), have been recently conducted 
[30–33]. In the TACTICS trial, the treatment was well tolerated and resulted in 
significant improvement in time to tumor progression (24.1 vs. 13.5  months; 
p = 0.004) and PFS (25.2 vs. 13.5 months; p = 0.006). On the other hand, TACE-2 
trial showed no significant improvement in PFS (326 vs. 320 days; HR = 1.01; 95% 
CI = 0.78–1.30; p = 0.94) and OS (631 vs. 598 days; HR = 0.91 [95% CI 0.67–1.24]; 
p = 0.57) by adding sorafenib to TACE. Sorafenib was also evaluated in the adjuvant 
setting after surgical resection in phase II and III trails, which showed mixed results. 
A recent meta-analysis reported no significant benefit of using sorafenib as 
postsurgical adjuvant therapy [34].

 Regorafenib

Regorafenib, structurally related to sorafenib, was approved as a second-line agent 
for the use in HCC patients whose disease progressed while on sorafenib. 
Regorafenib is also multikinase inhibitor blocking the tyrosine kinase pathway, 
thereby targeting the angiogenesis (VEGFR1, 2 and 3), tumor environment (PDGFR 
and FGFR), and oncogenesis (c-kit, RET, and RAF). Regorafenib was evaluated in 
an open-label, phase II trial involving 36 HCC patients with Barcelona Clinic Liver 
Cancer stage B or C HCC and preserved to mildly impaired liver function (Child- 
Pugh class A) who progressed on sorafenib therapy. Median time to progression 
(TTP) was 4.3 months and median OS was 13.8 months. Most common adverse 
events noted were hand-foot syndrome, fatigue, hypertension, diarrhea, and 
hypothyroidism. The drug was further evaluated in a phase III RESORCE trial that 
randomized 573 patients with HCC into best supportive care plus either regorafenib 
160 mg once daily (3 weeks on/1 week off) arm or placebo arm (n = 194) [35]. All 
study subjects were on prior sorafenib therapy with a documented radiological 
progression. The regorafenib group showed significant improvement in median OS 
(10.6 vs. 7.8 months; HR = 0.63; 95% CI: 0.50–0.79; p < 0.0001), median TTP (3.2 
vs. 1.5 months; HR = 0.44; 95% CI = 0.036–0.55; p < 0.001), and PFS (3.1 vs. 
1.5 months; HR = 0.46; 95% CI = 0.37–0.56; p < 0.001) [35]. Patients in regorafenib 
arm had a better overall response rate (10.6% vs. 4.1%; p  =  0.005) and overall 
disease control rate (65.2% vs. 36.1%; p < 0.001) as compared to that of placebo. 
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Most common adverse events noted in regorafenib group were hypertension, hand- 
foot skin reaction, fatigue, and diarrhea.

 Lenvatinib

Lenvatinib is a small molecule inhibitor of multiple kinases, VEGFR1–3, FGFR1–
4, PDGFR, RET, and c-kit, which was approved as a first-line therapy for advanced 
HCC. In a phase II trial that involved 46 metastatic HCC patients, lenvatinib-treated 
patients had a median OS of 18.7  months with a median TTP of 12.8  months. 
Though none of the patients demonstrated complete response, 47% of the patients 
had stable disease, and subgroup analyses showed similar promising results. 
Lenvatinib was subsequently evaluated in an open-label noninferiority phase III 
REFLECT trial [36]. Median PFS (7.4 vs. 3.7 months; HR = 0.66; 95% CI = 0.57–
0.77; p < 0.0001) and median TTP (8.9 vs. 3.7 months; HR = 0.63; 95% CI = 0.53–
0.73; p < 0.0001) favored lenvatinib over sorafenib. Lenvatinib was demonstrated to 
be noninferior to sorafenib in terms of median OS (13.6 vs. 12.3 months; HR = 0.92; 
95% CI  =  0.79–1.06), which was the primary endpoint. Most common adverse 
events noted in the lenvatinib arm were hypertension (41–76%), hand-foot erythro-
dysesthesia syndrome (65%), proteinuria (61%), diarrhea (39%), and fatigue (30–
61%). Of note, 57% of the patients experienced severer adverse events (grade 3 and 
above) with 18% of the patients reporting treatment-related serious adverse events.

 Cabozantinib

Cabozantinib is an oral kinase pathway inhibitor, targeting c-MET, VEGFR2, Axl, 
and RET, which has been evaluated in clinical trials, enrolling advanced HCC 
patients [4, 6]. In a phase II trial that evaluated cabozantinib in 41 advanced HCC 
patients, partial response or stable disease was observed in 66% of the patients. 
Median PFS in cabozantinib and placebo groups were 2.5 and 1.4  months, 
respectively (difference was not statistically significant). In a randomized double- 
blind placebo-controlled phase III CELESTIAL trial involving 707 advanced HCC 
patients (2:1 randomization), cabozantinib was associated with 24% reduced risk of 
dying as compared to that of placebo group, and median OS improved by 2.2 months 
(10.2 vs. 8.0 months; HR = 0.76; 95% CI = 0.63–0.92; p = 0.0049) [6]. Cabozantinib 
was also associated with a better median PFS (5.2 vs. 1.9 months; HR: 0.44, 95% 
CI = 0.36–0.52; p < 0.0001). Most common adverse events noted in cabozantinib 
group were diarrhea (20%), palmar-plantar erythrodysesthesia (15%), and 
thrombocytopenia (15%). Grade 5 toxicities (hepatic failure, esophagobronchial 
fistula, portal vein thrombosis, upper gastrointestinal hemorrhage, pulmonary 
embolism, and hepatorenal syndrome) were seen in six patients who received 
cabozantinib.
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 Ramucirumab

Ramucirumab is a human IgG1 monoclonal antibody against VEGFR2 that has 
shown encouraging results in advanced HCC by targeting endothelial cell prolif-
eration and migration. In a phase II trial involving 42 advanced HCC patients, 
ramucirumab was associated with a median overall survival of 12 months with 
9.5% OS rate. Given these encouraging results, the drug was evaluated in a ran-
domized placebo control phase III REACH trial, enrolling unselected 643 patients 
advanced HCC patients [37]. A potential OS benefit was suggested in patients with 
baseline AFP levels of 400 ng/mL or more and Child-Pugh score of 5 (HR = 0.61; 
95% CI  =  0.43–0.87; p  =  0.01) and Child-Pugh score of 6 (HR  =  0.64; 95% 
CI = 0.42–0.98; p = 0.04) in posthoc subgroup analyses. To validate the finding, a 
phase III REACH-2 study was conducted by enrolling 292 advanced HCC patients 
with baseline AFP 400 ng/mL or greater and Child-Pugh class A who progressed 
on or were intolerant to sorafenib (NCT02435433) [38]. Patients were randomized 
(2:1) to receive ramucirumab 8  mg/kg i.v. or placebo. Ramucirumab treatment 
significantly improved median OS (8.5 vs. 7.3 months; HR = 0.71; 95% CI = 0.53–
0.95; p = 0.02) and PFS (2.8 vs. 1.6 months; HR = 0.45; 95% CI = 0.34–0.60; 
p  <  0.0001). Risk of death was reduced by 29%. ORRs were 4.6% and 1.1% 
(p = 0.12) and disease control rates (ORR + stable disease) were 59.9% and 38.9% 
(p  =  0.0006) in ramucirumab and placebo arms, respectively. Adverse events 
(grade 3 and above) occurred include hypertension (12.2% in ramucirumab and 
5.3% in placebo) and hyponatremia (5.6% in ramucirumab and 0% in placebo). 
REACH-2 is the first positive phase III study conducted in biomarker-selected 
patients with HCC.

 Sunitinib

Sunitinib is an oral multikinase inhibitor that targets VEGFR1–3, PDGFR, c-kit, 
and RET. In phase II trials in advanced HCC patients, ORRs were 2.7–12% and 
median Oss were 5.8–9.8 months [39]. With the high dose of sunitinib (50 mg daily, 
4 weeks on and 2 weeks off) in these trials, high incidences of grade 3 or 4 toxicities, 
such as thrombocytopenia, neutropenia, asthenia, hand-foot syndrome, and fatal 
treatment-related events, were noted. In a phase III trial, reduced dose of sunitinib 
(37.5 mg daily for 4 weeks on and 2 weeks off) was compared to sorafenib 400 mg 
twice daily in 1074 Child-Pugh class A patients with advanced HCC [40]. The trial 
was terminated prematurely due to drug-related toxicity and inferior outcomes in 
sunitinib arm. Patients in the sunitinib arm had a shorter median OS compared to 
that of sorafenib arm (7.9 vs. 10.2  months; HR  =  1.30; 95% CI  =  1.13–1.30; 
p = 0.001).
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 Tivantinib

A small-molecule compound, tivantinib, has been tested as a c-Met inhibitor for 
second-line treatment of advanced HCC in a phase II trial, in which positive c-Met 
immunostaining was associated with extended TTP in a posthoc subgroup analysis 
(2.7 vs. 1.4  months; HR  =  0.43; 95% CI  =  0.19–0.97; p  =  0.03) [41]. In the 
subsequent phase III METIV-HCC trial enrolling c-Met-positive inoperable HCC 
patients, the prognostic benefit was not validated [42]. More recent studies suggest 
that tivantinib is not a specific c-Met inhibitor [43].

 Bevacizumab

Bevacizumab, a humanized monoclonal antibody targeting VEGF, elicits antiangio-
genic effect and has been evaluated in advanced HCC patients either as a mono-
therapy or in combination with other agents, including erlotinib, gemcitabine with 
oxaliplatin, and capecitabine with or without oxaliplatin [44]. As a single agent, it 
showed ORR of 13% with a median OS of 12.4 months [45]. As a combination 
therapy with gemcitabine and oxaliplatin, the drug showed an ORR of 20% and PFS 
of 9.6 months [44]. Most trials of bevacizumab reported median PFS between 5.3 
and 9 months and OS between 5.9 and 13.7 months with the disease control rate 
ranging from 51% to 77%. Most common grade 3/4 adverse events noted were 
increased liver enzymes (13%), fatigue (12%), high blood pressure (10%), diarrhea 
(8%), and neutropenia (5%). Trials of bevacizumab combined with other agents are 
currently under investigation in HCC (ClinicalTrials.gov).

 Other Tyrosine Kinase Inhibitors

Other tyrosine kinase pathway inhibitors have been evaluated in advanced HCC 
patients with no positive results. Cediranib, a VEGFR, c-kit, and PDGFR inhibitor, 
showed no clinically significant improvement in response to therapy with a high 
incidence of adverse events [46]. Linifanib is an inhibitor of VEGFR and PDGFR, 
and has shown promising results in phase I and II trials, although it failed to show 
superiority to sorafenib in a phase III randomized clinical trial [47]. Moreover, 
linifanib was not tolerated well with high incidence of grade 3/4 adverse events 
leading to its discontinuation to be compared with sorafenib [47]. Similar findings 
were seen in phase II and III clinical trials of brivanib, an inhibitor of VEGFR and 
FGFR, in patients with advanced HCC [48]. In phase III randomized 
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sorafenib- controlled clinical trial, brivanib was found to be noninferior to sorafenib 
but was associated with high degree of toxicities with less tolerability profile com-
pared to sorafenib [48]. Most common adverse events noted were hypertension, 
hyponatremia, and fatigue. Similarly, orantinib, an inhibitor of VEGFR2, PDGFR, 
and FGFR, yielded an ORR of 8.6% in a phase II clinical trial involving metastatic 
HCC patients [49]. The drug did not show any benefit in phase III randomized pla-
cebo-controlled trial when added as an adjuvant therapy to TACE [50].

 Everolimus

Everolimus is an inhibitor of mechanistic target of rapamycin (mTOR). Despite 
encouraging prolongation of median OS (7.7 vs. 5.7  months) and PFS (3.7 vs. 
1.9 months) compared to placebo in a phase II clinical trial [51], subsequent phase 
III EVOLVE I trial, enrolling 546 advanced HCC patients who did not tolerate or 
progressed on sorafenib, failed to validate the results for median OS (7.6 vs. 
7.3 months for treatment and placebo arms, respectively) and TTP (3 vs. 2.6 months 
for treatment and placebo arms, respectively). Everolimus was also tested as 
combination therapy with sorafenib compared with sorafenib alone in a randomized 
phase II trial. The trial did not show any additional benefit over sorafenib 
monotherapy in terms of ORR (0% vs. 10%) and PFS (68% vs. 70%) with increased 
incidence of adverse events [52].

 Future Directions

HCC is the most common type of liver cancer, and its incidence has almost tripled 
since 1980, and the management of advanced HCC will remain the major clinical 
challenge [53]. Recent approval of multiple systemic therapies has opened the 
avenue toward tailored medical treatment of advanced HCC according to associated 
specific molecular aberrations. Molecular targeted agents, which failed to 
demonstrate clinical benefit in unselected “all-comer” trials may still have value in 
a subset of patients if predictive biomarkers of response are identified. For biomarker 
exploration, acquisition of biospecimens, especially tissue, will be critical and inter- 
and intratumor heterogeneity of molecular aberrations (covered in Chap. 14) need 
to be addressed to elucidate clinically actionable information that guide the systemic 
therapies. Circulating biomarkers (covered in Chap. 7) will enable flexible clinical 
application of such predictive biomarkers of drug response. Given the complex 
molecular dysregulations implicated in HCC pathogenesis, combination therapies 
especially with immune-oncology agents may enable improved management of the 
patients with advanced HCC.
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Chapter 12
Immune Therapies

Zachary J. Brown and Tim F. Greten

 Introduction

Hepatocellular carcinoma (HCC) often develops in the setting of chronic liver dis-
ease and as such is often considered an inflammation-induced cancer where this 
inflammation aids to drive carcinogenesis [1]. As an inflammation-induced cancer, 
patients with a greater lymphocyte density in HCC tumors often correlate with a 
better prognosis [2]. As a result, immunotherapy may provide an ideal approach of 
treatment [3]. As of 2017, nivolumab, a monoclonal antibody targeting programmed 
cell death-1 (PD-1), has been approved for patients with advanced HCC in the 
second-line setting for those patients who have progressed on sorafenib [4]. In order 
to have an effective immunotherapy, a tumor must present antigens which are 
recognized by the immune system, and then the immune system must be able to 
mount a response against that tumor-associated antigen. However, the tumor 
microenvironment has adapted ways to evade immune recognition as well as escape 
from immune therapies. In this chapter, we describe immune-based treatment of 
HCC first focusing on HCC tumor antigens and liver tumor microenvironment. We 
will then discuss the application of immune-based therapies in the treatment of 
patients with advanced HCC as well as future directions of where the field of 
immunotherapy may be heading in patients with HCC.
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 Tumor Antigens

The identification of HCC tumor antigens is an important step for potential targeted 
immune-based therapies. Solid tumors may contain 30–70 mutations that alter the 
amino acid sequences of proteins. Each of these alterations is foreign to the immune 
system and is therefore a potential target for immune recognition [5]. However, the 
immune system cannot recognize all mutations for an effective immune response. 
The mutation must result in a protein that is expressed by the tumor cell, and this 
protein must be able to be presented to the immune system on a human leukocyte 
antigen (HLA) protein [5]. If either of these conditions are not met, the mutation 
may not be immunogenic.

Tumor antigens can be categorized into three broad categories: tumor-specific 
antigens, which arise in cancer cells and are completely absent from normal cells; 
tumor-associated antigens (TAA) which are expressed mainly on tumor cells but 
also at low levels on normal cells; and cancer/testis antigens which are expressed by 
tumor cells and expressed in reproductive tissue but otherwise absent in normal 
adult cells [6]. TAA-specific CD8+ T cell responses have been found to be more 
detectable in patients with early-stage HCCs as compared to later stages. In addition, 
patients with TAA-specific responses were found to have a significantly greater 
median progression-free survival (PFS) compared to patients without TAA-specific 
responses [7]. Therefore, we can deduce that tumors, which contain more 
immunogenic antigens tend to have a more favorable prognosis and outcome.

Perhaps the most well-known HCC antigen is alpha-fetoprotein (AFP). AFP is 
widely considered the most useful biomarker for HCC evaluation with high levels 
correlating with the development and progression of HCC [8]. AFP is present during 
fetal development but is largely absent in healthy adults. Other widely studied tumor 
antigens associated with HCC include glypican-3 (GPC-3), melanoma-associated 
gene-A1 (MAGE-A1), New  York-esophageal squamous cell carcinoma-1 
(NY-ESO-1), sarcoma X breakpoint 2 (SSX2), and telomerase reverse transcriptase 
(hTERT) [1, 7]. Targeting tumor antigens may be an efficient way to control tumor 
growth, but immune-based approaches focusing on vaccines, cytokines, and 
nonspecific T cell activation have resulted in largely disappointing results [1, 9]. 
These immune-based strategies may produce disappointing results as the HCC 
tissue microenvironment may have a large impact in response to therapy.

 Tumor Environment

The tumor microenvironment (TME) is becoming increasingly recognized as hav-
ing a role in tumor growth promotion and immune evasion. Under normal condi-
tions, the liver experiences a tremendous antigen exposure as a result of portal-venous 
blood flow with physiologic filtration of environmental and bacterial agents from 
the gastrointestinal tract. Therefore, to prevent autoimmune damage from constant 
immune stimulation and antigen exposure, the liver has developed intrinsic 
tolerogenic mechanisms in the innate and adaptive immune responses. This 
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tolerance to the large flux of antigens can be harmless in respect to the large majority 
of antigens but may prove to be detrimental with immune tolerance to tumor- 
associated antigens and HCC progression [10].

In addition to the physiologic immune tolerance of the liver, chronic inflamma-
tion promotes immune suppression through continuous cytokine production and 
recruitment of immune cells [10]. In order to have T cell activation, CD4+ T cells are 
presented an antigen on major histocompatibility complex (MHC) class II molecules 
by antigen-presenting cells that recognize a specific T cell receptor (TCR). A 
costimulatory binding of CD28 on the T cell with CD80 or CD86 on the antigen 
presenting cell (APC) is then required to propagate the signal for T cell activation. 
Activated CD4+ T cells are then polarized toward a TH1 phenotype enhancing CD8+ 
T cell cytotoxicity toward the target antigen (Fig. 12.1). However, once CD4+ T 
cells are activated, they upregulate the immunosuppressive receptor, cytotoxic T 
lymphocyte-associated protein (CTLA)-4, to act as a break on the adaptive immune 
response by competing with CD28 for the binding of CD80/CD86 and therefore 
taking away the necessary costimulatory signal. CTLA-4 is present on activated T 
cells, dendritic cells (DCs), and is constitutively expressed on regulatory T cells 
(Tregs). Under physiologic conditions, immune checkpoints prevent over activation 
of T cells, thereby limit unwanted collateral tissue damage [11]. However, the TME 
has usurped this physiological function to produce an immunosuppressive milieu.

In addition to CTLA-4, PD-1 also acts as a check on the immune response. Much 
like CTLA-4, PD-1 is upregulated in the setting of chronic antigen exposure. PD-1 
is expressed by activated CD4+ and CD8+ T cells, natural killer (NK) cells, B cells, 
as well as Tregs, myeloid-derived suppressor cells (MDSCs), monocytes, and DCs. 
Programmed death-ligand 1 (PD-L1) and PD-L2 are the ligands of PD-1. PD-L1 is 
found on APCs, MDSCs, macrophages, various parenchymal cells, as well as tumor 
cells, while PD-L2 is only expressed by hematopoietic stem cells. The binding of 
PD-1 with its ligand blocks TCR signaling, inhibits T cell proliferation, and leads to 
dysfunctional exhausted T cells [1]. Additionally, PD-L1 overexpression in HCC is 
associated with more aggressive tumors and an increase in postoperative recurrence 
of HCC [12].

Different immune cells have been reported to suppress antitumor immunity in 
HCC. Tregs have been shown to accumulate in patients with HCC where an increase 
in Tregs has been linked to a worse outcome [13]. Tregs inhibit the immune response 
through competitively binding CTLA-4 to CD28 as well as downregulation of 
CD80 and CD86, secretion of transforming growth factor (TGF)-β and IL-10, and 
depletion of IL-2. MDSCs are also found to be increased in patients with HCC and 
elevated counts often correlate to tumor progression [14–16]. MDSCs are a 
heterogeneous group of immature and immunosuppressive myeloid cells which 
promote tumor formation by facilitating angiogenesis through VEGF production, 
impair CD4+ and CD8+ T cells with increased arginase activity, impair NK cell 
activity via TGF-β, disrupt TCR signaling through reactive oxygen and nitrogen 
species, and promote Treg expansion. Additionally, MDSCs promote formation of 
immunosuppressive M2 macrophages which creates a vicious cycle further propa-
gating an immunosuppressive microenvironment through production of suppressive 
cytokines and promoting T cells to a TH2 phenotype which further induces M2 
macrophages and MDSCs [1].
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Fig. 12.1 Overview of tumor immune response. Under physiological conditions, antigens are 
recognized and presented to CD4+ T cells, which further activate CD8+ T cells. T cell activation 
causes upregulation of CTLA-4 and PD-1 to prevent overactivation of the immune response. The 
tumor microenvironment creates an immunosuppressive milieu through recruitment of regulatory 
T cells (Tres), myeloid-derived suppressor cells (MDSCs), and upregulation of immune 
checkpoints. These immunosuppressive factors lead toward carcinogenesis and tumor progression
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In addition to the aforementioned checkpoint inhibitors, other inhibitory mem-
brane proteins are being recognized as creating an immunosuppressive TME and 
therefore may represent a potential therapeutic target. TIM-3 is expressed by cells 
of the innate and adaptive immune system. Galactin-9 is a ligand for TIM-3 and is 
expressed by multiple tissues, including the liver, and regulates cell differentiation, 
adhesion, and cell death. Galactin-9 and TIM-3 have been shown to inhibit the T 
cell response. In addition, TIM-3-expressing T cells often co-express PD-1, indicat-
ing the two inhibitory pathways may cooperate to produce a severely exhausted T 
cell phenotype [9]. Preclinical studies have shown that blocking TIM-3 and PD-1 
may produce a greater tumor response in non-small cell lung cancer models [17].

LAG-3 has also been shown to act synergistically with PD-1 to promote tumor 
immune evasion. LAG-3 is expressed by activated T cells and binds to MHC class 
II molecules on DCs, thereby decreasing the costimulatory function of DCs and is a 
hallmark of exhausted T cells [1, 9]. Other immune-inhibitory factors include 
arginase-1 which is expressed at high levels by MDSCs and tumor-associated 
machrophages (TAMs) as well as indoleamine 2,3-dioxygenase (IDO) which is 
expressed by multiple cell types in the TME [1]. Both arginase-1 and IDO metabolize 
amine acids, arginine and tryptophan, respectively, which deprive immune cells of 
vital nutrients and generate immunosuppressive by-products [1].

 Immunotherapies

As we discussed, the tumor microenvironment creates an immunosuppressive 
milieu promoting tumor formation and limits the capacity of the host to mount a 
proper immune response. Investigations are ongoing to create immune-based 
therapies to promote tumor recognition and ultimately tumor eradication. Here, we 
discuss various approaches to immune-based therapies, including the application of 
immune checkpoint inhibitors, cell-based therapies, and cytokine-based therapies. 
We will then discuss future directions with genetically engineered therapies 
including chimeric antigen receptors (CAR) T cell therapies and TCR therapies.

 Immune Checkpoint Inhibitors

Immune checkpoint inhibitors have gained interest for patients with advanced HCC 
after success in treating patients with melanoma and non-small cell lung cancer 
with these agents. Between 2013 and 2017, results of three clinical trials have been 
reported for patients with advanced HCC treated with immune checkpoint inhibitors; 
two trials using tremelimumab (anti-CTLA-4), and one trial utilizing nivolumab 
(anti-PD1) (Table 12.1). Checkpoint inhibitors have several advantages over other 
types of immunotherapies such as cell-based therapies with regard to commercial 
availability, wider applicability to a range of pathologic conditions, and no restric-
tion by HLA status.
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Sangro et  al. reported the first clinical use of immune checkpoint inhibitor, 
tremelimumab, in a phase II trial in patients with chronic hepatitis C and advanced 
HCC not amenable to surgical or locoregional therapies [18]. Fifty-seven percent of 
patients enrolled progressed on previous therapies, and 43% had severer liver dis-
ease, i.e., Child-Pugh class B advanced fibrosis/cirrhosis. This is significant given 
that previously evaluated drugs such as sorafenib have been tested in mostly patients 
with Child-Pugh class A disease and better natural history. Although the patients 
received what is now considered to be a suboptimal dose of tremelimumab (15 mg/
kg every 90 days to a maximum of four doses), partial response (PR) in 3 patients 
and stable disease (SD) in 10 patients were observed among 17 evaluable patients 
[9]. In addition, tremelimumab was generally well tolerated, and a reduction in 
HCV viral load was also detected.

The next trial used tremelimumab in combination with noncurative tumor abla-
tion utilizing radiofrequency ablation (RFA) or transarterial chemoembolization 
(TACE) [19]. The hypothesis of adding tumor ablation was the assumption that RFA 
or TACE may cause immunogenic cell death. This type of cell death could then lead 
to a systemic release of antigens and a global immune response which may be 
enhanced by the checkpoint inhibitor [9, 19]. This was a phase I/II study with 
optimal therapeutic dosing of tremelimumab consisting of 78% of patients who 
advanced on previous therapies. Fourteen percent of patients were Child-Pugh class 
B and 75% had viral hepatitis. Of the 19 evaluable patients, 5 patients (26%) had a 
PR and 12 patients (63%) were deemed to have SD. Again, this trial showed an 
acceptable safety profile, reduction in viral load, and promising antitumor effects.

The encouraging results of the tremelimumab studies followed into utilizing 
nivolumab in CheckMate 040 trial [4]. This study consisted of dose-escalation and 
dose-expansion phases in patients with intermediate or advanced HCC who had 
progressed, were intolerant, or refused sorafenib. As a result of the dose-escalation 
study, 3 mg/kg every 2 weeks was chosen for the expansion cohort. Most patients 
had advanced HCC with extrahepatic metastases and received sorafenib. Of the 212 
evaluable patients, they observed complete response (CR) in 3 patients (1%) and PR 
in 39 patients (18%). Furthermore, response rates were similar in both patients with 
or without prior sorafenib therapy. These findings resulted in nivolumab being 

Table 12.1 Clinical trial results utilizing immune checkpoint inhibitors in HCC

Sangro et al. [18] Duffy et al. [19]
El-Khoueiry et al. 
[4]

Agent (target) Tremelimumab 
(CTLA-4)

Tremelimumab 
(CTLA-4)

Nivolumab (PD-1)

Number of patients 
evaluated

17 19 212

Complete response (CR) 0 0 3 (1%)
Partial response (PR) 3 (18%) 5 (26%) 39 (18%)
Stable disease (SD) 10 (59%) 12 (63%) 96 (45%)
Median time to 
progression

6.5 months 7.4 months 4.1 months
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approved in the second-line setting for patients with advanced HCC. Another anti-
PD1, pembrolizumab, has shown similar objective response rate of 17% in 104 
enrolled patients in a phase II trial (KEYNOTE-224) [20]. A follow-up phase III 
study however did not meet the primary end points for OS and PFS despite favorable 
trends, suggesting the need for predictive biomarkers of response (KEYNOTE-240, 
NCT02702401). Another phase III trial of pembrolizumab is ongoing in Asian 
patients (KEYNOTE-394, NCT03062358). A phase II trial is underway to evaluate 
the agent as neoadjuvant therapy following surgical resection or ablation (AURORA, 
NCT03337841).

Although these aforementioned trials showed promising results for the use of 
immune checkpoint inhibitors in patients with advanced HCC, additional trails are 
needed and underway to show efficacy as first-line therapy and in combination with 
other immune or cytotoxic therapies. In patients with melanoma combining 
nivolumab and ipilimumab (anti-CTLA-4) produced a greater objective-response 
rate and progression-free survival as compared to single-agent therapy [21]. 
Currently, phase III clinical trials are underway with nivolumab in the first-line 
setting against sorafenib (CheckMate 459) and combination therapies of 
tremelimumab and durvalumab (anti-PD-L1) along with ablative therapies 
(NCT02821754) and nivolumab plus sorafenib (NCT03439891).

 Cell Bases Therapies

Adoptive cell transfer (ACT) is a highly personalized form of cancer immunother-
apy that involves the transfer of host-derived expanded immune cells [22]. Adoptive 
transfer of autologous tumor-infiltrating lymphocytes (TIL) has been shown to 
produce a complete and durable tumor regression in patients with metastatic 
melanoma [23]. There is limited data in the treatment of HCC patients with 
metastatic or unresectable disease via the transfer of ex vivo expanded autologous 
TIL. However, ACT has been tried in the adjuvant setting. Takayama et al. studied 
ACT in the adjuvant setting in 150 patients who had undergone curative resection 
for HCC with 76 patients receiving adoptive immunotherapy and 74 patients 
receiving no adjuvant treatment [24]. The ACT treatment consisted of adjuvant 
activated autologous lymphocyte infusions. ACT treatment increased the recurrence- 
free survival (RFS) but had no impact on overall survival (OS). Activated T cell 
transfer has also been applied with adjunctive treatments such as an autologous 
tumor lysate-pulsed DC vaccine [25]. In this study, patients who underwent a 
curative HCC liver resection received an adjuvant DC vaccine which was made 
from a patient’s isolated DCs pulsing with tumor lysate created from the resected 
tumor along with CD3+ activated T cells. There was a significant difference in both 
RFS and OS in favor of combination DC vaccine and ACT vs. no adjuvant therapy. 
The difference between these two studies may highlight the need for combination 
therapy strategies in the future.
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Another strategy of ACT that has been tried in the adjuvant setting for HCC is 
through the use of cytokine-induced killer (CIK) cells. CIK cells are autologous 
cells that are expanded ex vivo from a patient’s peripheral blood mononuclear cells 
(PBMCs) which are cultured with a cytokine cocktail and anti-CD3 antibodies. CIK 
cells consist of a variety of subpopulations: CD3+/CD56+ cells, CD3−/CD56+ NK 
cells, and CD3+/CD56− cytotoxic T cells. Therefore, CIK cells have potent antitumor 
effects with the dual-functional capability of T cells and NK cells. The result 
indicated its substantial specificity toward tumor cells and the capability of acting 
independent of TCR [26, 27]. Lee et al. studied the use of CIK cells in the adjuvant 
setting in patients with resected HCC. The primary end point of this study is RFS 
and secondary end points include OS and cancer-specific survival. They found that 
CIK cell immunotherapy was associated with improved RFS, OS, and cancer- 
specific survival [27].

CIK cell therapy has also been evaluated in the setting of inoperable advanced 
disease. In a nonrandomized evaluation of patients receiving RFA and TACE, CIK 
cell therapy was shown to possibly improve OS when given with these locoregional 
therapies [28]. Additionally, in a phase II randomized trial, it was found that CIK 
cell therapy can improve OS and PFS as compared to standard treatment [29]. 
Additional data support the use of tadalafil, a phosphodiesterase type 5 (PDE5) 
inhibitor, in combination with CIK cell therapy, as it improves efficacy through the 
suppression of MDSC activity (unpublished work from Greten lab). These studies 
demonstrate promise in adoptive cell-transfer techniques for patients with advanced 
nonoperable HCC as well as in the adjuvant setting. However more research and 
clinical trials are needed in the application of these treatment methods. A major 
potential drawback of ACT is the need of specialized centers and the difficultly in 
making these treatments widely and commercially available.

 Cytokines

Dr. Steven Rosenberg pioneered one of the first successful immune-based treat-
ments with the application of interleukin-2 (IL-2) for the treatment of metastatic 
melanoma [30]. However, for patients with HCC, cytokines-based treatments have 
met with limited success. The use of interferon (IFN) appeared as a logical first 
choice for the treatment of HCC, and it may show both antiviral and antitumor func-
tions. However, for patients with advanced disease, the tumor response rates to IFN 
therapy was poor with a partial response rate of 6% (2 of 30 patients) and no benefit 
in OS [31]. Additionally, IFN therapy was not well tolerated in patients with cir-
rhosis and HCC resulting in nearly half of the patients discontinuing treatment due 
to intolerance or adverse events [31]. IFN has also been studied in the adjuvant set-
ting for patients with viral hepatitis-related HCC with conflicting results. Chen et al. 
investigated the use of adjuvant IFN and failed to find a statistical difference in 
either RFS or OS [32]. Sun et al. investigated a similar cohort with IFN and found 
no difference in disease-free survival but found a significant difference in OS in 

Z. J. Brown and T. F. Greten



247

favor of patients receiving adjuvant IFN [33]. Of note, more patients in the IFN-
group received a second liver resection than patients in the control group. Although 
this was not statistically significant, this may influence OS in these patients.

Additional trials with cytokines involve phase I trials with intratumoral delivery 
of IL-12 [34, 35]. Both these trials included patients with advanced GI tumors, 
displaying feasibility and safety of the therapy, but did not show promising antitumor 
response rates, although the studies were underpowered. Further investigations are 
underway with promising results involving a small molecule inhibitor of TGF-ß 
receptor 1, LY2157299 (galunisertib) in patients with advanced HCC either alone or 
in combination with nivolumab or stereotactic body radiotherapy [10].

 Vaccine Therapy

The introduction of the hepatitis B vaccine in the 1980s may have virtually restruc-
tured the landscape of HCC by preventing assumedly numerous cases of 
HCC. Similarly, immunization against human papilloma virus has greatly decreased 
the risk of cervical cancer in a similar fashion. Utilizing similar principles of 
immune recognition and promoting an adaptive immune response against specific 
antigens, i.e., vaccination, can be applied not only for cancer prevention but also for 
cancer treatment.

The basic element underlying cancer vaccination is increased immune recogni-
tion of tumor-specific neoantigens that result from either driver or passenger 
genomic DNA mutations, producing altered proteins to create neoepitopes. 
Multineoepitope vaccines have been shown to activate both neoantigen-specific 
CD4+ and CD8+ T cells. In the first priming phase of the immune response, cross 
presentation between DCs and TH1 cells can induce potent neoepitope-specific 
cytotoxic T lymphocytes (CTLs) with improved tumor penetration and generating 
memory CD8+ T cells. In the tumor, the vaccine-induced TH1 CD4+ T cells can fur-
ther promote an inflammatory TME through increased IFN-γ, thus upregulating 
MHC class I molecules on tumor cells, which improves killing by the CD8+ T cells. 
Additionally, the IFN-γ upregulates MHC class II molecules, further sensitizing 
tumors to recognition by CD4+ T cells [36].

AFP is expressed by a fraction of HCC tumors and during the process of fetal 
development but not in healthy adult tissues. AFP was the first TAA targeted for 
vaccine-based therapies in HCC despite limited success. In early studies utilizing 
AFP peptides or AFP-pulsed DCs, a T cell response was induced, but no clinical 
benefit of the therapy was observed [37, 38]. In a more recent study, administration 
of AFP-derived peptides to 15 HCC patients produced T cells that reacted to the pep-
tides and resulted in CR in 1 patient and SD in 8 patients with no adverse events [39].

Other trials have been conducted utilizing peptide vaccine against a carcinoem-
bryonic antigen, GPC3, which is an appealing target for HCC vaccines because of 
its specificity to HCC and association with a poor prognosis of the patients. Early 
studies utilizing a GPC3 peptide vaccine found the treatment to be safe and able to 
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induce tumor infiltration of CD8+ T cells. However, the therapy produced only 1 PR 
out of 33 treated patients with a median time to tumor progression of 3.4 months 
[40]. Preclinical studies have shown that utilizing anti-PD1 therapy may result in 
increased response to GPC3 peptide vaccines [41]. The GPC3 vaccine was also 
tested in the adjuvant setting, demonstrating a significantly improved recurrence 
rate in patients treated with surgery plus vaccine compared to surgery alone at 1 
year but was found to be no longer statistically significant at 2 years [42]. Besides a 
vaccine, targeting GPC3 through an anti-GPC3 antibody, GC33, has shown to be 
tolerated and may have promise in further phase II trials [43].

Clinical trials have also been performed using the targeted oncolytic poxvirus, 
JX-594, which was designed to replicate in and destroy cancer cells. JX-594 was 
found to be safe in a phase I study and displayed some promising results in a phase 
II trial with a intrahepatic disease control rate of 46% [44, 45]. Currently, there is an 
ongoing phase III clinical trial evaluating JX-594 (Pexa Vec) followed by sorafenib 
versus sorafenib alone in patients with advanced HCC (NCT02562755). Other trials 
utilizing a vaccine-based strategy with DCs pulsed with antigens have failed to 
demonstrate a significant clinical benefit [10]. Additionally, a phase II trial of low- 
dose cyclophosphamide in combination with the telomerase peptide GV1001  in 
patients with advanced HCC showed no radiologically detectable tumor responses 
[46]. The above studies demonstrate that although vaccine-based strategies in HCC 
can mount an immune response as shown by antigen-specific T cells in the blood of 
treated patients, local factors in the tumor likely prevent tumor eradication. 
Therefore, further studies are needed to progress vaccine-based immunotherapies, 
perhaps in combination with other immune therapies, in patients with advanced 
HCC.

 Sensitivity and Resistance to Immune Therapies

Although there has been recent success with immunotherapy in HCC, namely, 
immune checkpoint inhibitors, a subset of patients do not respond to therapy. 
Unfortunately, there is little known regarding the characteristics of HCC tumors that 
may predict response to immunotherapies. Experimental evidence suggests high 
levels of TIL, IFN signaling, presence of immune checkpoints, or a high tumor 
mutation burden may favor a positive clinical response to immune-based therapies. 
Furthermore, gene expression profiles of tumor, stromal, and immune cells indicate 
approximately 25% of evaluated HCC samples express markers of an inflammatory 
response which may indicate better sensitivity to immunotherapy [47].

Recent studies have suggested potential mechanisms underlying resistance to 
and escape from immunotherapies. Resistance to immunotherapy can be classified 
as primary resistance or adaptive and acquired resistance. Primary resistance occurs 
when the tumor does not respond to an immunotherapy from the initiation of therapy 
likely through lack of tumor antigen recognition by T cells. Adaptive or acquired 
resistance may occur when a tumor is recognized by the immune system, but the 
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tumor protects itself from immune attack. Additionally, resistance can be due to 
intrinsic tumor properties such as a low mutation burden and high PD-L1 expression 
or extrinsic tumor properties such as a highly immunosuppressive TME and lack of 
T cells with antigen-specific TCRs [48].

Further proposed mechanisms of resistance to immunotherapy include tumor 
cells, which have lost beta2-microglobulin (ß2-m) in tumor cells and can therefore 
no longer be recognized by CD8+ T cells [49]. Others observed that nonresponders 
to anti-CLTA-4 with metastatic melanoma have tumors with genomic defects in 
IFN-γ pathway genes [50]. Additionally, upregulation of alternative immune 
checkpoints, notably TIM-3, have also been found in lung adenocarcinoma. This 
suggests the upregulation of alternative immune checkpoints may be associated 
with adaptive resistance to anti-PD-1 therapy and therefore TIM-3 may be a potential 
target for combination therapy with anti-PD-1 [17]. Further understanding of the 
underlying resistance mechanisms to immunotherapies is needed to develop proper 
combination strategies to improve efficacy of checkpoint blockade for HCC 
treatment.

 Future Therapies

Genetically modified T cells have been applied to cancer therapy, and this technique 
is likely to be applied to HCC in the near future. T cells can be manipulated to 
express a high-affinity TCR or a chimeric antigen receptor (CAR). TCRs have a 
limitation of being restricted to recognize specific MHC molecules and therefore 
can only be used in patients who possess those specific HLAs. CAR T cells express 
a genetically engineered fusion molecule that act independently from an MHC 
molecule and are therefore able to circumvent HLA restrictions. The use of CAR T 
cells has been thrust into mainstream treatment for patients with CD19+ hematologic 
malignancies. The use of TCR and CAR T cells for patients with HCC remains in 
its infancy. Preclinical studies utilizing GPC3-specific T cells showed promising 
results in HCC-bearing mice [51]. A phase I study is currently underway to 
investigate its safety and antitumor activity of autologous T cells expressing TCRs 
for AFP in patients with advanced HCC (NCT03132792).

As alluded to earlier in this chapter, combining multiple immunotherapy modali-
ties may improve HCC response rates. The combination of checkpoint inhibitors, 
ACT, cytokines, and vaccines have been studied in other malignancies with varying 
degrees of success. The application of these approaches is likely soon to be applied 
to HCC. The use of immune-based therapies also raises concern about safety of the 
agents in HCC patients with underlying liver dysfunction caused by viral hepatitis 
or other etiologies. An early concern was the possible hepatocyte damage due to an 
overwhelming immune response against viruses in infected hepatocytes. However, 
the earlier application of immunotherapy, namely, checkpoint inhibitors, appeared 
to be generally safe and well-tolerated in patients with advanced HCC and therefore 
has led to the pursuit of combination with other treatment modalities [52]. 
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Additionally, effective adjuvant therapy is lacking in HCC, and the use of immuno-
therapies may provide a benefit to this patient population and requires further evalu-
ation. Phase I and II clinical trials are planned to test nivolumab as neoadjuvant 
therapy after surgical resection of HCC tumors (NCT03510871, NCT03299946).

 Conclusion

The application of immunotherapies has restructured the treatment approach to 
numerous malignancies such as melanoma and non-small cell lung cancer and is 
now being adopted for the treatment of HCC patients. Although the liver 
microenvironment is immunosuppressive and chronic liver disease contributes to 
further immune tolerance, the early application of immune-based therapies has 
demonstrated promising results in clinical trials. Further basic, translational, and 
clinical studies are required to better understand the complex interactions between 
tumor cells, immune cells, and immunotherapies in the tumor microenvironment to 
develop a treatment strategy to eliminate HCC cells.
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Chapter 13
Prevention Strategies for Hepatocellular 
Carcinoma

Derek J. Erstad, Allen A. Razavi, Shen Li, Kenneth K. Tanabe, 
and Bryan C. Fuchs

 Rationale for HCC Prevention

Hepatocellular carcinoma (HCC) is the fifth most common cancer with rising global 
incidence [1]. Surgical resection, liver transplant, and ablation provide the only 
potential curative therapies, though over 70% of patients are diagnosed at advanced 
stages of disease. Unfortunately, medical therapies have been largely ineffective, 
and HCC mortality remains high, with a 5-year survival of less than 15% in the 
United States [2]. Moreover, despite rigorous evaluation of screening strategies, 
surveillance noncompliance remains a limiting factor for early diagnosis and 
curative treatment [3–5]. HCC arises from a milieu of chronic inflammation and 
persistent liver injury that progresses over decades and occurs 40 times more often 
among cirrhotics [6, 7]. Therefore, there is potential for identification of at-risk 
individuals and development of preventative strategies. For these reasons, prevention 
is an attractive alternative approach for HCC management.

There are three main approaches to HCC prevention, primary, secondary, and 
tertiary, which are distinguished by a previous history of chronic liver disease and 
HCC [8]. The purpose of primary HCC prevention is to identify and abolish risk fac-
tors for chronic liver disease, and among patients with already established cirrhosis, 
to treat underlying chronic liver conditions prior to the onset of HCC [9]. Multiple 
primary and secondary preventative strategies have been proposed, though few have 
been validated in prospective, randomized controlled trials (RCTs). Particular strate-
gies have increased relevance based on geography and context. Endemic HBV in 
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East Asia and Sub-Saharan Africa presents a major source of cirrhosis and HCC, and 
therefore, implementation of vaccination programs stand to reduce the burden of 
hepatitis-mediated HCC in these regions [10]. Similarly, aflatoxin exposure remains 
a public health issue in East Asia, and policy changes to reduce dietary toxin expo-
sure is another potential high-yield intervention [11]. In contrast, in Western nations, 
obesity-related nonalcoholic steatohepatitis (NASH) is the fastest rising cause of 
liver failure and HCC [12, 13]. In this regard, more focus has been placed on bariatric 
surgery and anti-inflammatory pharmacologic agents that are used to treat metabolic 
syndrome-related disorders, including aspirin, statins, cyclooxygenase inhibitors, 
and anti-diabetic agents [14]. There is also great interest in dietary supplements, 
notably coffee and green tea polyphenols, both of which are thought to have anti-
inflammatory and anticancer effects. Hepatitis C virus (HCV) is highly prevalent on 
a global scale, and the recent development of effective direct acting antivirals (DAAs) 
offers great potential not only for curative therapy in patients with chronic viral hepa-
titis but secondarily to reduce the transmission and incidence of HCV [15].

Tertiary prevention strategies are designed to reduce the risk of HCC recurrence 
after curative resection of primary disease, typically in patients with baseline 
chronic liver disease or cirrhosis. Many of the same dietary and pharmacologic 
agents that are under investigation for secondary prevention are also being studied 
in the tertiary context. In addition, adjuvant chemotherapeutic agents targeting 
cancer are also under investigation. In this chapter, we systematically review HCC 
prevention strategies, their indications and limitations, and future directions for 
HCC prevention.

 Primary and Secondary Prevention Strategies

HCC is a malignancy borne from chronic hepatic insults, and approximately 90% of 
cases occur in the setting of cirrhosis. The annual incidence of HCC among cirrhotics 
is approximately 2–5% [16, 17]. The most common etiologies for chronic liver 
disease and cirrhosis include viral infection, alcohol consumption, obesity and 
metabolic syndromes, autoimmune and genetic disorders, and toxin exposure [18]. 
Despite each having unique molecular mechanisms, these processes result in a 
common pathogenic pathway characterized by persistent hepatocyte injury, chronic 
inflammation, progressive hepatic fibrosis, and ultimately hepatocarcinogenesis and 
HCC development [19]. In the sections below, we review these common etiologies 
of chronic liver disease and targeted efforts for HCC prevention.

 Viral Hepatitis

Approximately 80% of new HCC cases occur in developing countries, of which 
80% are attributable to HCV and HBV infection [20]. In the United States and 
Europe, untreated HCV infection accounts for 25–75% of HCC cases [21]. Among 
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HCV and HBV carriers, the risk of HCC is increased by approximately 17-fold and 
15-fold, respectively [22]. Viral oncogenesis is a complex multistep process that 
initiates with hepatocyte infection, injury, and subsequent inflammation. Autocrine 
and paracrine signaling feedback loops between hepatocytes and stellate cells 
establish a pro-survival, chronically inflamed microenvironment with reduced 
immune surveillance that is optimal for hepatocyte transformation [23]. HCV and 
HBV have unique molecular mechanisms that contribute to this process, as dis-
cussed below.

 HCV Epidemiology and Pathogenesis

Approximately 3% of the world’s population is infected with HCV, which is a sin-
gle-strand RNA virus from the Flaviviridae family. The annual HCC incidence 
among patients with cirrhosis and active HCV infection ranges from 1% to 8%; 
however, with effective treatment, evidenced by sustained viral response (SVR), 
this incidence decreases to 1% or less [24, 25]. Unlike HBV, the risk of HCV-related 
HCC increases with the degree of cirrhosis, and HCC is rarely observed in the 
absence of hepatic fibrosis [26]. There is conflicting evidence regarding the 
association between serum viral RNA load and HCC risk [27, 28]. Due to a high 
viral mutation rate, attempts at vaccine development against HCV have been 
unsuccessful but remain an active area of investigation even after the successful 
development of effective direct acting antivirals (DAAs).

HCV often presents with a mild acute phase and the majority of patients are 
unaware of their infection status until signs of chronic liver disease present several 
decades later. In the United States, approximately 1.6% of the populace is infected 
with HCV; however, less than 25% of individuals are aware of their infection status, 
and this rate decreases to less than 5% globally [29]. In the United States, the 
majority of HCV infections occurred among the “baby boomer” generation 
(prevalence of nearly 3%), and therefore the Centers for Disease Control (CDC) 
recommends HCV testing for anyone born between the years 1945 and 1965 [30]. 
Approximately 80% of HCV infections progress to chronic hepatitis, of which 15% 
will progress to cirrhosis [31]. It is projected that without treatment, 14% of HCV 
patients will eventually develop HCC [32]. Given the chronic nature of HCV, there 
is theoretically ample opportunity for preventive intervention. However, because the 
disease is frequently silent for many years and regular HCV testing is not utilized in 
most countries, there is still the hurdle of identifying patients who are infected.

The mechanism of HCV-induced hepatocarcinogenesis is not well established, 
though the oncogenic effects are likely secondary to viral proteins as the virus is 
unable to stably integrate into the genome. HCV core protein is capable of inhibiting 
multiple tumor suppressors including p21, p53, and Rb, and has also been associated 
with CDH1 downregulation via promoter hypermethylation, TGF-β upregulation, 
and activation of MEK/ERK phosphosignaling [33–35]. On a physiologic level, 
HCV core protein has been shown to influence multiple cellular processes, including 
proliferation, survival, lipid metabolism, reactive oxygen species (ROS) generation, 
and immune interactions [36]. In particular, HCV core protein, as well as another 
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HCV protein, NS5A, has been shown to impair β-oxidation, resulting in reduced 
mitochondrial electron transport chain function, endoplasmic reticulum (ER) stress, 
impaired lipid metabolism leading to hepatic steatosis, and increased ROS formation 
[37, 38]. Given the interdependence of these metabolic functions, dysregulation of 
any given process can further deregulate cellular homeostasis in a feed-forward 
manner. Over time, HCV-induced hepatocyte dysfunction and cell death establishes 
an inflammatory microenvironment that drives stellate-cell activation, fibrogenesis, 
and altered immune surveillance, which are conditions that have been shown to 
support hepatocyte transformation.

 HCV-Targeted Prevention

Interferon (IFN)-based therapy was introduced in 1986 and served as the mainstay 
of HCV treatment prior to the development of DAAs. IFN activates the immune 
system, which frequently results in enhanced viral detection and clearance. SVR 
rates of 50–70% in genotype 1/4 HCV patients without advanced fibrosis were 
achievable using pegylated interferon (PegIFN) in combination with ribavirin, a 
nucleoside inhibitor [39]. However, among patients with bridging fibrosis or cir-
rhosis, SVR was observed in only 51% and 33%, respectively. Given the immune- 
stimulating effects of IFN, treatment is often associated with severe adverse effects. 
Thus, low efficacy and high toxicity limit the utility of IFN-based HCV 
treatment.

Advances in our understanding of molecular virology led to the development of 
DAAs, which were introduced in 2011, creating a paradigmatic shift in our ability 
to safely and effectively treat HCV.  Initially, first-generation NS3-4A protease 
inhibitors, telaprevir and boceprevir, in combination with PegIFN and ribavirin 
were shown to achieve SVR rates of 65–75%, resulting in their Food and Drug 
Administration (FDA) approval for HCV genotype 1 treatment [40, 41]. This was 
followed by approval of Simeprevir, another NS3-4A inhibitor, in 2013 [42]. 
However, development of NS5B polymerase inhibitors led to a critical breakthrough 
in achieving SVR.  Sofosbuvir, a nucleotide analogue that causes early chain 
termination of viral RNA, was shown to induce SVR rates of 90% in combination 
with PegIFN and ribavirin triple therapy [43]. Multiple additional inhibitors 
targeting NS3-4A, NS5B, and NS5A (replication complex protein) have since been 
developed. Importantly, two-drug DAA combination therapy, of which there are 
multiple permutations, has been shown to induce SVRs of greater than 90%  
[44–46]. A list of currently used DAAs is included in Table 13.1.

HCV SVR is associated with significant reductions in all-cause mortality, hepatic 
fibrosis progression, and hepatocarcinogenesis [60]. In a recent meta-analysis eval-
uating 25,906 HCV patients treated with IFN-based regimens, the incidence of 
HCC was 1.5% in patients who achieved SVR compared to 6.2% among nonre-
sponders [61]. Loannou et  al. recently performed a meta-analysis evaluating the 
effect of DAA-associated SVR on HCC incidence. The study included 62,354 
patients treated with IFN-only regimens (58%), DAA plus IFN regimens (7%), or 
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DAA-only regimens (35%). In all instances, they found an HCC risk reduction of 
71–76% in patients who achieved SVR [62]. The risk reduction did not vary by 
treatment received. However, even among patients who achieve SVR with therapy, 
the risk for HCC remains elevated compared to healthy controls. The risk of HCC 
after SVR appears highest in patients with advanced liver fibrosis and diabetes 
mellitus, and therefore, these patients should be enrolled into HCC screening proto-
cols and additional preventive measures should be considered [63].

Table 13.1 Current DAAs for HCV and their efficacy, genotype specificity, resistance rates, and 
combination regiments

DAA type Drug name
SVR w/ time 
point

Genotype 
specificity 
w/o 
cirrhosis

Genotype 
specificity 
w/ cirrhosis

Resistance 
rates

Combination 
regiments

N3/4A 
protease 
inhibitor

Glecaprevir 93%/ 12 wk 
[47]

1–6 1–6 Low Pibrentasvir

Grazoprevir 99%/ 12 wk 
[48]

1a, 1b, 4, 
6

1a, 1b, 4 Low Elbasvir

Paritaprevir 100%/ 12 wk 
[49]

1a, 1b, 4 1b, 4 Low Ombitasvir, 
dasabuvir, 
ritonavir

Simeprevir 79.2%/ 
12 wk [50]

1a, 1b, 4 Low Sofosbuvir

Voxilaprevir 95%/ 12 wk 
[51]

3 Low Sofosbuvir, 
velpatasvir

NS5A 
polymerase 
inhibitor

Daclatasvir 87.4%/ 
24 wk [52]

1–4 2, 3 Low Sofosbuvir

Elbasvir 97.4%/ 
12 wk [53]

1a, 1b, 4, 
6

1a, 1b, 4 Grazoprevir

Ledipasvir 96%/ 12 wk 
[54]

1a, 1b, 3, 
4, 5

1a, 1b, 4 Low Sofosbuvir

Ombitasvir 97%/ 12 wk 
[55]

1a, 1b, 4, 
6

1b, 4 <15% Dasabuvir, 
ritonavir, 
paritaprevir

Pibrentasvir 99.2%/ 
12 wk [56]

1–6 1–6 Low Glecaprevir

Velpatasvir 99%/ 12 wk 
[57]

1–6 1–6 <1% Sofosbuvir

NS5B 
nucleotide 
polymerase 
inhibitor

Sofosbuvir 99%/ 12 wk 
[58]

1–6 1–6 Low Simeprevir, 
voxilaprevir, 
daclatasvir, 
ledipasvir, 
velpatasvir

NS5B 
non- 
nucleotide 
polymerase 
inhibitor

Dasabuvir 96–100%/ 
12 wk [59]

1a, 1b, 2 1b Low Ombitasvir, 
paritaprevir, 
ritonavir
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 HBV Epidemiology and Pathogenesis

As of 2017, 291 million people are infected with hepatitis B (HBV), which is 
responsible for 887,000 deaths per year globally [64]. HBV is endemic in develop-
ing regions including Southeast Asia and Africa, where approximately 8% of the 
population is infected, which is largely due to a lack of healthcare resources and 
established neonatal vaccination programs. In contrast, carrier rates in developed 
Western nations including the United States are below 2%. Two-thirds of patients 
who develop acute HBV infection exhibit minimal symptoms causing the illness to 
go undetected, which is a contributing factor to high transmission rates in regions 
where HBV screening is rarely available [65]. HBV is most frequently vertically 
transmitted during infancy; therefore, the World Health Organization (WHO) and 
the Centers for Disease Control (CDC) recommend HBV vaccination within the 
first 12–24 h after birth. HBV is highly infectious by requiring less than ten viral 
particles to establish hepatocyte infection [66, 67]. The likelihood of developing 
chronic infection, and thereby increased cancer risk is related to the age of HBV 
exposure. In newborns, the risk of chronic HBV infection is 90%, while conversion 
from acute to chronic infection in adults, who have more well-established immune 
function, is less than 5% [68]. Chronic HBV is the leading risk factor for HCC 
development globally (approximately 15-fold increased risk), and approximately 
80% of new HCC arise in regions of endemic HBV [69]. Unlike HCV-related HCC, 
which rarely develops in the absence of cirrhosis, HBV-related HCC can occur in 
the absence of chronic liver disease, indicating a unique oncogenic mechanism [70].

The pathogenesis for HBV-related HCC is not well established, though is thought 
to include direct effects from viral DNA integration and translated protein products, 
as well as indirect effects from secondary hepatic inflammation and fibrosis. 
Integration of HBV DNA into the host hepatocyte genome is observed in 84.6% of 
HBV-related HCC [71]. The location and frequency of integrations determines the 
degree of subsequent genomic instability. Moreover, insertion mutations within 
tumor suppressor genes have been shown to support aberrant hepatocyte prolifera-
tion and survival [71, 72]. Unlike HCV, HBV serum DNA levels directly correlate 
with risk of HCC development; however, the HBV replication cycle is not directly 
cytotoxic to hepatic cells [73]. Translation of the HBV genome yields multiple pro-
tein products including the viral envelope core, polymerase proteins, and preC and 
hepatitis B X (HBx) polypeptides [74]. HBx has been associated with multiple 
oncogenic processes including activation of the Ras-Raf-MAPK pathway, upregula-
tion of miR-181a, and inhibition of p53 and PTEN tumor suppressors [75–77]. Host 
immune responses to HBV antigens are critical determinants of hepatocellular 
injury [74]. HBV-induced hepatic inflammation drives local ROS generation and 
increased hepatocyte oxidative stress, inducing damage to lipids, proteins, and 
DNA, as well as alteration of multiple cell signaling pathways including MAPK and 
PI3K. Chronic HBV infection also upregulates hepatic NF-kB and STAT3 signaling 
and circulating IL-6 levels [78]. These signaling changes stimulate prosurvival gene 
networks, supporting hepatocyte accumulation of mutational burden while also 
dampening immune surveillance and thereby increasing the likelihood of malignant 
transformation.
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 HBV-Targeted Prevention

Vaccination is the most impactful form of HBV prevention. Establishment of immu-
nity early in life is critical as the likelihood of developing chronic infection, and thus 
increased HCC risk, is greatest among infants and children. In the United States, 
initiation of a national neonatal vaccination program in 1981 has led to a substantial 
drop in the infection rate (9.6 per 100,000 persons in 1982 to 1.1 per 100,000 per-
sons in 2015). The first of 3 vaccine doses are given within 24 h of birth and pro-
vides full protection to greater than 90% of infants, children, and adults who receive 
the entire series [79]. Over 175 countries have now implemented HBV vaccination 
programs, with the greatest impact occurring in regions with endemic HBV, and it 
is estimated that over 210 million new chronic infections have been prevented 
worldwide as of 2015 [80]. For example, Taiwan reported an 80% reduction in HCC 
incidence upon implementation of a nationwide vaccination program in 1984. 
Moreover, the childhood/adolescent HCC incidence decreased by 51%, which 
translated to a 90% reduction in HCC mortality in individuals aged 5–29 years old 
[81]. However, there are still developing regions with endemic HBV, notably 
Southeast Asia and Africa, where vaccination programs are lacking, and the burden 
of HBV-related HCC and mortality remains high.

Multiple challenges hinder successful implementation of birth dose vaccination 
in low-income and middle-income countries, including high out-of-hospital birth 
rates, monetary limitations, and healthcare misconceptions regarding vaccine safety 
[82]. Implementation of successful vaccinations programs in these challenging set-
tings requires understanding of specific regional limitations. For example, 
Bangladesh, Myanmar, Nepal, and Timor-Leste have low health facility birth rates; 
therefore, strategies to promote institutional deliveries and out-of-clinic immuniza-
tions might provide tailored benefit. Similar principles have been championed in 
India where a trained healthcare professional is present for approximately 52% of 
births. Accordingly, programs were instituted to train midwives in vaccination, and 
standardized neonatal and maternal care protocols were developed, which increased 
HBV vaccination coverage by twofold [83].

Drug treatment for acute HBV infection is rarely needed for adults, as the vast 
majority of individuals clear the virus with only mild hepatitis. However, for indi-
viduals who develop fulminant hepatitis or chronic infection, antiviral therapy is 
indicated. Among chronically infected HBV patients, outcomes have improved 
over the last three decades due to the development of IFN-based therapies and 
nucleoside/nucleotide analogues (NAs) [84, 85]. Antiviral treatment, regardless 
of drug type, has been shown to reduce 3-year HCC incidence rate from 4% to 
1.5% and 5-year HCC incidence rate from 12% to 5.1% [86]. Blood-based viral 
load and HBe-Ag titer correlate with viral suppression and future HCC risk; 
therefore, reductions in these markers are used as surrogates for treatment effi-
cacy [87–89]. Although previous trials have shown that PegIFN/Lamivudine 
combination therapy is superior to monotherapy for achieving SVR (PegIFN/
Lamivudine 57%, Lamivudine 31%, PegIFN 20%), the development of newer and 
more effective NAs has limited the use of PegIFN, which has a toxic side effect 
profile [90, 91].
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NAs act as viral DNA chain terminators by inhibiting HBV polymerase and 
reducing HBV replication. Clinically available NAs include lamivudine (Epivir), 
adefovir (Hepsera), tenofovir (Viread), telbivudine (Tyzeka), and entecavir 
(Baraclude). First-generation agents were limited by weak antiviral activity and 
high susceptibility to drug resistance (76% genotypic resistance after 8 years of 
treatment for lamivudine and 29% resistance rate after 5 years of adefovir treat-
ment) [92]. Entecavir and tenofovir are newer NA agents that have shown superior 
efficacy to lamivudine and adefovir, achieving SVR in 95% of patients and regres-
sion of cirrhosis in 71– 96% of patients at 3-year follow-up [93, 94]. These drugs 
are also associated with lower rates of resistance (entecavir resistance between 
0.5% and 1.2% after 5 years) [89, 95]. Hosaka et al. showed that among chroni-
cally infected HBV patients, the cumulative 5-year HCC incidence was signifi-
cantly reduced with entecavir monotherapy compared to no treatment (3.7% vs. 
13.7%). Furthermore, entecavir reduced HCC incidence by fourfold in cirrhotic 
patients, who are at greatest risk HCC development [96]. In 2015, the WHO pub-
lished updated guidelines recommending tenofovir or entecavir as first-line agents 
[97]. Unfortunately, these newer and more effective NAs are prohibitively expen-
sive for many poor, underdeveloped regions with high rates of endemic HBV 
infection [98, 99].

Finally, despite improved viral suppression and low resistance rates associated 
with newer NAs, these medications must be taken indefinitely due to HBV integra-
tion into the host genome and continued replication [100]. Only 10% of patients on 
NA therapy have complete clearance of HBs-Ag after 5 years of treatment [101]. 
Consequently, although these agents reduce the risk of HCC development, the inci-
dence does not decrease to the level of healthy controls [102]. Therefore, novel 
approaches targeting multiple steps of the HBV lifecycle are currently under inves-
tigation (Table  13.2), including HBV viral entry, formation of covalently closed 
circular DNA (cccDNA), pregenomic RNA (pgRNA) packing, and virion assembly 
and secretion [114]. In particular, approaches targeting cccDNA might allow for 
complete eradication of viral genomic material. In this regard, multiples research 
teams are investigating the use of CRISPR/Cas9 technology for selective destruc-
tion of cccDNA [115, 116]. Other approaches involve epigenetic silencing of 
cccDNA via HBx targeting and exogenous cytokine therapy to stimulate pathways 
that drive cccDNA degradation [117, 118].

 Metabolic Insult and Disorders

 Alcohol Epidemiology and Pathogenesis

Alcoholic cirrhosis affects over 16 million people globally and is responsible for 
80% of deaths secondary to liver failure [119]. Of chronic alcohol users, 10–20% 
will develop cirrhosis, of which 10% will develop HCC [120]. In the United States, 
approximately 7% of the adult population meets criteria for alcohol abuse/
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dependence, which is five times higher than the prevalence of HCV [119]. The 
National Institute on Alcohol Abuse and Alcoholism estimates that 26.9% of 
Americas greater than 18 years old engage in binge drinking each month [121]. 
Although alcohol intake information is prone to bias, error, and underreporting, 
studies have shown that the risk development for HCC increases when daily alcohol 
intake is chronic and exceeds six drinks per day for more than 10  years [120]. 
Moreover, heavy drinkers have a 2–23-fold increased risk of death from cirrhosis 
compared to the general population [122]. Females are more sensitive to alcohol-
mediated hepatotoxicity, possibly due to slower rates of alcohol metabolism and 
greater exposure to hepatotoxic alcohol byproducts [119, 123].

Multiple pathogenic mechanisms contribute to the development of alcohol-
related HCC [9]. In hepatocytes, alcohol is initially metabolized by alcohol dehy-
drogenase (ADH) to acetaldehyde, which in excess quantities can induce hepatocyte 
DNA adducts [124]. The ADH reaction also increases the NADH/NAD+ ratio, 
causing an intracellular redox shift that transiently disrupts the TCA cycle, induc-
ing lipogenesis and hepatocyte steatosis [125]. Over time, chronic alcohol intake 
also activates a supplementary ethanol breakdown pathway called the microsomal 

Table 13.2 Novel therapies for chronic HBV infection

Drug type Drug name
Clinical trial 
stage; status N Results

RNAi therapy ARB-1467 
[103]

Phase 2a/; 
complete

36 Significant reductions in serum 
HBsAg and cccDNA levels; 
dose-dependent relationship in 
reduction of serum HBsAg

ARO-HBV 
[104]

Phase 1b/2a; 
ongoing

60 N/A

Viral entry 
inhibitor

Myrcludex B 
[105]

Phase 1a; 
complete

36 Drug was well tolerated, 
pharmacokinetic analysis showed a 
2-compartment model, and 
bioavailability of 85%

Immunotherapy RO6864018 
[106, 107]

Phase 2; 
complete

31 
and 
48

N/A

SB 9200 [108] Phase 2; 
ongoing

200 N/A

Capsid inhibitor NVR 3-778 
[109]

Phase 1b; 
complete

58 Drug was well tolerated with a 
dose-dependent relationship in 
reduction HBV DNA

JNJ56136379 
[110, 111]

Phase 2a; 
ongoing

220 
and 
84

N/A

ABI-H0731 
[112]

Phase 1b/2a; 
ongoing

45 N/A

Antisense 
oligonucleotide 
therapy

IONIS HBVRx 
[113]

Phase 2; 
ongoing

135 N/A
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ethanol oxidizing system (MEOS), which generates high quantities of reactive 
oxygen species, resulting in oxidative stress, lipid peroxidation, and DNA muta-
tions [126]. Collectively, these processes overwhelm the hepatic glutathione sys-
tem and establish a milieu of hepatocyte death, chronic inflammation, and 
fibrogenesis, which may ultimately progress to steatohepatitis and eventually cir-
rhosis and HCC [126]. Finally, when chronic excessive alcohol intake occurs con-
comitantly with underlying metabolic liver disease or viral infection, the risk of 
cirrhosis and HCC are magnified presumably due to a synergistic injurious effect 
on hepatocytes [127, 128].

 Alcohol Prevention

Alcohol cessation is the most effective treatment for alcohol-related hepatic injury, 
which may be accomplished through a combination of psychosocial interventions 
and pharmacological therapy [129]. Sobriety is challenging to both obtain and 
maintain, though each subsequent year of abstinence provides additional protec-
tion from alcohol-related comorbidities. It has been difficult to quantify the abso-
lute HCC risk reduction with abstinence, which has been estimated at 4–7% per 
year, though individuals who maintain sobriety for greater than 10 years have a 
significantly lower risk of developing HCC compared to continued drinkers 
[130–132].

Critical to the abstinence process is first identifying at risk individuals and pro-
viding intervention. Screening and brief interventions (SBIs) in primary care clinics 
have been shown to be both effective and cost-effective in this regard [133–135]. 
Multiple intervention styles have been developed and trialed, though in general they 
involve advice counseling regarding the risks of heavy alcohol consumption by a 
healthcare professional. Kaner et al. recently published a meta-analysis of 34 stud-
ies (n = 15,197) providing moderate-quality evidence that patients receiving brief 
interventions in the primary care setting consume less alcohol than individuals 
receiving minimal or no intervention after 1 year [136]. However, the long-term 
beneficial health implications are more challenging to quantify at a population level. 
In a recent multi-institutional analysis of SBI practices in multiple European coun-
tries, it was observed that screening was executed in only 5.3% of over 6000 partici-
pants, which varied greatly by region (mean 1.7% Poland, 9.8% Sweden) [137]. Of 
the screened positive, interventions were also variably administered, ranging from 
59.2% in Catalonia to 94.2% in Poland. The authors concluded that despite policy 
changes, increased awareness education, and SBI training among healthcare profes-
sionals in the studied regions over the last decade, screening and intervention fre-
quency has unfortunately remained largely unchanged, suggesting improvements in 
this regard are still greatly needed.

Another historically common approach to alcohol cessation has been the use of 
pharmacologic agents that target the metabolism of ethanol. Disulfiram was the first 
FDA-approved medication for alcohol abuse, which functions by inhibiting acetal-
dehyde dehydrogenase, resulting in a buildup of the caustic metabolite, acetalde-
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hyde, with alcohol consumption. Elevated acetaldehyde concentrations are 
associated with nausea, vomiting, headache, and severe physical discomfort. Thus, 
the function of disulfiram is to associate an undesirable physiologic response with 
alcohol consumption in order to establish a psychologic aversion [129]. Disulfiram 
has been shown to effectively reduce relapse rates; however, patient adherence to 
therapy is poor, limiting its widespread utility.

Currently, there are over 700 clinical trials registered in the United States for the 
treatment of alcoholism, many of which involve a combined approach of pharma-
cologic therapy with cognitive behavioral therapy (CBT). Pharmacologic agents 
under investigation include naltrexone, acamprosate, prazosin, doxazosin, pro-
pranolol, psilocybin, varenicline, odansetron, antidepressants (sertraline, escitalo-
pram, duloxetine, mirtazapine), anticonvulsants (topiramate, zonisamide, 
levetiracetam), antipsychotics (aripriprazole, quetiapine, olanzapine), and analge-
sics (pregabalin, gabapentin, baclofen, ketamine). Many abstinence interventions 
are effective for fractional subsets of the population, and one of the challenges 
going forward is tailoring therapy based on the likelihood of success. Unfortunately, 
many of these drugs have potential hepatoxicity and are contraindicated in patients 
with advanced liver disease [129]. Baclofen, a selective GABAb receptor agonist, 
is the only pharmacological therapy for alcoholism that has been approved for use 
in patients with advanced liver disease [138]. Baclofen was shown to be superior 
to placebo for maintaining abstinence in alcoholics with cirrhosis, which was asso-
ciated improved liver function tests after 12 weeks of treatment [139]. Baclofen 
has also been shown to have a HCC preventive effect via induction of hepatocyte 
cell cycle arrest [140].

 NAFLD, Metabolic Syndrome, Obesity Epidemiology, and Pathogenesis

Nonalcoholic fatty liver disease (NAFLD) is the most common form of chronic liver 
disease in developed nations with an estimated prevalence of 30%. NAFLD is 
defined as hepatic steatosis (HS) in the absence of excessive alcohol consumption. 
Although it may occur in lean patients, this condition is highly associated with obe-
sity (up to 90% of patients) [141]. NAFLD is also associated with HCC risk, and the 
incidences of both conditions are rising such that the decreases in virus-related liver 
cancer might be offset by the rise of fatty liver disease [142, 143].

A subset of NAFLD patients will go on to develop hepatic inflammation in asso-
ciation with steatosis, a condition referred to as nonalcoholic steatohepatitis 
(NASH). In the United States, NASH effects approximately 3–8% of the population 
[141]. The transition from NAFLD to NASH is poorly understood, though NASH is 
a more severe condition in which patients are at increased risk for the development 
of cirrhosis or HCC. Liver biopsy is required for a diagnosis of NASH, which few 
patients undergo. Unfortunately, there are currently no reliable noninvasive tests to 
establish a diagnosis of NASH, and thus the true prevalence of the disease remains 
unknown, though one study proposed that NASH affects 20–25% of NAFLD 
patients [144]. Due to these diagnostic limitations, the NAFLD/NASH global bur-
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den is likely underestimated. In a more recent meta-analysis, it was estimated that 
the NASH prevalence among biopsied NAFLD patients is approximately 59.1%, 
nearly three times higher than what the previous studies have shown [143]. In addi-
tion, NASH has been proposed to account for a large proportion of idiopathic or 
cryptogenic cirrhosis (CC) cases, in which most of the histological hallmarks of 
NASH are no longer present by the time of presentation, often because patients have 
lost considerable weight with progressive liver failure. In CC patients who undergo 
liver transplantation, 25% develop NAFLD and 16% develop NASH within 
26 months of transplant [145].

Most patients diagnosed with NASH have stable disease (34–50%) or might 
even observe improvements in their NAS score (18–29%) over time [146]. However, 
approximately 9–20% of NASH patients develop an aggressive form of disease that 
will progress to cirrhosis, and 4–27% go on to develop HCC [147]. Furthermore, 
common NASH comorbidities including elevated BMI and diabetes have been 
shown to be independent risk factors for HCC development. Historically, in the 
United States, the majority of HCC cases have been attributed to chronic HCV 
infection. However, 15–50% of new HCC cases are idiopathic, and there is reason 
to believe that NASH accounts for a large proportion of these [148]. A study exam-
ining 641 patients with HCC revealed that that clinical features of NASH, including 
obesity, diabetes, dyslipidemia, and elevated glucose were all significantly associ-
ated with CC-related HCC [149]. It is important to note that many of these clinical 
features, e.g., obesity and diabetes, are themselves independent risk factors for HCC 
and reports have stated that their coexistence with NASH-related cirrhosis has an 
additive effect on HCC risk.

The development of HCC in the context of NAFLD/NASH is a complex process 
with many contributing factors that can be broadly categorized into three main 
pathogenic mechanisms: cytokine and hormone dysregulation, lipotoxicity, and 
fibrosis. Obesity is highly prevalent in the NAFLD population and is also an inde-
pendent risk factor for carcinogenesis by fostering a low-grade chronic inflamma-
tory state throughout the body [150]. Hormonal dysregulation of leptin, adiponectin, 
and insulin has been implicated with adipose tissue expansion. Leptin is a proin-
flammatory, proangiogenic, and profibrogenic hormone with growth-promoting 
effects mediated by JAK/STAT, PI3K/AKT, and ERK signaling pathways [151]. 
Adipose content and leptin levels are positively correlated, and leptin has been 
shown to activate hepatic Kupffer and stellate cells, both of which have been con-
nected to NAFLD/NASH fibrotic disease progression and HCC development [152]. 
In contrast, adiponectin is an anti-inflammatory hormone that is reduced in 
NAFLD. Low levels of adiponectin reduce its regulatory impact on inflammatory 
cell signaling, the mTOR mitogenic pathway, and angiogenesis, all of which pro-
mote hepatic oncogenesis [153]. Finally, insulin resistance and subsequent hyperin-
sulinemia are commonly observed in states of obesity and NAFLD. Elevated insulin 
levels upregulate the production of IGF1, which stimulates hepatic cellular prolif-
eration and inhibits apoptosis through downstream activation of various oncogenic 
pathways including MAPK, PI3K/AKT, and VEGF [154]. Taken together, NAFLD-
associated hormonal dysregulation supports proinflammatory and prosurvival sig-
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naling while downregulating checkpoint signals, establishing an environment in 
which hepatocyte malignant transformation is likely to occur unchecked.

Hepatocytes are capable of de novo lipogenesis (DNL), both as a means of lipid 
production for other tissues and for hepatocyte metabolism. Aberrantly elevated 
DNL, which is observed in NASH, has recently been implicated as a pathogenic 
mechanism that contributes to HCC carcinogenesis. Specifically, it has been postu-
lated that upregulated DNL might provide necessary energy for the growing micro-
environment of pre-cancerous lesions [155, 156]. Moreover, tumor mRNA expression 
of prolipogenic genes such as acetyl CoA carboxylase and fatty acid synthase corre-
lates with cell proliferation rates and poor HCC prognosis [156, 157]. Another conse-
quence of aberrant DNL is lipotoxicity, in which excessive mitochondrial B-oxidation 
and degradation of free fatty acid intermediates lead to reactive oxygen species gen-
eration, subsequently inducing ER stress, inflammation, and DNA damage. Obese 
mouse models have demonstrated that ROS production increases with hepatic fatty 
infiltration and is associated with the development of hepatic hyperplasia and dyspla-
sia, both of which precede development of invasive malignancy [158, 159]. Lipid 
accumulation also increases lipid breakdown products, some of which can cause 
direct damage to hepatocytes. Trans-4-hydroxy-2-noneal is a byproduct of lipid per-
oxidation and has been shown to cause mutations within the TP53 tumor suppressor 
gene, a common mutation involved in over 50% of HCC cases [160]. NRF1 is an 
essential transcription factor that mediates oxidative stress in hepatocytes, which is 
downregulated in animal models of NASH. Decreased NRF1 expression correlated 
with hepatic steatosis, inflammation, fibrosis, and HCC development [161].

Persistent lipotoxic hepatocyte injury is associated with constitutive activation of 
tumor necrosis factor alpha (TNFα) and interleukin-6 (IL-6), driving chronic hepatic 
inflammation [150]. TNFα is a potent activator of multiple pro-oncotic pathways 
that involve mTOR, JNK, and NF-κB [162]. IL-6 is an inflammatory cytokine that 
exhibits antiapoptotic and cell-proliferative phenotypes through the activation of 
STAT3, a transcriptional factor linked to malignant transformation and HCC aggres-
siveness [163, 164]. Experimental mouse models of dietary obesity have been 
linked to the activation of IL-6, TNFα, and their associated oncogenic signaling 
pathways, which was associated with increased HCC risk [162, 163]. Chronic 
hepatic inflammation is also associated with hepatic stellate cell activation and 
fibrogenesis, which may progress to cirrhosis. It is unclear whether hepatic fibrosis 
is an independent risk factor for HCC development, or rather that fibrosis correlates 
with advanced parenchymal disease. However, more than one-third of the NASH- 
related HCC occurs in the absence of cirrhosis [144]. Noncirrhotic HCC patients are 
typically older, suggesting there may be differences in disease biology [165].

 NASH Prevention

A major challenge in engineering therapies for metabolic disorders is creating a 
treatment that targets a multifaceted disease. Although multiple medications target-
ing lipid homeostasis and glucose metabolism are currently in use to treat obesity 
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and diabetes, there are currently no FDA-approved drugs that specifically target 
NASH. To date, the only accepted treatments for NASH are weight loss by lifestyle 
modification or bariatric surgery. In a recent analysis of patients treated with weight 
loss interventions, individuals capable of losing at least 5% of their body weight 
showed a significant reduction of hepatic steatosis. Weight loss of greater than 7% 
was associated with improvement in NALFD Activity (NAS) score, and weight loss 
greater than 10% was associated with improvement in histologic features of NASH, 
including portal inflammation and fibrosis [166, 167]. In addition, the type of diet 
appears to be less important than sustained weight loss for the resolution of NAFLD 
[168]. Although the majority of obese and NAFLD patients participate in minimal 
physical activity, large randomized control trials assessing the direct effect of exer-
cise on NASH are missing. Retrospective evidence has suggested that exercising 
five times per week for a minimum of 10 min was linked to decreases in new fatty 
liver deposition and improvements in existing liver disease [169].

Bariatric surgery has emerged as an effective alternative weight loss treatment 
across the spectrum of NAFLD/NASH patients. A meta-analysis of 15 studies 
researching the effects of bariatric surgery in NASH showed improvements in ste-
atosis (91.6%), steatohepatitis (81.3%), fibrosis (65.5%), and disease resolution 
(69.5%) after surgery [170]. Two subsequent prospective studies in obese patients 
with NASH saw disease resolution in 85% of cases at 1 year after surgery and 
69.7% after 5 years [171, 172]. Despite evidence to support its efficacy, bariatric 
surgery is currently restricted to patients with a body mass index ≥40 or ≥35 with 
obesity-related comorbidities. Most patients who receive bariatric surgery retain 
weight loss rates between 14% and 25% below their preoperative weight after 
10 years, and they show improvements in diabetes, insulin resistance, and cardio-
vascular events [173–175]. Given the strong association between weight loss and 
improvement in NASH severity, expanding indications for bariatric surgery to 
include NASH in patients with elevated BMI might be of value. The hesitation in 
doing so is partly due to a lack of high-level evidence that establishes a direct con-
nection between bariatric surgery and NASH [176]. The effect of bariatric surgery 
on hepatic fibrosis is also controversial. Initial studies suggested that hepatic fibro-
sis increased after surgery due to increases in proinflammatory cytokines [177]. 
However, recent evidence has shown that 80–95% of patients see no change or 
regression in their hepatic fibrosis status at 5 years post-op [172]. This may be in 
part due to a reduction in hepatic profibrogenic cytokine gene expression, thereby 
attenuating hepatitis and subsequent fibrosis [178]. Finally, there is concern regard-
ing the risk of surgery in patients with intrinsic liver disease. A recent study by Jan 
et al. showed no difference in complication rate after bariatric surgery in patients 
with compensated cirrhosis compared to those without the evidence of liver disease 
[179–182]. However, decompensated cirrhosis remains a contraindication to bariat-
ric surgery [180, 182, 183].

Similar to bariatric surgery, it is thought that medications targeting metabolic 
disorders may have secondary benefits on HCC prevention. Metformin, an insulin 
sensitizer used as first-line treatment for hyperglycemia and noninsulin-dependent 
type 2 diabetes, is currently under investigation as a possible HCC preventative 
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agent. Retrospective studies and pooled analysis have shown that metformin 
decreased HCC incidence up to 50% when compared to observation alone [184, 
185]. However, RCT examining the effects of metformin on HCC development 
does not support the claim that metformin is superior to other antidiabetic agents in 
reducing HCC [186].

Pioglitazone, a peroxisome proliferator-activated receptor gamma (PPARδ) acti-
vator, is another diabetes medication that showed promising results as an anti-
NASH agent. Several RCTs in diabetic and nondiabetic populations consistently 
showed improvements in NASH histological parameters (steatosis, parenchymal 
and lobular inflammation, hepatocyte ballooning, and NAS score), which are 
believed to indirectly reduce the risk of HCC [187–191]. Despite these promising 
results, multiple studies have associated pioglitazone with an unfavorable side effect 
profile including fluid retention and weight gain, limiting its widespread use 
[192–194].

Statins are commonly used to reduce the risk for cardiovascular disease and 
diabetes; however, there has been evidence to support their use as a chemopreven-
tive agent in a variety of cancers [195]. Statins reduce blood cholesterol by inhibit-
ing HMG-CoA reductase, which consequently decreases the production of 
mevalonate pathway metabolites, a pathway recently implicated in cell growth and 
cancer transformation [196]. Singh et al. investigated the effects of statins on the 
risk of HCC by conducting a meta-analysis that included 26 randomized control 
trials and over 1.4 million patients [197]. They found that statin use was associated 
with a 37% decrease in the risk of HCC after adjusting for confounding variables. 
Furthermore, a recent retrospective study of nearly 10,000 patients showed that the 
beneficial effect of statin use on HCC chemoprevention was greater in patients with 
diabetes or cirrhosis [198]. However, one RCT did not demonstrate a significant 
difference in HCC incidence between statin and placebo groups [199]. Further 
investigation regarding the mechanism of statin-mediated anticancer effects remains 
ongoing.

More recently, a plethora of drugs designed to specifically target NASH patho-
genesis are in clinical development (Table 13.3). Given the complex pathophysiol-
ogy of NASH, these drugs have been designed to have either metabolic, antisteatotic, 
anti-inflammatory, or antifibrotic effects. It is expected that drugs that can impede 
several of these disease mechanisms or drug combinations that can successfully 
inhibit multiple pathways will have the most beneficial effects for patients. 
Obeticholic acid (OCA) was the first such drug designed for NASH patients and is 
a Farnesoid X Receptor agonist that functions to reduce the conversion of choles-
terol to bile acids in the liver, which has been associated with reductions in cholesta-
sis, hepatic inflammation, hepatocyte injury, and HCC development. In a phase II 
clinical trial, OCA was associated with significant reductions in histologic markers 
of NASH [200, 201]. OCA is being subsequently investigated in a phase III clinical 
trial (REGENERATE; NCT02548351), examining the long-term effects of OCA on 
fibrosis and mortality in NASH patients. In the 18-month interim analysis, OCA 
25 mg once daily met the primary endpoint of fibrosis improvement (≥1 stage) with-
out worsening NASH.
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Elafibranor is a dual PPARα/δ agonist that functions by decreasing serum glu-
cose and triglyceride levels and has also been shown to have anti-inflammatory 
properties. Elafibranor was studied in a phase IIa clinical trial (GOLDEN; 
NCT01694849) of NASH patients in which it was associated with reductions in 
hepatocyte ballooning, lobar inflammation, fibrosis staging, and cardiometabolic 
risk profile [202]. These improvements were most evident in patients with NAS 
scores ≥4. Importantly, unlike some PPARα/δ agonists, there has been no evidence 
to suggest that Elafibranor causes weight gain. Elafibranor is currently in a phase III 
clinical trial (RESOLVE-IT; NCT02704403) investigating its impact on fibrosis 
staging after 72 weeks of treatment, as well as rates of mortality, cirrhosis, and liver-
related comorbidities up to 4 years after therapy.

Cenicriviroc is a CCR2/5 inhibitor which efficiently inhibits monocyte infiltra-
tion and chemokine activation. CCR2 is upregulated in fibrotic human livers along-
side an accumulation of monocyte-derived phagocytes [203]. In obese NASH 
patients, proportions of CCR2+ macrophages in visceral adipose tissue are associ-
ated with histological disease severity [204]. Clinical trials testing cenicriviroc in 
the NASH population showed decreases in hepatic fibrosis and slowing NASH pro-
gression [205]. Cenicriviroc is in a phase III clinical trial (AURORA; NCT03028740) 
examining its impact on fibrosis staging after 12 months of treatment and its effect 
on cirrhosis rates, liver related clinical outcomes, and mortality 5 years after 
therapy.

Selonsertib is an apoptosis signal-regulating kinase 1 (ASK-1) inhibitor designed 
to treat NASH. Activation of ASK-1 is normally achieved by TNF-alpha or cellular 
stress (oxidative or ER), leading to activation of p38/JNK pathway and subsequent 
hepatic fibrosis and apotosis [206]. In a murine model of NASH, selonsertib 
improved metabolic parameters (serum cholesterol and bile acid), hepatic steatosis, 
inflammation, and fibrosis [207]. Moreover, combination therapy with simtuzumab, 
a lysyl oxidase-like molecule 2 (LOXL2) inhibitor, potentiated the antifibrotic 
effects of anti-ASK and anti-LOXL2 monotherapy in mice [208]. This evidence 
warranted a phase II clinical trial testing the effect of selonsertib in NASH which 
showed significant reduction in hepatic fibrosis, lobular inflammation, and serum 
biomarkers for apoptosis (cytokeratin-18 M30) and necrosis (cytokeratin-18 M65) 
after 24 weeks of treatment [209]. Selonsertib is being evaluated in a phase III clini-
cal trial (STELLAR 4; NCT03053063) evaluating its ability to improve hepatic 
fibrosis and survival in patients with NASH-related compensated cirrhosis, although 
the primary endpoint for fibrosis was not met.

 Molecular Targeted Chemoprevention

HCC-risk-driving molecular pathway dysregulation shared across multiple etiolo-
gies could be utilized for molecular targeted chemoprevention that benefits broader 
patient populations. One example is epidermal growth factor (EGF) pathway, which 
plays a role in hepatocarcinogenesis in cirrhosis caused by various etiologies [8]. 
Elevated EGF expression is a key feature in gene signatures that are predictive of 
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progressive cirrhosis, HCC development, and death in patients with cirrhosis [210–
216]. A single-nucleotide polymorphism (SNP) in the EGF gene (rs4444903, 61∗G 
allele) is associated with increased hepatic EGF expression and elevated risk of 
developing HCC across various etiologies and patient race/ethnicity [214, 217]. 
Transgenic mice with liver-specific overexpression of EGF develop HCC, support-
ing its functional relevance [212]. In preclinical studies, inhibition of EGF receptor 
(EGFR) activation by the small molecule tyrosine kinase inhibitor, erlotinib, effec-
tively inhibits stellate cell activation, hepatic fibrosis, and development of HCC 
[211]. In a subset of animals, reversal of fibrosis was observed in paired longitudinal 
liver tissue analysis. Similar results were observed in preclinical studies with another 
small molecular EGFR inhibitor, gefitinib, though the observed effect was attributed 
to direct antitumor effects of gefitinib [212]. Genetic knockout of the signaling in 
macrophages in the liver similarly suppressed HCC development in mice [218]. 
These results collectively suggest that activation of the EGF pathway in hepatic 
stromal cells contribute to creating carcinogenesis-supporting tissue microenviron-
ment, and can be therapeutically antagonized to achieve HCC chemoprevention. 
Based on these observations, erlotinib is currently under clinical evaluation for its 
effectiveness in reducing hepatic fibrogenesis and preventing HCC (NCT02273362). 
An interim analysis in the phase I trial has identified the minimum effective dose of 
25 mg/day that suppresses hepatic phospho-EGFR levels. At the dose, which is one-
sixth of the oncology dose, no adverse effect was observed. This is an encouraging 
observation, supporting the use of low-dose erlotinib as a safe orally available HCC 
chemoprevention. A recent large cohort study suggested that use of aspirin but not 
other NSAIDs is associated with lower probability of incident HCC when 650 mg 
or more per week is taken for 5 years or more [219]. In support of this epidemiologi-
cal observation, anti-platelet effect of aspirin was found to inhibit platelet aggrega-
tion and reduced HCC incidence in NASH mouse model [220].

 Tertiary Prevention

Curative treatment options for HCC are limited due to the lack of effective chemo-
therapy and radiotherapy. Therefore, tumor resection and orthotopic liver transplan-
tation (OLT) are the only options for long-term cure. Although advances in these 
surgical procedures have significantly improved perioperative morbidity, over 70% 
of patients still develop intrahepatic recurrence within 5 years of their first hepatec-
tomy [221]. HCC recurrence rates among liver transplant recipients is varied 
between centers (6.4–56.5%; 5-year recurrence rates); however, tumor size, nodule 
count, vascular invasion, presence of cirrhosis, and tumor grade have emerged as the 
most clinically predictive characteristics for recurrence [222].

Tertiary HCC prevention aims to prevent cancer recurrence in patients curatively 
treated for initial cancer as adjuvant therapy [24]. Various strategies to prevent the 
recurrence of HCC have been tried, such as vitamin K2, retinoids, and systemic 
chemotherapy, although none were proven to be effective when tested in large-scale 
randomized control trials [223–225]. Interferon is the most widely used adjuvant 
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tertiary prevention therapy, although evidence to support its effectiveness in reduc-
ing recurrence in conflicting [226]. Creating tertiary prevention strategies for HCC 
is a major challenge due to its intrinsic chemoresistance which has been linked to 
various mechanisms including overexpression of drug efflux pumps (MDR1 and 
MRP2), enhanced DNA repair mutations (ERCC-1, FENs, Chk2, ATM, APE1), 
impairment of apoptotic machinery (CD95, FADD, FLICE), and activation of cell 
survival signaling (Hedgehog, Hippo, Wnt/beta-catenin) [227]. Unlike other can-
cers where metastasis is the primary method for recurrence, HCC has a heightened 
risk of de novo carcinogenesis especially patients with cirrhosis or viral infection. 
Moreover, the majority of HCC recurrence occurs in the liver remnant, making it 
nearly impossible to differentiate its origin. For these reasons, it has been difficult 
to study and find an agent that can inhibit both HCC recurrence mechanisms.

A multityrosine kinase inhibitor, sorafenib, inhibits cell proliferation and angio-
genesis in murine models and therefore may reduce HCC recurrence [228]. A phase 
III clinical trial (STORM) showed sorafenib did not reduce recurrence-free survival 
compared to control and deemed it ineffective as an adjuvant intervention for HCC 
following resection or ablation [229]. Although HCC is not normally considered an 
immunogenic tumor, it has been reported that patients with higher levels of lym-
phocytes within their tumors have longer survival rates and are at lower risk of 
recurrence [230, 231]. Patients expressing higher numbers of tumor- associated 
antigens (TAA) also had better survival rates than those with fewer TAAs indicating 
a role for a patient’s own immune system in fending off HCC-related comorbidities 
[231]. These results provide the rationale for immunotherapy as a tertiary preven-
tion against HCC recurrence. Immune checkpoint blockade by anti-PD-1 antibod-
ies, nivolumab and (CHECKMATE 040; NCT01658878) and pembrolizumab 
(KEYNOTE-224; NCT02702414), demonstrated objective response rates of up to 
20% in the setting of oncology treatment [232, 233]. Based on the result, immune 
checkpoint inhibition is under evaluation as adjuvant therapy following HCC resec-
tion or ablation (Checkmate 9DX; NCT03383458). A combination of a VEGF 
inhibitor, bevacizumab, and an anti-PD-L1 antibody, atezolizumab, yielded a high 
objective response rate of 32% and a 6-month progression free survival of 65% 
(NCT02715531) [233]. This suggests that combination therapy may also serve as 
adjuvant therapy in HCC. Cytokine-induced killer (CIK) cell-based therapy is one 
of the promising adjuvant immunotherapies tested in HCC. CIK cells are a mixture 
of T cells (CD3+/CD56+ cells and CD3+/CD56− T cells and CD3−/CD56+ natural 
killer cells) that are ex vivo expanded using cytokines. Preclinical studies showed 
CIK cells have multiple favorable characteristics including potent in vitro HCC-
targeted damage, ability to localize within hepatic cancer mass in  vivo, and no 
major side effects with repeated therapies [234–236]. These encouraging preclini-
cal studies allowed for the phase III clinical trial showing that activated CIK treat-
ment in patients previously treated with HCC surgical resection, radiofrequency 
ablation, or percutaneous ethanol injection extended median recurrence-free and 
overall survival compared to placebo [237]. These results have continued to hold as 
Lee and colleagues recently reported significant improvements in 5-year recur-
rence-free and overall survival rates [238]. Other immunotherapy treatments 
attempt to treat HCC using more targeted forms of therapy including utilizing 
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CAR-T cells, HCC vaccines, and altering immune checkpoint inhibitors. These 
types of therapies have been designed to treat existing HCC; however, it is conceiv-
able for them to be used to attenuate the risk of recurrence due to their anticarcino-
genesis effects [239].

 Conclusions and Future Directions

Given the lack of successful treatment options for HCC, prevention should be given 
more attention. Primary prevention strategies have already shown remarkable 
success in reducing HCC incidence. For example, after decades of research, DAAs 
have emerged as a promising approach to reduce HCC incidence in the majority of 
HCV patients. Risk of HCC does still persist especially in those patients with 
advanced fibrosis at the time of treatment, so screening strategies will need to be 
implemented for these patients. While a vaccine for HCV remains elusive, efforts in 
this area remain ongoing and could offer an additional solution for cure. Likewise, 
HBV vaccination has proven to be a very effective strategy for reducing HCC 
incidence in places where HBV is endemic. Unfortunately, socioeconomic concerns 
have lagged behind the science in these instances as not all people at risk for HBV 
infection have access to adequate healthcare with HBV vaccination programs and 
similarly not all HCV patients currently have access to DAAs given their high cost. 
Solutions for these problems, like midwife vaccination programs, will need to be 
continually evaluated in the coming years.

It is not as clear whether alcohol cessation or changes in eating habits and weight 
loss will be as sustainable in reducing HCC risk as a result of ASH and NASH, 
respectively. Alternative solutions like liver transplantation and bariatric surgery 
exist but also come with a high socioeconomic cost. A plethora of trials are under-
way to evaluate new drugs that target different pathways in the disease pathogenesis 
including insulin resistance, de novo lipogenesis, inflammation, and fibrogenesis, 
but more efforts should be deployed for repurposing current drugs, like metformin, 
which have been associated with decreased HCC incidence in retrospective 
analyses.

Given the long duration between exposure to insult and development of primary 
HCC, investigation of preventative therapies will most likely occur in the tertiary 
setting and/or secondary setting with enrichment of high-risk cirrhosis population 
[8]. Trial designs could include DNA sequencing to verify that recurrent tumors are 
in fact de novo cancers as opposed to regrowth of a previous unsuccessfully treated 
tumor. In addition, both invasive, like gene signatures, and noninvasive biomarkers, 
like serum proteins or DNA, could be evaluated for their ability to predict successful 
therapies. Such biomarkers would be instrumental in the subsequent evaluation of 
promising therapies into the primary setting.

In conclusion, given the readily identifiable population at risk, HCC prevention 
is an achievable goal as supported by numerous successful programs to date. Given 
the increasing incidence and the lack of effective treatments, more efforts in HCC 
prevention should be undertaken to improve the prognosis of this deadly disease.
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Chapter 14
Molecular Alterations and Heterogeneity 
in Hepatocellular Carcinoma

Man Hsin Hung and Xin Wei Wang

 Introduction

Hepatocellular carcinoma (HCC) is the most common form of primary hepatic 
tumors and is the second leading cause of global cancer-related death, responsible 
for more than 745,000 deaths every year [1]. Late diagnosis, high postoperative 
recurrence rate, and lack of effective treatment for patients with advanced disease 
explain the poor outcomes for most HCC patients. Identifying effective treatment 
for HCC has been a major research focus for decades as evidenced by the inclu-
sion of more than 1200 clinical trials testing different interventions in the 
ClinitalTrials.gov database [2]. However, a majority of the above-listed clinical 
trials failed, and only sorafenib, regorafenib, and lenvatinib succeeded to show 
survival benefit in HCC, which subsequently received regulatory approval [3–5]. 
However, these treatments only provide a marginal improvement of overall sur-
vival with palliative intent. Furthermore, regardless of the final results of clinical 
trial, treatment response between patients varied, indicating the heterogeneous 
characteristic of HCC.

“Heterogeneity” means a state that consists of dissimilar or diverse elements [6]. 
Accordingly, heterogeneity of HCC means that patients given with an identical 
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HCC diagnosis could be different. The concept describing HCC as a heterogeneous 
disease does not come out just in recent years; back in 1954, Edmondson introduced 
the well-known Edmondson-Steiner Grading system, which described that patients 
could be grouped by the grade of tumor differentiation, and tumors with worse 
differentiation were more likely to develop metastasis [7]. Using the same grading 
system, Kenmochi et al. demonstrated that 47.7% HCC cases had two or more areas 
within a tumor presented with different grade of differentiation [8]. The 
abovementioned studies reveal two different entities of heterogeneity; Edmondson’s 
work pointed out diversity among patients with the same histological type of tumor, 
termed as “intertumoral heterogeneity” (Fig. 14.1), while results from Kenmochi 
et  al. demonstrated the other entity – “intratumoral heterogeneity” – referring to 
heterogeneity among cancer cells within a single patient.

With the advent of molecular medicine, we know that the heterogeneity of HCC 
is not restricted in pathophenotypic differences but is linked to biological 
mechanisms driving tumor progression. In this chapter, we will start by establishing 
a general understanding of molecular heterogeneity linking to hepatocarcinogenesis. 
We will then explore the evidence of intertumoral and intratumoral molecular 
heterogeneity in HCC.  Lastly, we will discuss the importance to integrate the 
knowledge of heterogeneity into tailor treatment for individual patients and potential 
challenges and opportunities ahead.

lntertumoral heterogeneity lntratumoral heterogeneity

Molecular differences between different
patients having the same type of cancer

Molecular differences among tumor cells and
the associated microenvironments between

different lesions of a single patient

Fig. 14.1 Tumor heterogeneity of HCC. This cartoon summarized the concepts distinguishing 
intertumoral heterogeneity and intratumoral heterogeneity in HCC.  Intertumoral heterogeneity 
denotes the variations among different HCC patients, and intratumoral heterogeneity refers to the 
differences among individual lesions and/or cells in a single patient
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 Molecular Alterations of HCC

Cancer is considered as a genetic disease, meaning that mutation(s) of genetic material 
lead to the initiation and progression of cancer [9]. According to the way by which a 
cancer cell obtains an alteration, genetic variances can be separated into two entities – 
germline mutation and somatic mutation. Germline mutation are defined as genetic 
variances that develop within the heritable genome and are transmitted from parent to 
offspring, whereas somatic mutations, which account for most genetic aberrations 
found in cancer, are acquired de novo by cancer cells [10]. Up to 90% of genetic vari-
ances in tumors are somatic mutations, which arise from replication errors or from 
DNA damage with incorrect repair [11]. Common factors triggering the development 
of somatic mutation in HCC could be divided into two categories: the exogenous 
mutagens include oxidative and hypoxia stress plus exposure of chemicals or radiation 
such as UV, while endogenous mutagens include defective DNA repair machinery or 
other factors related to genomic stability. Notably, among all the mutations identified, 
only a fraction of mutations, termed driver mutations, can confer a survival advantage 
to cancer cells, leading to preferential growth, survival, and metastasis.

In the following section, we will review data related to different types of molecu-
lar alterations and learn how they affect the biology of HCC.

 Genomic Alteration

In HCC, several different kinds of genomic alterations have been reported and are 
summarized as follows: change of gene copy numbers, chromosomal rearrangement, 
mutation, and viral genome insertion [12].

 Copy Number Variation

Copy number variation (CNV) refers to a DNA segment of one kilobase or larger 
with variable copy number (could be number gain, loss, or amplification) as com-
pared to a reference genome [13]. The presence of CNV may change the physical 
arrangement of genes on chromosomes, leading to functional alterations of involved 
genes. Compared to healthy populations, CNVs are more frequently found in 
patients with cancer, and they are more likely to occur in regions containing cancer 
driver genes and/or tumor suppressor genes [14, 15]. In HCC, CNVs had been found 
to affect many important oncogenes, such as MYC, MET, MDM4, and YY1AP1, and 
tumor suppressor genes, like PTEN and RB1 [12, 15–19]. Totoki et al. used a bioin-
formatic algorism to assess CNVs and showed that recurrent focal amplification was 
more frequently observed than homozygous deletion, and a fraction of patients 
(28.9% in his cohort) presented with concurrent high CNVs and ploidy change, sug-
gesting a high degree of structural changes in the whole genome [20].
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 Somatic Mutation

With the increasing use of next-generation sequencing, researchers are able to 
explore the human genome in more depth and advance our knowledge of cancer 
biology. There are two major platforms, whole-exome sequencing and whole- 
genome sequencing, being widely adapted for large-scale DNA sequencing studies 
today. Whole-exome sequencing captures and sequences the DNA fragments con-
taining exonic regions, which enable the comprehensive detection of somatic altera-
tions in the protein-coding regions and has led to the discovery of many novel genes 
implicated in carcinogenesis. However, whole-exome sequencing covers only about 
1% of human genome and may miss important information in the noncoding regions. 
In contrast, whole-genome sequencing provides a full coverage of human genome, 
allowing identification of all genetic events, such as substitutions, structural rear-
rangement, and viral genome integrations, that may occur in coding and noncoding 
regions. Both methods have been widely adapted for HCC genomic studies, provid-
ing valuable information about the genetic mechanism of hepatocarcinogenesis.

Nucleotide Substitution Signature

There are six patterns of somatic base substitutions, namely, C  >  A/G  >  T, 
C > G/G > C, C > T/G > A, T > A/A > T, T > C/A > G, and T > G/A > C, which 
could occur and cause a point mutation of a gene. Notably, the choice of substitution 
is not made by random selection; several studies suggested that the patterns of sub-
stitutions could be indicative of a specific mutagenesis mechanism occurring in 
tumor cells. Totoki et al. reported the first whole sequencing study and showed that 
C > T/G > A and T > C/A > G substitutions are dominant in a HCV-related HCC 
patient [21]. Similar substitution patterns were shown in larger cohorts and in 
patients with hepatitis B virus (HBV)-related HCC [22, 23]. Interestingly, the sub-
stitution patterns change in patients with HCC related to nonviral etiologies; 
A > T/T > A transversions at [C|T]AG trinucleotide motifs were associated with 
aristolochic acid (a plant-derived carcinogen), and G > T/C > A was highly corre-
lated with aflatoxin B1 exposure, which may lead to TP53 249S mutations [24–26], 
though Guichard et al. showed that G > T/C > A substitution was also enriched in 
well-differentiated tumors and tumors that developed on non-cirrhotic livers [27].

Significant Mutated Genes

Based on the original idea of tumor development, mutational activation of oncogene 
and loss-of-function mutation of tumor suppressor gene lead to cancer initiation and 
progression. Therefore, genes with higher degrees of mutation are more likely to be 
critical in cancer biology.

M. H. Hung and X. W. Wang



297

Genome-wide sequencing studies provided landscape views of genetic altera-
tions and identified recurrent mutated genes in HCC [22–24, 27, 28]. Several 
genes, such as TERT promoter, TP53, and CTNNB, were commonly mutated in 
different cohort, suggesting that these genes may be functionally critical in 
HCC.

 HBV Genome Integration

Chronic HBV infection is an important etiology associated with the development of 
HCC, particularly in China and other HBV endemic areas [29]. HBV is a DNA 
virus, and integration of a viral DNA into the host genome is one of the mechanisms 
by which HBV promotes hepatocarcinogenesis [30]. Around 85% of HBV-infected 
HCC patients exhibited evidence of HBV DNA integration in the host genome, and 
interestingly, the occurrence of integration is more enriched in the tumor part than 
in the adjacent normal liver [24, 30]. The HBV integration breakpoints can be found 
across the whole genome, and approximately 50% of them occur within several 
particular genes, such as TERT and MLL4 [22–24, 30]. Insertion of HBV DNA 
results in change of gene expression (mostly upregulation) and may alter 
chromosomal stability and trigger CNVs [22, 30].

 Epigenomic Alteration

Epigenetic alterations refer to the molecular changes, such as DNA methylation, 
chromatin remodeling, and noncoding RNAs, that affect gene function indepen-
dent of changing the DNA sequence of a gene [31]. Epigenetic changes are highly 
prevalent in many different types of cancer, including HCC. Several studies had 
addressed the importance of epigenetic regulation in affecting hepatocarcinogen-
esis. Genome-wide DNA methylation profiles showed that a tumor exerted a sig-
nificant increment in both hypo- and hypermethylation in comparison to a paired 
non-tumor, and tumor-specific hypermethylation determined the expressions of 
CDKN2A, HHIP, PTGR1, TMEM106A, MT1M, MT1E, and CPS1 [24]. On the 
other hand, emerging evidence showed that dysregulation of microRNAs, a class 
of short, noncoding RNA, contributed to activation of oncogenic signaling in 
HCC; for instance, Meng et al. showed that overexpression of miR-21 inhibits the 
expression of the phosphatase and tensin homolog (PTEN) tumor suppressor [32], 
and Coulourn et al. described that loss of miR-122 expression in liver tumor sig-
nificantly enhances metastatic properties of cancer cell through upregulation of a 
network involving VEGF, HIF1A, RAC1, RHOA, and vimentin [33]. Lastly, stud-
ies also showed that genes related to chromatin modification were frequently 
altered in HCC [20, 24].

14 Molecular Alterations and Heterogeneity in Hepatocellular Carcinoma



298

 Key Driving Genes and Pathways in HCC

In recent decades, comprehensive studies on liver cancer genome had identified 
many recurrently mutated genes in HCC and improve our understanding of 
hepatocarcinogenesis. By exploring aggregation of altered genes, important 
oncogenic pathways in HCC were recognized, which provided a more functional 
understanding regarding the development and progression of HCC. Here, we will 
introduce the most frequently altered pathway in HCC.

 TP53 Pathway

Somatic mutations in the TP53 gene are the most frequently altered events in human 
cancer [34]. In HCC, mutations in TP53, mostly inactivation mutation, could be 
found in 18–37% of patients [20, 24, 30]. Notably, some patients exert a mutation- 
independent p53 inactivation mechanism [35]; 23% of patients in the TCGA cohort 
exhibited downregulation of p53 target genes (surrogate for p53 inactivation) with-
out detectable TP53 mutations [24]. Furthermore, tumors with low p53 activity 
inferred by the p53 target signature were associated with increased copy number 
instability, higher pathological grade, reduced expression of mature hepatocyte sig-
nature, and increased risk of tumor recurrence [24]. On the other hand, alterations of 
several other genes within the TP53 network, namely, IRF2, MDM2/MDM4, ATM, 
RPS6KA3, CDKN2A, RB1, CDK4, CCND1, and CCNE, were also identified, result-
ing in a high prevalence (up to 72%) of TP53 signaling alterations in HCC [20, 24].

 Wnt/β-Catenin Pathway

Aberrant activation of Wnt signaling is a critical molecular event driving hepatocar-
cinogenesis. There are several different genes involving this signaling pathway. 
Somatically acquired missense mutation in exon 3 of the CTNNB1 (β-catenin) gene, 
which leads to constant activation of β-catenin by preventing phosphorylation of 
β-catenin, is the most common molecular change related to this signaling pathway 
(frequency ranging from 10% to 32.8% in genome-wide sequencing studies) [12, 
30]. Other alterations, such as epigenetic inactivation of SFRPs and SOX, inactivat-
ing mutation of AXIN1 or APC, and upregulation of FGF19, MYC, and CCND1, 
were also reported in HCC cohorts [20, 24]. Collectively, alterations of the Wnt-
associated signaling pathway are observed in 44–66% of patients with HCC.

 TERT Pathway

To obtain the ability of infinite replication, activation of telomerase (encoded by 
TERT gene) is required for cancer cells [12]. Tokoki et al. reported that 54% of HCC 
patients in their cohort had somatic mutation of TERT gene at its promoter region, 
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and the percentage of TERT mutation was higher in HCV-positive cases (64%) in 
comparison to nonviral (59%) and HBV-positive cases (37%) [20]. Similar results 
were shown in the TCGA cohort; TERT mutation was found in 44% of patients and 
enriched in HCV-related HCC patients [24]. Additionally, the occurrence of TERT 
promoter mutation was frequently found with CDKN2A silencing, which further 
enhanced the expression of TERT through downregulation of p16INK4A [24, 36].

 Chromatin Remodeling Pathway

Chromatin refers to the DNA-protein complex within the nucleus that helps to pack-
age DNA into a more compact and denser structure [37]. DNA interacts with his-
tone protein via covalent bonding and forms a nucleosome, the basic structure of 
chromatin. Thus, modification of histone protein, including acetylation or 
methylation, would affect the DNA-histone structure (e.g., open or closed), leading 
to change of gene expression [12].

In HCC, alterations of ARID1A, ARID1B, and ARID2 are frequently observed in 
HCC patients [20, 24]. The ARID family genes encode the core proteins of a 
nucleosome remodeling complex, SWI/SNF (switch/sucrose non-fermentable); 
alterations of these genes, such as frameshift mutations, copy number loss, and 
homozygous deletion, lead to dysregulation of chromatin [38]. In addition to ARID 
family, mutations of BAP1, KMT2D CREBBP were reported in HCC patients. In 
sum, alterations of chromatin modifier genes could be identified in nearly 50% of 
HCC patients.

 PI3K-mTOR Pathway

The phosphatidylinositol-3-kinase (PI3K)/AKT/mammalian target of rapamycin 
(mTOR) signaling pathway is critical to cell growth and angiogenesis; MET, FGFR, 
VEGFA, and several other growth factors can activate PI3K/AKT and mTOR 
signaling, while PTEN counteracts with activation of this signaling pathway [39]. 
Aberrant activation of PI3K-related pathway is a common driving mechanism in 
many types of cancers. In HCC, oncogenic activation of PI3K- mTOR signaling 
affects about 45% of patients, and inactivating mutation of TSC1-TSC2 is the most 
common contributing factor [20].

 Nrf2-KEAP1 Pathway

Nuclear factor-like 2 (encoded by NFE2L2, also known as NRF2) is a transcrip-
tional factor that regulates many genes associated with antioxidation and metabo-
lism [40]. NRF2 is regulated by KEAP1 via the ubiquitin-proteasome pathway; 
activation of the missense mutation of NFE2L2 and inactivation of the mutation of 
the KEAP1 gene are recurrently seen in HCC [12].
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 Metabolic Alteration and Metabolomic Investigation

Metabolic reprogramming, which describes serial changes involving nutrition 
uptake and utilization, can fuel cancer cell growth and proliferation [41]. In HCC, 
accelerated glucose uptake and preferential activation of pyruvate kinase muscle 
isozyme M2 (PKM2)-mediated glycolysis had been shown to increase the 
proliferation and progression of liver cancer cell [42]. Also, dysregulated glutamine 
metabolism and increased de novo lipogenesis were also found to promote the 
development of therapeutic resistance and cell survival in HCC [43, 44].

Metabolomics is the global and unbiased survey of the complement of small 
molecules (<1  kDa) in a biological sample (could be biofluid, tissue, organ, or 
organism) and measures the end products of various metabolic processes happening 
in cells [45]. Several studies had applied this method and successfully identified 
specific metabolic profiles that help early diagnosis and clinical outcome prediction 
in HCC [46–48].

 Intertumoral Heterogeneity in HCC

Intertumoral heterogeneity refers to the diversity between different HCC patients. 
Many different factors contributing to the generation of intertumoral heterogeneity 
in HCC have been identified and could be summarized into three major categories: 
environmental exposures, individual genetic predispositions, and somatic molecular 
alterations [26, 29, 46, 47, 49, 50].

 Environmental Exposure

The development of HCC is known to be associated with chronic liver inflammation 
induced by various different exposures, such as hepatitis viruses, alcohol, smoking, 
and aflatoxin exposure [29]. Therefore, recognizing different environmental 
exposures is the first step in characterizing the heterogeneity of HCC among differ-
ent patients.

Nearly 80% of HCC is contributed by hepatitis B virus (HBV) or hepatitis C 
virus (HCV) infections [51]. Though liver tumors related to chronic HBV and 
HCV infection are histologically similar, each virus has very distinct mechanisms 
driving hepatocarcinogenesis. Several large-scale genomic studies showed that 
liver tumors associated with different viruses had distinct mutation patterns [23, 
24, 28]. HBV is a DNA virus meaning that a viral genome would integrate into the 
host genome and may, therefore, affect the integrity of the host genome and alter 
gene expression near the integration site [52]. HBV-infected tumors were charac-
terized by increasing frequency of TP53 mutation and hyperexpression of CCND1, 
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CCNE1, GLI2, TERT, and MLL4, which seem to be associated with viral DNA 
integration into the host genome [23, 24, 30]. Distinct from HBV, HCV is an RNA 
virus and does not integrate into the host genome and replicates within the hepa-
tocyte cytoplasm. HCV-related HCCs were found to enrich inactivating mutation 
of ARID2 gene [53], silencing of CDKN2A promoter, and TERT promoter muta-
tion [24].

Other potential environmental factors were also found to leave a distinct “molec-
ular fingerprint” in HCC, for example, alcohol-related tumors were significantly 
enriched with inactive mutation of ARID1A and enriched with alterations of 
CTNNB1, TERT, CDKN2A, SMARCA2, and HFG [27, 28], and aflatoxin expo-
sure was significantly related to TP53 R249S mutation [28, 54].

It is not uncommon that patients may be exposed to more than one risk factors 
related to HCC, and different environmental exposures often show a synergized 
effect in promoting the progression of hepatocarcinogenesis. For example, alcohol 
use doubles the risk of HCV-related HCC [55], and smoking increases the risk of 
alcoholism-related HCC [56]. Interestingly, evidence of synergistic interaction 
between different environmental factors could be found in molecular studies; for 
instance, HCC tumors related to aflatoxin B1 exposure and HBV infection shared 
similar genetic characteristics, recurrent TP53-R249S mutation, and high AFB1 
signature [24], which correlated with clinical observations [57].

 Individual Genetic Predispositions

Individual genetic predisposition (also called genetic susceptibility) reflects the col-
lective effect of germline mutation(s); it influences the individual risk or tendency 
to develop disease and contributes to the heterogeneous biology of HCC [50, 58]. 
According to a number of genetic alterations involved, genetic predisposition could 
be further subclassified as “monogenic” and “polygenic.”

 Monogenic Germline Variance

Several monogenic predispositions related to increasing risk of HCC have been 
reported, and alpha-1 antitrypsin (AAT) deficiency [59], hereditary tyrosinemia 
type 1 [60], hemochromatosis [61], and porphyrias [62] are the most well-known.

AAT deficiency is caused by mutation of SERPINA1 gene, resulting in altered 
protease/antiprotease balance, and associated with an increased risk of HCC, 
particularly in male patients [59, 63]. Hereditary tyrosinemia type 1 is caused by 
mutation of FAH gene, which leads to accumulation of tyrosine catabolic intermedi-
ates in the liver due to defective tyrosine metabolism, and, subsequently, results in 
liver inflammation and HCC development. Hemochromatosis is an iron metabolism 
disorder related to the mutation of HFE gene; patients harboring C282Y mutation 
of HFE gene have excessive gastrointestinal iron absorption and storage in the liver 
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and many other organs. The risk of HCC in hemochromatosis patient is approxi-
mately 20-fold higher compared to the general population [61, 64]. Hepatic por-
phyrias are a group of diseases associated with abnormal heme biosynthesis; 
reduced free heme pool may increase the reactive oxygen species stress and muta-
tion burden in patients with porphyria and consequently increases the risk of HCC 
[65]. Besides porphyrias, all abovementioned syndromes are inherited in an autoso-
mal recessive fashion.

It is worth noting that HCC that developed in patients with germline mutation 
which we discussed here may have a different clinical presentation than those 
without, and their liver tumors tend to occur earlier. For example, 40% of patients 
with tyrosinemia type 1 develop HCC in their childhood [60]. Patients with AAT 
deficiency can develop pulmonary emphysema [59]. Some porphyria patients have 
neuropsychiatric symptoms [50]. On the other hand, we should also keep in mind 
that for most of the monogenetic syndromes, harboring genetic changes is not 
sufficient to drive the formation of HCC, suggesting a role of other modulating 
factors (environmental or genetic) [50].

 Polygenic Risk Factors

Several conditions or diseases inherited as polygenic traits are associated with a 
higher risk of HCC. For example, patients with type 2 diabetes mellitus have a 2.5- 
fold increase of HCC risk [66], and patients with nonalcoholic steatohepatitis 
(NASH)-related cirrhosis have an annual 2.4–12.8% HCC incidence rate [67]. 
Other conditions, such as hypothyroidism, autoimmune hepatitis, and positive 
family history are also regarded as polygenic risk factors for HCC [50]. Apart from 
monogenetic risk factor, the incremental risk of HCC in patients with polygenetic 
predisposition is mediated by the combination of many genetic variations. Therefore, 
it is not surprised to see that these polygenetic conditions connect to 
hepatocarcinogenesis via multiple mechanisms. For instance, the development of 
HCC in patients with NASH may be attributed to obesity, insulin resistance, 
lipotoxicity, dysregulation of intestinal microflora, and genetic polymorphism [67]. 
Similar to monogenetic risk factor, polygenetic factors may interact and synergize 
with environmental factors in promoting hepatocarcinogenesis. For example, the 
risk of virus-related HCC is higher in patients comorbid with diabetes [68] and 
hypothyroidism [69].

 Somatic Molecular Alterations

Somatic alterations account for 90% of molecular alterations occurring in the tumor 
genome. Taking the different biological function of each molecule into account, a 
vast amount of molecular alterations are the major contributors to tumor 
heterogeneity.
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 Characterizing Molecular Heterogeneity in HCC: A Rapidly Evolving 
Journey

Multiple molecular alterations and critical oncogenic signaling pathways had been 
identified in HCC tumors (as summarized in section “Molecular Alterations of 
HCC”). Each molecular feature, i.e., high vs. low CNVs or TP53 mutant vs. wild 
type, explains partly the trajectory of a tumor and could be taken as a reference to 
define heterogeneity. For example, Katoh et al. used the pattern of CNV to identify 
biologically distinct clusters among 87 HCC patients and showed that patients in the 
cluster with more dominant CNV features had worse survival [17]. Notably, 
different from some of the malignant diseases with strong molecular-alteration- 
driven phenotype, such as adenocarcinoma of the lung and epithelial growth factor 
receptor mutation [70] or estrogen-receptor-positive breast cancer [71], there is no 
dominant oncogenic molecular feature being recognized in HCC, meaning that it is 
difficult to define a homogenous patient or tumor clusters by single or few molecular 
features.

With the advent of bioinformatics and computational power, researchers are 
able to process and analyze a vast amount of data at the same time. Several stud-
ies showed that combining multiple “omics” data, namely, genomics, transcrip-
tome, epigenome, and metabolome, could provide a better molecular classification 
in HCC and greatly enhanced our understanding of this complex disease [15, 20, 
24, 72–77]. However, different omics platforms use very distinct methods to 
analyze different biological aspects of a subject, resulting in a huge inherited 
heterogeneity among the data and difficulty in combining them for analysis. To 
solve this problem, many studies chose to use a platform to produce a stable 
signature for clustering and match data generated from the other platforms to 
this clustering. Transcriptome profiling is widely adapted to identify stable 
molecular subtypes linking to tumor biology and clinical outcome in HCC [72, 
74]. Evidence applying tumor transcriptome to define HCC subtypes linked to 
metastasis status and patient survival was first obtained by Ye et  al. [78]. Lee 
et al. subsequently applied an unsupervised approach to define HCC molecular 
subtypes [79]. Boyault et al. defined six clusters among 65 samples according to 
their transcriptomic data and showed that these six clusters (G1–G6) link to dis-
tinct genotype and phenotype [72]. G1 tumors were typified by low copy number 
of HBV, AXIN1 mutation, younger age, higher serum level of AFP, and frequent 
origin from Africa. G2 tumors were associated with high HBV burden and muta-
tions of PI3KCA and TP53. Similar to G2, G3 tumors were also associated with 
TP53 mutation but could be differentiated by lacking HBV infection and overex-
pression of cell cycle regulatory genes, such as CDC6, MAD2L1, CCNA2, and 
CCNE2. G4 was considered as a heterogeneous group that was comprised of 
both tumor and non-tumor sample, and a subgroup with TCF1 mutation was 
identified in G4. For the rest of the two clusters, G5 and G6 were both associated 
with activation of Wnt/β-catenin, but tumors of the G6 cluster presented with a 
higher degree of β-catenin activation and more satellite nodules around the main 
tumors based on pathologic analysis. Chaisaingmongkol et  al. analyzed tran-
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scriptome data obtained from 62 Thai HCC patients by consensus clustering 
method and identified three different clusters (C1–C3) linking to unique genomic 
and metabolomic features and patients’ clinical outcomes [74]. More interest-
ingly, in this study, the authors showed that the C1 and C2 signatures in HCC 
were shared with a subgroup of patients with cholangiocarcinoma in an ances-
try-dependent manner (will be discussed in more detail in the following 
section).

A transcriptome meta-analysis that involves 603 HCC tumors identified three 
molecular subtypes (S1–S3) commonly observed across geographic regions and 
patient races/ethnicities [73]. S1 tumors are characterized with activation of 
transforming growth factor (TGF)-beta and Wnt pathways and associated with a 
more disseminative phenotype. S2 tumors are characterized by positivity of 
stemness markers such as AFP and EPCAM. S1 and S2 tumors collectively represent 
more aggressive tumors accompanied with more frequent TP53 mutations. S3 
tumors are more differentiated and less aggressive compared to S1/S2 tumors 
(indolent subtype), in which CTNNB1-mutated tumors are accumulated. Of note, 
histological variants and clinical variables are associated with molecular subtypes 
[80]. Steatohepatitic variant and immune cell infiltrates are more frequently 
observed in S1 tumors. S2 tumors are associated with a macrotrabecular/compact 
pattern, clear cell variant, and high serum AFP.  S3 tumors are associated with 
microtrabecular and pseudoglandular patterns. Similar correlations were confirmed 
in subsequent studies [81, 82].

On the other hand, several studies demonstrated the feasibility to interrogate 
different omics data to identify molecular subtypes [24, 75, 76]. Woo et al. com-
bined DNA copy number and DNA methylation pattern for molecular classifica-
tion and identified three subtypes in HCC (C1–C3); C1 tumors were typified by 
the highest frequency of CNV and methylation; recurrent BAP1 mutation; higher 
expression of CA9, KRT19, EPCAM, and PROM; and worse clinical survival 
[75]. Another good example of multi-omics study in HCC is the TCGA cohort, 
which comprehensively studied hundreds of HCC patients using six different plat-
forms, namely, exome sequencing, DNA copy number, mRNA sequencing, 
microRNA sequencing, methylomics, and proteomics [83]. In the TCGA cohort, 
three subtypes (iC1–iC3) were identified based on the results of copy number and 
methylation change of DNA, expressions of mRNA and miRNA, and protein 
array. Interestingly, this molecular classification not only differentiates the molec-
ular features of tumors but also showed a strong link with important clinical fea-
tures of patients. For example, iC1 tumors, characterized by low frequency of 
CTNNB1 mutation, TERT promoter mutation, and  DNA- methylation- mediated 
DKN2A silencing, were clinically linked to younger age, Asian ethnicity, female 
gender, and normal body weight, and iC2 tumors tended to have low-grade dif-
ferentiation and less microvascular invasion. Collectively, molecular heterogene-
ity in HCC has been demonstrated in several studies and in various cohorts. 
Comprehensive molecular profiling enhances our understanding of the oncogenic 
events relevant to the development and progression of HCC.
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 Molecular Similarity of HCC and Intrahepatic Cholangiocarcinoma

Most of our current knowledge of defining specific cancer types are primarily based 
on pathological findings; we ask where the tumor is found, what it looks like, and if 
it presents with specific markers. HCC and intrahepatic cholangiocarcinoma 
(iCCA), the two major types of primary liver cancer, were considered as two distinct 
diseases in terms of tumor origin, morphology, and clinical behavior [83–85]. 
Surprisingly, with the availability of large-scale genomic studies, common molecular 
features were found in a subset of patients with HCC or iCCA.

In the TCGA cohort, there were four HCC patients who presented with positive 
IDH1/2 mutations, a genetic alteration being more frequently seen in iCCA rather 
than HCC [24]. Besides confirming the histopathological presentations of these four 
tumors as pure HCC, the authors further showed that the IDH1/2 mutation linked to 
a unique transcriptome and miRNA signature, an aggressive tumor behavior, and 
worse clinical course, suggesting a novel subclass in HCC being identified. On the 
other hand, the work done by Chaisaingmongkol et  al. also identified similar 
molecular features in these two diseases [74]. They used global transcriptome 
expression to define molecular classes in HCC and iCC and identified three subtypes 
of HCC and four subtypes of ICC. Intriguingly, they compared subtypes of HCC 
and iCCA and found that the C1 and C2 of HCC were biologically similar with that 
of iCCA.  The C1 subtype was enriched with PLK1 and ECT2 mutation and 
associated with worse clinical outcomes, where the C2 subtype presented with link 
to obesity, T cell infiltration, bile acid metabolism, and better outcomes. They 
further validated the presence of the C1/2 signature in three different HCC cohorts 
and two iCCA cohorts and found that these two signatures could be identified in 
Asian, not Caucasian, HCC/iCCA patients.

The commonality of HCC and iCCA identified by the abovementioned studies 
highlights the value of large-scale genomic analysis in fully addressing cancer 
heterogeneity and associated distinct tumor biology in different patients.

 Intratumoral Heterogeneity in HCC

 Evolution of Intratumoral Heterogeneity

Intratumoral heterogeneity, referring to the variations among different tumor 
lesions and/or tumor cells within a single patient, is largely driven by genomic 
instability [49]. Unstable genome in tumor cells leads to the occurrence of a wide 
range of mutations and, as such, fosters genetic diversity and the generation of 
genetically different cancer cell clones. As a tumor expands or develops metastasis, 
these clones would compete for survival, leading to clonal evolution of a given 
lesion or host. Therefore, the architecture of tumor lesion is determined by a frame-
work composed of clonal evolution, competition, and best-fit selection. Additionally, 
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it is worthy of note that intratumoral heterogeneity is not only limited to the uneven 
distribution of tumor clones across various lesions but also includes the dynamic 
changes of a given lesion (also termed as temporal heterogeneity) [49, 86].

 Spectrum of Intratumoral Heterogeneity

 Heterogeneity of Different Tumor Lesions

As we mentioned at the beginning, intratumoral heterogeneity in HCC was first 
characterized by Dr. Kojiro’s group who found that 47.7% of patients harbor two or 
more subpopulations within one tumor [8]. Later, Dr. Weber’s group analyzed 120 
tumor areas obtained from 23 patients and found that 87% of patients had evidence 
of intratumoral heterogeneity defined by morphological presentation, 
immunohistochemical staining of a collection of liver cell markers, and mutation 
status of TP53 and CTNNB1 [87]. Notably, the percentage of detectable genetic 
variations among different lesions increased in patients with a larger tumor or 
advanced disease stage, suggesting that intratumoral heterogeneity evolves during 
tumor progression. In addition, 26% of patients in this study with morphologically 
distinct tumors showed no differences on the protein level and the mutation status 
of TP53 and CTNNB1, suggesting the limitation of given methodology in fully 
addressing heterogeneity.

Using whole-genome sequencing to analyze 43 tumor lesions from 10 HCC 
patients, Xue et al. showed that all the patients in this cohort presented with evidence 
of intratumoral heterogeneity [88]. Importantly, the extent of intratumoral 
heterogeneity varied among different patients. By interrogating the features of 
somatic mutation, hepatitis B integrations, and copy number variations, the authors 
supported the branched evolution of different HCC clones. Compared to primary 
tumors, mutation patterns of intrahepatic metastasis or tumor thrombi were more 
distinct than that of satellite nodules.

Collectively, the abovementioned studies showed the presence of intratumor het-
erogeneity linking to distinct biology in HCC and suggested that analyzing a single 
lesion may be underrepresented.

 Heterogeneity at Single-Cell Level

As mentioned at the beginning of this section, a single cancer cell can give rise to a 
distinct subpopulation (also termed clone). With tumor progression, cells within one 
clone may develop new mutations, leading to formation of different subclone(s). 
Therefore, within one tumor lesion, a cell per se may be different from each other, mak-
ing single-cell study a must to fully address the intratumoral heterogeneity of a tumor.

Hou et al. were the first to report heterogeneity at the single-cell level in HCC; 
they used a single-cell triple omics sequencing technique, which simultaneously 
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analyze genome, DNA methylome, and transcriptome of a single cell, to analyze 25 
single cells derived from an HCC patient [89]. Importantly, even in such a few 
number of cells being studied, they identified two subgroups of cells with distinct 
molecular features. The other work presented by Zheng et al. focused on exploring 
the heterogeneity of a specific cell population  – cancer stem cell (CSC)  – by 
analyzing 2595 CSCs obtained from one HCC patient or enriched from HuH1 and 
HuH7 cells [90]. Using single-cell RNA sequencing to characterize transcriptome 
features or flow cytometry to determine the intensities of stem cell markers expressed 
on cell surfaces, they showed a huge heterogeneity among these cells. Importantly, 
the transcriptome signatures obtained from different subpopulations were associated 
with the outcome of patients in different HCC cohorts. The other thing worthy of 
note was that if the authors mixed more than 100 tumor cells and conducted genomic 
analysis of this cell mixture (simulation of bulk sample), the variations identified at 
the single-cell level could not be recaptured, suggesting the data we obtained from 
bulky tumor samples might be biased in a certain degree.

 Stem Cell Feature and Heterogeneity in HCC

CSC, also termed as tumor-initiating cell, refers to a subset of cancer cells with self- 
renewal and differentiation capabilities. Notably, the presence of CSCs in tumor is 
not only a demonstration of intratumor heterogeneity (a subset of cells that are 
functionally distinct from the rest), but it also promotes repopulation of tumor cells, 
resulting in greater intratumoral heterogeneity [91].

In HCC, the presence of CSC can be phenotypically identified by specific mark-
ers, such as CD133, EpCAM, and CD44, or functionally defined by the capability 
of tumor initiation and asymmetric differentiation [92]. Ma et al. isolated CD133-
high and CD133-low expressed cells from two human HCC cell lines and showed 
that CD133+ HCC cells confer higher proliferation and chemoresistance [93]. In 
concordance, Zheng et  al. showed that a specific subgroup of cells positive for 
CD133 and CD44 was identified in a 2-AAF-induced rat liver cancer model, and 
this specific CD133+CD44+ cell clone could expand and differentiate into bi-lineage 
cell types [94]. The ability of bi-lineage differentiation indicates that CSC can 
initiate branching evolution, denoting the emergence and divergent propagation of 
multiple subclonal tumor cell populations from a common ancestor [49]. Compared 
with linear evolution (sequential genetic alterations and survival-of-the-fitness 
selection convey a linear model of clonal evolution), branching evolution is more 
likely to create a more heterogeneous tumor, which had been evidenced in HCC and 
many other types of cancers [49, 88, 95].

On the other hand, a growing body of literature suggest that the stem cell signa-
ture is an important feature that defines intertumoral heterogeneity in HCC. Yamashita 
et al. showed that HCC patients could be subclassified into four groups according to 
the expression levels of two hepatic stem cell-associated marker, epithelial cell 
adhesion molecule (EpCAM) and α-fetoprotein (AFP); patients with hepatic stem 
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cell-like HCCs (EpCAM+, AFP+) and hepatocytic progenitor-like HCCs (EpCAM−, 
AFP+) had worse survival in comparison to others [96]. More importantly, tumors 
with the hepatic stem cell-like signature were characterized by unique molecular 
features shown at global transcriptome, miRNA, and metabolomic levels [48, 97].

Collectively, CSCs affect clonal architecture in a tumor, permitting the develop-
ment and progression of tumor heterogeneity in HCC. Tracing the life path of CSCs 
provides an important scope to identify critical mechanisms driving tumor progres-
sion in HCC.

 Immune Heterogeneity in HCC

“No man is an island,” as stated in the famous work by John Donne; cancer cells are 
within a complex community comprised by various immune and stromal cells. 
Tumor cells interact with and are being affected by their surrounding cells, 
suggesting that the tumor-associated microenvironment could be an important 
driver of tumor heterogeneity [98]. A major portion of the tumor-associated 
microenvironment is immune cells, which interact frequently with tumor cells. The 
cross talk between tumor and immune cells is complicated; the immune system had 
been implicated in preventing and promoting tumor growth, and on the other hand, 
tumor cells were shown to be able to shape the immune contexture and escape 
immune attack through tumor progression [98]. Notably, the effects of the immune 
system on a tumor are heterogeneous both among patients and lesions.

In the TCGA cohort, about 22% of HCC patients displayed high or moderate 
levels of lymphocyte infiltration, and about one-third of patients exhibited high 
expression of immune markers, such as CTLA-4 and other immune checkpoints 
[24]. Additionally, the variations of immune contexture were not only observed 
between different patients, but evidence of a distinct tumor immune microenviron-
ment coexisting within a single individual had been shown in ovarian cancer [99].

Taken together, tumor-associated immune microenvironment is highly heteroge-
neous and tightly connects with the development and progression of a tumor. 
Addressing the discrepancies of the immune system is needed to fully acknowledge 
the complex tumor ecosystem in HCC.

 Adapting Tumor Heterogeneity to Personalized Treatment 
in HCC

Hepatocarcinogenesis is a highly complex multistep process driven by host genome 
alterations and chronic liver inflammation. Therefore, the most common feature of 
HCC patients may be “heterogeneous.” Recognizing genetic features/classes to 
identify a critical target for drug development, to help in outcome prediction, and to 
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guide personalized medicine had shown to be a successful strategy in breast cancer, 
lung cancer, and many other malignant diseases [70, 71, 100]. With the accumulation 
of large-scale genomic studies in the recent decade, our understanding of HCC 
genome evolution, potential druggable molecular alterations, and the dynamic 
interaction between HCC cells and microenvironment has increased significantly. 
However, the improvement of knowledge has not yet been able to change the 
paradigm of HCC treatment like what had been shown in other malignant diseases.

Several reasons may be responsible for this disappointing situation. First, molec-
ular heterogeneity among HCC patients was insufficiently acknowledged in the 
commonly adapted clinical trial design. Till present, most of the published clinical 
trials in HCC are still based on the “all-comer” design to test their compound of 
interest, including molecular target agents. The unmeasured patient heterogeneity 
could be a significant confounder to the results of clinical trials. A good example is 
the development journey of ramucirumab, a monoclonal antibody against vascular 
endothelial growth factor receptor 2. In its first phase III trial (REACH trial), 
ramucirumab was tested as a second-line treatment for HCC in a nonselected patient 
cohort, and the results failed to demonstrate any survival benefit in patients treated 
with ramucirumab in comparison to placebo [101]. But the researchers found that 
the response rates of patients with high AFP levels were significantly higher in the 
post hoc analysis of REACH trial, leading to a follow-up trial that focused only on 
patients with high serum AFP level. Encouragingly, researchers successfully showed 
a 55% of recurrence risk reduction in this subgroup of patients, which was origi-
nally diluted in a mixed patient papulation [102]. Currently, there are some ongoing 
studies being designed in a biomarker enrichment base, such as LY2157299  in 
patients with high AFP (NCI01246989) and JNJ-42756293  in patients with 
fibroblast growth factor 19 amplification. Additionally, there are two innovated 
models of clinical trial designs, the basket study design and the umbrella study 
design, being proposed to help researchers address intertumoral heterogeneity 
among patients and to improve the efficiency in testing potential druggable molecu-
lar alterations in cancer patients. The “basket trial” is designed to test the effect of a 
single intervention on a specific molecular mutation/features regardless of cancer 
types, while the “umbrella trial” is designed to test the potencies of different drugs 
on different mutations under the “same disease umbrella” [103, 104]. Several large 
ongoing clinical trials, such as the NCI-MATCH study, adapted these novel study 
structures to design their protocols, and some of them had already released good 
results [105, 106].

Second, intratumoral heterogeneity, particularly the treatment-induced dynamic 
clonal changes, was shown to be a critical reason for primary resistance and relapse 
to target therapy in many types of cancers [49, 107], but this issue has not been 
addressed in current HCC clinical trials. Part of the reasons could be the difficulty 
of obtaining adequate tissues for molecular profiling, particularly obtaining samples 
of multiple lesions from a patient or sequential sampling. Alternatively, the use of 
less invasive tests, such as circulating tumor cells, circulating DNA, or 
multiparametric magnetic resonance imaging, may be more feasible to be adapted 
into clinical trial or even routine clinical practice and help researchers to capture the 
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diversity across different tumor lesions and/or the dynamic changes along with 
molecular interventions and disease progression [108, 109].

Lastly, similar to drug sensitivity, drug tolerability is heterogeneous among 
patients. With a high incidence of liver cirrhosis, the individual variations of drug 
metabolism could magnify the differences of individual drug tolerability. So far, 
how to predict the occurrence and/or the severity of treatment-associated adverse 
effects has not yet been fully addressed in HCC. In patients with renal cell carcinoma 
receiving sorafenib treatment, Qin et  al. showed that a polymorphism of VEGF, 
VEGF rs2010963 CG + GG genotype, was significantly linked to a higher risk of 
hand-foot syndrome, a common side effect associated with sorafenib [110]. Whether 
this or other genomic variations may be associated with the safety profile of 
sorafenib in HCC remained unclear, and more studies are warranted in the future.

 Conclusion

HCC is a disease of great genetic diversity. With numerous tools available today, hun-
dreds to thousands of molecular alterations could be detected within a liver tumor, but 
how to capture the story leading to tumor development and progression remains to be 
a big challenge. Recognizing molecular heterogeneity does not aim to find differences 
that separate patients but, by contrast, to identify critical features to unite patients into 
a relatively homogeneous subgroup. The diagnosis of HCC in this “omics era” should 
not be restricted to image-based criteria. Interrogating molecular profiling in different 
patients and, even, at various regions of a given tumor is the foundation of precision 
medicine. Full recognition of tumor heterogeneity is required not only to improve 
diagnosis and outcome prediction but also, more importantly, to allow researcher and 
clinician to design more effective anticancer therapies to every HCC patient.
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of Hepatocarcinogenesis
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 Introduction

The liver is a multifunctional organ that plays a key role in metabolism and detoxi-
fication as well as in regulation of immune response and tolerance. The liver is 
physiologically exposed to many pathogens and toxic substances derived from the 
gut and has the largest population of resident macrophages (i.e., Kupffer cells, KCs) 
in the body and a high prevalence of natural killer cells (NK), natural killer T cells 
(NKT), and T cells. In normal conditions, the liver removes a large amount of 
microbes and pathogen-associated and damage-associated molecular patterns 
(PAMPs and DAMPs) and maintains an immunosuppressive environment [1].

Following chronic hepatocyte damage, immune and stromal cells modify a liver 
environment, which triggers chronic inflammation and ultimately promotes 
hepatocellular carcinoma (HCC) [2]. Indeed, independently from the etiology, 
chronic liver disease is characterized by a deregulation in the liver immune network 
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that stimulates cellular stress and death favoring liver fibrosis, hepatocyte 
proliferation, and epithelial-to-mesenchymal transition (EMT) [2]. A combination 
of EMT, genetic mutations, and epigenetic alterations that accumulate during cell 
proliferation is the most important driver of hepatocarcinogenesis [3].

Once HCC has developed, liver microenvironment greatly affects tumor progres-
sion and response to therapy [4]. This is the reason why gene expression signatures 
in liver tissues adjacent to the HCC—and the not in tumor itself—highly correlate 
with long-term survival of patients with liver fibrosis [5]. Similarly, HCC infiltration 
by non-parenchymal cells (e.g., regulatory T cells, Treg) has been associated with 
tumor progression [5–8]. New therapies targeting liver microenvironment are 
recently developed or under clinical investigation for both chronic liver disease 
(e.g., nonalcoholic steatohepatitis, NASH) and HCC.

Hence, liver microenvironment plays an essential role in both hepatocarcino-
genesis and tumor progression and it is an important therapeutic target for HCC 
prevention and treatment.

 From Chronic Inflammation to Hepatocellular Carcinoma

HCC almost universally evolves on the background of chronic liver inflammation 
and liver fibrosis [9]. Chronic hepatocyte cell injury induces activation of the 
immune system that initiates and supports chronic inflammation by generation of 
proinflammatory cytokines and chemokines and activation of hepatic stellate cells 
(HSCs), finally resulting in liver fibrosis, cirrhosis, and cancer [10] (Fig. 15.1).

During chronic infections (e.g., hepatitis B virus, HBV, or hepatitis C virus, 
HCV) as well as metabolic (e.g., NASH) or toxic diseases (e.g., alcoholic 
steatohepatitis, ASH), immune cells—first of all KCs—are activated by the release 
of PAMPs and DAMPs produced by hepatocyte apoptosis and death. Activated KCs 
present viral antigens to T cells and/or secrete cytokines and chemokines that recruit 
circulating monocytes, lymphocytes, and neutrophils [11]. Proinflammatory signals 
are mainly mediated by the accumulation of tumor necrosis factor alpha (TNF-α); 
interleukins (IL) such as IL-6, IL-1β, IL-2, IL-7, IL-15, IL-17; C-C motif chemo-
kine ligand 2 (CCL2); and interferon gamma (IFN-ɣ).

Following activation by antigen-presenting cells, T cells and especially T-helper 
17 (Th17) cells and the mucosal-associated invariant T (MAIT) cells are major 
promoters of liver inflammation primarily by secretion of IL-17 [12, 13]. IL-17 
secreted by T cells as well as transforming growth factor beta 1 (TGF-β1) and 
platelet-derived growth factor subunit B (PDGF-B) secreted by KCs and monocyte- 
derived macrophages are able to activate and differentiate HSC into collagen- 
producing myofibroblasts [12, 13]. Finally, also DAMPs can directly activate HSC 
and participate in fibrosis [7, 14]. HSC-derived myofibroblasts account for abnormal 
production of collagen in the liver and are main components of the hepatic 
precancerous microenvironment [15].

The inflammatory microenvironment causes hepatocellular stress, accompanied 
by epigenetic modifications, mitochondrial alterations, DNA damage, and 
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chromosomal alterations that determine cell transformations [7]. Inflammation has 
been shown to upregulate nuclear factor kappa B (NF-κB) and signal transducer and 
activator of transcription 3 (STAT3) thereby affecting cell proliferation, survival, 
angiogenesis, and chemotaxis [16–18]. STAT3 is further induced by several other 
cytokines and growth factors that are known to be upregulated under conditions of 
chronic liver inflammation [19]. Regarding chronic HBV and HCV infection, 
upregulation of the cytokines lymphotoxin beta and TNF-α in CD4+ and CD8+ T 
cells has been shown to promote hepatocarcinogenesis [20, 21].

Collectively, persistence of infection by hepatotropic viruses or toxic condition 
may cause a chronic inflammatory state, accompanied by continual cell death and 
promotion of compensatory tissue repair mechanisms, finally resulting in liver cir-
rhosis and cell transformation. Since chronic inflammation induces impaired immune 
surveillance due to exhausted T cells, chronic inflammatory liver status not only pro-
vokes cell transformation but also attenuates physiological antitumor defense mecha-
nisms by the immune system. Thus, tumor cell attack by cytolytic T cells is weakened 
in chronic inflammatory liver tissue and HCC microenvironment [22–24].

Moreover, upregulation of immunosuppressive Treg cells has been related to 
chronic inflammation associated with attenuated immune surveillance contributing 
to risk of HCC development [25, 26]. The inducible type 1 T regulatory (Tr1) cells 
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Fig. 15.1 Chronic inflammation is a pan-etiological driver of hepatocarcinogenesis. 
Hepatocarcinogenesis can be induced by multiple etiological and environmental conditions. 
Chronic HBV and HCV infections, as well as chronic alcohol abuse and metabolic syndrome trig-
ger the activation of the innate immune system via release of Damage-Associated Molecular 
Patterns (DAMPs) and Pathogen Associated Molecular Patterns (PAMPs). The persistent dysregu-
lation of the immunological network of the liver, promoted by the secretion of pro-inflammatory 
cytokines/chemokines (e.g. IL-2, IL-6, IL-7, IL-15, IL-17, TGF-β, TNF-α, IFN-γ), leads to cells 
death, compensatory hepatocellular proliferation, activation of cancer-associated fibroblasts 
(CAFs) and hepatic stellate cells (HSCs) as well as epithelial-tomesenchymal transition (EMT). 
Moreover, sustained necro-inflammatory status attenuates immune-surveillance and anti-tumor 
immune response, by secretion of anti-inflammatory molecules (e.g. IL-10, TGF-β, PD-L1). In 
addition, the activation of HSCs contributes significantly to cell proliferation (by the release of 
IL-1β, TGF-β and LAMA5) and cirrhosis. In conclusion, cellular proliferation and EMT, further 
sustained by STAT3/NF-κB pathway activation, cirrhosis and impaired immunosurveillance activ-
ity collectively contribute to HCC development
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possess many immunosuppressive functions by secretion of the cytokines IL-10 and 
TGF-β, as well as by expression of the checkpoint inhibitors cytotoxic T-lymphocyte- 
associated protein 4 (CTLA-4) and programmed death 1 (PD1) on the cell surface 
[27–29]. Treg or KC-secreted IL-10 was reported to reduce immune surveillance by 
suppressing macrophage activation, T-cell proliferation, and IFN-ɣ production, 
hereby inhibiting antitumor response mediated by the immune system [30–32]. 
Moreover, TGF-β is known to inhibit IL-2-dependent T-cell proliferation as well as 
production of proinflammatory cytokines and performance of cytolytic functions by 
effector cells [33–35]. Suggesting its involvement in chronic inflammatory liver 
disease and contribution to hepatocarcinogenesis, levels of the immunoregulatory 
cytokine IL-10 and TGF-β have been reported to be elevated in patients with chronic 
liver disease and related to disease progression and patients’ survival [30, 36, 37].

 Immune Cells in HCC Microenvironment

Leukocytes are one of the main drivers in chronic inflammation. They are highly 
enriched in both the precancerous state of liver cirrhosis and in malignant tissue of 
HCC.  Indeed, liver carcinoma is characterized by an immunogenic micro-
environment, consisting of high amounts of lymphocytes, including NK cells, NKT 
cells, B cells, and T cells [38]. T-cell exhaustion due to chronic inflammation hereby 
shapes an immunogenic microenvironment that is characterized by an enhanced 
immunotolerance. Thus, the endogenous antitumor function of cytotoxic 
lymphocytes can be restored by antigen-presenting cells, which are typically 
reduced in the HCC microenvironment [39]. Indeed, decreased activity of NK cells, 
one of the most important antigen-presenting cells, correlates with an increased 
incidence of HCC in patients with liver cirrhosis [40]. Moreover, infiltration and 
density of T cells in human HCCs correlate with better patient prognosis, whereas 
tumor-infiltrating B cells reduce tumor viability [41].

Macrophages perpetuate chronic inflammation following liver injury and pro-
mote fibrogenesis via HSC activation. This therefore represents a significant com-
ponent of HCC microenvironment. Of note, tumor-associated macrophages (TAMs) 
are considered to promote tumor development and favor angiogenesis and tumor 
cell migration [42, 43]. Moreover, TAMs may stimulate tumor growth by suppres-
sion of the adaptive immune system. They express high levels of cell death- ligand 1 
(PD-L1), thereby suppressing the antitumor cytotoxic T-cell responses [44]. TAMs 
provide cytokines and growth factors that enhance tumor cell proliferation and 
NF-κB-mediated protection from cancer cell apoptosis and angiogenesis [45]. 
Accordingly, TAM infiltration correlates with HCC progression and poor survival 
[46, 47].

Dendritic cells (DCs) are a heterogeneous cell population and one of the most 
powerful antigen-presenting cells which regulate the primary immune response and 
the immune homeostasis in the liver [48]. By forming a bridge between the innate 
and the adaptive immune system [49], DCs are regarded as key players in immune 
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regulation [50, 51]. An impaired DC function has frequently been suggested as an 
important factor contributing to an immunosuppressive microenvironment in 
chronic liver disease, which is favoring tumor development. Accordingly, several 
studies report lower DC numbers in both the peripheral blood and liver tissue of 
patients with HCC [52, 53]. A reduced IL-12 secretion by DCs is hereby attributed 
to an attenuated stimulation of T cells [54]. Moreover, DC inhibition and its effects 
on downstream effector cells have further been identified as immune escape mecha-
nisms of HCC [55, 56].

 Stromal Cells Participate in HCC Development 
and Progression

Liver cirrhosis is one of the main risk factors for hepatocarcinogenesis and therefore 
regarded as a precancerous liver state [57]. Thus, the lifetime risk of HCC 
development in patients with advanced liver cirrhosis is approximately 30%, and 
80–90% of HCCs evolve in cirrhotic liver tissue [58, 59]. Considering HSCs as the 
most important progenitor cells of myofibroblasts that account for enhanced 
production of the extracellular matrix in liver fibrosis and liver cirrhosis, HSC- 
derived myofibroblasts are the main components of the hepatic precancerous 
microenvironment as well as the HCC tumor environment. Indeed, differentiation 
of HSCs from pericyte-like cells to collagen-producing myofibroblasts provides 
85–95% of the myofibroblasts in liver fibrosis and liver cirrhosis, independent of the 
underlying trigger [15]. Hence, together with bone marrow (BM)-derived fibroblasts 
and portal fibroblasts (PF), HSC-derived myofibroblasts compose the stromal 
population of cancer-associated myofibroblasts (CAFs) that contribute actively to 
HCC development and progression [60]. Of note, CAFs show a markedly altered 
phenotype compared to normal fibroblasts [61, 62]. Normal fibroblasts may suppress 
tumor growth by contact inhibition [62], whereas CAFs promote an immune- 
tolerant tumor environment by interaction with monocytes and lymphocytes [63]. 
Indeed, CAFs inhibit lymphocyte tumor infiltration, increase the activity of 
immunosuppressive regulatory T cells, and induce apoptosis in monocytes [64, 65]. 
Furthermore, CAFs were reported to impair antitumor functions of T cells via 
activation of neutrophils [66]. CAFs may further promote hepatocarcinogenesis by 
downregulation of tumor-suppressive microRNAs [67, 68]. CAF activity has also 
been associated with tumor angiogenesis. CAFs have been shown to secrete vascular 
endothelial growth factor (VEGF) and angiopoietin 1 or 2 [69–71]. The cross talk 
between CAFs and cancer cells is crucial for HCC biology. The secretion of laminin 
5 (LAMA5) [72] and IL-1β [73] by CAFs has been shown to promote HCC 
migration, and on the other hand, highly metastatic HCC cells were found to be able 
to convert normal fibroblasts to CAFs, which in turn promote cancer progression by 
secretion of proinflammatory cytokines [74]. Several studies further suggest an 
association of CAFs and CSCs that are thought to promote tumor development and 
to mediate therapeutic resistance. CAFs have been reported to recruit CSCs and to 
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drive their self-renewal [75, 76]. Moreover, CAFs have been observed to increase 
expression of keratin 19 by paracrine interactions [77], a marker for hepatic stem 
cells that has been observed to be correlated with poor prognosis [78]. In summary, 
CAFs are key drivers in hepatic carcinogenesis by increasing angiogenesis, 
inflammation, and proliferation and attenuating immune surveillance [60] 
(Fig. 15.2). CAFs correlate with HCC tumor stage and progression, tumor recurrence 
after surgery, as well as overall prognosis [79–81].

Lymphatic vessels function as a tissue drainage and immunological control sys-
tem. They are highly enriched in the liver, carrying approximately 25–50% of the 
thoracic duct’s lymph flow [82]. For a long time, lymphatic vessels were considered 
to affect carcinogenesis only by providing the structural pathway for metastatic 
spread of tumor cells. However, recent observations indicate a functional role of the 
lymphatic endothelium also in the hepatocytes’ immunogenic microenvironment, 
which is affecting the development of chronic liver disease and hepatocarcinogen-
esis [83]. Thus, lymphatic endothelial cells (LECs) guide immune cell migration by 
lining the inner surface of lymphatic capillaries and regulate the expression of 
adhesion molecules and cytokines [84, 85]. Moreover, by secretion of immunosup-
pressive cytokines (i.e., TGF-β) and the overexpression of co-inhibitory checkpoint 
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Fig. 15.2 Cancer-associated fibroblasts (CAFs) characterize the stromal tumor microenviron-
ment and promote hepatocarcinogenesis, tumor progression and treatment resistance. Tumor 
microenvironment in HCC is predominantly characterized by cancer-associated fibroblasts 
(CAFs) that contribute actively to tumor development, progression and metastatic spread. 
Interacting with the immune cells and secreting angiogenic factors, these cells reduce immune 
surveillance and drive tumor angiogenesis. Moreover, CAFs promote cancer cell proliferation 
by paracrine interactions as well as production of prooncogenic cytokines (e.g. TGF-β). CAFs 
are also reported to recruit cancer stem cells, hereby affecting tumor maintenance, heterogeneity 
and treatment resistance. Finally, CAFs are responsible for the alteration of liver extracellular 
matrix by production and secretion of Laminin 5 and Integrin β1 that further promote HCC cell 
invasion and migration
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proteins (i.e., PD-L1), LECs suppress a maturation and proliferation of circulating 
immune cells [84–86]. LECs further mediate CD4+ and CD8+ T-cell tolerance by 
expression of self-antigens in the presence of inhibitory ligands [87].

Lymphangiogenesis is increased in liver fibrosis and cirrhosis and positively cor-
relate with portal venous pressure and disease severity [88–90]. The enhanced inter-
stitial flow and increased number of LECs is accompanied by increased cytokine 
production and immune cell recruitment to the inflammatory environment present 
in almost all chronic liver diseases [91]. The primarily immunosuppressive func-
tions of LECs hereby contribute to an immunotolerant microenvironment favoring 
HCC development [83, 92]. Moreover, expression of chemokines by LECs may 
facilitate lymphogenic metastatic tumor spread [84]. Vascular endothelial growth 
factor C (VEGF-C) is an important stimulator of LEC growth and lymphangiogen-
esis. VEGF-C is enhanced in liver cirrhosis and HCC, and its expression in HCCs 
correlates with metastasis and poor patients’ outcome [93, 94].

 Epithelial-to-Mesenchymal Transition in HCC

Epithelial-to-mesenchymal transition (EMT) describes a reversible process, by 
which epithelial cell types gradually develop mesenchymal characteristics leading 
to higher motility and invasive properties that are essential in embryogenic 
development and wound healing but also implicated in hepatic fibrogenesis and 
carcinogenesis [95, 96]. Thus, while epithelial cells are characterized by polarity 
and stable morphology, mesenchymal cells lack polarity, show a loose arrangement, 
and exhibit the capacity of migration [97]. EMT can be divided in three different 
biological subtypes [98]. While type 1 EMT determines embryonal development 
and organogenesis, types 2 and 3 EMT affect liver disease progression and can be 
activated by several proinflammatory cytokines and growth factors present in the 
inflammatory state of the liver [99].

Type 2 EMT occurs in response to cell injury as a mechanism of tissue repair and 
may cause fibrosis due to generation of collagen-producing fibroblasts. TGF-β, a 
cytokine increased under condition of chronic inflammation, has been shown to be 
one of the strongest activators of type 2 EMT that can affect hepatocytes, cholangio-
cytes, and hepatic stellate cells (HSC) [100]. Quiescent HSCs, the most frequent 
progenitor cells of collagen-producing fibroblasts [15], are actually regarded as 
transitional cells that have undergone partial EMT from epithelial cells and may 
complete transition upon inflammatory signals [101]. Hence, EMT is regarded as 
one of the most important promoters of liver fibrogenesis in response to chronic 
inflammation [101].

Type 3 EMT may occur due to genetic and epigenetic changes during malignant 
transformation of epithelial cells and is implicated in HCC growth and progression 
[3]. Cells generated by type 3 EMT differ significantly from types 1 and 2 EMT 
cells and develop properties of invasion and migration as well as escape from apop-
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tosis. Weakened or loss of E-cadherin expression, characteristic for development of 
the mesenchymal unpolarized phenotype, could be revealed in 58% of human HCC 
patients and correlated with the presence of metastases and patients’ survival [102]. 
Besides proinflammatory cytokines and growth factors, several studies further indi-
cate induction of type 3 EMT by core proteins of HCV itself [103]. Given not only 
the correlation of EMT with tumor stage but also response to therapy [104], thera-
peutic targeting of molecular key players in EMT is highly clinically relevant.

 Clinical Perspectives

Considering the implication of stromal and immunogenic cell compounds in HCC 
development and progression, medical treatments targeting these factors represent 
promising tools for future medical treatment of advanced HCC.  Presently, 
sorafenib, an oral multikinase inhibitor targeting vascular endothelial growth fac-
tor receptor (VEGFR-2/VEGFR-3) and platelet-derived growth factor receptor 
(PDGFR), produced by the stromal HCC microenvironment already represents the 
standard of care treatment for patients with advanced HCC [105]. Lenvatinib, 
another tyrosine kinase inhibitor with multiple targets, has recently been revealed 
to be noninferior compared to sorafenib according to the REFLECT trial and has 
lately been approved by the FDA as first-line treatment for unresectable HCC 
[106]. Moreover, recently therapeutic strategies targeting the immunogenic tumor 
microenvironment have been demonstrated to be effective as systemic therapy for 
several cancer types. Consequently, drugs targeting exhausted lymphocytes 
expressing PD1 and infiltrating the tumor are able to activate T-cell-driven immune 
response against cancer cells and were approved for melanoma and non-small cell 
lung cancer treatment [107, 108]. Preliminary results from open-label trials of 
these drugs in HCC treatment are encouraging. Indeed, nivolumab and pembroli-
zumab, anti-PD1 monoclonal antibodies, have been demonstrated to be more 
effective than placebo in patients with advanced unresectable HCC previously 
treated with sorafenib [109, 110]. For that reason, these compounds were recently 
approved by FDA as a second- line treatment for advanced HCC. Moreover, cur-
rently several randomized controlled trials investigate the effects of other drugs 
targeting the HCC immunogenic and stromal microenvironment. Thus, aiming to 
activate tumor-targeting cytotoxic T lymphocytes, a growing number of studies 
recently worked on ex vivo tumor- antigen- loaded dendritic cells as an approach of 
cancer immunotherapy by DC vaccination [111–113]. Several other studies are 
focused on immunotherapy targeting TAMs, aiming to decrease TAM population 
present in the HCC by elimination, blocking recruitment, or functional reprogram-
ming of TAM polarization [43]. The results of current ongoing clinical studies are 
expected in the next few years and may revolutionize future HCC medical 
treatment.
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Chapter 16
Experimental Models for Preclinical 
Research in Hepatocellular Carcinoma

Pedro Molina-Sánchez and Amaia Lujambio

 Introduction

It is estimated that more than ¾ million people in the world are diagnosed with liver 
cancer every year [1], 85% of them presenting its most common form, hepatocel-
lular carcinoma (HCC) [2]. HCC is described as a poor prognosis malignancy due 
to its difficult detection in early stages, when curative therapies are available, along 
with its strong metastatic capacity [3] and high frequency of recurrence [4]. Some 
of the major risk factors associated with HCC include viral hepatitis, alcohol abuse, 
obesity, and diabetes [5], which have all been on the raise in recent years. This 
increased incidence of risk factors has resulted in a dramatic rise in occurrence of 
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HCC cases in the last years [6]. Unfortunately, unlike other tumor malignancies, 
HCC currently presents a limited number of available therapeutic approaches [2]. 
Therefore, it is essential to develop a comprehensive research plan in order to har-
ness new diagnostic methods and efficient treatments to attack this disease. To this 
aim, numerous models have been established in the last decades, enabling scientists 
to study every biological aspect of human HCC (including malignant transforma-
tion, tumor progression and dissemination, and tumor microenvironment) and to 
evaluate tumor responses to novel treatments (Fig. 16.1). So far, due to their intrinsic 
properties, murine and human tumor-based models have been the most successful 
instruments for this purpose. Nevertheless, there is no model able to reproduce the 
entire nature and complexity of human disease, making model selection a critical 
step to successfully achieve the desired research objectives. In this chapter we com-
pile some of the most widely used preclinical HCC models, outlining the character-
istics that make them suitable to understand the different aspects of liver cancer.

 In Vitro Models

 HCC Cell Lines

Human and murine cell lines are routinely used in biomedical research laboratories 
for a better understanding of cancer biology. Their faithfulness is a matter of discus-
sion since it is accepted that cultured cells present important limitations when 
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Fig. 16.1 Experimental models of hepatocellular carcinoma
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recapitulating the complexity of the original tumors. For example, cell lines are usu-
ally obtained from a limited tumor portion in a very specific time in tumor evolu-
tion, fail to reproduce the implications of growing in three dimensions (3D), and are 
isolated from its natural environment, which includes the host’s immune response 
[7]. However, cell lines present certain unrivaled advantages for cancer research as 
they represent a homogenous population (providing consistent data), are effortlessly 
maintained/expanded, and can be manipulated easily [7]. There are dozens of cell 
lines established from HCCs, both of human and animal origins, that are currently 
available for research purposes. This wide variety of HCC cell lines constitutes a 
very valuable tool for researchers, but a large cell line catalogue can also complicate 
the selection of the appropriate line or lines for each research purpose. Initiatives 
such as the Cancer Cell Line Encyclopedia (CCLE), Cellosaurus (ExPASy-SIB), 
and other platforms (e.g., NCI-60) have emerged with the objective of collecting as 
much information as possible (gene expression profiles, genomic and chromosomal 
alterations, mutational landscape, etc.) to provide complete cellular databases to 
guide investigators.

The most commonly employed cancer cell line in liver research is HepG2. 
Established from a Caucasian adolescent, this cell line has been traditionally con-
sidered as a “pure” HCC cell line since it is not infected with hepatitis virus and 
presents intact characteristics associated to human neoplastic lesions, such as 
increased α-fetoprotein (AFP), α2-macroglobulin, and transferrin expression [8]. 
Nevertheless, the use of HepG2 cells has become a matter of controversy since 
some studies suggest that HepG2 cell line could have been originated from a more 
epithelial hepatoblastoma-like tumor [9]. Another very frequently used HCC cell 
line is Huh7. This cell line was obtained from a well-differentiated HCC tumor 
from a middle-aged Japanese patient [10], and it has been described to be an 
appropriate model to study the implications of hepatitis C virus (HCV) infection, 
in particular related to cancer initiation [11–13]. It is worth noting that Huh7 cell 
line presents a point mutation at codon 220 of tumor suppressor TP53 which, 
contrary to most p53 mutations observed in HCC cell lines, results in increased 
levels of the protein [14]. This characteristic may be of interest when studying the 
functional consequences of different p53 mutations in liver carcinogenesis. Other 
cell lines such as HepaRG, BEL-7402, Hep3B, SKHep1, or SMMC-7721 have 
been traditionally used in HCC studies. However, it has been recently reported 
that some of them (including SMMC-7721, BEL-7402, or SKHep1) may be con-
taminated with cells of diverse origins, and it is recommended that these cell lines 
are not used for HCC studies [15].

Most human HCC cell lines can be obtained from different cell banks, such as 
the Japanese Collection of Research Bioresources (JCRB), the American Type 
Culture Collection (ATCC), or the Cell Bank of Chinese Academy of Science. 
Major applications of HCC cell lines include the study of cell proliferation control, 
immortality acquisition, and metastatic progression [16]. Furthermore, HCC cell 
lines are broadly used as tools for target discovery or in drug screens [17] and are 
essential in the development of in vivo xenograft models.
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 HCC Organoids

The idea to create 3D cell cultures and/or organoids was born many years ago in an 
effort to address some of the limitations of traditional cell cultures. But deficient 
technologies and lack of understanding of stem cell biology delayed their full 
development until recently. One of the most accepted descriptions for “organoid” 
was given by Fatehullah et al., being defined as “in vitro 3D cellular clusters derived 
exclusively from primary tissue, embryonic stem cells, or induced pluripotent stem 
cells, capable of self-renewal and self-organization, and exhibiting similar organ 
functionality as the tissue of origin” [18]. Due to their characteristics, organoids 
have been added to the repertoire of cancer research tools as they theoretically 
combine the benefits of both in vitro and in vivo models. For example, organoids 
can be propagated for a long time and amplified from a small tissue sample, can be 
adapted to high-throughput research approaches, and can keep cellular complexity 
and 3D structure. In the last few years, a wide variety of human and murine organoids 
have been established from different organs [19]. In the context of human liver, 
Tabeke et al. were pioneers by generating 3D aggregates of human pluripotent stem 
cell-derived hepatocytes in combination with endothelial and mesenchymal cells in 
a Matrigel matrix [20]. At the same time, Meritxell Huch and colleagues have 
optimized several protocols to grow adult human and mouse liver organoids [21–
23]. These liver organoids exhibit equivalent genetic and histological characteristics 
to the tissue of origin and are amenable for genetic manipulation [21], which will 
enable performing functional experiments. Moreover, HCC patient-derived 
organoids have also been generated [24]. Exome sequencing analyses exhibit low 
mutation rates during HCC organoid expansion, and gene expression profiles show 
high correlation with the corresponding human HCCs [24]. In addition, it has been 
also demonstrated the ability of HCC organoids to grow in vivo when injected into 
mice, even displaying the ability to induce metastasis [24]. Although this technology 
is quite recent, the initial results suggest that HCC organoids could be very promising 
for liver cancer research. Thus, organoids could be used in drug screens and 
toxicology studies, enable precision medicine when directly derived from HCC 
patients, and be applied to transplantation strategies. Nonetheless, organoids still 
require several improvements as they are more expensive and time-consuming than 
regular cancer cell lines, are difficult to generate, and lack essential components of 
in vivo systems such as blood vessels or the immune compartment [18].

 In Vivo Models

 Transplantation-Based Models: Xenografts and Allografts

By definition, xenografting consists in the transplantation of a living entity (cell, 
tissue, organ, or system) from one species to another. In the HCC field, this method 
generally involves the transplantation of human HCC samples (tumor-derived cells 
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or tumor tissue) into mice, either in the liver (orthotopic xenograft) or under the skin 
(ectopic xenograft) [25]. These transplantation-based models emerged to take into 
consideration the role of tissue microenvironment in cancer progression, an aspect 
that is absent in the majority of in  vitro methods. A fundamental issue to be 
considered when establishing xenografts is that the recipient must accept the 
“foreign” tissue so that it can survive and grow in the host organism. This implies 
the use of immune-deficient mice. Some of the most common mouse strains used 
for xenografting are nu/nu nude mice (deficient of T cells), severe combined 
immune-deficient (SCID) mice (lacking T and B cells), athymic nude mice 
(presenting Foxn1 deletion and consequently abnormal thymus and defective T 
cells), nonobese diabetic/severe combined immune-deficient (NOD/SCID) mice, 
and the recombination-activating gene 2 (Rag2) knockout mice (unable to produce 
mature B and T lymphocytes) [26–28]. Xenograft models are largely designed to 
test new drugs or combination therapies, which may be administrated through oral 
gavage, intraperitoneal (IP), intravenous (IV), or intratumoral injection, the latter 
mimicking the clinically used transcatheter arterial chemoembolization (TACE).

The extent and growth pattern of the xenografts are affected by different param-
eters such as the size of the transplanted tumor tissue or the nature and number of 
the cells injected, requiring from 1 week to even more than 5 months to develop 
[29]. The most common and easiest way to establish HCC xenografts is through the 
injection of human tumor cell lines subcutaneously, generally placed on the flanks 
or on the back of the mouse. This is a suited strategy when studying cellular response 
to drugs as it provides a rapid growth model that can be easily tracked. However, cell 
line-derived xenografts lack the typical tumor cell diversity or heterogeneity, which 
can potentially lead to inaccurate experimental conclusions. Some representative 
examples of this method have been reviewed elsewhere [30]. The subcutaneous 
transplantation of human tumors into mice (known as patient-derived xenografts or 
PDXs) can overcome some of these limitations and provides a more reliable model 
of HCC. However, the establishment of PDXs is challenging as the engraftment suc-
cess strongly depends on every tumor model. Both ectopic approaches, however, 
present an unnatural environment for tumor growth. In the orthotopic xenograft 
models, in contrast, tumor cells are implanted directly in the liver, which provides a 
more physiological context. The orthotopic model is more technically challenging 
than the ectopic as it requires surgical intervention, but it also facilitates tumor cell 
dissemination, enabling the study of metastatic progression [31].

One of the major disadvantages of the xenograft models is the impossibility to 
faithfully study the role of the immune system in tumor development, which limits 
the understanding of the contribution of immune cells to HCC origin, progression, 
and drug response. Similarly, xenografts are also inadequate to test drugs that 
activate the immune system. This is a major issue since immunotherapy is emerging 
as a key therapy for HCC treatment [32, 33]. Allograft models, in which tumor cells 
from one species are transplanted into animals from the same species, are a widely 
used alternative as they preserve an intact immune system. Allografts can be 
combined with genome engineering tools to more precisely dissect HCC. While 
allografts allow studying the interactions between immune cells and HCC cells, 
there are species-specific differences that are important to keep in mind when 
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reaching conclusions that may not completely apply to humans. Some relevant 
examples of liver cancer allografts and other transplantation-based models can be 
found elsewhere [25].

 Chemically Induced Models

Undoubtedly, xenobiotic detoxification is one of the major functions of the liver. 
Humans are exposed during their lifetimes to a very broad spectrum of molecules in 
different doses and periods, many of them affecting liver homeostasis and inducing 
disease [34, 35]. The identification of hepatotoxic compounds and the full 
understanding of the underlying mechanisms of carcinogenesis is an ongoing public 
health goal. As a consequence, decades of liver investigation have already brought 
into light a considerable number of compounds with very defined roles in 
tumorigenesis and cancer progression [36]. Some of those compounds have been 
frequently tested in animals (mostly mice and rats) in order to reproduce human 
disease. These molecules are classified as genotoxics (inducing DNA damage) and 
promoters (accelerating tumor progression after malignant transformation). 
Chemically induced models are very valuable tools to understand human HCC as 
they reproduce the typical damage and healing episodes observed in the human 
setting. However, each hepatotoxin produces particular liver lesions according to its 
nature, its mechanisms of action, and other extrinsic factors such as administration 
route, animal strain, gender, age, dose, and treatment schedule. Some of the most 
relevant models of HCC based on the administration of chemical compounds are 
described below.

 Diethylnitrosamine (DEN)

DEN or diethylnitrosamine (C4H10N2O) is a member of the N-nitroso group of com-
pounds and an extensively described carcinogenic molecule. The first time that 
DEN was described as a tumorigenic agent was precisely in a study to evaluate the 
oncogenic effect of this compound in the liver using experimental rats [37], although 
other members of this same family were already considered as potential carcinogens. 
Since then, DEN administration has been commonly used to induce tumorigenesis 
in rodents. There are two primary mechanisms underlying DEN tumorigenesis: its 
capacity to induce DNA adduct formation [38], which promotes genomic point 
mutations and consequently carcinogenesis (when affecting driver genes), and the 
stimulation of the cytochrome P450, increasing the production of reactive oxygen 
species (ROS) in the liver [39, 40]. The effect of DEN in mice is strongly affected 
by the animal strain (and therefore, the underlying genetic background). SWR, 
C57BL/6, or BALB/c mouse strains are considered more resistant to tumor 
formation by DEN than SM/J, FVB, CE/J, P/J, LP, or AKR/J strains, while CBA 
and C3H strains are highly sensitive to DEN-based liver carcinogenesis [41, 42]. 
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The dose (ranging from 1 mg/kg to 100 mg/kg) and the number of administrations 
(single administration or multiple administrations over time), together with the 
gender, the weight, and the age of the animals, are important parameters that 
dramatically affect the final outcome of DEN treatment [41]. IP injection is the 
favorite route of administration since it enables a better control and accuracy of the 
dosage, although we can find studies with very diverse administration methods, 
such as oral gavage, drinking water, inhalation, and even intragastrical or 
intratracheal instillation. Regarding gender discrepancies, long-term administration 
of DEN induces HCC in 100% of male mice but only in approximately a third of 
females [43, 44], recapitulating the gender discrepancies observed in humans (men’s 
incidence is 2.5–3 times higher than women’s). DEN can therefore be used to better 
understand the role of gender in HCC development and suggests that the gender 
disparities observed in humans are not only attributed to disparate lifestyles but also 
to the opposite impact that estrogens and androgens have in hepatocarcinogenesis 
[43, 44]. In terms of genetic damage, recent studies based on whole exome 
sequencing analysis have provided a detailed mutational characterization of the 
DEN-induced murine tumors, showing that DEN treatment induces a mutational 
imprint affecting Hras, Braf, Egfr, and Apc but a higher burden of mutations 
compared to human HCCs [45]. A detailed review on DEN models in liver cancer is 
presented elsewhere [42].

DEN-induced liver tumor models present some significant limitations to be con-
sidered. DEN-based models are poorly reproducible, consequently requiring high 
numbers of animals [29]. In addition, metastases are not observed after DEN treat-
ment, restricting its application to the study of primary tumors. Finally, it is worth 
noting that tumor formation can be relatively slow (taking up to 100 weeks) through 
most routes of administration and treatment regimens [29]. Regarding this last 
issue, there are a few chemical agents that do not induce malignant transformation 
of hepatocytes but accelerate tumorigenesis after DEN-mediated tumor initiation. 
In this respect, phenobarbital is a widely used partner of DEN. Phenobarbital is a 
barbiturate commonly used for treating epilepsy that shows an interesting HCC- 
promoting effect in rodents. The mechanisms by which phenobarbital enhances 
DEN tumorigenic activity are not totally understood, but they have been attributed 
to the induction of cytochrome P450 expression [46] and its role in promoting DNA 
hypermethylation of tumor suppressor genes (TSGs) [47]. The administration of 
phenobarbital not only results in more aggressive tumors in a significantly shorter 
time (from 12 to 40 weeks) but also stimulates the induction of metastasis enabling 
the study of this critical aspect of cancer progression.

 Aflatoxin Exposure

Aflatoxins are mycotoxins produced by some members of the Aspergillus gender of 
fungi (mostly by Aspergillus flavus and Aspergillus parasiticus [48]). These fungi 
are commonly found as contaminants of diverse types of nuts and cereals (corn, 
wheat, rice, and other oil plants) when kept in a humid and warm environment and 
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represent a major HCC risk factor in countries with non-strict food control 
regulations [49]. Aflatoxin B1 is the most carcinogenic molecule within this family. 
When captured by liver cells, cytochrome P450 transforms it in its exo-eposide 
form, which is primarily responsible for DNA adduct formation [50]. Aflatoxin B1 
mostly induces guanine to thymine transversion in genomic DNA and consequently 
increases the mutational load in hepatocytes, eventually resulting in malignant 
transformation [51]. Aflatoxin products have been intimately related with mutations 
in tumor suppressor p53 (G:C to T:A transversion in 249ser codon) [52], which can 
be a potential mechanism of tumorigenesis. Nevertheless, single administration of 
6  mg/kg of aflatoxin B1 into 1-week-old mice led to liver cancer development 
within 1 year, presenting features of human tumors but showing no compromising 
mutations in p53, suggesting that other mechanisms are involved, at least in mice 
[53]. HCC induction by aflatoxin treatment is very strain-dependent in mice, 
highlighting that different genetic variants affecting detoxification genes can 
significantly affect aflatoxin-mediated transformation and, consequently, liver 
cancer susceptibility [53]. Another interesting fact is that aflatoxin B and hepatitis 
B and C virus (HBV and HCV) infection could have a synergistic effect in HCC 
development [54, 55]. One potential explanation is that DNA mutations could 
appear as a result of ROS production in the chronic inflammatory context produced 
by the virus [55]. Accordingly, the model may be appropriate not only to identify 
the pathological mechanisms linked to aflatoxin exposure in humans but also to 
study the role of hepatitis infection on liver tumorigenesis.

 Carbon Tetrachloride (CCl4)

CCl4 (carbon tetrachloride) is the most employed hepatotoxic molecule for model-
ing human liver disease due to its capacity to induce liver damage. In rodents, its 
administration through IP injection, inhaled, or in drinking water, leads to the 
production of trichloromethyl radicals after cytochrome P450-mediated 
transformation, which results in ROS production and inflammatory response 
induced by hepatic stellate cells (HSCs) and particularly by liver macrophages 
(Kupffer cells) [56]. CCl4 does not induce direct mutagenesis in the hepatocytes but 
contributes to fibrosis after several rounds of injury and healing. Consequently, 
repeated CCl4 treatment provokes massive hepatic fibrosis that eventually ends up 
in tumorigenesis. While this model is very interesting since it recapitulates the 
common steps that lead to HCC in humans, it can be rather slow, taking up to 
several months for tumor development depending on the mouse strain [57]. 
Combined treatment of CCl4 with other hepatotoxic molecules can however solve 
this problem. This is the case of the two-staged DEN-CCl4 model, based on a single 
IP injection of DEN (1 mg/kg) at 2 weeks of age and followed by repeated doses of 
CCl4 (0.2 ml/kg, IP) [58]. In this model, the initial DEN administration produces 
genotoxic effects that are enhanced by CCl4-induced fibrosis, increasing the 
incidence of tumor development in mice [58]. The molecular and genetic alterations 
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detected when following this protocol are similar to those observed in the human 
disease, which allows the study of the genetic alterations associated with severe 
liver fibrosis.

 Thioacetamide (TAA)

Thioacetamide (TAA) was identified as a hepatotoxin in the mid-twentieth century, 
shortly after its introduction as a fungicide [59]. Similar to CCl4, this organosulfur 
compound has been used routinely to induce fibrosis and cirrhosis in rodents (mostly 
in rats) due to its capacity to produce liver injury. TAA, while is not a direct 
genotoxic, can be administered on its own or in combination with other molecules 
(such as DEN) to induce HCC in mice. Despite being used for a long time, the 
mechanisms by which TAA leads to tumor formation are still unclear. One possibility 
is that TAA is transformed into its oxidized forms (TAA-S-oxide and TAA-S,S- 
oxide) by the FAD-containing and the cytochrome P450-depending monooxygenases, 
since it has not been described that TAA by itself produces toxic effects in 
hepatocytes. These secondary forms may be responsible for glutathione depletion 
and oxidative stress in the cells, causing liver damage. It has also been attributed to 
TAA the capacity to join covalently to essential cellular components such as lipids 
and proteins, impairing cellular homeostasis [60]. As in many chemically induced 
models, the chronic administration of this molecule in rodents causes repetitive 
cycles of injury and healing in the liver, eventually leading to malignant 
transformation. TAA has been administered to different rodent strains through very 
diverse routes, and in different doses, which determines liver injury grade. In most 
of the cases though, liver histology reported common human-like fibrosis appearance 
[61]. The most often administration routes selected are IP injection (in repeated 
administrations) or through drinking water (at a concentration of 0.02–0.05%), 
which can promote HCC initiation after at least 20  weeks of exposure [62]. 
Nevertheless, despite constant TAA exposure frequently resulting in malignant 
transformation in the liver, this model is barely used to study HCC nowadays.

 Choline-Deficient Diet (CDD)

Choline is an essential nutrient metabolized by the liver. Its function in cell biology 
is heterogeneous since it participates in cell membrane signaling pathways as well 
as in lipid transportation or in the synthesis of neurotransmitters [63]. Low-choline 
diets have been shown to induce liver damage, starting with fat accumulation and 
ending with cirrhosis and liver cancer in the more severe cases [64]. The molecular 
mechanism for choline-induced liver injury is not totally understood, but it is pos-
sibly related to defects in lipoprotein production (mostly impaired hepatic very- 
low- density lipoprotein secretion), anomalous phospholipid metabolism, and/or 
mitochondrial dysfunction [64]. Choline-deficient diets (CDDs) have been 
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traditionally used as models of nonalcoholic fatty liver disease and nonalcoholic 
steatohepatitis (NAFLD and NASH, respectively). However, if CDD is kept for long 
periods of time, oxidative stress, genomic instability, and mutagenesis become fre-
quent phenomena, leading to HCC development. Nevertheless, this process is long 
and CDD can take up to 1 year to induce HCC in rodents [65]. Feeding with CDD 
and similar diets (CDD  +  methionine-free diet, CDD  +  L-amino acid-defined + 
high-fat diet [66]) has also been done in combination with other hepatotoxic stimuli 
(such as CCl4 or DEN) in order to accelerate tumor formation [67, 68]. Interestingly, 
very similar tumor gene expression profiles have been observed in high-fat diet + 
CDD mouse models and better prognosis human HCCs [69], suggesting that this 
model could mimic less aggressive HCCs. Highly heterogeneous tumor susceptibil-
ity is perhaps the greatest limitation of this model.

 Peroxisome Proliferators

Ciprofibrate, fenofibrate, methyl clofenapate, and clofibrate are examples of peroxi-
some proliferators that can promote liver tumorigenesis in rodents. These molecules 
are ligands of the peroxisome proliferator-activated receptor family (PPAR), which 
are nuclear receptors that control lipid metabolism in the cell. Their binding to the 
corresponding receptor stimulates diverse molecular pathways related to oncogen-
esis, such as cell proliferation (p53, p27, p18, or p21), apoptosis (caspases), metas-
tasis (metalloproteinases and cadherins), and ROS production [70, 71]. The tumors 
generated after oral administration of these molecules show well- defined HCC his-
tology, with trabecular pattern. However, it seems that the genetic makeup of these 
tumors is very different to human neoplasms, which implies clear limitations when 
results are translated into patients. More information about these models can be 
found elsewhere [29].

 Genetically Engineered Mouse Models (GEMMs)

The previously described models are based on the accumulation of genetic altera-
tions through the action of different chemical compounds, which leads to a complex 
and heterogeneous genetic landscape. Genome editing technologies, however, 
enable to target specific genes in different model systems, such as mice, thus provid-
ing the tools to systematically study the role of different genes and molecular path-
ways in cancer, including HCC.  As a general rule, GEMMs must fulfill several 
features to be considered good models for HCC research. Essentially GEMMs 
should recapitulate as many human features as possible. For that, it is optimal to 
generate models that recapitulate the most frequent genetic alterations occurring in 
human disease, something that it is not always possible due to the differences 
between the human and mouse genomes. It is also preferred to restrict these 
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mutations to a reduced number of hepatocytes, similar to what happens when liver 
cancer develops in humans. Finally, it would also be ideal to introduce the same 
mutational load as in human tumors; however, this is technically more challenging 
since most models only reproduce one or two mutations rather than tens of 
mutations.

GEMMs can model HCC in many different ways. The most traditional and 
extended methods involve the in vivo inactivation of TSGs and/or the activation of 
oncogenes. This can be achieved through diverse genetic engineering strategies. The 
generation of transgenic mice is the most straightforward option. The transgenic 
approach is based on the modification of the embryonic genome by transduction of 
recombinant elements, allowing the expression of oncogenes or dominant-negative 
TSGs [72]. These inserted genetic elements are in general constitutively and ubiqui-
tously expressed but can also be designed to limit its expression to specific cell 
types. Conditional expression of transgenes can be achieved through the utilization 
of tissue-specific promoters, such as the albumin promoter in the context of liver 
cancer. Transgenic elements can induce non-desirable effects when expressed dur-
ing embryogenesis or mouse development. To manage the timing of transgene 
expression and avoid these negative effects, inducible systems based on tetracycline 
(tet) administration can be used. The tet-inducible system allows the activation or 
repression of exogenous genes when they are under the tet operon regulating ele-
ments (Tet-on and Tet-off systems) [73]. Transgenic models, however, show some 
limitations. For example, transgene insertion occurs randomly, which could affect 
the integrity of the landing genes. In addition, the number of copies integrated can 
lead to an unwanted transgene expression pattern, deeply affecting the final 
phenotype.

Another interesting strategy is the development of endogenous GEMMs consist-
ing in the targeted loss or gain of function of cancer-related genes. The targeted 
alteration of selected genes can be achieved by manipulating one or both alleles, in 
a constitutive or tissue-specific manner, through the employment of Cre- loxP and 
Cre-loxP-stop recombination mechanisms [74]. Genetic modification can also be 
induced in adult mouse livers using specific gene transfer procedures, including 
viral infection or hydrodynamic tail vein delivery. Either way, these models repre-
sent invaluable tools for studying human HCC, despite the intrinsic insurmountable 
differences existing between human and mouse biology. The following is a descrip-
tion of some frequent models recapitulating essential aspects of HCC biology.

 Mouse Models of Human Hepatitis

Hepatitis caused by viral infection is the most important risk factor for subsequent 
HCC development [75]. The host range of hepatitis viruses is mostly limited to 
humans, which restricts the use of mice as model organisms. As an alternative, 
GEMMs harboring different components of HBV and HCV have been developed in 
order to study the effect of these viruses on HCC.
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Hepatitis B Virus (HBV) Model

HBV is a DNA virus mainly present in tropical Africa, southeast of Asia, and some 
areas of China [76]. It is well known that chronically infected HBV patients are 
more prone to develop HCC due to several factors. First, viral infection can promote 
hepatocyte dysfunction and the activation of an inflammatory response that causes 
liver damage, which in turn can stimulate tumor transformation. In addition to this, 
some of the HBV gene products can be oncogenic per se. But most importantly, 
HBV DNA gets frequently integrated into the host’s genome. HBV integration 
promotes the rearrangement of adjacent genomic areas, which can affect essential 
cellular regulatory sequences or key cancer-related genes [77]. Transgenic mice 
expressing different components of the HBV (surface protein, HBx genes, or even 
HBV genome) have been established to better understand HBV’s underlying 
biology.

Transgenic mice expressing the surface protein of this virus were the first to be 
developed and studied. These models have demonstrated that the expression of just 
this protein is sufficient to induce tumorigenesis in the mouse livers, mimicking 
some of the human features of the disease and reflecting the different incidence 
observed in men and women [78]. Expression of mutations in the surface antigens 
can further increase tumor transformation through mechanisms involving ER stress 
[79]. Similarly, HBx protein, with effects on almost all basic cellular processes in 
hepatocytes such as cell division, activation of diverse signaling pathways, 
mitochondrial function, gene expression, or DNA stabilization, among others, can 
induce tumoral transformation both in vitro [80] and in vivo [81]. As an example, 
transgenic mice expressing HBx undergo spontaneous tumor formation 1–1,5 years 
after birth, presenting human histopathological features (such as trabecular structure, 
aberrant nuclei, and cirrhotic appearance) and preserving sex incidence discrepancies. 
Interestingly, no malignant transformation has been observed in models harboring 
full HBV genome, the precore, or core proteins, highlighting the need of further 
research to fully understand the role of HBV in HCC, at least in the murine context.

Hepatitis C Virus (HCV) Model

Western countries still present considerable HCV infection rates, being a major risk 
factor for HCC in these regions. The processes underlying malignant transformation 
caused by HCV are still unknown, but contrary to HBV, HCV (a positive-strand 
RNA virus) shows no integration into the human genome. This suggests indirect 
carcinogenic mechanisms, probably involving the succession of liver injury and 
healing events after infection together with a persistent inflammatory response, thus 
resulting in hepatocellular mutagenesis and cancer development over the years [82]. 
While the accumulation of mutations as a result of liver damage and inflammation 
is the most accepted explanation for HCV-induced HCC, it is important to note that 
HCV proteins also seem to have oncogenic effects. In this regard, it has been 
reported that HCC occurs after 2 years in at least 15% of mice when viral proteins 
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are expressed [83], but this effect is influenced by the mouse strain. The hepatic 
expression of core genes, alone [84] or in combination with E1 and E2 structural 
proteins [85], can also lead to HCC formation although the specific role of the HCV 
core in liver carcinogenesis is a matter of discussion. This malignant transformation, 
however, does not occur when envelope (env) or nonstructural genes are expressed 
[86]. Other models in the context of HCV are the transgenic full-length HCV 
polyprotein (FL-N) and the HCV structural protein (S-N) mice, which also develop 
HCC [83] in a steatotic and non-inflammatory background [83].

 Mouse Models of Cancer-Related Genes

HCCs arise as a result of the accumulation of mutations in hepatocytes. Unlike other 
tumor types, the number of genetic alterations and the nature of the pathways 
regulated by the genes involved are highly diverse, making HCC an extremely 
heterogeneous disease that is challenging to model. In this respect, whole exome 
sequencing studies in HCC have shown the presence of at least 40 somatic mutations 
in coding regions per tumor, affecting both driver and passenger genes [87]. Among 
the most frequently mutated genes in HCC, we can find some very-well-known 
players in human cancer such as TERT (whose mutation in the promoter is estimated 
to affect ≈50% of the patients), MYC (amplified in ≈20% of the patients), TP53 
(mutated in ≈30% of the patients), or CTNNB1 (mutated in ≈30% of the patients) 
[87, 88]. However, there is also a diverse range of mutated genes related to different 
biological processes such as cell proliferation (CDKN2A) or chromatin remodeling 
(ARID1A, ARID2, or members of the KMT2 family) that, regardless of their low 
frequency of mutation in HCC (less than 10%), can still have a significant role in 
liver tumorigenesis and contribute to the inter-patient heterogeneity [89]. GEMMs 
can be used for the systematic identification of novel cancer driver genes and the 
characterization of the pathways involved in HCC malignant transformation and 
tumor progression. Some of the most interesting and widely used genetic mouse 
models of HCC are summarized below.

c-MYC

c-MYC (also known as MYC), a member of the MYC family of transcription factors 
(which includes c-, l-, and n-MYC), is one of the most frequently deregulated genes 
in human cancers [90]. It is therefore not surprising that high expression levels of 
MYC are a very common feature of human HCC, and MYC amplification can 
potentially be indicative of disease progression [91]. In combination with MAX 
protein and through the recruitment of histone acetyltransferases, MYC controls the 
expression of a vast number of genes. When overexpressed (e.g., as a result of gene 
amplification), MYC leads to the deregulation of closely related pathways (including 
apoptosis, cell growth, and cell differentiation), thereby resulting in carcinogenesis 
[92]. In fact, many murine models support this observation. Liver-specific 

16 Experimental Models for Preclinical Research in Hepatocellular Carcinoma



346

expression of Myc (driven by albumin promoter) can lead to tumor formation in 
C57BL/6 J mice after 1,5–2 years [93]. High proliferation rates and p53 dysfunction 
were observed in this model and contributed to a high mutational load and cancer 
susceptibility. Similarly, conditional expression of Myc, controlled by the liver 
activator protein (LAP), also promotes tumor formation in mice and demonstrated 
oncogene addiction to Myc [94]. Similar approaches have also been tested in more 
cancer-prone settings, with comparable results. Some notable examples are liver- 
specific Myc overexpression models in combination with E2F1 or TGF-alpha 
transgenic expression, which exhibited accelerated HCC formation after 8–9 months 
[93, 95]. The histological analysis of the transgenic Myc-driven tumors shows 
characteristics that can be observed in human samples, including trabecular 
structure, well- and poorly differentiated regions, and morphological and cellular 
diversity.

β-Catenin (CTNNB1 Gene)

β-Catenin is a member of the cadherin protein complex and is a key element of the 
intracellular signaling transduction of the Wnt signaling pathway. Therefore, 
mutations changing β-catenin functionality promote pro-malignant phenomena 
such as cell proliferation, apoptosis, cell adhesion imbalance, and altered cell 
motility [96, 97]. Like MYC, β-catenin is frequently deregulated in an important 
number of cancer types [90], including HCC [87, 88]. CTNNB1 gain of function 
mutations have been described in approximately a quarter of HCC patients [87, 88] 
and are considered an early event in liver tumorigenesis [98], being traditionally 
correlated with accelerated tumor progression [99], metastatic transformation [100], 
and poor prognosis [99]. In this respect, mutations in Wnt/β-catenin pathway can be 
used for patient stratification, as they correlated with specific gene expression 
profiles and tumor characteristics [101]. Genetic mouse models have shown that 
activation of β-catenin is not sufficient to induce HCC, suggesting that additional 
mutations in the genome are needed for malignant transformation. However, 
β-catenin activation induces aberrant growth in the liver and hepatomegaly as seen 
after liver-specific induction of a β-catenin activated form [102]. As an alternative, 
combination of overexpression of stable forms of β-catenin and other carcinogenic 
stimuli can induce HCC formation. For example, expression of activated β-catenin 
together with mutant H-ras overexpression leads to tumor formation in 6 months 
[103], while activated β-catenin upregulation challenged with DEN administration 
also induces tumors after 6 months [104].

Cell Cycle Control Genes

Uncontrolled cell growth is a hallmark of cancer [105], and accordingly, alterations 
in genes regulating cell division are frequent in the vast majority of malignancies, 
including HCC [87, 88]. To specifically study the role of cell cycle modulators in 
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HCC, several interesting models have been developed. One major example is the 
tumor suppressor p53, which plays essential roles in DNA repair, cell growth arrest, 
and apoptosis induction [106]. Mutations and/or deletions in p53 have been observed 
in around 30% of all human HCC tumors, a percentage that is higher in patients 
exposed to aflatoxin B or HCV infection [87, 88, 107]. p53’s essential role in liver 
carcinogenesis is beyond doubt given the high frequency of mutation rates also 
observed in chemically induced HCC mouse models [108]. However, gene mutations 
in only p53 are not sufficient to induce liver cancer as it has been seen in different 
models, but confers aggressiveness features. For example, p53 loss of function in 
combination with overexpression of the oncogenic polyoma virus middle T antigen 
(PyMT) confers metastatic capacity to the liver tumors [109]. Similarly, mice 
expressing just a copy of wild-type p53 undergo tumor formation only after liver 
damage concomitant with telomerase deregulation [110]. Another example of 
murine HCC models caused by p53 loss of function includes the conditional p53 
and Ink4a/Arf mutant mice injected intrahepatically with polyoma virus middle T 
antigen (PyMT) [111].

Another key example of liver tumorigenesis induced by deregulation of cell pro-
liferation involves the expression of SV40 virus. The large TAg (T antigen) of SV40 
is a well-known oncoprotein which has shown a transforming effect in different 
contexts by repressing tumor suppressors p53 and retinoblastoma (Rb) and promot-
ing uncontrolled cell proliferation of hepatocytes. Liver-specific induction of SV40-
TAg leads to tumor formation in mice after approximately 5 months [112]. Finally, 
hepatocyte-specific deletion of Rb family members, Rb, p107, and p130, leads to 
human-like liver tumors after 3–4 months [113] and support the idea of Rb pathway 
activation as a potential therapeutic option for HCC.

PTEN

The phosphatase and tensin homolog (PTEN) gene is broadly considered as a tumor 
suppressor [114]. PTEN protein is a phosphatase that exerts multiple functions. On 
one hand, PTEN inhibits phosphatidylinositol (3,4,5)-trisphosphate  – PIP3 (its 
major substrate) – which is an activator of the Akt pathway that promotes apoptosis 
inhibition and cell proliferation [115]. In addition, PTEN loss leads to liver fat 
accumulation, which is associated with HCC development [116]. On the other hand, 
PTEN is also involved in chromosomal stability, DNA repair, and cell invasiveness 
[117, 118]. Despite PTEN mutations not being a common event in HCC cells [87, 
88], low levels of PTEN protein are seen in 40–50% of HCC patients and correlate 
with nonalcoholic fatty liver, increased tumor grade, and advanced tumor stage 
[119]. In mice, total loss of PTEN function leads to fetal lethality during 
embryogenesis [120], and while the presence of one functional copy makes them 
viable, heterozygous mice develop tumors in different organs during their lifetime 
[121, 122]. Liver-specific PTEN loss, by using albumin-driven Cre recombinase 
and Ptenloxp/loxp mice, enables the induction of hepatomegaly and changes in fat 
metabolism in the liver, resulting in steatohepatitis [116]. This model not only 
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reproduces human NAFLD features but also induces the formation of HCC-like 
tumors in ≈1,5  years, reproducing the gender bias in incidence seen in patients 
[116].

Telomerase

Telomeres are highly repetitive regions of noncoding DNA located at the end of the 
chromosomes, being responsible for chromosome stability and preventing loss of 
genetic information in every cell division [123]. Telomere integrity is maintained by 
telomerase, TERT, a reverse transcriptase that is activated in very limited number of 
cell types (mostly in the germline in humans) [124], and TERC, the RNA template 
for telomere synthesis [123]. As telomeres shorten, the risk of losing important 
genetic information during cell division increases, inducing senescence or apoptosis 
in the cell. On the other hand, TERT activation can lead to cell immortalization, 
which is a key step in malignant transformation. This indicates that TERT can have 
different roles in tumor initiation and progression.

In the context of liver cancer TERT promoter mutation is the most frequent 
genetic alteration, affecting around 60% of the patients [87, 88, 98]. In agreement 
with this, most HCC patients show augmented telomerase activity increased [125, 
126]. The role of telomerase dysfunction in liver tumorigenesis is supported by 
different animal models. One of the most popular is the mTERC-null mice (lacking 
the telomerase RNA component) [127]. This mouse model, in different oncogenic 
scenarios, has shown a reduced incidence and growth of HCC in correlation with 
decreased DNA damage and apoptosis [128, 129], but also associated an augmented 
number of early malignant lesions in the liver [129], thus confirming the antagonistic 
effect of telomerase in tumor initiation and progression.

 Mouse Models of Inflammation

The importance of inflammation in tumorigenesis is beyond doubt nowadays since 
it participates in almost every step of cancer development [130]. HCC is the 
archetypical example of inflammation-driven cancer. Beyond some of the already 
mentioned viral hepatitis and chemical models (in which there is a significant 
inflammatory component during tumor formation), there are several GEMMs 
specifically designed to study the influence of inflammation in HCC. This is the 
case of those targeting members of the NF-κB pathway. Mice harboring liver- 
specific deletion of the inhibitor of the nuclear factor Kβ kinase (IKKβ) (in 
hepatocytes and Kupffer cells), an activator of NF-κB, have shown decrease tumor 
formation after DEN treatment, demonstrating a promoting role for NF-κB in HCC 
development [131]. However, when IKKβ loss is restricted to hepatocytes, 
carcinogenesis is augmented in this same model [131]. Similarly, IKKγ loss in 
hepatocytes induces tumor formation spontaneously [132], suggesting a dual role 
for NF-κB in tumorigenesis depending on cellular context. These are just examples 
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of the complex role of the inflammatory pathways in cancer [133]. Additional 
GEMMs in the context of inflammation-associated liver cancer are the Mdr2 
knockout mouse [134], the liver-specific TGF-β transgenic mouse [135], and the 
IL-6 knockout mouse, [44] among others [136].

 Non-germline GEMMs

The previously mentioned GEMMs have been extremely helpful in the last years to 
unveil key concepts of liver cancer biology. However, their generation is very 
expensive and time-consuming (several months may be necessary from the 
construction of the targeting vectors to the generation of the first heterozygous 
mouse) and presents important limitations (some genes are required in 
embryogenesis). Liver-specific gene delivery methods have been developed in 
recent years to overcome these disadvantages. Adeno-associated virus (AAV) 
vectors with liver-tropic capsid are interesting tools, enabling exogenous gene 
expression in mice [137, 138], and can be used to overexpress oncogenes or other 
cancer-related genes. Yet, in spite of being a very promising tool, as they are able to 
induce efficient and time-lasting transduction, its use is limited by several reasons. 
On one hand, AAV particles usually remain episomal, which leads to gene expression 
loss in dividing cells. In addition, AAVs present restricted DNA packaging capacity, 
which restricts the size or the number of genes to deliver. A few years ago, a novel 
genetic therapy tool called “hydrodynamic gene delivery” was developed as an 
attractive alternative. This method [139, 140] allows the transduction of genetic 
elements directly into the murine hepatocytes in  vivo by simply injecting naked 
DNA.  In more detail, the procedure involves the injection of exogenous DNA 
plasmids, resuspended in a very high volume of saline solution, through the tail vein 
of the mouse. The administration of a massive bolus (corresponding to 1/10 of the 
mouse body weight) is executed without interruption and rapidly (in no more than 
10  seconds), inducing heart congestion and pushing the solution into the liver 
through retrograde flow. As a consequence, the capillary vessels of the liver undergo 
high-pressure forces, enabling the permeabilization of the endothelial cells and the 
transfection of the surrounding hepatocytes with the injected DNA [141]. This 
method is highly liver-specific reaching transfection levels of up to 40% of the total 
hepatocytes, barely affecting other organs or cell types [139].

Hydrodynamic gene delivery presents considerable advantages. First, the time 
and cost of liver-specific GEMM generation is drastically reduced since it only 
requires the cloning of specific DNA vectors. Related to this, since DNA vector 
cloning is relatively easy, hydrodynamic gene delivery enables the study of virtually 
any gene. Similar to conventional GEMMs, the most extended hydrodynamic gene 
delivery strategies involve the overexpression of oncogenes and/or loss of function 
of TSGs. For oncogene overexpression, it is important to notice that time-lasting 
overexpression is required for tumor formation and it can only be achieved through 
transgene integration into the genome of the hepatocytes. Otherwise, gene overex-
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pression would only be transient, lasting no more than a few days before plasmid 
degradation. The use of DNA plasmids expressing Sleeping Beauty transposon sys-
tems is a successful way to ensure plasmid integration [142]. To induce loss of func-
tion of TSGs, RNA interference [143] or the recent CRISPR technology [144] can 
be used. Many HCC models have already been generated using this approach, intro-
ducing alterations in p53, β-catenin, MET, or AKT as representative examples [145]. 
A detailed list can be found elsewhere [145]. Lastly, it is worth noting that, similarly 
to many GEMMs, most HCC models generated by hydrodynamic gene delivery 
have been produced in a non-inflammatory background, which is a limiting condi-
tion when it comes to closely reproducing human HCC. This suggests the possibil-
ity to combine these models with hepatotoxic agent administration in order to better 
reproduce the conditions that drive human carcinogenesis.

 Conclusions and Future Directions

Preclinical models of HCC enable a better understanding of major key processes in 
human liver carcinogenesis. However, it is also evident that there is no single model 
that can truly encompass all the genetic and cellular aspects of the human disease. 
It is therefore essential to deeply understand all currently available models in order 
to select the most appropriate tools depending on our research interest. Broadly 
speaking, chemically induced models are suitable to reproduce the liver damage 
that triggers tumorigenesis in humans. On the other hand, GEMMs allow a more 
systematic interrogation of the role of specific genes and pathways in liver tumor 
formation. Transplantation-based models are broadly used tools to study metastasis 
and test new drug treatments. Finally, in  vitro techniques are appropriate to 
understand the tumor-associated molecular mechanisms and to perform high-
throughput experiments (for drug testing or genetic screens). In general, the use of 
multiple models to address one biological question is optimal as this strategy can 
overcome the limitations of each individual model. In addition, new challenges in 
the HCC field, including the study of cancer immunotherapies and precision medi-
cine, warrant the optimization of some of these preclinical models. Our efforts 
should now focus on improving the existing models to address these new challenges.

References

 1. Dhanasekaran R, Limaye A, Cabrera R. Hepatocellular carcinoma: current trends in world-
wide epidemiology, risk factors, diagnosis, and therapeutics. Hepat Med. 2012;4:19–37. 
https://doi.org/10.2147/HMER.S16316.

 2. Llovet JM, Zucman-Rossi J, Pikarsky E, Sangro B, Schwartz M, Sherman M, et  al. 
Hepatocellular carcinoma. Nat Rev Dis Primers. 2016;2:16018. https://doi.org/10.1038/
nrdp.2016.18.

P. Molina-Sánchez and A. Lujambio

https://doi.org/10.2147/HMER.S16316
https://doi.org/10.1038/nrdp.2016.18
https://doi.org/10.1038/nrdp.2016.18


351

 3. Tang ZY, Ye SL, Liu YK, Qin LX, Sun HC, Ye QH, et al. A decade’s studies on metasta-
sis of hepatocellular carcinoma. J Cancer Res Clin Oncol. 2004;130(4):187–96. https://doi.
org/10.1007/s00432-003-0511-1.

 4. Portolani N, Coniglio A, Ghidoni S, Giovanelli M, Benetti A, Tiberio GA, et al. Early and late 
recurrence after liver resection for hepatocellular carcinoma: prognostic and therapeutic impli-
cations. Ann Surg. 2006;243(2):229–35. https://doi.org/10.1097/01.sla.0000197706.21803.
a1.

 5. Dimitroulis D, Damaskos C, Valsami S, Davakis S, Garmpis N, Spartalis E, et al. From diag-
nosis to treatment of hepatocellular carcinoma: an epidemic problem for both developed and 
developing world. World J Gastroenterol. 2017;23(29):5282–94. https://doi.org/10.3748/wjg.
v23.i29.5282.

 6. Mittal S, El-Serag HB. Epidemiology of hepatocellular carcinoma: consider the population. J 
Clin Gastroenterol. 2013;47(Suppl):S2–6. https://doi.org/10.1097/MCG.0b013e3182872f29.

 7. Gillet JP, Varma S, Gottesman MM. The clinical relevance of cancer cell lines. J Natl Cancer 
Inst. 2013;105(7):452–8. https://doi.org/10.1093/jnci/djt007.

 8. Collection AATC. Hep G2 [HEPG2] (ATCC® HB-8065™). ATCC. 2016. https://www.atcc.
org/products/all/HB-8065.aspx#characteristics. 2018.

 9. Lopez-Terrada D, Cheung SW, Finegold MJ, Knowles BB. Hep G2 is a hepatoblastoma-derived 
cell line. Hum Pathol. 2009;40(10):1512–5. https://doi.org/10.1016/j.humpath.2009.07.003.

 10. Bank JC.  JCRB0403  – Huh-7. National Institutes of Biomedical Innovation, Health 
and Nutrition  – Japan. 2015. http://cellbank.nibiohn.go.jp/~cellbank/en/search_res_det.
cgi?ID=385.2018.

 11. Sainz B Jr, TenCate V, Uprichard SL. Three-dimensional Huh7 cell culture system for the study 
of hepatitis C virus infection. Virol J. 2009;6:103. https://doi.org/10.1186/1743-422X-6-103.

 12. Fang C, Yi Z, Liu F, Lan S, Wang J, Lu H, et al. Proteome analysis of human liver carcinoma 
Huh7 cells harboring hepatitis C virus subgenomic replicon. Proteomics. 2006;6(2):519–27. 
https://doi.org/10.1002/pmic.200500233.

 13. Ali N, Allam H, May R, Sureban SM, Bronze MS, Bader T, et al. Hepatitis C virus-induced 
cancer stem cell-like signatures in cell culture and murine tumor xenografts. J Virol. 
2011;85(23):12292–303. https://doi.org/10.1128/JVI.05920-11.

 14. Bressac B, Galvin KM, Liang TJ, Isselbacher KJ, Wands JR, Ozturk M. Abnormal structure 
and expression of p53 gene in human hepatocellular carcinoma. Proc Natl Acad Sci U S A. 
1990;87(5):1973–7.

 15. Rebouissou S, Zucman-Rossi J, Moreau R, Qiu Z, Hui L.  Note of caution: contamina-
tions of hepatocellular cell lines. J Hepatol. 2017;67(5):896–7. https://doi.org/10.1016/j.
jhep.2017.08.002.

 16. Ramboer E, Vanhaecke T, Rogiers V, Vinken M. Immortalized human hepatic cell lines for 
in  vitro testing and research purposes. Methods Mol Biol. 2015;1250:53–76. https://doi.
org/10.1007/978-1-4939-2074-7_4.

 17. Arellanes-Robledo J, Hernández C, Camacho J, Pérez-Carreón JI, editors. In vitro models of 
HCC, Chapter 42. In:  Liver pathophysiology: Academic Press; 2017. https://www.elsevier.
com/books/liver-pathophysiology/muriel/978-0-12-804274-8.

 18. Fatehullah A, Tan SH, Barker N. Organoids as an in vitro model of human development and 
disease. Nat Cell Biol. 2016;18(3):246–54. https://doi.org/10.1038/ncb3312.

 19. Clevers H. Modeling development and disease with organoids. Cell. 2016;165(7):1586–97. 
https://doi.org/10.1016/j.cell.2016.05.082.

 20. Takebe T, Sekine K, Enomura M, Koike H, Kimura M, Ogaeri T, et al. Vascularized and func-
tional human liver from an iPSC-derived organ bud transplant. Nature. 2013;499(7459):481–
4. https://doi.org/10.1038/nature12271.

 21. Huch M, Gehart H, van Boxtel R, Hamer K, Blokzijl F, Verstegen MM, et al. Long-term cul-
ture of genome-stable bipotent stem cells from adult human liver. Cell. 2015;160(1–2):299–
312. https://doi.org/10.1016/j.cell.2014.11.050.

16 Experimental Models for Preclinical Research in Hepatocellular Carcinoma

https://doi.org/10.1007/s00432-003-0511-1
https://doi.org/10.1007/s00432-003-0511-1
https://doi.org/10.1097/01.sla.0000197706.21803.a1
https://doi.org/10.1097/01.sla.0000197706.21803.a1
https://doi.org/10.3748/wjg.v23.i29.5282
https://doi.org/10.3748/wjg.v23.i29.5282
https://doi.org/10.1097/MCG.0b013e3182872f29
https://doi.org/10.1093/jnci/djt007
https://www.atcc.org/products/all/HB-8065.aspx#characteristics
https://www.atcc.org/products/all/HB-8065.aspx#characteristics
https://doi.org/10.1016/j.humpath.2009.07.003
http://cellbank.nibiohn.go.jp/~cellbank/en/search_res_det.cgi?ID=385.2018
http://cellbank.nibiohn.go.jp/~cellbank/en/search_res_det.cgi?ID=385.2018
https://doi.org/10.1186/1743-422X-6-103
https://doi.org/10.1002/pmic.200500233
https://doi.org/10.1128/JVI.05920-11
https://doi.org/10.1016/j.jhep.2017.08.002
https://doi.org/10.1016/j.jhep.2017.08.002
https://doi.org/10.1007/978-1-4939-2074-7_4
https://doi.org/10.1007/978-1-4939-2074-7_4
https://www.elsevier.com/books/liver-pathophysiology/muriel/978-0-12-804274-8
https://www.elsevier.com/books/liver-pathophysiology/muriel/978-0-12-804274-8
https://doi.org/10.1038/ncb3312
https://doi.org/10.1016/j.cell.2016.05.082
https://doi.org/10.1038/nature12271
https://doi.org/10.1016/j.cell.2014.11.050


352

 22. Broutier L, Andersson-Rolf A, Hindley CJ, Boj SF, Clevers H, Koo BK, et al. Culture and 
establishment of self-renewing human and mouse adult liver and pancreas 3D organoids 
and their genetic manipulation. Nat Protoc. 2016;11(9):1724–43. https://doi.org/10.1038/
nprot.2016.097.

 23. Huch M, Dorrell C, Boj SF, van Es JH, Li VS, van de Wetering M, et al. In vitro expan-
sion of single Lgr5+ liver stem cells induced by Wnt-driven regeneration. Nature. 
2013;494(7436):247–50. https://doi.org/10.1038/nature11826.

 24. Broutier L, Mastrogiovanni G, Verstegen MM, Francies HE, Gavarro LM, Bradshaw CR, 
et al. Human primary liver cancer-derived organoid cultures for disease modeling and drug 
screening. Nat Med. 2017;23(12):1424–35. https://doi.org/10.1038/nm.4438.

 25. He L, Tian DA, Li PY, He XX. Mouse models of liver cancer: progress and recommenda-
tions. Oncotarget. 2015;6(27):23306–22. https://doi.org/10.18632/oncotarget.4202.

 26. Price JE.  Xenograft models in immunodeficient animals: I.  Nude mice: spontaneous 
and experimental metastasis models. Methods Mol Med. 2001;58:205–13. https://doi.
org/10.1385/1-59259-137-X:205.

 27. Morton CL, Houghton PJ.  Establishment of human tumor xenografts in immunodeficient 
mice. Nat Protoc. 2007;2(2):247–50. https://doi.org/10.1038/nprot.2007.25.

 28. Richmond A, Su Y. Mouse xenograft models vs GEM models for human cancer therapeutics. 
Dis Model Mech. 2008;1(2–3):78–82. https://doi.org/10.1242/dmm.000976.

 29. Heindryckx F, Colle I, Van Vlierberghe H.  Experimental mouse models for hepa-
tocellular carcinoma research. Int J Exp Pathol. 2009;90(4):367–86. https://doi.
org/10.1111/j.1365-2613.2009.00656.x.

 30. Santos NP, Colaco AA, Oliveira PA.  Animal models as a tool in hepatocellular carci-
noma research: a review. Tumour Biol. 2017;39(3):1010428317695923. https://doi.
org/10.1177/1010428317695923.

 31. Killion JJ, Radinsky R, Fidler IJ. Orthotopic models are necessary to predict therapy of trans-
plantable tumors in mice. Cancer Metastasis Rev. 1998;17(3):279–84.

 32. El-Khoueiry AB, Sangro B, Yau T, Crocenzi TS, Kudo M, Hsu C, et al. Nivolumab in patients 
with advanced hepatocellular carcinoma (CheckMate 040): an open-label, non-comparative, 
phase 1/2 dose escalation and expansion trial. Lancet. 2017;389(10088):2492–502. https://
doi.org/10.1016/S0140-6736(17)31046-2.

 33. Zhu AX, Finn RS, Edeline J, Cattan S, Ogasawara S, Palmer D, et  al. Pembrolizumab 
in patients with advanced hepatocellular carcinoma previously treated with sorafenib 
(KEYNOTE-224): a non-randomised, open-label phase 2 trial. Lancet Oncol. 2018; https://
doi.org/10.1016/S1470-2045(18)30351-6.

 34. Zimmerman HJ, Lewis JH. Chemical- and toxin-induced hepatotoxicity. Gastroenterol Clin 
N Am. 1995;24(4):1027–45.

 35. Lee WM.  Drug-induced hepatotoxicity. N Engl J Med. 2003;349(5):474–85. https://doi.
org/10.1056/NEJMra021844.

 36. Zhang YJ. Interactions of chemical carcinogens and genetic variation in hepatocellular carci-
noma. World J Hepatol. 2010;2(3):94–102. https://doi.org/10.4254/wjh.v2.i3.94.

 37. Heath JC.  The production of malignant tumours by cobalt in the rat. Br J Cancer. 
1956;10(4):668–73.

 38. Verna L, Whysner J, Williams GM. N-nitrosodiethylamine mechanistic data and risk assess-
ment: bioactivation, DNA-adduct formation, mutagenicity, and tumor initiation. Pharmacol 
Ther. 1996;71(1–2):57–81.

 39. Qi Y, Chen X, Chan CY, Li D, Yuan C, Yu F, et al. Two-dimensional differential gel electro-
phoresis/analysis of diethylnitrosamine induced rat hepatocellular carcinoma. Int J Cancer. 
2008;122(12):2682–8. https://doi.org/10.1002/ijc.23464.

 40. Kolaja KL, Klaunig JE. Vitamin E modulation of hepatic focal lesion growth in mice. Toxicol 
Appl Pharmacol. 1997;143(2):380–7.

 41. Tolba R, Kraus T, Liedtke C, Schwarz M, Weiskirchen R.  Diethylnitrosamine (DEN)-
induced carcinogenic liver injury in mice. Lab Anim. 2015;49(1 Suppl):59–69. https://doi.
org/10.1177/0023677215570086.

P. Molina-Sánchez and A. Lujambio

https://doi.org/10.1038/nprot.2016.097
https://doi.org/10.1038/nprot.2016.097
https://doi.org/10.1038/nature11826
https://doi.org/10.1038/nm.4438
https://doi.org/10.18632/oncotarget.4202
https://doi.org/10.1385/1-59259-137-X:205
https://doi.org/10.1385/1-59259-137-X:205
https://doi.org/10.1038/nprot.2007.25
https://doi.org/10.1242/dmm.000976
https://doi.org/10.1111/j.1365-2613.2009.00656.x
https://doi.org/10.1111/j.1365-2613.2009.00656.x
https://doi.org/10.1177/1010428317695923
https://doi.org/10.1177/1010428317695923
https://doi.org/10.1016/S0140-6736(17)31046-2
https://doi.org/10.1016/S0140-6736(17)31046-2
https://doi.org/10.1016/S1470-2045(18)30351-6
https://doi.org/10.1016/S1470-2045(18)30351-6
https://doi.org/10.1056/NEJMra021844
https://doi.org/10.1056/NEJMra021844
https://doi.org/10.4254/wjh.v2.i3.94
https://doi.org/10.1002/ijc.23464
https://doi.org/10.1177/0023677215570086
https://doi.org/10.1177/0023677215570086


353

 42. Maronpot RR. Biological basis of differential susceptibility to hepatocarcinogenesis among 
mouse strains. J Toxicol Pathol. 2009;22(1):11–33. https://doi.org/10.1293/tox.22.11.

 43. Nakatani T, Roy G, Fujimoto N, Asahara T, Ito A. Sex hormone dependency of diethylnitro-
samine-induced liver tumors in mice and chemoprevention by leuprorelin. Jpn J Cancer Res. 
2001;92(3):249–56.

 44. Naugler WE, Sakurai T, Kim S, Maeda S, Kim K, Elsharkawy AM, et al. Gender dispar-
ity in liver cancer due to sex differences in MyD88-dependent IL-6 production. Science. 
2007;317(5834):121–4. https://doi.org/10.1126/science.1140485.

 45. Connor F, Rayner TF, Aitken SJ, Feig C, Lukk M, Santoyo-Lopez J, et al. Mutational land-
scape of a chemically-induced mouse model of liver cancer. J Hepatol. 2018; https://doi.
org/10.1016/j.jhep.2018.06.009.

 46. Waxman DJ, Azaroff L.  Phenobarbital induction of cytochrome P-450 gene expression. 
Biochem J. 1992;281(Pt 3):577–92.

 47. Watson RE, Goodman JI. Effects of phenobarbital on DNA methylation in GC-rich regions of 
hepatic DNA from mice that exhibit different levels of susceptibility to liver tumorigenesis. 
Toxicol Sci. 2002;68(1):51–8.

 48. Gourama H, Bullerman LB.  Aspergillus flavus and Aspergillus parasiticus: Aflatoxigenic 
fungi of concern in foods and feeds: a review. J Food Prot. 1995;58(12):1395–404.

 49. Liu Y, Wu F. Global burden of aflatoxin-induced hepatocellular carcinoma: a risk assessment. 
Environ Health Perspect. 2010;118(6):818–24. https://doi.org/10.1289/ehp.0901388.

 50. Guengerich FP, Johnson WW, Shimada T, Ueng YF, Yamazaki H, Langouet S. Activation and 
detoxication of aflatoxin B1. Mutat Res. 1998;402(1–2):121–8.

 51. Hamid AS, Tesfamariam IG, Zhang Y, Zhang ZG. Aflatoxin B1-induced hepatocellular car-
cinoma in developing countries: geographical distribution, mechanism of action and preven-
tion. Oncol Lett. 2013;5(4):1087–92. https://doi.org/10.3892/ol.2013.1169.

 52. Mace K, Aguilar F, Wang JS, Vautravers P, Gomez-Lechon M, Gonzalez FJ, et al. Aflatoxin 
B1-induced DNA adduct formation and p53 mutations in CYP450-expressing human liver 
cell lines. Carcinogenesis. 1997;18(7):1291–7.

 53. McGlynn KA, Hunter K, LeVoyer T, Roush J, Wise P, Michielli RA, et  al. Susceptibility 
to aflatoxin B1-related primary hepatocellular carcinoma in mice and humans. Cancer Res. 
2003;63(15):4594–601.

 54. Chu YJ, Yang HI, Wu HC, Lee MH, Liu J, Wang LY, et al. Aflatoxin B1 exposure increases 
the risk of hepatocellular carcinoma associated with hepatitis C virus infection or alcohol 
consumption. Eur J Cancer. 2018;94:37–46. https://doi.org/10.1016/j.ejca.2018.02.010.

 55. Kew MC. Synergistic interaction between aflatoxin B1 and hepatitis B virus in hepatocar-
cinogenesis. Liver Int. 2003;23(6):405–9.

 56. Boll M, Weber LW, Becker E, Stampfl A. Mechanism of carbon tetrachloride-induced hepato-
toxicity. Hepatocellular damage by reactive carbon tetrachloride metabolites. Z Naturforsch 
C. 2001;56(7–8):649–59.

 57. Bhathal PS, Rose NR, Mackay IR, Whittingham S. Strain differences in mice in carbon tetra-
chloride-induced liver injury. Br J Exp Pathol. 1983;64(5):524–33.

 58. Dapito DH, Mencin A, Gwak GY, Pradere JP, Jang MK, Mederacke I, et al. Promotion of hepa-
tocellular carcinoma by the intestinal microbiota and TLR4. Cancer Cell. 2012;21(4):504–
16. https://doi.org/10.1016/j.ccr.2012.02.007.

 59. Fitzhugh OG, Nelson AA.  Liver tumors in rats fed thiourea or thioacetamide. Science. 
1948;108(2814):626–8. https://doi.org/10.1126/science.108.2814.626.

 60. Koen YM, Sarma D, Hajovsky H, Galeva NA, Williams TD, Staudinger JL, et al. Protein tar-
gets of thioacetamide metabolites in rat hepatocytes. Chem Res Toxicol. 2013;26(4):564–74. 
https://doi.org/10.1021/tx400001x.

 61. Martinez AK, Maroni L, Marzioni M, Ahmed ST, Milad M, Ray D, et al. Mouse models 
of liver fibrosis mimic human liver fibrosis of different etiologies. Curr Pathobiol Rep. 
2014;2(4):143–53. https://doi.org/10.1007/s40139-014-0050-2.

 62. Li X, Benjamin IS, Alexander B. Reproducible production of thioacetamide-induced mac-
ronodular cirrhosis in the rat with no mortality. J Hepatol. 2002;36(4):488–93.

16 Experimental Models for Preclinical Research in Hepatocellular Carcinoma

https://doi.org/10.1293/tox.22.11
https://doi.org/10.1126/science.1140485
https://doi.org/10.1016/j.jhep.2018.06.009
https://doi.org/10.1016/j.jhep.2018.06.009
https://doi.org/10.1289/ehp.0901388
https://doi.org/10.3892/ol.2013.1169
https://doi.org/10.1016/j.ejca.2018.02.010
https://doi.org/10.1016/j.ccr.2012.02.007
https://doi.org/10.1126/science.108.2814.626
https://doi.org/10.1021/tx400001x
https://doi.org/10.1007/s40139-014-0050-2


354

 63. Zeisel SH, da Costa KA.  Choline: an essential nutrient for public health. Nutr Rev. 
2009;67(11):615–23. https://doi.org/10.1111/j.1753-4887.2009.00246.x.

 64. Corbin KD, Zeisel SH. Choline metabolism provides novel insights into nonalcoholic fatty 
liver disease and its progression. Curr Opin Gastroenterol. 2012;28(2):159–65. https://doi.
org/10.1097/MOG.0b013e32834e7b4b.

 65. Chandar N, Lombardi B. Liver cell proliferation and incidence of hepatocellular carcinomas 
in rats fed consecutively a choline-devoid and a choline-supplemented diet. Carcinogenesis. 
1988;9(2):259–63.

 66. Ikawa-Yoshida A, Matsuo S, Kato A, Ohmori Y, Higashida A, Kaneko E, et al. Hepatocellular 
carcinoma in a mouse model fed a choline-deficient, L-amino acid-defined, high-fat diet. Int 
J Exp Pathol. 2017;98(4):221–33. https://doi.org/10.1111/iep.12240.

 67. Kishida N, Matsuda S, Itano O, Shinoda M, Kitago M, Yagi H, et  al. Development of a 
novel mouse model of hepatocellular carcinoma with nonalcoholic steatohepatitis using a 
high-fat, choline-deficient diet and intraperitoneal injection of diethylnitrosamine. BMC 
Gastroenterol. 2016;16(1):61. https://doi.org/10.1186/s12876-016-0477-5.

 68. Tsuchida T, Lee YA, Fujiwara N, Ybanez M, Allen B, Martins S, et al. A simple diet- and 
chemical-induced murine NASH model with rapid progression of steatohepatitis, fibrosis and 
liver cancer. J Hepatol. 2018;69(2):385–95. https://doi.org/10.1016/j.jhep.2018.03.011.

 69. Hill-Baskin AE, Markiewski MM, Buchner DA, Shao H, DeSantis D, Hsiao G, et  al. 
Diet-induced hepatocellular carcinoma in genetically predisposed mice. Hum Mol Genet. 
2009;18(16):2975–88. https://doi.org/10.1093/hmg/ddp236.

 70. Borbath I, Horsmans Y. The role of PPARgamma in hepatocellular carcinoma. PPAR Res. 
2008;2008:209520. https://doi.org/10.1155/2008/209520.

 71. Hsu HT, Chi CW. Emerging role of the peroxisome proliferator-activated receptor-gamma in 
hepatocellular carcinoma. J Hepatocell Carcinoma. 2014;1:127–35. https://doi.org/10.2147/
JHC.S48512.

 72. Kersten K, de Visser KE, van Miltenburg MH, Jonkers J. Genetically engineered mouse mod-
els in oncology research and cancer medicine. EMBO Mol Med. 2017;9(2):137–53. https://
doi.org/10.15252/emmm.201606857.

 73. Lewandoski M.  Conditional control of gene expression in the mouse. Nat Rev Genet. 
2001;2(10):743–55. https://doi.org/10.1038/35093537.

 74. Bouabe H, Okkenhaug K.  Gene targeting in mice: a review. Methods Mol Biol. 
2013;1064:315–36. https://doi.org/10.1007/978-1-62703-601-6_23.

 75. El-Serag HB. Epidemiology of viral hepatitis and hepatocellular carcinoma. Gastroenterology. 
2012;142(6):1264–73 e1. https://doi.org/10.1053/j.gastro.2011.12.061.

 76. Ott JJ, Stevens GA, Groeger J, Wiersma ST.  Global epidemiology of hepatitis B virus 
infection: new estimates of age-specific HBsAg seroprevalence and endemicity. Vaccine. 
2012;30(12):2212–9. https://doi.org/10.1016/j.vaccine.2011.12.116.

 77. Levrero M, Zucman-Rossi J.  Mechanisms of HBV-induced hepatocellular carcinoma. J 
Hepatol. 2016;64(1 Suppl):S84–S101. https://doi.org/10.1016/j.jhep.2016.02.021.

 78. Wang Y, Cui F, Lv Y, Li C, Xu X, Deng C, et al. HBsAg and HBx knocked into the p21 
locus causes hepatocellular carcinoma in mice. Hepatology. 2004;39(2):318–24. https://doi.
org/10.1002/hep.20076.

 79. Wang HC, Huang W, Lai MD, Su IJ.  Hepatitis B virus pre-S mutants, endoplasmic 
reticulum stress and hepatocarcinogenesis. Cancer Sci. 2006;97(8):683–8. https://doi.
org/10.1111/j.1349-7006.2006.00235.x.

 80. Seifer M, Hohne M, Schaefer S, Gerlich WH. In vitro tumorigenicity of hepatitis B virus 
DNA and HBx protein. J Hepatol. 1991;13(Suppl 4):S61–5.

 81. Koike K. Hepatitis B virus HBx gene and hepatocarcinogenesis. Intervirology. 1995;38(3–
4):134–42. https://doi.org/10.1159/000150424.

 82. Zampino R, Marrone A, Restivo L, Guerrera B, Sellitto A, Rinaldi L, et al. Chronic HCV 
infection and inflammation: clinical impact on hepatic and extra-hepatic manifestations. 
World J Hepatol. 2013;5(10):528–40. https://doi.org/10.4254/wjh.v5.i10.528.

P. Molina-Sánchez and A. Lujambio

https://doi.org/10.1111/j.1753-4887.2009.00246.x
https://doi.org/10.1097/MOG.0b013e32834e7b4b
https://doi.org/10.1097/MOG.0b013e32834e7b4b
https://doi.org/10.1111/iep.12240
https://doi.org/10.1186/s12876-016-0477-5
https://doi.org/10.1016/j.jhep.2018.03.011
https://doi.org/10.1093/hmg/ddp236
https://doi.org/10.1155/2008/209520
https://doi.org/10.2147/JHC.S48512
https://doi.org/10.2147/JHC.S48512
https://doi.org/10.15252/emmm.201606857
https://doi.org/10.15252/emmm.201606857
https://doi.org/10.1038/35093537
https://doi.org/10.1007/978-1-62703-601-6_23
https://doi.org/10.1053/j.gastro.2011.12.061
https://doi.org/10.1016/j.vaccine.2011.12.116
https://doi.org/10.1016/j.jhep.2016.02.021
https://doi.org/10.1002/hep.20076
https://doi.org/10.1002/hep.20076
https://doi.org/10.1111/j.1349-7006.2006.00235.x
https://doi.org/10.1111/j.1349-7006.2006.00235.x
https://doi.org/10.1159/000150424
https://doi.org/10.4254/wjh.v5.i10.528


355

 83. Lerat H, Honda M, Beard MR, Loesch K, Sun J, Yang Y, et al. Steatosis and liver cancer 
in transgenic mice expressing the structural and nonstructural proteins of hepatitis C virus. 
Gastroenterology. 2002;122(2):352–65.

 84. Koike K. Molecular basis of hepatitis C virus-associated hepatocarcinogenesis: lessons from 
animal model studies. Clin Gastroenterol Hepatol. 2005;3(10 Suppl 2):S132–5.

 85. Kamegaya Y, Hiasa Y, Zukerberg L, Fowler N, Blackard JT, Lin W, et al. Hepatitis C virus 
acts as a tumor accelerator by blocking apoptosis in a mouse model of hepatocarcinogenesis. 
Hepatology. 2005;41(3):660–7. https://doi.org/10.1002/hep.20621.

 86. Koike K, Moriya K, Matsuura Y. Animal models for hepatitis C and related liver disease. 
Hepatol Res. 2010;40(1):69–82. https://doi.org/10.1111/j.1872-034X.2009.00593.x.

 87. Schulze K, Imbeaud S, Letouze E, Alexandrov LB, Calderaro J, Rebouissou S, et al. Exome 
sequencing of hepatocellular carcinomas identifies new mutational signatures and potential 
therapeutic targets. Nat Genet. 2015;47(5):505–11. https://doi.org/10.1038/ng.3252.

 88. Cancer Genome Atlas Research Network. Electronic address: wheeler@bcm.edu, Cancer 
Genome Atlas Research Network. Comprehensive and integrative genomic characteriza-
tion of hepatocellular carcinoma. Cell. 2017;169(7):1327–41 e23. https://doi.org/10.1016/j.
cell.2017.05.046.

 89. Schulze K, Nault JC, Villanueva A.  Genetic profiling of hepatocellular carcinoma using 
next-generation sequencing. J Hepatol. 2016;65(5):1031–42. https://doi.org/10.1016/j.
jhep.2016.05.035.

 90. Beroukhim R, Mermel CH, Porter D, Wei G, Raychaudhuri S, Donovan J, et al. The landscape 
of somatic copy-number alteration across human cancers. Nature. 2010;463(7283):899–905. 
https://doi.org/10.1038/nature08822.

 91. Kawate S, Fukusato T, Ohwada S, Watanuki A, Morishita Y.  Amplification of c-myc 
in hepatocellular carcinoma: correlation with clinicopathologic features, prolif-
erative activity and p53 overexpression. Oncology. 1999;57(2):157–63. https://doi.
org/10.1159/000012024.

 92. Dang CV. MYC on the path to cancer. Cell. 2012;149(1):22–35. https://doi.org/10.1016/j.
cell.2012.03.003.

 93. Santoni-Rugiu E, Nagy P, Jensen MR, Factor VM, Thorgeirsson SS. Evolution of neoplastic 
development in the liver of transgenic mice co-expressing c-myc and transforming growth 
factor-alpha. Am J Pathol. 1996;149(2):407–28.

 94. Shachaf CM, Kopelman AM, Arvanitis C, Karlsson A, Beer S, Mandl S, et al. MYC inac-
tivation uncovers pluripotent differentiation and tumour dormancy in hepatocellular cancer. 
Nature. 2004;431(7012):1112–7. https://doi.org/10.1038/nature03043.

 95. Calvisi DF, Conner EA, Ladu S, Lemmer ER, Factor VM, Thorgeirsson SS. Activation of 
the canonical Wnt/beta-catenin pathway confers growth advantages in c-Myc/E2F1 trans-
genic mouse model of liver cancer. J Hepatol. 2005;42(6):842–9. https://doi.org/10.1016/j.
jhep.2005.01.029.

 96. Zhan T, Rindtorff N, Boutros M. Wnt signaling in cancer. Oncogene. 2017;36(11):1461–73. 
https://doi.org/10.1038/onc.2016.304.

 97. Khalaf AM, Fuentes D, Morshid AI, Burke MR, Kaseb AO, Hassan M, et al. Role of Wnt/
beta-catenin signaling in hepatocellular carcinoma, pathogenesis, and clinical significance. J 
Hepatocell Carcinoma. 2018;5:61–73. https://doi.org/10.2147/JHC.S156701.

 98. Nault JC, Mallet M, Pilati C, Calderaro J, Bioulac-Sage P, Laurent C, et al. High frequency 
of telomerase reverse-transcriptase promoter somatic mutations in hepatocellular carcinoma 
and preneoplastic lesions. Nat Commun. 2013;4:2218. https://doi.org/10.1038/ncomms3218.

 99. Inagawa S, Itabashi M, Adachi S, Kawamoto T, Hori M, Shimazaki J, et al. Expression and 
prognostic roles of beta-catenin in hepatocellular carcinoma: correlation with tumor progres-
sion and postoperative survival. Clin Cancer Res. 2002;8(2):450–6.

 100. Lai TY, Su CC, Kuo WW, Yeh YL, Kuo WH, Tsai FJ, et al. β-catenin plays a key role in 
metastasis of human hepatocellular carcinoma. Oncol Rep. 2011;26(2):415–22. https://doi.
org/10.3892/or.2011.1323.

16 Experimental Models for Preclinical Research in Hepatocellular Carcinoma

https://doi.org/10.1002/hep.20621
https://doi.org/10.1111/j.1872-034X.2009.00593.x
https://doi.org/10.1038/ng.3252
https://doi.org/10.1016/j.cell.2017.05.046
https://doi.org/10.1016/j.cell.2017.05.046
https://doi.org/10.1016/j.jhep.2016.05.035
https://doi.org/10.1016/j.jhep.2016.05.035
https://doi.org/10.1038/nature08822
https://doi.org/10.1159/000012024
https://doi.org/10.1159/000012024
https://doi.org/10.1016/j.cell.2012.03.003
https://doi.org/10.1016/j.cell.2012.03.003
https://doi.org/10.1038/nature03043
https://doi.org/10.1016/j.jhep.2005.01.029
https://doi.org/10.1016/j.jhep.2005.01.029
https://doi.org/10.1038/onc.2016.304
https://doi.org/10.2147/JHC.S156701
https://doi.org/10.1038/ncomms3218
https://doi.org/10.3892/or.2011.1323
https://doi.org/10.3892/or.2011.1323


356

 101. Hoshida Y, Nijman SM, Kobayashi M, Chan JA, Brunet JP, Chiang DY, et al. Integrative 
transcriptome analysis reveals common molecular subclasses of human hepatocellu-
lar carcinoma. Cancer Res. 2009;69(18):7385–92. https://doi.org/10.1158/0008-5472.
CAN-09-1089.

 102. Harada N, Miyoshi H, Murai N, Oshima H, Tamai Y, Oshima M, et al. Lack of tumorigenesis 
in the mouse liver after adenovirus-mediated expression of a dominant stable mutant of beta- 
catenin. Cancer Res. 2002;62(7):1971–7.

 103. Harada N, Oshima H, Katoh M, Tamai Y, Oshima M, Taketo MM. Hepatocarcinogenesis in 
mice with beta-catenin and Ha-ras gene mutations. Cancer Res. 2004;64(1):48–54.

 104. Nejak-Bowen KN, Thompson MD, Singh S, Bowen WC Jr, Dar MJ, Khillan J, et  al. 
Accelerated liver regeneration and hepatocarcinogenesis in mice overexpressing ser-
ine-45 mutant beta-catenin. Hepatology. 2010;51(5):1603–13. https://doi.org/10.1002/
hep.23538.

 105. Hanahan D, Weinberg RA. Hallmarks of cancer: the next generation. Cell. 2011;144(5):646–
74. https://doi.org/10.1016/j.cell.2011.02.013.

 106. Kastenhuber ER, Lowe SW. Putting p53 in context. Cell. 2017;170(6):1062–78. https://doi.
org/10.1016/j.cell.2017.08.028.

 107. Hussain SP, Schwank J, Staib F, Wang XW, Harris CC.  TP53 mutations and hepatocel-
lular carcinoma: insights into the etiology and pathogenesis of liver cancer. Oncogene. 
2007;26(15):2166–76. https://doi.org/10.1038/sj.onc.1210279.

 108. Chawanthayatham S, Valentine CC 3rd, Fedeles BI, Fox EJ, Loeb LA, Levine SS, et  al. 
Mutational spectra of aflatoxin B1 in  vivo establish biomarkers of exposure for human 
hepatocellular carcinoma. Proc Natl Acad Sci U S A. 2017;114(15):E3101–E9. https://doi.
org/10.1073/pnas.1700759114.

 109. Lewis BC, Klimstra DS, Socci ND, Xu S, Koutcher JA, Varmus HE. The absence of p53 
promotes metastasis in a novel somatic mouse model for hepatocellular carcinoma. Mol Cell 
Biol. 2005;25(4):1228–37. https://doi.org/10.1128/MCB.25.4.1228-1237.2005.

 110. Farazi PA, Glickman J, Horner J, Depinho RA. Cooperative interactions of p53 mutation, 
telomere dysfunction, and chronic liver damage in hepatocellular carcinoma progression. 
Cancer Res. 2006;66(9):4766–73. https://doi.org/10.1158/0008-5472.CAN-05-4608.

 111. Chen YW, Klimstra DS, Mongeau ME, Tatem JL, Boyartchuk V, Lewis BC. Loss of p53 
and Ink4a/Arf cooperate in a cell autonomous fashion to induce metastasis of hepatocellu-
lar carcinoma cells. Cancer Res. 2007;67(16):7589–96. https://doi.org/10.1158/0008-5472.
CAN-07-0381.

 112. Cullen JM, Sandgren EP, Brinster RL, Maronpot RR. Histologic characterization of hepatic 
carcinogenesis in transgenic mice expressing SV40 T-antigens. Vet Pathol. 1993;30(2):111–
8. https://doi.org/10.1177/030098589303000203.

 113. Viatour P, Ehmer U, Saddic LA, Dorrell C, Andersen JB, Lin C, et  al. Notch signaling 
inhibits hepatocellular carcinoma following inactivation of the RB pathway. J Exp Med. 
2011;208(10):1963–76. https://doi.org/10.1084/jem.20110198.

 114. Hopkins BD, Parsons RE. Molecular pathways: intercellular PTEN and the potential of PTEN 
restoration therapy. Clin Cancer Res. 2014;20(21):5379–83. https://doi.org/10.1158/1078-
0432.CCR-13-2661.

 115. Sun H, Lesche R, Li DM, Liliental J, Zhang H, Gao J, et al. PTEN modulates cell cycle pro-
gression and cell survival by regulating phosphatidylinositol 3,4,5,-trisphosphate and Akt/
protein kinase B signaling pathway. Proc Natl Acad Sci U S A. 1999;96(11):6199–204.

 116. Horie Y, Suzuki A, Kataoka E, Sasaki T, Hamada K, Sasaki J, et  al. Hepatocyte-specific 
Pten deficiency results in steatohepatitis and hepatocellular carcinomas. J Clin Invest. 
2004;113(12):1774–83. https://doi.org/10.1172/JCI20513.

 117. Shen WH, Balajee AS, Wang J, Wu H, Eng C, Pandolfi PP, et al. Essential role for nuclear 
PTEN in maintaining chromosomal integrity. Cell. 2007;128(1):157–70. https://doi.
org/10.1016/j.cell.2006.11.042.

P. Molina-Sánchez and A. Lujambio

https://doi.org/10.1158/0008-5472.CAN-09-1089
https://doi.org/10.1158/0008-5472.CAN-09-1089
https://doi.org/10.1002/hep.23538
https://doi.org/10.1002/hep.23538
https://doi.org/10.1016/j.cell.2011.02.013
https://doi.org/10.1016/j.cell.2017.08.028
https://doi.org/10.1016/j.cell.2017.08.028
https://doi.org/10.1038/sj.onc.1210279
https://doi.org/10.1073/pnas.1700759114
https://doi.org/10.1073/pnas.1700759114
https://doi.org/10.1128/MCB.25.4.1228-1237.2005
https://doi.org/10.1158/0008-5472.CAN-05-4608
https://doi.org/10.1158/0008-5472.CAN-07-0381
https://doi.org/10.1158/0008-5472.CAN-07-0381
https://doi.org/10.1177/030098589303000203
https://doi.org/10.1084/jem.20110198
https://doi.org/10.1158/1078-0432.CCR-13-2661
https://doi.org/10.1158/1078-0432.CCR-13-2661
https://doi.org/10.1172/JCI20513
https://doi.org/10.1016/j.cell.2006.11.042
https://doi.org/10.1016/j.cell.2006.11.042


357

 118. Kotelevets L, van Hengel J, Bruyneel E, Mareel M, van Roy F, Chastre E.  Implication of 
the MAGI-1b/PTEN signalosome in stabilization of adherens junctions and suppression of 
invasiveness. FASEB J. 2005;19(1):115–7. https://doi.org/10.1096/fj.04-1942fje.

 119. Hu TH, Huang CC, Lin PR, Chang HW, Ger LP, Lin YW, et al. Expression and prognostic 
role of tumor suppressor gene PTEN/MMAC1/TEP1 in hepatocellular carcinoma. Cancer. 
2003;97(8):1929–40. https://doi.org/10.1002/cncr.11266.

 120. Di Cristofano A, Pesce B, Cordon-Cardo C, Pandolfi PP.  Pten is essential for embry-
onic development and tumour suppression. Nat Genet. 1998;19(4):348–55. https://doi.
org/10.1038/1235.

 121. Stambolic V, Tsao MS, Macpherson D, Suzuki A, Chapman WB, Mak TW. High incidence 
of breast and endometrial neoplasia resembling human Cowden syndrome in pten+/− mice. 
Cancer Res. 2000;60(13):3605–11.

 122. Podsypanina K, Ellenson LH, Nemes A, Gu J, Tamura M, Yamada KM, et al. Mutation of 
Pten/Mmac1 in mice causes neoplasia in multiple organ systems. Proc Natl Acad Sci U S A. 
1999;96(4):1563–8.

 123. Blackburn EH. Structure and function of telomeres. Nature. 1991;350(6319):569–73. https://
doi.org/10.1038/350569a0.

 124. Cong YS, Wright WE, Shay JW. Human telomerase and its regulation. Microbiol Mol Biol 
Rev. 2002;66(3):407–25, table of contents.

 125. Park YM, Choi JY, Byun BH, Cho CH, Kim HS, Kim BS.  Telomerase is strongly acti-
vated in hepatocellular carcinoma but not in chronic hepatitis and cirrhosis. Exp Mol Med. 
1998;30(1):35–40. https://doi.org/10.1038/emm.1998.5.

 126. Nagao K, Tomimatsu M, Endo H, Hisatomi H, Hikiji K. Telomerase reverse transcriptase 
mRNA expression and telomerase activity in hepatocellular carcinoma. J Gastroenterol. 
1999;34(1):83–7.

 127. Blasco MA, Lee HW, Hande MP, Samper E, Lansdorp PM, DePinho RA, et al. Telomere short-
ening and tumor formation by mouse cells lacking telomerase RNA. Cell. 1997;91(1):25–34.

 128. Lechel A, Holstege H, Begus Y, Schienke A, Kamino K, Lehmann U, et  al. Telomerase 
deletion limits progression of p53-mutant hepatocellular carcinoma with short telomeres 
in chronic liver disease. Gastroenterology. 2007;132(4):1465–75. https://doi.org/10.1053/j.
gastro.2007.01.045.

 129. Farazi PA, Glickman J, Jiang S, Yu A, Rudolph KL, DePinho RA. Differential impact of 
telomere dysfunction on initiation and progression of hepatocellular carcinoma. Cancer Res. 
2003;63(16):5021–7.

 130. Grivennikov SI, Greten FR, Karin M.  Immunity, inflammation, and cancer. Cell. 
2010;140(6):883–99. https://doi.org/10.1016/j.cell.2010.01.025.

 131. Maeda S, Kamata H, Luo JL, Leffert H, Karin M.  IKKbeta couples hepatocyte death to 
cytokine-driven compensatory proliferation that promotes chemical hepatocarcinogenesis. 
Cell. 2005;121(7):977–90. https://doi.org/10.1016/j.cell.2005.04.014.

 132. Luedde T, Beraza N, Kotsikoris V, van Loo G, Nenci A, De Vos R, et al. Deletion of NEMO/
IKKgamma in liver parenchymal cells causes steatohepatitis and hepatocellular carcinoma. 
Cancer Cell. 2007;11(2):119–32. https://doi.org/10.1016/j.ccr.2006.12.016.

 133. He G, Karin M. NF-kappaB and STAT3 – key players in liver inflammation and cancer. Cell 
Res. 2011;21(1):159–68. https://doi.org/10.1038/cr.2010.183.

 134. Pikarsky E, Porat RM, Stein I, Abramovitch R, Amit S, Kasem S, et al. NF-kappaB functions 
as a tumour promoter in inflammation-associated cancer. Nature. 2004;431(7007):461–6. 
https://doi.org/10.1038/nature02924.

 135. Sanderson N, Factor V, Nagy P, Kopp J, Kondaiah P, Wakefield L, et al. Hepatic expression of 
mature transforming growth factor beta 1 in transgenic mice results in multiple tissue lesions. 
Proc Natl Acad Sci U S A. 1995;92(7):2572–6.

 136. Newell P, Villanueva A, Friedman SL, Koike K, Llovet JM.  Experimental models of 
hepatocellular carcinoma. J Hepatol. 2008;48(5):858–79. https://doi.org/10.1016/j.
jhep.2008.01.008.

16 Experimental Models for Preclinical Research in Hepatocellular Carcinoma

https://doi.org/10.1096/fj.04-1942fje
https://doi.org/10.1002/cncr.11266
https://doi.org/10.1038/1235
https://doi.org/10.1038/1235
https://doi.org/10.1038/350569a0
https://doi.org/10.1038/350569a0
https://doi.org/10.1038/emm.1998.5
https://doi.org/10.1053/j.gastro.2007.01.045
https://doi.org/10.1053/j.gastro.2007.01.045
https://doi.org/10.1016/j.cell.2010.01.025
https://doi.org/10.1016/j.cell.2005.04.014
https://doi.org/10.1016/j.ccr.2006.12.016
https://doi.org/10.1038/cr.2010.183
https://doi.org/10.1038/nature02924
https://doi.org/10.1016/j.jhep.2008.01.008
https://doi.org/10.1016/j.jhep.2008.01.008


358

 137. Gao GP, Alvira MR, Wang L, Calcedo R, Johnston J, Wilson JM. Novel adeno-associated 
viruses from rhesus monkeys as vectors for human gene therapy. Proc Natl Acad Sci U S A. 
2002;99(18):11854–9. https://doi.org/10.1073/pnas.182412299.

 138. Nakai H, Fuess S, Storm TA, Muramatsu S, Nara Y, Kay MA. Unrestricted hepatocyte trans-
duction with adeno-associated virus serotype 8 vectors in mice. J Virol. 2005;79(1):214–24. 
https://doi.org/10.1128/JVI.79.1.214-224.2005.

 139. Liu F, Song Y, Liu D. Hydrodynamics-based transfection in animals by systemic administra-
tion of plasmid DNA. Gene Ther. 1999;6(7):1258–66. https://doi.org/10.1038/sj.gt.3300947.

 140. Zhang G, Budker V, Wolff JA. High levels of foreign gene expression in hepatocytes after tail 
vein injections of naked plasmid DNA. Hum Gene Ther. 1999;10(10):1735–7. https://doi.
org/10.1089/10430349950017734.

 141. Kamimura K, Yokoo T, Abe H, Kobayashi Y, Ogawa K, Shinagawa Y, et  al. Image- 
guided hydrodynamic gene delivery: current status and future directions. Pharmaceutics. 
2015;7(3):213–23. https://doi.org/10.3390/pharmaceutics7030213.

 142. Aronovich EL, McIvor RS, Hackett PB.  The Sleeping Beauty transposon system: a non- 
viral vector for gene therapy. Hum Mol Genet. 2011;20(R1):R14–20. https://doi.org/10.1093/
hmg/ddr140.

 143. Wuestefeld T, Pesic M, Rudalska R, Dauch D, Longerich T, Kang TW, et al. A Direct in vivo 
RNAi screen identifies MKK4 as a key regulator of liver regeneration. Cell. 2013;153(2):389–
401. https://doi.org/10.1016/j.cell.2013.03.026.

 144. Xue W, Chen S, Yin H, Tammela T, Papagiannakopoulos T, Joshi NS, et al. CRISPR-mediated 
direct mutation of cancer genes in the mouse liver. Nature. 2014;514(7522):380–4. https://
doi.org/10.1038/nature13589.

 145. Chen X, Calvisi DF.  Hydrodynamic transfection for generation of novel mouse mod-
els for liver cancer research. Am J Pathol. 2014;184(4):912–23. https://doi.org/10.1016/j.
ajpath.2013.12.002.

P. Molina-Sánchez and A. Lujambio

https://doi.org/10.1073/pnas.182412299
https://doi.org/10.1128/JVI.79.1.214-224.2005
https://doi.org/10.1038/sj.gt.3300947
https://doi.org/10.1089/10430349950017734
https://doi.org/10.1089/10430349950017734
https://doi.org/10.3390/pharmaceutics7030213
https://doi.org/10.1093/hmg/ddr140
https://doi.org/10.1093/hmg/ddr140
https://doi.org/10.1016/j.cell.2013.03.026
https://doi.org/10.1038/nature13589
https://doi.org/10.1038/nature13589
https://doi.org/10.1016/j.ajpath.2013.12.002
https://doi.org/10.1016/j.ajpath.2013.12.002


C1© Springer Nature Switzerland AG 2020 
Y. Hoshida (ed.), Hepatocellular Carcinoma, Molecular and Translational 
Medicine, https://doi.org/10.1007/978-3-030-21540-8_17

Correction to: Hepatocellular Carcinoma

Yujin Hoshida

 Correction to: Y. Hoshida (ed.), Hepatocellular Carcinoma, 
Molecular and Translational Medicine,  
https://doi.org/10.1007/978-3-030-21540-8

The book was inadvertently published with incorrect given name and family name 
in Chap. 4. The author name which is displayed as N.V.  Violi is corrected to 
N. Vietti Violi.

Similarly, the incorrect given name and family name in Chapter 15 is corrected 
from A.A.R. Suarez to A. A. Roca Suarez.

The updated version of these chapters can be found at 
https://doi.org/10.1007/978-3-030-21540-8_4
https://doi.org/10.1007/978-3-030-21540-8_15

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-21540-8_17&domain=pdf
https://doi.org/10.1007/978-3-030-21540-8


359© Springer Nature Switzerland AG 2019 
Y. Hoshida (ed.), Hepatocellular Carcinoma, Molecular and Translational 
Medicine, https://doi.org/10.1007/978-3-030-21540-8

A
Ablation technologies, 198
Adoptive cell transfer (ACT), 245
Alcoholic liver disease, 61–62
Alpha-fetoprotein (AFP), 240
American Association for the Study of Liver 

Diseases (AASLD), 146
Anastamotic strictures, 159
Artificial pleural effusion technique, 200

B
Barcelona Cancer Liver Cancer (BCLC), 

40–44
Biomarker development, 12, 14
Bleeding complications, 209

hemobilia, 210
hemothorax, 209

C
Cancer-associated fibroblasts (CAFs), 321, 

322
Cell-free DNA (cfDNA), 130
Cell-free noncoding RNA, 133–135
Charged particle radiotherapy, 212, 215–216
Chimeric antigen receptors (CAR), 243, 249
Chronic inflammation, 318–320
Circulating tumor cells (CTCs), 126

applications
density centrifugation, 128
epithelial-mesenchymal transition, 129
molecular analysis, 130
negative strategy, 129

Wnt pathway activation, 129
isolation technologies

CellSearch, 128
immunofluorescent staining, 127
negative selection, 128
size based filtration, 127

Clinical staging, 110
Contrast-enhanced CT (CE-CT), 74
Curative treatment, see Surgical resection
Cytokine-induced killer (CIK) cells, 246

D
Deceased donor liver transplantation (DDLT), 

159
de novo lipogenesis (DNL), 267
Des-gamma-carboxy prothrombin (DCP), 36
Direct acting antivirals (DAAs), 256, 259
DNA sequencing technologies, 110
Docosahexaenoic acid (DHA), 184–185, 187
Doxorubicin eluting bead TACE (DEB-

TACE), 175

E
Epithelial cell adhesion molecule (EpCAM), 116
Epithelial-to-mesenchymal transition (EMT), 

323
Etiology distribution, HCC, 56
Extracellular vesicles, 135, 136

F
Future liver remnant (FLR), 148

Index

https://doi.org/10.1007/978-3-030-21540-8


360

G
Genetically-engineered mouse models 

(GEMMs), 342–349
β-catenin, 346
cell cycle control genes, 346–347
c-MYC, 345
HBV model, 344
HCV model, 344
inflammation, 348
non-germline, 349
PTEN gene, 347
telomeres, 348

Genomic subtypes, 111–112

H
Hepatic artery, 169

aortography, 172
doxorubicin eluting bead TACE, 175
infusion, 172
ligation, 171
randomized controlled trials, 174
transarterial embolization, 173
VSV, 183

Heterogeneity, 293
Hong Kong Liver Cancer (HKLC), 44–45

I
Imaging characteristics

ancillary imaging, 80–81
diagnostic imaging, 79–80
HCC staging, 81

Imaging modalities, 73–79
contrast-enhanced CT, 74
MRI, 75

ECCM, 76–77
liver specific agents, 77

positron emission tomography, 79
ultrasound, 73

Immune-based therapies, 239
adoptive cell transfer, 245
CAR T cells, 249
CIK cell therapy, 246
cytokines, 246, 247
immune checkpoint inhibitors, 243, 244

durvalumab, 245
ipilimumab, 245
nivolumab, 244, 245
non-curative tumor ablation, 244
pembrolizumab, 245
tremelimumab, 244, 245

resistance, 249
sensitivity, 248
TCR, 249

tumor antigens, 240
alpha-fetoprotein, 240
TAA-specific responses, 240
tumor-associated antigens, 240
tumor-specific antigens, 240

tumor immune response, 242
tumor microenvironment, 240–243
vaccine theraphy, 247

AFP peptides, 247
CD4+ and CD8+ T cells, 247
GPC3 peptide vaccine, 247
JX-594 (Pexa Vec), 248

Immune cells
dendritic cells, 320
leukocytes, 320
tumor-associated macrophages, 320

Immune heterogeneity, 308
Incidence and mortality trends, HCC, 55–58
Intertumoral heterogeneity, 300

environmental exposure, 300
genetic predisposition, 301
germline variance, 301
intrahepatic cholangiocarcinoma, 305
polygenic traits, 302
somatic alterations, 302
transcriptome meta-analysis, 304

Intratumoral heterogeneity, 309
evolution, 305
single cell level, 306
tumor lesions, 306

In vitro models, 334–336
cell lines, 334
organoids, 336

In vivo models
chemically-induced models, 338

aflatoxins, 339
carbon tetrachloride, 340
choline-deficient diets, 341
diethylnitrosamine, 338
peroxisome proliferators, 342
thioacetamide, 341

transplantation-based models, 336
ITA.LI.CA models, 40

K
Kaplan‐Meier survival plots, 175

L
LDL–DHA treatments, 186
Liquid biopsy, 125, 126

cfDNA, 130–132
circulating tumor cells, 126

CellSearch, 128

Index



361

density centrifugation, 128
epithelial-mesenchymal transition, 129
immunofluorescent staining, 127
isolation technology, 127
molecular analysis, 130
negative selection, 128
negative strategy, 129
size based filtration, 127
Wnt pathway activation, 129

ctDNA, 131, 132
extracellular vesicles, 135–137
non-coding RNA, 133–135

Liver cancer, 93
biomarkers, 95
broad tissue analysis, 96
chemotherapeutic options, 94
curative options, 94
detection methods, 94
fucosyltransferase 8, 99
glycomics, 97–99
glycoprotein biomarkers, 96
glycosylation, 95
liver sinusoidal endothelial cells, 99
MALDI-glycan, 98
PDGF receptors, 94
serum fucosylation, 97
tissue proteomics, 96, 97
VEGFR inhibitors, 94

Liver transplantation, 154
anterior approach, 152
hepatic artery thrombosis, 159
Milan criteria, 155
nonanastamotic strictures, 159
parenchymal transection line, 158
piggyback technique, 156, 157
portal vein thrombosis, 159
postoperative management, 160
post-transplant complications, 159
preoperative assessment, 154
recipient hepatectomy, 158
surgical outcomes, 158
surgical technique, 156

Living Donor Liver Transplant (LDLT), 158
Locoregional therapies, 195

percutaneous ablation, 196
artificial ascites, 200
artificial pleural effusion, 200
biliary injury, 210
bleeding complications (see Bleeding 

complications)
contrast ultrasonography, 202
cryoablation, 199
ethanol injection, 196, 199
fusion imaging, 204
immunomodulatory effect, 207

infections, 210
irreversible electroporation, 199
local tumor progression, 204
microwave ablation, 198
neoplastic seeding, 210
overall survival, 206
radiofrequency ablation, 196
transarterial chemoembolization, 207

radiofrequency ablation, 197
radiotherapy

charged particle therapy, 212
SABR, 212
techniques, 211
3D conformal radiotherapy, 217

Low-density lipoproteins (LDL), 184

M
Modalities and biomarkers, 11
Model for End-Stage Liver Disease (MELD), 

147
Molecular alterations, 295

epigenomic alteration, 297
genes and pathways, 298–299

chromatin remodeling pathway, 299
Nrf2-Keap1 pathway, 299
PI3K-mTOR pathway, 299
TERT pathway, 298–299
TP53 pathway, 298
WNT/β-catenin pathway, 298

genomic alterations, 295
copy number variation, 295
HBV genome integration, 297
nucleotide substitution signature, 296
significant mutated genes, 296–297
somatic mutation, 296–297

metabolic alteration, 300
metabolomic investigation, 300

Molecular biomarkers, 9–10
Molecular heterogeneity, 309
Molecular profiling, 111

supervised approach, 113
HCC recurrence, 113
intrahepatic recurrence, 113
qRT-PCR experiments, 114
univariate Cox proportional hazard 

model, 114
vascular invasion, 114

unsupervised/semi supervised approach, 
113, 115

EpCAM signature, 116
genetic alterations, 116
hepatic stem cell, 115
iCluster approach, 117
knowledge-based annotation, 115

Index



362

Molecular profiling (cont.)
liver zonation program, 118
meta analysis, 117
pooled gene expression data, 116

Molecular-targeted therapy, 225, 228
bevacizumab, 233
cabozantinib, 231
carcinogenic tyrosine kinase pathway, 227
everolimus, 234
FGFR pathway, 226
JAK-STAT signaling pathway, 227
lenvatinib, 231
ramucirumab, 232
regorafenib, 230
RTK pathway, 226
sorafenib, 229, 230
sunitinib, 232
TGF-β pathway, 228
tivantinib, 233
tyrosine kinase pathway inhibitors, 233
VEGF, 227
WNT/β-catenin signaling pathway, 228

Myeloid derived suppressor cells (MDSCs), 
242

N
Natural killer cell-based therapy, 180
Neoplastic seeding, 211
NK cell biodistribution, 181
Non-alcoholic fatty liver  

disease (NAFLD), 61
Non-alcoholic steatohepatitis (NASH), 256

bariatric surgery, 268
cenicriviroc, 272
de novo lipogenesis, 267
elafibranor, 272
fibrotic disease progression, 266
pathogenesis, 269
pioglitazone, 269
selonsertib, 272
stable disease, 266
statins, 269

Non-coding RNA (ncRNA), 133–135
Non tumor genomic signatures, 118

early recurrence, 118
HIR signature, 119
late recurrence, 118
NFκB, and TNFα signaling pathway, 119

O
Orthotopic liver transplantation (OLT), 273

P
Parenchyma-preserving hepatectomy, 150
Percutaneous ablation, 196

artificial ascites, 200
artificial pleural effusion, 200, 205
biliary injury, 210
bleeding complications, 209
contrast ultrasonography, 202
cryoablation, 199
ethanol injection, 196, 199
fusion imaging, 204, 205
immunomodulatory effect, 207
infections, 210
irreversible electroporation, 199
local tumor progression, 204
microwave ablation, 198
neoplastic seeding, 210
overall survival, 206
radiofrequency ablation, 196
transarterial chemoembolization, 207

Peroxisome proliferator-activated receptor 
(PPAR), 187

Piggyback technique, 156–158
Polymerase chain reaction (PCR), 109
Polyunsaturated fatty acids (PUFA), 185
Portal vein embolization (PVE), 148
Positron emission tomography (PET), 79
Post-hepatectomy liver failure (PHLF), 147
Prevention strategies, 4, 255, 256

alcohol
epidemiology and pathogenesis, 263
prevention, 264

approaches, 255
individual risk-stratified, 6
molecular targeted chemoprevention, 272
NASH

bariatric surgery, 268
cenicriviroc, 272
de novo lipogenesis, 267
elafibranor, 272
pathogenesis, 269
pharmacological therapies, 270–271
pioglitazone, 269
selonsertib, 272
stable disease, 266
statins, 269

primary and secondary prevention, 256
tertiary prevention, 256

curative treatment, 273
in vitro and in vivo, 274
phase III clinical trial, 274

viral hepatitis (see Viral Hepatitis)
PRoBE design, 14

Index



363

Q
Quantitative imaging, 81–86

CT and MR perfusion, 81
diffusion-weighted imaging, 84
Dual energy CT, 82
radiomics quantification, 84–86

R
Radioembolization

current state, 177
early evaluation, 176
Yttrium-90, 177

Radiofrequency ablation (RFA), 244
Radiotherapy, 211

charged particle therapy, 212
SABR, 212
techniques, 211
3D conformal radiotherapy, 217

Receptor tyrosine kinase (RTK), 226
Resection vs. transplantation, 160
Risk-based tailored screening, 15
Risk-predictive scores, 5

S
Screening, 5
Staging systems, 39, 41–42

BCLC, 40
HKLC, 44
ITA.LI.CA model, 45
MESIAH, 46
NIACE, 46

Stem cell feature and heterogeneity, 307–308
Stereotactic ablative radiotherapy (SABR), 

212–214
Stromal cells

CAFs, 321
laminin 5, 321
liver cirrhosis, 321
lymphangiogenesis, 323
lymphatic vessels function, 322

Supervised approach
HCC recurrence, 113
intrahepatic recurrence, 113
qRT-PCR experiments, 114
univariate Cox proportional hazard model, 

114
vascular invasion, 114

Surgical resection
AASLD stage, 147
adjuvant therapy, 153
anterior approach, 150

conventional approach, 150
future liver remnant, 148
non-anatomic resections., 149
novel approach, 152
oncologic resection, 151
PHLF, 147, 148
portal vein embolization, 148
recurrence, 152
staging systems, 146

Surveillance, 28–29
benefits, 29

patients with chronic, 29
patients with cirrhosis, 30

cost-effectiveness, 39, 60–62
ALD patients, 62
heavy alcohol consumption, 62
hepatitis C virus, 61
nonalcoholic fatty liver disease, 61

harms of, 32
HCC populations, 28
interval, 37
knowledge gaps, 58–60
mathematical modeling, 60
tests, 33

cross-sectional imaging  
modalities, 34

radiographic, 33
serologic, 35

utilization, 38

T
3D Conformal radiotherapy, 217
Tissue proteomics, HCC, 96

AFP, 97
osteopontin, 97
peroxiredoxin 3, 97

Transarterial chemoembolization (TACE), 
196, 244

Transarterial locoregional treatments, 179
biomimetic/bioinspired vehicles, 179
natural killer cell-based therapy, 180
virus-based therapies, 182

adenovirus, 183
LDL-DHA treatments, 185, 188
lipoprotein mediated delivery, 184
multifaceted antitumor effects, DHA, 

185
vesicular stomatitis virus, 182

Transforming growth factor (TGF)-β pathway, 
228

Transplantation vs. resection, 160
Tumor heterogeneity, 294, 308

Index



364

U
Unsupervised/semi supervised approach, 115

EpCAM signature, 116
genetic alterations, 116
hepatic stem cell, 115
iCluster approach, 117
knowledge-based annotation, 115
liver zonation program, 118
meta analysis, 117
pooled gene expression data, 116

V
Vesicular stomatitis virus (VSV), 182
Viral hepatitis

hepatitis B virus
Centers for Disease Control, 260
closed circular DNA, 262
DNA, 260

drug treatment, 261
epidemiology and pathogenesis, 260
infection, 263
NA therapy, 262
pregenomic RNA, 262

hepatitis C virus, 257
Centers for Disease Control, 257
core protein, 257
induced hepatocarcinogenesis, 257
infection ranges, 257
interferon (IFN)-based  

therapy, 258
sustained viral response, 258

Virus-based therapies
adenovirus, 183
LDL-DHA treatments, 185, 187, 188
lipoprotein mediated delivery, 184
multifaceted antitumor effects, DHA, 185
vesicular stomatitis virus, 182

Index


	Preface
	Acknowledgments
	Contents
	Contributors
	Part I: Clinical Demographics and Management
	Chapter 1: Risk Factors of Hepatocellular Carcinoma for Precision Personalized Care
	Introduction
	Overview of HCC Prevention Strategies
	Regular HCC Screening
	Clinical Scores to Predict HCC Risk
	Molecular Biomarkers to Predict HCC Risk
	HCC Detection Modalities and Biomarkers for Regular HCC Screening
	HCC Biomarker Development
	Individual Risk-Based Tailored HCC Screening
	Conclusions
	References

	Chapter 2: Hepatocellular Carcinoma Surveillance and Staging
	HCC Surveillance
	Benefits of HCC Surveillance
	Patients with Chronic HBV Infection
	Patients with Cirrhosis

	Harms of HCC Surveillance
	Surveillance Tests
	Radiographic Surveillance Tests
	Serologic Surveillance Tests

	Surveillance Interval
	Surveillance Utilization
	HCC Surveillance Cost-Effectiveness
	Staging
	Barcelona Cancer Liver Cancer (BCLC)
	Hong Kong Liver Cancer (HKLC)
	Additional HCC Staging Systems

	Conclusion
	References

	Chapter 3: Changing Epidemiology of Hepatocellular Carcinoma and Role of Surveillance
	Introduction
	HCC Incidence and Mortality Trends
	Knowledge Gaps in HCC Surveillance
	Significance of Mathematical Modeling for Surveillance of HCC
	Cost-Effectiveness of HCC Surveillance by Etiology
	Hepatitis C Patients After Viral Cure
	Nonalcoholic Fatty Liver Disease
	Alcoholic Liver Disease
	Heavy Alcohol Consumption with HBV/HCV

	Conclusions
	References


	Part II: Diagnosis and Prognostication
	Chapter 4: Radiological Diagnosis and Characterization of HCC
	Introduction
	Imaging Modalities
	Ultrasound and Contrast-Enhanced Ultrasound
	Contrast-Enhanced CT
	MRI
	MRI with ECCM
	MRI with Liver-Specific Agents

	Positron Emission Tomography-CT and MRI

	Imaging Characteristics
	Diagnostic Imaging Features
	Ancillary Imaging Features
	Staging

	Quantitative Imaging in HCC
	CT and MR Perfusion
	Dual Energy CT
	Diffusion-Weighted Imaging
	Radiomics Quantification

	Conclusion
	References

	Chapter 5: Analysis of Hepatocellular Carcinoma Tissue for Biomarker Discovery
	Introduction
	Treatment Options
	Current Detection Methods
	Glycosylation and Biomarkers of Hepatocellular Carcinoma
	Broad Tissue Analysis in Hepatocellular Carcinoma
	HCC Tissue Proteomics
	HCC Glycomics
	Future Directions and Conclusions
	References

	Chapter 6: Molecular Subtypes and Genomic Signatures of Hepatocellular Carcinoma for Prognostication and Therapeutic Decision-Making
	Introduction
	Clinical Staging of Hepatocellular Carcinoma
	Molecular Profiling of Hepatocellular Carcinoma
	Prognostic Subtypes of Hepatocellular Carcinoma Redefined by Supervised Approaches
	Prognostic Subtypes of Hepatocellular Carcinoma Uncovered by Unsupervised or Semi-supervised Approaches
	Nontumor Genomic Signatures
	Conclusion and Perspective
	References

	Chapter 7: Liquid Biopsy in Hepatocellular Carcinoma
	Introduction
	Circulating Tumor Cells
	Background
	Technology
	Applications in HCC

	Circulating Tumor DNA
	Background
	Technologies
	Applications in HCC

	Cell-Free Noncoding RNA
	Background
	Technology
	Applications in HCC

	Extracellular Vesicles
	Background
	Technology
	Applications in HCC

	Conclusions
	References


	Part III: Treatment
	Chapter 8: Surgical Therapies in Hepatocellular Carcinoma
	Introduction
	Staging Systems to Determine Patient Eligibility for Curative Treatment
	Surgical Resection
	Preoperative Assessment
	Choice of Surgical Resection
	Surgical Technique
	Surgical Outcomes
	Novel Approaches to Surgical Resection
	Role of Adjuvant Therapy

	Liver Transplantation
	Preoperative Assessment
	Extending Beyond the Milan Criteria: The UCSF Criteria and the Metroticket Calculator
	Surgical Technique of Conventional Liver Transplant
	Piggyback Technique of Liver Transplantation
	Surgical Technique of Living Donor Liver Transplant
	Surgical Outcomes
	Management of Posttransplant Complications
	Postoperative Management of Recurrent HCC Following Transplantation

	Comparison of Resection and Transplantation
	References

	Chapter 9: Interventional Radiologic Therapies for Hepatocellular Carcinoma: From Where We Began to Where We Are Going
	Introduction: Liver and Tumor Blood Supply
	Physiologic Targeting Through the Hepatic Artery
	Hepatic Artery Ligation
	Hepatic Artery Infusion
	Transarterial Embolization
	Transarterial Chemoembolization
	Randomized Controlled Trials

	Radioembolization
	Early Evaluation
	Yttrium-90
	Current State

	Innovations in Transarterial Therapies
	Natural Killer Cell-Based Therapy
	Virus-Based Therapies
	Vesicular Stomatitis Virus: Oncolytic Virus
	Adenovirus: Gene Vector

	Lipoprotein-Mediated Delivery of Omega-3 Fatty Acid
	Multifaceted Antitumor Effects of DHA
	LDL-DHA Treatment Option for HCC


	Conclusion and Future Outlook
	References

	Chapter 10: Precision Locoregional Therapies for Hepatocellular Carcinoma: Percutaneous Ablation and Radiotherapy
	Introduction
	Percutaneous Ablation
	Indication
	Ablative Methods
	Radiofrequency Ablation
	Microwave Ablation
	Ethanol Injection
	Cryoablation
	Irreversible Electroporation

	Techniques for Precision Percutaneous Ablation
	Artificial Pleural Effusion
	Artificial Ascites
	Contrast Ultrasonography
	Fusion Imaging

	Short- and Long-term Outcomes
	Local Tumor Progression
	Overall Survival

	Combination with Other Treatment Modalities
	Combination with Transarterial Embolization
	Combination with Immunotherapy

	Complications
	Bleeding
	Infection
	Biliary Injury
	Neoplastic Seeding


	Radiotherapy
	Major Radiotherapeutic Approaches
	Stereotactic Ablative Radiotherapy (SABR)
	Charged Particle Therapy
	3D Conformal Radiotherapy


	Conclusions
	References

	Chapter 11: Molecular-Targeted Therapies in Hepatocellular Carcinoma
	Introduction
	Molecular Therapeutic Targets in HCC
	Clinically Tested Molecular-Targeted Agents for HCC
	Sorafenib
	Regorafenib
	Lenvatinib
	Cabozantinib
	Ramucirumab
	Sunitinib
	Tivantinib
	Bevacizumab
	Other Tyrosine Kinase Inhibitors
	Everolimus

	Future Directions
	References

	Chapter 12: Immune Therapies
	Introduction
	Tumor Antigens
	Tumor Environment
	Immunotherapies
	Immune Checkpoint Inhibitors
	Cell Bases Therapies
	Cytokines
	Vaccine Therapy

	Sensitivity and Resistance to Immune Therapies
	Future Therapies
	Conclusion
	References

	Chapter 13: Prevention Strategies for Hepatocellular Carcinoma
	Rationale for HCC Prevention
	Primary and Secondary Prevention Strategies
	Viral Hepatitis
	HCV Epidemiology and Pathogenesis
	HCV-Targeted Prevention
	HBV Epidemiology and Pathogenesis
	HBV-Targeted Prevention

	Metabolic Insult and Disorders
	Alcohol Epidemiology and Pathogenesis
	Alcohol Prevention
	NAFLD, Metabolic Syndrome, Obesity Epidemiology, and Pathogenesis
	NASH Prevention

	Molecular Targeted Chemoprevention

	Tertiary Prevention
	Conclusions and Future Directions
	References


	Part IV: Molecular Pathogenesis and Therapeutic Discovery
	Chapter 14: Molecular Alterations and Heterogeneity in Hepatocellular Carcinoma
	Introduction
	Molecular Alterations of HCC
	Genomic Alteration
	Copy Number Variation
	Somatic Mutation
	Nucleotide Substitution Signature
	Significant Mutated Genes

	HBV Genome Integration

	Epigenomic Alteration
	Key Driving Genes and Pathways in HCC
	TP53 Pathway
	Wnt/β-Catenin Pathway
	TERT Pathway
	Chromatin Remodeling Pathway
	PI3K-mTOR Pathway
	Nrf2-KEAP1 Pathway

	Metabolic Alteration and Metabolomic Investigation

	Intertumoral Heterogeneity in HCC
	Environmental Exposure
	Individual Genetic Predispositions
	Monogenic Germline Variance
	Polygenic Risk Factors

	Somatic Molecular Alterations
	Characterizing Molecular Heterogeneity in HCC: A Rapidly Evolving Journey
	Molecular Similarity of HCC and Intrahepatic Cholangiocarcinoma


	Intratumoral Heterogeneity in HCC
	Evolution of Intratumoral Heterogeneity
	Spectrum of Intratumoral Heterogeneity
	Heterogeneity of Different Tumor Lesions
	Heterogeneity at Single-Cell Level


	Stem Cell Feature and Heterogeneity in HCC
	Immune Heterogeneity in HCC
	Adapting Tumor Heterogeneity to Personalized Treatment in HCC
	Conclusion
	References

	Chapter 15: Stromal and Immune Drivers of Hepatocarcinogenesis
	Introduction
	From Chronic Inflammation to Hepatocellular Carcinoma
	Immune Cells in HCC Microenvironment
	Stromal Cells Participate in HCC Development and Progression
	Epithelial-to-Mesenchymal Transition in HCC
	Clinical Perspectives
	References

	Chapter 16: Experimental Models for Preclinical Research in Hepatocellular Carcinoma
	Introduction
	In Vitro Models
	HCC Cell Lines
	HCC Organoids

	In Vivo Models
	Transplantation-Based Models: Xenografts and Allografts
	Chemically Induced Models
	Diethylnitrosamine (DEN)
	Aflatoxin Exposure
	Carbon Tetrachloride (CCl4)
	Thioacetamide (TAA)
	Choline-Deficient Diet (CDD)
	Peroxisome Proliferators

	Genetically Engineered Mouse Models (GEMMs)
	Mouse Models of Human Hepatitis
	Hepatitis B Virus (HBV) Model
	Hepatitis C Virus (HCV) Model

	Mouse Models of Cancer-Related Genes
	c-MYC
	β-Catenin (CTNNB1 Gene)
	Cell Cycle Control Genes
	PTEN
	Telomerase

	Mouse Models of Inflammation

	Non-germline GEMMs

	Conclusions and Future Directions
	References


	Correction to: Hepatocellular Carcinoma
	Correction to: Y. Hoshida (ed.), Hepatocellular Carcinoma, Molecular and Translational Medicine, https://doi.org/10.1007/978-3-030-21540-8

	Index



