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Introduction
According to GLOBOCAN,  ~905,677  new patients were 

diagnosed with, and ~ 830,180 patients died of HCC in 2020 [1]. 
The worldwide male to female ratio is 4:1, and the average age 
of presentation globally is ~70 years [2]. In developing countries 
and Asia, a chronic Hepatitis B virus (HBV) infection is the most 
common cause of HCC;  whereas,  in the U.S., a chronic Hepatitis 
C virus (HCV) infection is a more common cause of HCC [3]. 
In addition to geographic differences in the incidence of chronic 
HBV or HCV infections, geographic differences in the incidence 
of HCC have also been linked to variations in the presence of other 
risk factors which include chronic alcohol consumption, liver 
cirrhosis, non-alcoholic fatty liver disease, obesity, smoking, and 
aflatoxin exposure [2,3]. Globally, HCC is most prevalent in Asia 
followed by North America and Europe [4]. In the U.S., the age of 
HCC diagnosis is ~60 years, with the highest incidence in Asians. 
Although the incidence is much lower in Americans of African 
descent in the U.S., the age of presentation is around 44 years [5]. 

HCC is currently ranked as the sixth most common malignant 
tumor and the fourth leading cause of cancer-related death 
worldwide [6]. Surveillance, Epidemiology, and End Results 
(SEER) data (2009-2015) regarding the 5-year survival rate for the 
patients diagnosed with HCC showed that there is a 33% 5-year 
survival rate for patients with localized disease as compared 
with only 2% for patients with disseminated disease [7]. Despite 
comprehensive, population-based HCC screening programs in 
some countries that have enhanced the early HCC detection rate, 
most of the patients still present to the clinic at advanced stage 

[4]. Current treatment options for limited stage HCC consist of 
surgical liver resection and local ablative therapy provided that 
the patient has a good hepatic reserve. In contrast, the 5-year 
HCC recurrence rate of 70% in patients with limited stage HCC 
but inadequate liver function who are not suitable candidates for 
localized therapies makes liver transplantation a superior treatment 
option for these patients [8]. For patients with advanced HCC, 
the combination therapies of anti-angiogenic drugs plus immune 
check point inhibitors have improved the response rate and 
delayed tumor progression, but the benefit is still limited to a small 
subset of HCC patients [9]. The high mortality of patients with 
HCC, and its limited treatment response, supports the need for a 
more comprehensive understanding of the molecular pathways 
that affect HCC development and continued collaboration between 
scientists in basic research and clinicians to translate discoveries at 
the bench to HCC therapies. Although we provide some historical 
context, a summary of all identified risk factors and how these 
could be linked to HCC initiation, progression, and metastasis, 
as well as a description of all potential biomarkers and therapies, 
is beyond the scope of this review. Instead, our focus will be on 
recent discoveries, and we will present information in a similar 
order as the work-up of a clinical HCC vignette.

Risk factors
Although the exact cause of HCC is still unknown, data 

provided by epidemiological studies and genomic studies have 
defined several risk factors that play a role in the development 
of HCC. Chronic infection with HBV or HCV, chronic alcohol 
consumption, liver cirrhosis, obesity, Non-Alcoholic Fatty Liver 
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Disease (NAFLD), and nonalcoholic steatohepatitis (NASH) are 
among those risk factors [10]. Fungal mycotoxins, especially 
aflatoxin, are also reported to contribute to HCC pathogenesis 
[11]. Here we review these risk factors and how they are thought 
to contribute to HCC development.

Hepatitis B virus
HBV is a hepatotropic virus that contains a 3.2 Kb circular DNA 

genome and is thought to promote hepatic carcinogenesis both 
directly and indirectly. The indirect mechanisms include immune-
mediated destruction of HBV-infected hepatocytes and associated 
inflammation that can cause fibrosis, cirrhosis, and eventually 
HCC. Direct mechanisms of HBV-mediated HCC are thought to 
include consequences of HBV protein activities, such as activities 
of the HBx protein. HBx expression stimulates HBV replication 
and can modify cellular signaling pathway such as those that 
regulate cellular proliferation, cell metabolism, and cell survival 
signals which could promote carcinogenesis [10,12-14]. The HBV 

genome is also found inserted into the host genome in some HCCs, 
and this insertion could alter expression or activities of oncogenic 
factors and may provide another mechanism for the development 
of HBV associated HCC. Numerous studies that have mapped 
HBV integration sites have shown that integration is likely 
random [12-14]. Some studies have identified common themes 
such as integration in the vicinity of oncogenes, although this 
does not contradict the notion that integration is random but that 
integration in the vicinity of an oncogene could provide a survival 
advantage of a cell. For example, in a study that involved whole-
genome sequencing of HCC tumors derived from 88 Chinese 
individuals (81 HBV-positive and 7 HBV-negative) [15], the HBV 
genome was found integrated in telomerase reverse transcriptase 
(TERT),which encodes for telomerase [16], (18 of 76)), mixed 
lineage leukemiaMLL4), which encodes for proteins that act 
as mono methyltransferases at enhancers [17] (9 of 76), or cyclin 
E gene (CCNE), which encodes for cyclin E that accumulates at 
the G1–S transition of the cell cycle [18] (4 0f 76) accounting 

Risk Factors The proposed mechanism of the risk factors to HCC development Reference
HBV -Indirect immune-mediated destruction of HBV-infected hepatocytes and associated 

inflammation, fibrosis, and cirrhosis.
-Direct :(HBx) integration within the genome
-  HBx-LINE 1.

[10,12-14,21,76]

HCV -Direct (viral protein).
-Indirect (Liver Cirrhosis).
-Bystander effect.

[23-27,30-36]

Chronic Alcohol Consumption -Directly (via genotoxicity).
-Indirectly (cirrhosis).

[37-42]

Obesity -TNF-a activates JNK pathway and NF-kB.
-IL-6 activates STAT 3 pathway.
-Leptin activates JAK 2/STAT3 and PI-3K/Akt pathways.

[46,47,50-52]

NASH -(TGFβ) increases the levels of circulating IgA.
-TNF-a activates JNK pathway.

NAFLD -Leptin activates JAK 2/STAT3 and PI-3K/Akt pathways.
-(TGFβ) increases the levels of circulating IgA.

Aflatoxin -Formation of (AFB1-FABY) adduct.
-ROS generation.

[71,73-75]

Table 1: A list of some of the risk factors and how they are thought to contribute to HCC development

Figure 1: Pathophysiological stages of HCC development
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for 40.8% of the HCC samples. This recurrent integration was 
associated with an alteration in protein expression that could 
potentially contribute to HCC development [15]. Two other 
studies showed a recurrent HBV integration at the TERT promoter 
(35.8% of the studied HBV-related HCC cases) [19] and HBV- 
MLL4 integration in 18% of HBV-related HCC Chinese patients 
[20]. Finally, one study described the result of integration of HBV 
near the normally transcriptionally silent long interspersed nuclear 
elements (LINEs) that generated a hybrid long non-coding RNA 
that includes a portion of the HBx sequence. This fusion, HBx-
LINE 1, was shown to influence HCC development by activating 
β-catenin/Wnt signaling, a hallmark in HCC tumorigenesis. HBx-
Line 1 expression was associated with shorter survival in HCC 
patients [21].

Hepatitis C virus
A chronic HCV infection is another major risk factor for HCC; 

HCV-associated HCC is more common in Western countries. 
The WHO (World Health Organization) considers chronic HCV 
infection and associated diseases as a global health crisis, and it 
was estimated that ~ 3% of the world’s population is infected with 
HCV. Infection with HCV can lead to chronic inflammation, liver 
cirrhosis, and HCC. Moreover, the combination of HCV infection 
with other risk factors (e.g., HBV infection, obesity, and HIV 
infection) can significantly increase the risk for HCC development 
[22]. Three mechanisms have been proposed for the development 
of HCV-associated HCC. The first mechanism involves effects of 
HCV proteins that alter hepatocyte signaling pathways involved 
in survival, metabolism, migration, and transformation, and thus, 
directly inducing tumorigenesis. TERT, p53, Rb, angiogenesis, 
Wnt/B-catenin and RTKs are examples of the cellular pathways that 
are altered in HCV-related HCC [23-27]. The second mechanism 
is indirect and linked to the induction of liver cirrhosis that results 
from long-term injury to hepatocytes due to HCV infection. The 
persistence of this injury forces hepatocytes to adapt alternative 
physiological and pathological pathways to resist injury. These 
pathways often overlap with stress-induced pathways caused by 
chronic alcohol consumption, obesity, and oxidative stress causing 
additional inflammation, fibrosis, and cell death that can contribute 
the increased risk for HCC that is observed when HCV infection 
is combined with these other risk factors. Cirrhosis is one form of 
the cellular responses to long term stress in the liver [28,29]. In a 
study conducted by Aydin et al., chronic HCV infection was shown 
to increase both endoplasmic reticulum (ER) and oxidative stress 
leading to activation of nuclear factor erythroid 2-related factor 
2 (NRF2) that could be involved in the development of HCV-
related HCC. NRF2 is an activator of STAT3, which is a member 
of STAT family that is known to be involved in inflammation and 
tumorigenesis [30]. A third interesting mechanism underlying the 
development of HCV-associated HCC that has been proposed 
is the bystander effect, which was thought to mimic to the 
bystander effect commonly linked to radiation therapy. In the 
radiation-therapy associated bystander effect, the irradiated cells 
use Gap Junction Intercellular Communication (GJIP) to spread 
cargo containing ROS, DNA molecules, and cellular proteins 
from damaged cells to surrounding healthy cells.  Gap junctions 
are cell—cell junctions that connect two adjacent cells and 
have channels made mainly by Connexin family protein which 
facilitate the intercellular exchange.  Several studies showed 
that HCV uses the GJIP to enhance the survival of surrounding 
uninfected hepatocytes (Bystander cells) through spreading cargos 
that can alter the signaling pathways in the bystander cells and 
hence promotes the tumorigenic transformation of these cells. It 
could also help explain the development of HCC in HCV-cured 

patients where the anti-viral therapy could clear the infection but 
could not relieve the infection-induced stress in hepatocytes [31-
36]. On the other hand, some studies showed that Gap junctions 
might act as “conditional” tumor suppressors through inhibiting 
cell migration, and Connexin upregulation was found to inhibit 
hepatocarcinogenesis [32,36].

Chronic alcohol consumption
One of the major risk factors for HCC development is chronic 

alcohol consumption, and alcohol was listed by the WHO as a 
Group 1 carcinogen. Chronic alcohol consumption accounts for 
32-45% of HCC in Italy [37], and Europe has the highest alcohol 
consumption globally [38]. Chronic alcohol consumption can work 
simultaneously with other risk factors (e.g., chronic HBV infection 
or chronic HCV infection) to augment the risk of carcinogenesis 
by increasing free radical generation while dampening the hepatic 
defense mechanisms [37,39,40]. Chronic Alcohol consumption 
can induce hepatocarcinogenesis either directly (via genotoxicity) 
or indirectly (cirrhosis) [39]. The proposed mechanism for the 
direct genotoxic effects of alcohol involves the induction of 
cytochrome (CYP)2E1, acetaldehyde formation, immunological 
disruption, and activation of angiogenesis. Chronic alcohol 
consumption (> 10 years) elevates expression of CYP2E1, hepatic 
acetaldehyde, oxidative stress, and ROS generation. ROS form 
harmful adducts with proteins, DNA, cell-membrane lipids in 
hepatocytes. Alcohol-mediated elevation of free radicals can also 
impact the DNA of peripheral liver-specific lymphocytes causing 
DNA fragmentation that can interfere with lymphocyte functions 
[37,38,40,41]. Indirect mechanisms of alcohol-associated HCC are 
mediated by induction of liver cirrhosis that culminates into HCC, 
and many studies have confirmed a linear relationship between 
chronic alcohol consumption, liver cirrhosis, and HCC [38,39,42].

Non-alcoholic fatty liver disease
Recently, much attention has been directed towards obesity, 

nonalcoholic fatty liver disease (NAFLD), and nonalcoholic 
steatohepatitis (NASH), the progressive form of NAFLD, as 
causative factors for HCC. In the U.S., it was reported that HCC- 
related deaths were 1.5-2 times higher in men with Body Mass 
Index (BMI) > 35kg/m2 than in men with normal BMI (18.5-25 
kg/m2) [43], while in UK, HCC-related death was 4.5 times higher 
in obese men compared to men with normal weight [44]. On the 
other hand, NAFLD accounts for 59% of HCC cases in the U.S., 
and it is currently considered the most common HCC causative 
factor in the U.S. [45,46]. Despite initially neglecting to consider 
the effects of NASH on HCC development, around 116 HCC cases 
in NASH patients were registered between 2004-2015 in the U.S. 
[47]. The proportion of patients with NASH and HCC increased 
7.7-fold from 2002-2016, and the prevalence of HCC with 
NASH increased 11.8-fold during the same period [48]. Obesity 
is linked to the accumulation of lipids in hepatocytes, initially 
causing NAFLD, which can eventually become NASH. The lipid 
accumulation (mainly triglycerides) in liver interferes with the 
normal hepatic glucose and fatty acid metabolism resulting in 
severe hepatic diseases [49]. Lipid accumulation in hepatocytes 
also induces macrophage recruitment and the release of cytokines 
such as tumor necrosis factor alpha (TNFα) and interleukin 6 (IL 
6). TNF α promotes inflammation, cell proliferation (through 
activation of JNK (Jun N terminal kinase)) and apoptosis (through 
interaction with NF-kB). IL6, on the other hand, enhances cell 
growth and proliferation through activation of STAT 3. Both 
TNFα and IL6, and activation of JNK signaling, contribute to 
HCC development from NASH [46,47,50]. In obesity, there is also 
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an increased level of Leptin and a decreased level of adiponectin, 
and both are involved in NAFLD progression to HCC. Leptin was 
reported to cause insulin resistance, liver fibrosis, angiogenesis, 
and activation of several cellular factors such as JAK 2/STAT3 and 
PI-3K/Akt [46,51]. PI3K/Akt signaling is involved in cell growth, 
proliferation, and survival [47]. Cumulatively, the above studies 
showed that obesity, NASH, and NAFLD share common molecular 
effects and that NASH and NAFDL mostly arise within the context 
of obesity. Another inflammatory mediator of liver fibrosis is 
transforming growth factor β (TGFβ), an immunosuppressive 
cytokine that stimulates the switching of B-cells expressing 
IgM into B cells expressing IgA. It was reported that patients 
with NAFLD or NASH with liver fibrosis have higher levels of 
circulating IgA than patients without fibrosis. B cells expressing 
IgA+ contribute to HCC development by inhibiting the activation 
of cytotoxic CD8+ T lymphocytes (CTL) in human and mouse 
NASH-affected livers, and thus, can mask anti-tumor immunity 
[52]. Finally, although there has been considerable focus on the 
association between inflammation, NAFLD, and NASH, some 
recent studies have shown that 50% of HCC cases developed in 
the context of NASH without liver cirrhosis [53-55], and that 
HCC might develop in patients with simple steatosis without the 
need to pass through stages of NASH, inflammation and fibrosis 
[54,56,57]. 

Management of NAFLD and NASH
Since NAFLD is linked to obesity and insulin resistance,  and 

only a minority of the cases with NAFLD progress to NASH, which 
can lead to liver cirrhosis and HCC, treatment options for NAFLD 
target the pathophysiological pathway that include adiponectin, 
leptin, TNF-α, and interleukins [58,59]. Patients with NAFLD are 
at an increased risk for developing cardiovascular disease [60], 
and angiogenesis plays an important role in the development of 
NASH [61]. Therefore, the treatment options for NAFLD aim to 
prevent NASH development, decrease the risk of cardiovascular 
disease, and ensure better quality of life for the patients to reduce 
the NAFLD-associated liver mortality rate [59]. The first option 
that carries the highest potential for treating NAFLD is weight loss 
by dietary modification, exercising, or bariatric surgery. Weight 
loss has been shown in several studies to induce both biochemical 
and histological improvement in patients with NAFLD [62-64]. 
Moreover, weight loss assisted by FDA- approved medications 
such as Orlistat and Sibutramine have been shown to improve 
the outcome in patients with NASH [65-67]. Antioxidants, lipid- 
and serum- glucose lowering agents have also been investigated 
in several studies as therapeutic options for NAFLD and NASH 
[59,68,69], and showed promising results.

Mycotoxins
In 1965, the mycotoxin (Aflatoxin) was mentioned for the first 

time. The United Nations Food and Agriculture Organization and 
the WHO reported that the mold and fungal growth contaminate 
about one quarter of the world’s crops. Unfortunately, data 
regarding mycotoxicosis in developing countries are limited [11]. 
The main route for mycotoxicosis is via oral ingestion, but it can 
be inhaled or directly affect the skin [70]. However, the degree of 
mycotoxicosis is time and dosage dependent: an extended exposure 
time with a high dose of a mycotoxin is necessary to seriously affect 
human health [11]. Aflatoxin, and mainly Aflatoxin B1 (AFB1) is 
one of the most potent hepatic carcinogens in mammals, and it 
was listed as a Group I carcinogen by the International Agency for 
Research on Cancer (IARC) [71]. AFB1, which is mainly produced 
by Aspergillus flavus and Aspergillus parasiticus, affects the liver 

and has is strongly correlated with the development of HCC [72]. 
AFB1 is metabolized by the liver cytochrome p450 system to 
produce aflatoxin-8,9-exo-epoxide. Aflatoxin-8,9-exo-epoxide can 
react with proteins, RNA, DNA and p53 and change the structure 
or characteristics of these molecules. For example, the binding 
of Aflatoxin-8,9-exo-epoxide to DNA results in the generation 
of 8,9 dihydro-8-(N7 guanyl)-9-hydroxy AFB1 adduct (AFB1-
N7-Gua), which in turn, is converted to the more stable AFB1-
formamidopyrimidine (AFB1-FABY) adduct. This adduct causes 
transversion of guanine (G) to thymine (T), which is mutagenic if it 
was inserted in the cell genome and over time, can cause malignant 
transformation [71,73,74]. In a study involved the aflatoxin-B1 
and P53 mutations, it was found that CYP1A2 and CYP3A4 both 
contribute to the formation of AFB1-induced P53 mutations that 
give cells a growth advantage and promotes carcinogenesis [74]. 
Moreover, aflatoxins can directly affect the GI health by changing 
the composition of the gut microbiota, disrupting the intestinal 
epithelial barrier, inhibiting cell growth, and inducing genetic 
damage by generating reactive oxygen species (ROS) that damage 
both the DNA and the plasma membrane of the enterocytes [75].

Liver cancer initiation and progression
Hepatocarcinogenesis is a multi-step process in which the 

normal hepatocytes are transformed to form preneoplastic lesions 
which then progress to dysplastic lesions and finally to frank 
HCC [77]. In response to chronic stressors that can stimulate cell 
death pathways such as apoptosis, cells often adapt by activating 
cellular survival mechanisms that may lead to apoptotic resistance 
which also may provide the cells a selective survival advantage. 
Continued survival and proliferation of these cells can eventually 
result in transformation, tumor formation, including new blood 
vessels formation, and as malignancy progresses, invasiveness and 
metastasis of the transformed cells. These cells often also develop 
mechanisms to suppress the activity of the cytotoxic T cells in 
an attempt to escape the immune surveillance and destruction of 
tumor  cells [78]. It is now well established that tumors contain 
cancer stem cells (CSC), which is a population of cells in tumors 
that is characterized by autonomous proliferation and self-renewal. 
CSCs are known to be major contributors to HCC development 
and progression. CSCs, which are present in most tumors, are 
often resistance to chemotherapy and radiation, and when present 
at high levels, result in higher relapse rates [79]. HCC cell lines and 
primary HCC tumors often contain a subpopulation of cells that 
express CD133, an established CSC marker [80]. It is now clear 
that genetic, epigenetic, and cellular signal-transduction pathway 
alterations, as well as the disruptions to the microenvironment, 
play a role in HCC initiation and progression. In this section, 
we summarize common genetic, epigenetic, and molecular 
alterations identified in HCC (readers are referred to Setshedi et 
al., Dhanasekaran et al. and Niu et al. for a more comprehensive 
reviews) and then focus on some recent findings that provide 
additional support for the role of these genetic, epigenetic, and 
molecular alterations in HCC. 

Genomic instability
The application of genome-wide association studies (GWAS) and 

next-generation sequencing (NGS) have revealed alterations in 
several genes and related pathways in HCC. Genomic instability, 
single-nucleotide polymorphisms (SNPs), and somatic mutations 
all play a major role in the process of hepatocarcinogenesis. 
Genomic instability (defined as a high frequency of mutations 
within the genome) in tumors can be classified into chromosomal 
instability (CIN) and microsatellite instability (MSI) [81]. Several 
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SNPs are reported to be associated with HCC. However, results 
of studies of SNP involvement in HCC are inconsistent, requiring 
further studies, and SNPs involvement in HCC will not be 
described here.

CIN, which is a hallmark of human cancers [82], is common 
in HCC [83]. CIN could be either numerical (the gain or loss of 
whole chromosomes leading to aneuploidy), or structural (the 
gain or loss, translocation, inversion, amplification, deletion 
and/or allelic loss [loss of heterozygosity (LOH)] of part of a 
chromosome) [84]. In HCC, common examples of structural CIN 
include gain in chromosomes (1q, 5p, 6p, 7q, 8q, 17q, and 20q) 
or loss in chromosomes (1p, 4q, 6q, 8p, 9p, 13q, 14q, 16p-q, 17p, 
21p-q, and 22q) [81,85]. LOH in HCC found frequently at (1p, 
4q, 5q, 8p, 8q, 9p, 10q, 11p, 13q, 14q, 16q, 17p, and 22q). High 
levels of AFP, an established HCC biomarker (see below), HCC 
high grades, and HCC poor prognosis were found to be related to 
LOH at different loci in HCC [86]. DNA copy number alterations 
can be used to identify driver genes, provide prognostic and 
predictive biomarkers, and serve as potential therapeutic target 
[81]. For example, the genes that encode for cyclin D1 (CCND1), 
which regulate cell proliferation [87], and fibroblast growth factor 
19 (FGF19), which regulates various metabolic process including  
activation of mTOR signaling [88], are among the most highly 
amplified genes in HCC and have been validated as oncogenic 
drivers of HCC. Moreover, DNA copy number alterations of the 
genes that encode B-cell CLL/lymphoma 9 (BCL9), which is a 
transcriptional co activator of the Wnt/-catenin signaling, and 
metadherin (MTDH), which interacts with NF-KB and elicits 
the expression of the downstream genes that are involved in cell 
migration and invasion [89], have been linked to advanced stage 
and aggressive types of HCC [90].

MSI, although initially reported to be a rare event in HCC, 
especially as compared to other cancers, is now known to be at 
least 3 times higher in cirrhotic livers than normal livers with equal 
incidence between cirrhotic livers and HCCs. MSI was reported 
to occur at a later stage than LOH in HCC. Therefore, MSI 
was suggested to be linked to progression of late stages of liver 
cirrhosis to HCC [91]. Other studies have shown that MSI can 
correlate with tumor recurrence, high grade tumors, portal vein 
involvement, and poor prognosis of HCC [81].

Epigenetic alterations
Epigenetic alterations, such as modifications to DNA and 

histones, have been found in HCC. For example, methylation of 
histone H3 lysine 4 (H3K4me3), which can enhance transcription 
of certain genes, is significantly elevated in HCC and correlates 
with aggressive HCC phenotypes and 3.5 higher mortality rate 
[92]. Moreover, the silencing of tumor suppressor gene expression 
by hypermethylation of their transcription promoter regions and 
activation of oncogene transcription by hypomethylation of their 
transcription promoters occur frequently in HCC [78]. The genes 
encoding suppressor of cytokine signaling 1 (SOCS1), which are 
negative feedback inhibitors of the JAK/STAT cytokine signaling 
pathway, and adenosis polyposis coli (APC), which is a tumor 
suppressor gene that encodes a large protein with multiple cellular 
functions and interactions, including signal transduction in the 
Wnt-signaling pathway , are examples of genes that are inactivated 
by DNA hypermethylation in HCC [93,94]. It is noteworthy that 
both HCV and HBV infections can change the DNA methylation 
pattern in HCC [94,95]. HCV infection is known to result in 
DNA hypermethylation of certain genes (e.g., HCV-induced 
hypermethylation of the Gadd45β promote; Gadd45β plays central 

roles in the cellular response to genotoxic stress) [95]. HBV, via its 
HBx protein, can either induce DNA hypermethylation to suppress 
transcription of certain genes (e.g., HBV-induced hypermethylation 
of APC) [96], or induce DNA acetylation and activate of other 
genes (e.g., HBx-induced activation of co-activators of the CREB-
binding protein CBP–P300 complex leading to upregulated 
transcription of the IL-8 gene) [97].

Alterations in cell signal transduction pathways
Somatic mutations in oncogenes and/or tumor suppressor genes, 

as well as alterations in various cell signal transduction pathways, 
have been shown to play a role in HCC development [10]. For 
example, the activation of the PI3K/AKT pathway was found in 
many tumors including HCC and plays a role in cell survival and 
proliferation [47]. PI3K activates AKT, which is a lipid second 
messenger that phosphorylates various intracellular proteins, 
including mTOR. The activation of mTOR causes cell proliferation 
and BAD inhibition. BAD induces cell apoptotic resistance 
[98,99]. Other signaling pathways that were reported in HCC: 
VEGF/VEGFR that contributes to HCC hypervascularity, insulin-
like growth factors (IGF) which promotes HCC development and 
progression, EGFR, and c-Met that are related to aggressive HCC 
phenotypes, and Ras-mitogen-activated protein kinase (MAPK), 
ERK, and JAK/STAT pathways that are crucial mediators of HCC 
initiation and progression via promoting cellular proliferation and 
survival [10,47,78,98]. The large number of factors and pathways 
that have been linked to HCC prevent a comprehensive review 
here, and only those most identified are discussed.   

TERT
Telomerase (TERT) is the enzyme that is responsible for 

maintaining the length of DNA telomeres [100]. The most 
frequent driver mutations in HCC were reported to be mutations 
of the telomerase reverse transcriptase (TERT) promoter, which 
increase the expression of telomerase and occurs in 40-65% of 
HCC cases [10,100,101]. Under normal conditions, telomerase 
is not expressed in somatic cells due to silencing of the TERT 
transcriptional promoter; however, in many cancer cells the TERT 
transcriptional promoter is derepressed and this contributes to 
tumorigenesis by facilitating indefinite cancer cell proliferative 
[102,103]. Both chronic inflammation and TERT promoter loss 
of function mutations contribute to liver cirrhosis [104], while in 
the case of HCC, the activating mutations of (TERT) promoter 
render allow for indefinite replication of the cancer cells as well 
as resistance to apoptosis, thus contributing to HCC development 
[78].

TP53
TP53 is a tumor suppressor gene that plays a critical role in cell 

response to DNA damage, and loss of its expression or function 
has been linked to the develop of many types of cancer [105]. 
TP53 inactivating mutations are found in 18 – 50% of HCCs [106]. 
TP53 was reported to contribute to HCC development particularly 
in patients with HBV and exposed to high levels of aflatoxins 
[107]. Aflatoxin causes transversion of G:C to T:A at codon 249 
resulting in TP53 mutation [78]. TP53 is correlated with HCC poor 
prognosis and lower OS [78,81,106].

Wnt/-catenin
Mutations in Wnt/-Catenin have been identified in 20-40% of 

HCC cases [108]. Wnt/-catenin signaling is known to regulate 
cellular migration and proliferation by promoting Epithelial to 
Mesenchymal Transition (EMT). This pathway can be activated 
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by either gain of function mutations in CTNNB1, which encodes 
for -catenin,  and have been found in 11%–37% of HCCs or 
by inactivating mutations in AXIN1, which encodes for AXIN1 
protein that interacts with APC, -catenin, and other proteins, have 
been found in 5%–15% of HCCs [10]. Mutations in Wnt/-catenin 
were found to be higher in cases of alcohol- or HCV-induced HCC 
than in other HCCs [10,81,108]. 

NR1D2
A recent study by Tong et al. showed that a component of the 

circadian clock, namely the nuclear hormone receptor, nuclear 
receptor subfamily 1 group D member 2 (NR1D2) also promotes 
EMT in HCC via activation of -Catenin. NR1D2 knockdown in 
HCC cell lines led to inhibition of -catenin and reduced tumor 
cell migration and invasion [6]. 

EZH2
Elevation of Enhancer of Zeste 2 (EZH2), a chromatin-

modifying protein that mediates epigenetic silencing, was found to 
be correlated with high levels of metastasis and poor prognosis of 
HCC through activation of Wnt signaling by silencing expression 
of Wnt antagonists, including the growth-suppressive AXIN2, 
NKD1, PPP2R2B, PRICKLE1, and SFRP5 [109] Kim et al. 
reported that the extensive EZH2 occupancy at promoters marked 
by either acetylation of H3K27 or trimethylation of H3K27, 
leading to gene activation or repression, respectively [110].

ARIDs
The chromatin remodeling proteins ARID1A and ARID2 were 

also found to be mutated in HCC samples. ARID1A mutations 
were found in 4%–17% of HCCs, and ARID2 mutations were 
found in 3%-18% of HCCs [10,81,111]. Moreover, cross talk 
between mutations in ARID1A and mutations in CTNNB1 or 
mutations in AXIN1 was suggested, which might explain Wnt 
effects on chromatin remodeling in hepatocarcinogenesis [81,112].

Hedgehog
Hedgehog genes encode signaling molecules that are involved 

in  patterning processes during embryogenesis [113]. Hedgehog 
proteins are thought to contribute to HCC development 
by promoting cellular adhesions, enhancing migration and 
invasiveness, increasing expression and activity of matrix 
metalloproteinases-2 and 9 (MMP-2 and MMP-9), and ERK-
induced activation of MMP-9 [114,115]. Hedgehog was also found 
to potentiate radiation-induced liver fibrosis [116]. 

DERL 1
DERL 1 is one member of DERL family that consists of DERL 

1,2, and 3. The DERL1 protein is located in the ER and involved in 
degrading misfolded proteins [117-119]. DERL 1 was found to be 
overexpressed in up to 75% of HCCs and is mainly associated with 
tumors > 5 cm or those with lymph node metastasis. DERL1 was 
suggested to be involved in HCC progression and as a predictor 
for HCC metastasis. DERL1 was shown to exert its activity via 
both Akt and ERK pathways. DERL1 overexpression promotes 
cell proliferation and migration, while decreasing the number of 
apoptotic events in HCC cell lines [120].

CD276
Another protein that contributes to HCC development via 

activation of PI3K/AKT pathway is CD 276, which is an 
endothelial marker for the pathogenic angiogenesis [119]. CD 276 
belongs to B7 superfamily, and it has an important role in both 

innate and T-cell mediated immunity [121,122]. CD276 was found 
to be overexpressed in a number of tumors, including HCC and 
to correlate with tumor aggressiveness and poor prognosis [123]. 
CD276 was shown to promote cell migration and invasiveness by 
increasing the expression and the activity of (MMPs) and inducing 
vascular mimicry (VM) formation via upregulation of MMPs and 
expression of E-cadherins and laminin in HCC, which ultimately 
leads to extracellular matrix remodeling and neoangiogenesis. 
CD276 was shown to work upstream of Akt and to stimulate VM 
formation via activation of the PI3K/Akt/MMPs pathway; whether 
this is the only mechanism for VM formation in HCC requires 
further studies [119].

CCND1
The CCND1 gene encodes Cyclin D1, a regulator of cell cycle 

progression and the PI3K/AKT pathway, is often overexpressed 
in HCC. Cyclin D1 is expressed in the G1 phase of the cell cycle 
and is involved stimulating progression from G1 to the S phase 
of the cell cycle. Therefore, cyclin D1 overexpression can cause 
uncontrolled cellular division, and can also alter transcription 
of certain genes, translation of mRNAs, and even affect protein 
structure by affecting post-translation modification of proteins 
[87,124]. Cyclin D1 was found to be overexpressed in HCC, as 
well as in many other tumors. Although cyclin D1 regulation of 
cell proliferation involves numerous effects, a recent study showed 
that in HCC, the effect of cyclin D1 on cell proliferation as included 
activation of the PI3K/Akt pathway. In this study, silencing of 
cyclin D1 expression led to suppressed the PI3K/Akt pathway, 
inhibited cellular growth, and promoted apoptotic events [125].

ADAM17
A disintegrin and metalloproteinase metallopeptidase domain 

17 (ADAM17) is a proteolytic enzyme that cleaves the Notch 
receptor. The Notch pathway is important during embryogenesis, 
liver repair and regeneration. The Notch receptor family is 
composed of 4 receptors, and their role in HCC is still incompletely 
understood [78]. While G-protein-coupled receptor 50 (GPR50) 
was overexpressed in HCC and correlated with HCC progression, 
a study conducted by Saha et al. 2020, showed that GPR50 
knockdown inactivates the Notch signaling pathway in a ligand-
independent manner by interaction with ADAM17, of which 
expression is positively correlated with GPR50 overexpression 
in hepatocytes. The authors also reported that GPR50 regulates 
the transcription and translation of ADAM17 through the AKT/
specificity protein-1 (SP1) which is a transcription factor that 
binds to ADAM17 promoter region [126].

The gut microbiome
The anatomical connection between the intestine and the liver 

via the portal vein makes the liver the largest target affected by gut 
microbiota [127]. Bile acids produced by the liver also affect the 
gut microbiota, and any pathological decrease in bile acid secretion 
contributes to bacterial overgrowth, inflammation-induced 
disruption of the gut barrier, and a leaky gut. Both the disrupted 
gut barrier and gut dysbiosis were reported to occur at early stages 
of chronic liver diseases and contribute to the development and 
progression of HCC [127,128]. Several metagenomic studies 
demonstrated that alterations in gut microbiota in liver cirrhosis, 
which is a major risk factor for HCC, result from either impaired 
gut motility that leads to bacterial overgrowth and a leaky gut, 
or from bacterial translocation (for example, the invasion of the 
microbiota from mouth to the gut in liver cirrhosis) [127,129,130]. 
Another set of studies also showed a link between HBV infection, 
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HCV infection, and alcohol consumption with the gut dysbiosis 
and HCC development [131]. Moreover, Toll-like receptor (TLR)-
4-dependent innate immunity is a major mediator of the immune 
response to either an HBV or HCV infection [132]. TLR4 is 
activated by lipopolysaccharides (LPS), a component of bacterial 
cell membranes that are also endotoxins.  LPS level are elevated 
in HBV related HCC cases [131], and LPS can also be elevated 
by prolonged alcohol consumption which disrupts the intestinal 
barrier [133]. LPS can be transported to the liver through the 
portal vein and interact with TLR4 and induce TNF-α expression 
in Kupffer cells leading to cytokine release and inflammation, 
which can eventually cause liver fibrosis and HCC development 
[131,132,134].

Bile acid
The cross talk between metabolites and host cells has an 

important role in regulating the immune system and affects disease 
development and response to treatment [135]. The interaction 
between the host cells and the gut microbiota can affect the 
production of several metabolites including bile acid. Bile acid, 
which is produced by hepatocytes and can be metabolized by 
the intestinal bacteria, can modulate the composition of the 
gut microbiota through the antimicrobial activity of bile acids 
[136]. Bile acid acts as a ligand for a number of receptors such 
as farnesoid X receptor (FXR), which are nuclear receptors that 
regulates bile acid synthesis, conjugation, and transport, as well 
as  lipid and glucose metabolism [137], and G-protein-coupled 
bile acid receptors (TGR5), which are  involved in energy 
homeostasis, bile acid homeostasis, and glucose metabolism 
[138]. There is a growing evidence that bile acids have a role in 
hepatocarcinogenesis [136]. While bile acid binding to TGR5 
plays a role in colorectal inflammatory diseases, the decreased 
FXR signaling induced by hepatic inflammation inhibits the bile 
acid transport and enhances hepatic accumulation of bile acid 
resulting in prolonged inflammation, DNA damage, apoptosis, and 
HCC development [139-141].

HCC molecular classification
The BCLC (Barcelona Clinic Liver Cancer) staging and TNM 

(Tumor-Node-Metastasis) are among the most widely used 
classification systems for HCC.  The Barcelona Clinic Liver 
Cancer (BCLC) system was originally proposed in 1999, and is 
used for both prognostic and therapeutic purposes in HCC [142]. 
The system defines 5 HCC stages: very early, early, intermediate, 
advanced, and terminal. The stages are based on variables such 
as:  tumor burden, Child-Pugh class (a scoring system which 
is  designed to predict mortality in patients with cirrhosis by 
using  five clinical and laboratory criteria to categorize patients: 
serum bilirubin, serum albumin, ascites, neurological disorder, 
and clinical nutrition status) [143], clinical status, and Eastern 
Cooperative Group Performance Status [ECOG PS],which is the 
assessment of level of function and capability of self-care used for 
oncology patients [144]. BCLC-A includes very early and early 
HCC patients, BCLC-B includes HCC patients with intermediate 
stage, and BCLC-C involves the patients with advanced stage 
(patients with one or more poor tumor variables like: ECOG PS 
1 or 2, macrovascular invasion (MVI), and extrahepatic spread 
(lymph node involvement or distant metastases), and Child-Pugh 
class A or B) [145]. This system has been validated, updated, 
and adapted by the American Association for the Study of Liver 
Diseases (AASLD), the American Gastroenterology Association 
(AGA), the European Association for the Study of Liver (EASL), 
and the European Organization for Research and Treatment of 
Cancer (EORTC) [146,147]. A difficulty in using this staging 
system is in how to categorize BCLC-B and BCLC-C patients with 

overlapping clinical features that can affect therapeutic decisions 
[148]. To this end, several subclassifications for intermediate stage 
B and advanced stage C HCC were proposed by merging different 
criteria such as tumor burden, Child-Pugh score, and performance 
status to define the best treatment option for each subclass [149-
151]. However, due to the patient-HCC heterogeneity, none of 
the subclassifications has yet been incorporated into the practice 
guidelines, and there is a need for a valid subclassification system 
[148]. A potential problem with current staging systems is that 
they rely on clinical aspects of the disease and do not consider 
genomic or molecular data [152]. 

The advances in molecular and genomic data allowed their 
utilization for classifying many tumors. Breast cancer, is the 
best example in which the molecular classification provides a 
substantial aid in treatment decision [153], and there is an urgent 
need for molecular classification systems for HCCs. To this end, 
subclassifications, combinations of the staging systems, as well 
as novel molecular classifications have been proposed to predict 
prognosis and aid in HCC management. Here, we will list some 
of them. 

Molecular-based prognostic classification
Ke et al, identified two prognosis-associated molecular HCC 

subtypes: type 1, which is the better prognosis type and type 2, 
which is the poor prognosis type. The subtypes are based on the 
expression of genes that are associated with overall survival (OS) 
and were based on analysis of data from 371 HCC patients’ available 
in The Cancer Genome Atlas (TCGA). A total of 774 significant 
OS-related genes were identified, the expression profiles of these 
genes in the 371 HCC patients were used to define subtype 1 and 
2.  Longer median survival time for molecular subtype 1 than for 
molecular subtype 2 was observed. The two molecular subtypes 
also showed significant differences in several clinical outcomes 
such as the degree of tumor differentiation, TNM stage, vascular 
invasion, as well as serum AFP level. Using Prediction Analysis 
for Microarrays (PAM) and Significance Analysis of Microarray 
(SAM) analyses, 337 subtype-specific signature genes were 
identified, with 56 signature genes for molecular subtype 1 and 
281 signature genes for molecular subtype 2. The authors reported 
that several “metabolism” associated pathways were significantly 
enriched for subtype 1 signature genes, while numerous pathways 
linked to the “cell cycle” (mainly the mitotic phase) were observed 
for subtype 2 signature genes. Moreover, while the expressions 
of signature genes of subtype 1 were significantly downregulated 
in HCC tissues, which reflects more intact hepatocyte metabolism 
and better clinical outcome, the expressions of signature genes of 
subtype 2 were significantly upregulated in HCC tissues, potentially 
contributing to uncontrolled cell proliferation, as compared to 
adjacent normal tissues. The subtype 2 HCCs, the poorer prognostic 
subtype, exhibited higher stage, poorer differentiation, and more 
frequent macrovascular invasion, which are clinical features that 
are consistent with the aggressive phenotype of the tumor. The 
authors suggested that the application of this classification will 
help predict HCC prognosis [152]. 

Molecular network-based stratification 
Another molecular stratification of HCC was proposed by 

Bidkhori et al. using transcriptomics data, genome-scale metabolic 
networks, and network topology/controllability analysis. The 
authors identified three subtypes, named iHCC1 (low grade) 
to iHCC3 (high grade), that have significant changes in various 
metabolic, signaling, and survival pathways that correlate 
with subtype specific genomic, transcriptomic, and proteomic 
differences. These three subtypes were classified according to 
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differences in the level of expression of key genes that regulate 
pathways related to survival such as kynurenine metabolism, 
WNT/β-catenin–associated lipid metabolism, and PI3K/AKT/
mTOR signaling. 8 to 28 genes that are specific to each subtype 
and contribute to controlling the metabolic network were 
identified. The three iHCCs have 18 metabolic “stratifying genes” 
that are highly expressed by one group but not the others. For the 
low-grade iHCC1 tumors with the highest patient survival, these 
tumors showed a high degree of inflammation, as well as high 
level of amino acid, fatty acid, and pyruvate metabolism. 56% of 
the patients were obese or overweight, which is consistent with 
the findings that iHCC1 stratifying genes were upregulated in 
obesity. The hallmark of the iHCC2 group is the upregulation of 
-catenin along with its targets GLUL gene, encodes the glutamine 
synthetase, and the glutamate transporters, and solute carrier 
family 1 member 2 (SLC1A2) gene, as well as lower survival 
rate as compared with iHCC1. -catenin regulates expression of 
acetaldehyde dehydrogenases, activates detoxifying pathways, and 
controls mitochondrial fatty acid oxidation and the tricarboxylic 
acid (TCA) cycle that protects the liver against alcohol induced 
- injury. Therefore, iHCC2 exhibits high fatty acid oxidation 
and low fatty acid biosynthesis and were mostly associated with 
alcohol-induced HCC. Finally, the iHCC3 group had the lowest 
survival and aggressive tumors with a high rate of metastasis. 
The aggressive clinical features correlated with overexpression 
of hypoxia-regulated genes (e.g., TGF-β, HIF1-α, and NF-κB), a 
strong Warburg effect, high epithelial-to-mesenchymal transition, 
and PI3K/AKT/mTOR activation. Moreover, this group also 
showed significant overexpression of asparagine synthetase that 
increases metastatic potential. Using transcriptomics analysis in 
HepG2 cells culture at different oxygen levels, iHCC3s were shown 
to have high expression metabolic controlling and stratifying 
genes compared to iHCC1 and 2 and these genes were upregulated 
by hypoxia. The results of these studies suggest that mechanistic 
differences between HCC subtypes might foster the development 
of HCC subtype-specific treatment strategies [154].

Transcriptomic molecular signatures
Initially, four different transcriptomic-based molecular 

classification systems for HCC were separately described and 
applied by Lee et al, Hoshida et al, Boyault et al, and Chiang et 
al [155-158]. Genome-wide gene-expression profiling was used 
to investigate the potential roles of specific genes and molecular 
pathways in hepatocarcinogenesis and to develop the molecular 
classification systems. However, these classification systems also 
considered HCC etiology and specific patient populations. The 
diverse HCC-etiological factors, the differences in the clinical 
presentations, and the correlation of the gene-expression patterns 
with specific molecular events affect the molecular heterogeneity 
of the HCC pathogenesis and posed a question of whether these 
molecular classifications can be applied across different patient 
populations [159]. Therefore, subsequent meta-analyses of these 
4 systems broadly categorized HCC into either “proliferative and 
non-proliferative”, or “progressive and less progressive” [160,161]. 
Such global framework allows HCC-molecular classification 
that is based on chromosomal alterations and works across HCC 
patients with different backgrounds and tumor-related etiologies. 
The “proliferative/progressive” category is characterized by 
mitogenic and stem cell-like properties, HBV infection, poor tumor 
features such as high AFP, poor differentiation, vascular invasion, 
and poor prognosis. The “non-proliferative/less progressive” is 
heterogeneous with ambiguous clinical and pathological features 
[160,162].

Finally, a combination of molecular and immunological 
classification was proposed by Shimada and colleagues, in which the 
HCC is categorized into 3 major subtypes: MS1, the mitogenic and 
stem cell-like tumors with chromosomal instability “progressive/
proliferative” subtype, and the MS2 and MS3 subtypes which 
subclassifies the “non proliferative/less progressive” subtypes. 
MS2 are CTNNB1-mutated tumors in which Wnt/-Catenin 
pathway is activated. The tumors exhibit an immunosuppressive 
phenotype with a lower number of regulatory T (Treg) cells than 
MS1. On the other hand, MS3 tumors are metabolic disease-
associated tumors that mostly developed in patients with obesity, 
diabetes, or NASH that are associated inflammation and ROS 
generation. MS3 tumors are further subdivided into immunogenic 
(i) and non-immunogenic (n) MS3i and MS3n subclasses. 
Activated M1 and M2 macrophages infiltrated MS3i tumor tissues 
[162]. Therefore, MS3i tumors are considered “hot tumors” and 
generally have a favorable prognosis and high response to immune 
check point inhibitors [163].

Diagnostic and prognostic biomarkers
Although measuring the level of AFP combined with abdominal 

ultrasound was a part of HCC screening for high-risk population, 
AFP has been removed from several international HCC screening 
guidelines because it was shown to not have adequate sensitivity 
and specificity. However, removal of AFP as a diagnostic tool for 
HCC screening has been highly controversial, which explains the 
persistence of AFP use for surveillance in many Asian countries 
[164]. 

Here, we will describe the most common studied HCC 
biomarkers, excluding AFP, as well as some recently discovered 
HCC biomarkers. Although some of the biomarkers that we will 
describe have low sensitivity or specificity, it has been suggested 
that the use of combinations of biomarkers with low sensitivity or 
specificity scores could improve their clinical application [165]. 
More extensive descriptions of HCC biomarkers can also be found 
in a series of excellent reviews on this topic [165-167]. 

AFP-L3
AFP-L3 is a glycoform of AFP that has strong binding affinity 

for Lens culinaris agglutinin (LCA), which recognizes sequences 
containing -linked mannose residues. AFP-L3 showed diagnostic 
HCC specificity of nearly 92%; however, its 37% sensitivity score 
and reduced diagnostic ability when AFP-L3 is <20 ng/ml have 
limited its clinical use [168]. A high-sensitive AFP-L3 (hs-AFP-L3) 
assay has been generated using chip affinity-based electrophoresis 
and showed an improved sensitivity score that could overcome the 
low diagnostic value of AFP-L3 [167].

DCP
Des-γ-carboxyprothrombin (DCP), an abnormal prothrombin that 

is produced by a defective, vitamin K-induced posttranslational 
carboxylation of prothrombin, was elevated in HCC cases and 
promotes HCC cell proliferation [167,169]. Initially, DCP was 
not validated to be used as an independent HCC biomarker, but 
its later combination with AFP and AFP-L3 has improved its 
sensitivity and specificity scores, especially in HCC patients with 
an AFP level <10 ng/ml. This combination is used as a part of HCC 
diagnosis in some Eastern guidelines [166].

GCP-3
Glypican-3 (GCP-3) is a cell-surface heparin-sulfate proteoglycan 

that belongs to the glypican family and has an important role in 
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cell proliferation [167]. Moreover, the presence of its NH2-soluble 
fraction in serum enables its use as a serologic biomarker because 
it can be easily detected in the sera of HCC patients and its level 
was shown to be higher in HCC patients than in healthy individuals 
or patients with cirrhosis. Although assessment of GCP-3 levels is 
better than AFP in differentiating small HCCs from cirrhosis, its 
combination with assessment of AFP showed higher diagnostic 
sensitivity for small HCC lesions [170]. When the level of GCP-
3 was also used in combination with assessing the levels of heat 
shock protein (HSP)70 and Glutamine Synthetase (GS), which 
are highly expressed in HCC and show a positive correlation 
between the increment of their levels and the grade of HCC (from 
precancerous to advanced HCC), the combined analysis improved 
the diagnostic ability to differentiate cirrhotic nodules from early 
HCC. Therefore, the European Association for the Study of the 
Liver and European Organization for Research and Treatment of 
Cancer (EASL-EORTC) joint guidelines now recommends the use 
of GCP3, either alone or in combination with HSP70 and GS, to 
differentiate early HCC from cirrhotic nodules [166,167].

Putative but currently not approved HCC biomarkers
Another set of HCC biomarker that have been studied but not yet 

approved for clinical use include: CK 19, which might predicts 
poor prognosis; Golgi protein 73 (GP73), a potential diagnostic 
HCC marker; Osteopontin (OPN), which is overexpressed in 
> 30 types of malignant tumors including HCC; squamous cell 
carcinoma antigen (SCCA), which might predict response to 
treatment in HCC patients; and Annexin A2, which was suggested 
as a serological biomarker for the diagnosis and prognosis of 
HCC, but has not yet been incorporated into clinical practice. It is 
interesting to note that the combination of CK19 and GPC3 showed 
better diagnostic sensitivity than GPC3 alone and that GP73, OPN, 
SCCA, and Annexin A2 demonstrated higher diagnostic power 
when combined with AFP [165-167]. 

HOXA9
Homeobox protein Hox-A9 is encoded by HOXA9 gene, a 

member of the HOX genes family. Members of this family control 
precise spatial and temporal regulation during embryogenesis as 

well as overall body shape. HOXA9 is overexpressed in many 
cancers. Although HOX9 overexpression was not detected in 
HCC, hypermethylation of HOXA9 was discovered in HCC 
samples that were assessed by quantitative methylation-specific 
PCR (qMSP). This hypermethylation showed 73.3% sensitivity 
and 97.1% specificity in HCC diagnosis [165]. 

EFABP
The Epidermal fatty acid-binding protein (EFABP), a member 

of the FABP family that acts as a soluble FA-binding protein and 
is uniquely expressed in epidermal cells [171], was found to be 
overexpressed in many tumors, including HCC [172]. A recent 
study showed that EFABP overexpression in HCC is positively 
associated with high-grade tumors, vascular invasion, and a higher 
TNM stage. Kaplan–Meier analysis revealed that the patients with 
high EFABP expression had significantly worse overall survival, 
worse disease-free survival, and a higher recurrence rate. It 
was reported that EFABP contributes to HCC development and 
progression via promoting the EMT transition, upregulating the 
matrix metalloproteinase 9 expression, and increasing angiogenesis. 
EFABP could be a potential HCC prognostic biomarker because 
EFABP high expression is an independent risk factor for overall 
survival, disease-free survival, and HCC recurrence. EFABP may 
also be a potential therapeutic target to prevent accumulation of fat 
in the liver of patients with NAFDL or NASH [173].

CKAP4
Another protein that showed a potential diagnostic role in 

detection of HCC is the Cytoskeleton-Associated Protein 4 
(CKAP4), a non-glycosylated and reversibly palmitoylated type 
II trans-membrane protein that is a cell surface receptor of the 
plasminogen activator and surfactant protein A [174]. CKAP4 
overexpression was shown to decrease both the proliferative 
and invasion of HCC by suppressing the activation of epithelial 
growth factor receptor (EGFR) signaling [175]. However, one 
study showed that CKAP4 was shown to be significantly elevated 
in some HCCs, and that the combination of CKAP4 and AFP 
detection showed better diagnostic performance than either one of 
them alone. However, this was a retrospective study, and further 

Biomarker Type of Biomarker Clinical application Reference
Epidermal fatty acid-binding protein 
(EFABP)

FA binding protein Potential HCC prognostic biomarker  [173]

Cytoskeleton-Associated Protein 4 
(CKAP4)

trans-membrane protein & a cell 
surface receptor

the combination with AFP showed better diagnos-
tic performance than either one of them alone

 [176]

Endocan  Endothelial-specific molecule the combination of Endocan, VEGF, and AFP can 
be a potential diagnostic biomarker for HCC, and 
can predict HCC mortality

 [179]

D-dimer Fibrinolysis associated protein potential biomarker to predict PVT risk in HCC  [181]
TSH Thyroid Stimulating Hormone Potential prognostic biomarker  [182]
  Betaine and Propionyl carnitine Tissue metabolites Differentiating HCC from nonmalignant liver 

disease
[188]

Combination of:  (methionine, proline, 
ornithine, pimelyl carnitine, and octa-
noyl carnitine)

Tissue metabolites Potential HCC diagnostic biomarker [189]

Oleic acid, Octanoic (caprylic) acid and 
Glycine

Tissue metabolites differentiating HCC cases among HCV-cirrhotic 
patients

[194]

Table 2:  A  list of some of the novel HCC biomarkers 
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studies to confirm the biomarker value of CKAP4 are still required 
[176].

Endocan
Endocan or endothelial-specific molecule-1 is a soluble 

proteoglycan that is produced and secreted by activated vascular 
endothelial cells, including tumor endothelial cells [177]. 
Endocan production is increased by angiogenic factors, TNF 
and IL-β [178]. A study conducted by Youssef et al. showed that 
the combination of Endocan, VEGF, and AFP can be a potential 
diagnostic biomarker for HCC and can predict HCC mortality. A 
total of 195 patients with CHC were divided into HCV cirrhotic 
patients with HCC and HCV cirrhotic patients without HCC. 
Endocan had higher sensitivity and specificity in diagnosing 
HCC than either AFP or VEGF. The mean serum endocan levels 
were higher among HCC patients than the non-HCC patients. 
A statistically significant positive correlation between serum 
endocan level and poor tumor features such as large, numerous 
focal lesions and, most commonly, a child Pugh C score. The OS 
survival of HCC patients with high levels of VEGF and endocan 
(>4,000 pg/mL) were significantly lower than that of patients with 
low levels [179].

D-Dimer
Portal Vein Thrombosis (PVT) is a major complication and poor 

prognostic factor that affects the treatment decisions and options 
for HCC [180]. D-dimer levels in HCC patients with PVT were 
shown to be significantly higher than in HCC patients without 
PVT. D-dimer, is produced by endogenous fibrinolysis by the 
action of activated thrombin on fibrinogen; therefore, D-dimer 
levels increase with increased vascular fibrinolysis. This suggests 
that D-dimer levels can be a potential biomarker to predict PVT 
risk in HCC and can serve as a cheaper noninvasive alternative to 
US [181].

TSH
The high recurrence rate of HCC following surgical resection 

inspired some researchers to explore for biomarkers that could 
predict recurrence. One potential biomarker that was investigated 
was Thyroid Stimulating Hormone (TSH) [182]. The rationale 
supporting the use of TSH level as a novel predictor is that 
hypothyroidism patients (TSH 5µIU/mL) have 2-fold risk of 
HCC [183]. Moreover, some studies confirmed the presence of 
TSH/TSHR (TSH receptors) in human liver and the TSH/TSHR 
overexpression is correlated with poor prognosis in patients with 
HCC [184]. As a result, this study confirmed that higher TSH levels 
is correlated with shorter progression period and the combination 
of high TSH levels with BCLC C-D predicts shorter PFS in HCC 
patients. The prognostic model consists of BCLC stage, presence 
of PVT, AFP level, and TSH level; this gives the model more 
accuracy than other models to predict the tumor recurrence [182].

The metabolome as biomarkers
The modified metabolism of the cancer cells, such as the Warburg 

effect, has been the focus of research for many decades [185]. 
Tissue metabolic profiling reflects the metabolic milieu of the tissue 
or organ, whereas serum metabolomic profiling gives a general 
idea about an organism’s entire metabolic system. Metabolic 
profiling, also referred to a metabolomics, could identify metabolic 
biomarkers in the metabolome of tissue and serum in response to 
hepatocarcinogenesis, and these could also serve as new HCC 
prognostic, therapeutic, or follow up biomarkers [186,187].

In a study conducted by Huang et.al using liquid chromatography-
mass spectrometry (LC/MS), the metabolic characteristics of 
HCC tissues and their effects on surrounding and distant non-
cancerous tissues were evaluated. The study showed a decrease 
in TCA-related metabolites and an increase in glycolysis related 
metabolites. The authors concluded that betaine and propionyl 
carnitine can be potential diagnostic biomarkers for HCC and are 
better than AFP for differentiating HCC from nonmalignant liver 
diseases [188].

Another panel of metabolites that showed higher accuracy than 
AFP in distinguishing HCC from cirrhosis was related to defects in 
ammonia recycling, the urea cycle, and amino acid metabolism. This 
panel consists of methionine, proline, ornithine, pimelylcarnitine, 
and octanoylcarnitine, which were significantly elevated in HCC, 
and their combined elevation can act as a potential diagnostic 
HCC biomarker. A positive correlation between the severity of 
HCC and the levels of methionine, ornithine, and proline was also 
demonstrated. Therefore, this panel of  metabolites may provide a  
high diagnostic value for HCC [189].

Some studies demonstrated the correlation between the HCC 
etiology and the expression of certain metabolites. For example, 
Sun et al. identified a set of metabolites that can be used as non-
invasive diagnostic biomarkers in HBV-related HCC patients 
using LC-MS based metabolomic assays. These assays were 
performed on plasma samples from treatment-naïve HBV-infected 
HCC patients including data sets for gender- and age-matched 
AFP–ve(<7 ng/ml) HCC and AFP+ve HCC subjects, as well as 
other HCC groups, HBV-infected individuals without HCC, and 
healthy individuals. The authors identified 8 metabolites that had 
a significant discriminatory power between HBV-related HCC 
and healthy controls. These metabolites were associated with 
protein and sphingolipid metabolism and play an important role in 
hepatocarcinogenesis. Lipid metabolism was significantly different 
among the HBV-related HCC, HBV-infected, and healthy control 
groups [190]. These results are consistent with a previous studies 
demonstrating that the hypoxic environment associated with HCC 
growth makes the cancer cells increase lipid metabolism to adapt to 
this environment [191]. Supporting this notion, Sun et al. showed 
that  increased cellular lipid metabolism and consumption resulted 
in decreased expression levels of lipid metabolites in the plasma of 
HCC samples [190]. Moreover, the activation of lipid metabolism  
promotes the generation of the anti-apoptotic protein, human 
phosphatidylethanolamine binding protein 4 (hPEBP4), which 
activates PI3K/Akt/mTOR signaling to promote tumorigenesis 
[192]. Sun et al. also demonstrated that there were higher HBV 
DNA levels in the AFP+ve HCC group [190]. Interestingly, the 
HBV HBx protein enhances the expression of AFP, and AFP, in 
turn, suppresses expression of the tumor suppressor gene growth 
arrest and DNA damage 45a (GADD45a) protein, which has 
decreased expression in HBV-related HCC [193]. Therefore, these 
lipid metabolites, such as sphingolipids, might serve as potential 
biomarkers in diagnosing HBV-related HCC [190]. 

A similar study was conducted in HCV-infected patients and 
identified 5 metabolites that exhibited a strong discriminatory 
power between HCV-associated HCC and HCV-associated 
cirrhosis. These metabolites were octanoic acid (caprylic acid) and 
decanoic acid (capric acid), medium-chain saturated fatty acids; 
oleic acid, a monounsaturated fatty acid; oxalic acid, a saturated 
dicarboxylic acid; and glycine, a glucogenic amino acid.  Data 
analysis demonstrated that oleic acid, octanoic acid, and glycine 
had higher positive predictive value than AFP in differentiating 
HCV-related HCC from HCV-related cirrhosis [194]. These 
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findings are supported by the notion that HCV dysregulation of 
lipid metabolism, including liponeogenesis, which supplies a lipid 
rich environment for HCV replication, causes lipid accumulation 
in the liver [195]. It is important to note, however, that there 
is discrepancy in the findings of studies assessing fatty acid 
metabolism in HCC and how fatty acid metabolism is altered 
in carcinogenesis. While some studies showed upregulation of 
de novo fatty acid synthesis, others showed increased fatty acid 
oxidation [196].

The microbiome as a biomarker
There is a growing appreciation for the role of the gut 

microbiota in tumorigenesis, and a study conducted by Ren et al. 
demonstrated that microbial biomarkers can potentially be used 
to diagnose HCC, even in advanced stages, and to differentiate 
early HCC from cirrhosis. 419 fecal samples were collected and 
analyzed using 16S rRNA Miseq sequencing (a sequencer that 
can perform  DNA sequencing, and data analysis in a single run 
[197]). 30 Operational Taxonomy Units (OTUs) were identified 
and showed a significant power to differentiate early HCC from 
non-cancerous lesions. The lipopolysaccharide producing genera 
were increased in early HCC compared to healthy controls. While 
microbial diversity decreased from healthy individuals to cirrhosis, 
it increased from cirrhosis to early HCC with cirrhosis. Since the 
study involved populations from different regions with different 
gut microbiomes, the results demonstrated that the same general 
features are shared among microbial dysbiosis signatures of HCC 
[198]. These results are similar to the results obtained from the 
colorectal carcinoma-related gut microbiota [199].
Biomarkers of the immunotherapy response

The increasing role of immunotherapy in treating several cancer 
types makes it a very promising therapy, but the response rate 
is still limited to a subset of patients [200,201]. This might be 
related to the tumor features and/or the complexity of the tumor 
microenvironment. Several studies showed that directly targeting 
the tumor with treatments such as chemotherapy or radiation 
therapy and/or indirectly targeting the microenvironment by 
altering factors such as the gut microbiome or the cytokine milieu 
can result in higher responses to immunotherapy. Therefore, 
several biomarkers, albeit weak, have been validated to predict the 
immunogenicity of the tumor and its microenvironment including 
PD-L1 expression, tumor mutational load, and DNA mismatch 
repair (MMR) deficiency [202]. In a recent study, additional 
predictors of responsiveness to anti-PD-1 immunotherapy were 
identified:  the associations with T cell receptor (TCR) diversity 
and/or clonality, host HLA genotype, a favorable gut microbiome, 
and the body mass index (mediated by leptin) [203].
Lung Immune Prognostic Index (LIPI)

An interesting prognostic model, lung immune prognostic index 
(LIPI), was suggested by Mezquita and his colleagues. The model 
uses a combination of a derived neutrophil-to-lymphocyte ratio 
(dNLR) ≥ 3 and a pretreatment lactate dehydrogenase (LDH) 
level ≥ the upper limit of normal (ULN) to predict prognosis for 
patients with non-small-cell lung cancer (NSCLC) treated with 
immune checkpoint inhibitors (ICIs) [204]. This prognostic model 
has been successfully used in tumors other than NSCLC [205]. 
Another analysis has shown its potential to be applied in patients 
with advanced HCC treated with PD-1 inhibitors. The results 
demonstrated significantly higher OS and PFS in HCC patients 
treated with PD-1 inhibitors who have good LIPI (dNLR < 3 and 
LDH normal) as compared to those with intermediate/poor LIPI 
(dNLR ≥ 3 or/and LDH ≥ ULN) [206].

MicroRNAs(miRNAs)
miRNAs are small, (19-20) nucleotide , highly conserved, single-

stranded, noncoding RNA molecules that represents 1-5% of the 
human genome [207]. In the cell, miRNAs play a significant role 
in posttranscriptional regulation of up to 60% of the protein-coding 
genes [208]. MiRNAs can be found in blood as free molecules or 
bound to proteins. The combination of PCR and bioinformatics 
studies has identified several miRNAs that are upregulated in HCC 
and represent promising biomarkers for HCC diagnosis, prognosis, 
and treatment  [165,166,209].

MiRNAs bind the complementary target mRNA by base 
pairing and inhibit protein production either by inhibiting mRNA 
translation or by degrading the complementary mRNAs [10,207]. 
MiRNAs are involved in several cellular pathways that regulate 
immune responses, metabolism, and apoptosis, to name a few 
[208,210]. Dysregulated levels of miRNAs are found in numerous 
cancers [210] and were reported to contribute to tumorigenesis 
[208]. In liver cancer, miRNAs are involved in cancer initiation, 
progression, and angiogenesis and can mediate responses to 
treatments [207]. Several studies have reported that miRNA-21, 
miRNA-221, and miRNA-222 are upregulated in liver cancers, 
while the expression of miRNA-122-a, miRNA-145, miRNA-
199-a, and miRNA-223 is downregulated in HCC as compared 
to normal tissue [211]. MiRNA-122 constitutes up to 52% of the 
human hepatic miRNAs and plays an important role in hepatocyte 
differentiation. Decreased miRNA-122 levels were correlated 
with poor prognosis in HCC patients due to hepatic phenotype 
repression [208]. MiRNA-122 also interacts with the HCV genome 
and contributes to HCV stability and disease development [212]. 
MiRNA-122 is upregulated in HCV-induced HCC suggesting that 
it plays a different role than in non-HCV induced HCCs [213]. 
Miravirsen, a miRNA-122 inhibitor, was the first miRNA-targeted 
drug that was introduced into the clinic [208]. Miravirsen acts by 
sequestering miRNA-122, and it was reported to be safe drug due 
to very few off-target effects and short term use [214]. As compared 
to HCV-infection, HBV infection was found to be correlated with 
a decreased level of miRNA-122. One suggested mechanism is 
that HBV mRNA contains numerous miRNA-122 binding sites 
that sponge miRNA-122 resulting in lower available miRNA-122. 
Although the mechanism is still undetermined, many studies 
have reported that mi-RNA 122 interferes with HBV replication, 
protein expression, and RNA transcription and that HBV viral load 
is conversely correlated with the level of miRNA-122 [215-217]. 
Many in-vivo experiments showed that miRNA-122 restoration has 
reversed HCC tumorigenesis in human and mouse hepatoma cell 
lines, which makes miRNA-122 restoration a potential therapeutic 
strategy to prevent HBV-induced HCCs [208,218,219]. Similarly, 
some studies showed that the level of miRNA-122 is reduced when 
HCC-miRNA 122 expressing cells are treated with Sorafenib 
and that miRNA-122 restoration increases HCC sensitivity to 
Sorafenib and Doxorubicin treatment, suggesting that miRNA-122 
mimetics might be used alone or in combination with chemo/
targeted therapy for treating HCC patients [220,221]. Additionally, 
miRNA combinations, for example panel of 3 miRNAs (miR92-
3p, miR-107, and miR-3126-5p)  have been shown to be promising 
biomarkers for early HCC detection and diagnosis, to have higher 
sensitivity than AFP, and to better detect AFP-negative HCC [222-
225].

Exosomes
Exosomes are membranous vesicles released from the cells into 

the extracellular space and are formed by the fusion of intracellular 
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multivesicular bodies with the plasma membrane. Exosomes are 
composed of a membrane lipid bilayer and can contain DNA, 
proteins, mRNAs, or miRNAs according to their source. Exosomes 
can be found in either biological body fluids, such as urine, blood, 
and saliva, or secreted from certain types of cells including B 
lymphocytes, T cells, mast cells, dendritic cells, tumor cells, 
endothelial cells, and mesenchymal stem cells [211]. Exosomes 
are considered as an additional mechanism of signaling between 
cells by delivering their content from one cell to another [226]. 
Exosomes carry proteins referred to as the “exosome marker” that 
are cell-specific and reflect the phenotype of the cell of origin. The 
constituents of the exosomes, for example the protein, lipids, and 
nucleic acid contents correlate with the physiological state of the 
cell of origin [227].

The combination of the difficulties in degrading the proteins, 
DNA, and RNA content of exosomes owing to the protection by the 
bilipid layer, the ease of extracting exosomes from the biological 
body fluids, and the growing role of miRNA in cancer detection, 
diagnosis, and protection, render the exosomes applicable 
targets for treating many cancers, including HCC [211,228,229]. 
Manipulation of exosomes and miRNAs have been shown to 
improve the response to chemotherapeutic agents in HCC [230]; 
however their role in immunotherapy in HCC still needs to be 
investigated [211].

DNA methylation
The results of one study found that DNA methylation mostly 

affects six hub genes and their pathways. These include, Mitotic 
Arrest Deficient 2 Like 1 (MAD2L1), Cell Division Cycle 
20 (CDC20), CCNB1, CCND1, Androgen receptor (AR) and 
Estrogen receptor 1(ESR1). Pathway analysis showed that patients 
with high expression of MAD2L1, CDC20, and CCNB1 and 
low expression of CCND1, AR, and ESR1 had shorter overall 
survival. MAD2L1 and CDC20, two mitotic checkpoint genes, 
and CCNB1, a G2/M-phase checkpoint regulator, may all be 
abnormally methylated genes in HCC that regulate cell cycle 
and proliferation and are correlated with tumor aggressiveness, 
recurrence, and poor prognosis.  CCND1, a regulator of G1 to 
S phase progression [231];  AR, a steroid hormone receptor that 
contributes to human hepatocarcinogenesis by stimulating cell 
growth [232]; and ESR1,  a transcription factor which regulates 
cell cycle, cell proliferation, apoptosis, and inflammation [233]; 
are correlated with poor HCC prognosis, hepatocarcinogenesis , 
and metastasis. Therefore, the results of this study suggested that 
these genes and their methylation can serve as a new diagnostic and 
prognostic biomarker for HCC. Because DNA methylation can be 
reversible, the identification of aberrantly methylated oncogenes 
and tumor suppressor genes can have potential therapeutic 
applications in the treatment of HCC [234]. Zebularine, a DNA 
methyltransferase inhibitor, blocked cell proliferation and induced 
apoptosis in HepG2 cells [235]. 5-aza-2’-deoxycytidine (DAC), 
another DNA methyltransferase inhibitor, was shown to inhibit 
telomerase activity, induce reactivation of p16 by demethylation 
of its promoter, and repress c-Myc expression in HCC cell lines. 
DAC also synergized with cisplatin to induce apoptosis in HCC 
cell lines [236]. 

Diagnostic tools
According to several practice guidelines, the major diagnostic 

methods for HCC are Ultrasonography (US), Computed 
Tomography (Ct)-scan, and Magnetic Resonance Imaging (MRI) 
[237]. This section is a transition from the research side to the 

clinical side in which we will list some of the advances that allow 
better detection rates using US and MRI. We will also discuss the 
evolving role of PET-SCAN in HCC diagnosis.

Ultrasonography (US)
US is a major diagnostic method for HCC around the world 

due to its availability, low cost, and non-invasive nature. But US 
findings can be confounded by other factors, like the expertise 
of the examiner, the nature of the liver disease, and the body’s 
nature variation from one patient to another. The US sensitivity 
for detecting any HCC lesion is about 84% as shown by a 
meta-analysis of cohort of US studies, with significantly lower 
(47%) for small HCC lesions [238,239]. Because cirrhosis is 
a major risk factor for developing HCC and US showed a key 
role in HCC early detection in patients with cirrhotic livers, the 
international guidelines have implemented US as a method for 
early HCC detection and surveillance. The safety of this method 
(no radiation exposure) as compared to CT-scan and MRI, as well 
as its low price, has made US a very convenient method [238-
240]. Moreover, the use of blood flow dynamics color Doppler 
and contrast-enhanced US have increased the sensitivity and 
specificity for early HCC detection [239]. More recently, the 
American Association for the Study of Liver Diseases (AASLD) 
has incorporated alpha‐fetoprotein (AFP) with Liver Imaging 
Reporting and Data System (LI‐RADS) for HCC surveillance and 
has defined two risk groups for which the surveillance is highly 
recommended. The first risk group includes patients with liver 
cirrhosis plus one of the following risk factors: chronic HBV 
infection, chronic HCV infection, chronic alcohol consumption, 
nonalcoholic steatohepatitis, stage 4 primary biliary cholangitis, 
genetic hemochromatosis, alpha‐1‐antitrypsin deficiency, or 
other cirrhosis-causative factors. The second risk group includes 
patients without cirrhosis but at high risk of developing HCC; 
these include: Asian male hepatitis B carriers ≥40 years old, 
Asian female hepatitis B carriers ≥50 years old, Hepatitis B 
carriers with family history of HCC, African/North American 
black individuals with hepatitis B who are ≥20 years old. The 
LI-RAD system classifies the liver lesions from definitely benign 
(LR‐1) to intermediate probability (LR‐3) to definite HCC (LR‐5) 
, and the HCC diagnosis  probability is based on a combination 
of major and minor criteria, including arterial enhancement, 
delayed washout, enhancing capsule, and threshold growth [238]. 
Depending on HCC lesion size, the patterns of internal echoes 
range from hyperechoic pattern 12–38% to hypoechoic pattern 
23–54% to mosaic pattern 17–38% [239]. In healthy people, 75% 
of the liver blood supply come from the portal vein, whereas a 
nodule in the liver or an HCC tumor that originates in the context 
of liver cirrhosis mainly receives an arterial blood supply [240]. 
The artifacts that are produced by tissue motion during US can 
be now reduced by using a new technique developed by Canon 
Medical Systems, Otawara, Japan called superb microvascular 
imaging. Using this technique can differentiate between the low-
velocity capillary blood flow and tissue motion [239]. 

Sonazoid is a second-generation US contrast agent that is a lipid-
stabilized suspension of perfluoro butane gas microbubbles, and it 
is metabolized via the lungs, which make it safe for patients with 
renal dysfunction or allergy [239]. Sono Vue is another second-
generation contrast agent micro bubble with Sulphur- hexafluoride 
gas and a palmitic acid shell [240]. CEUS (Contrast-enhanced 
ultrasound) using Sonazoid or Sono Vue has significantly aided in 
HCC detection and  tumor grade determination, and it can be also 
used for US-guided ablative therapy [239,240]. The limitation of 
Sono Vue CEUS is that it cannot be used for surveillance because 
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it cannot evaluate more than one lesion at a time due to the short 
arterial phase period; Sonazoid does not have this limitation [240].

CT-scan and MRI are not recommended for HCC surveillance 
due to radiation exposure, but they represent an important HCC 
diagnostic tool. In the following section, we will summarize some 
of the advancements in MRI HCC-detection protocols.

MRI
Diffusion Weighted Imaging (DWI)  MRI is the routine MRI 

protocol used in HCC evaluation that depends on the diffusion 
properties of water molecules in biological tissues [241]. This 
protocol also supplies information about cellular density of the 
tissues, the microvascular invasion (MVI), as well as the degree 
of tissue necrosis in response to therapy [242]. DWI  when  
combined with Gd-EOB-DTPA, Gadolinium-based hepatobiliary 
contrast agents, can assess the presence of MVI by assessing 
tumor size, tumor margin, peritumor enhancement, and peritumor 
hypointensity during the hepatobiliary phase of the MRI. The 
presence of MVI affects the surgical choice in HCC treatment 
[243]. Moreover, the dynamic contrast-enhanced (DCE)-perfusion 
MRI is used to assess angiogenesis development in HCC through 
quantitative assessment of several parameters including the 
volume transfer constant (Ktrans). Ktrans is correlated with 
vascular endothelial growth factor (VEGF) expression, which is 
higher in the high grade HCC than in low grade HCC [242]. DCE-
MRI can be used to assess the response to anti-angiogenic drugs 
and to predict the patient’s survival [244].

A recent MRI technique is the Mass Spectrometry or Nuclear 
Magnetic Resonance spectroscopy (MRS) which depends on the 
magnetic properties of essential atomic nuclei like protons (1 H) or 
carbon-13 (13C) to assess metabolite concentrations in the tissues 
[245]. This technique is useful in differentiating HCC arising from 
non-alcoholic fatty liver disease (NAFLD) from HCC arising 
from cirrhosis depending on the level of Glutamine Synthetase 
(GS) and aromatic amino acid levels, respectively [246]. Despite 
all the advantages of MRI in HCC diagnosis, it can be  limited by 
difficulties in positioning the patient, generation of artifacts, and 
poor image quality [242].

FDG-PET
Although fluorodeoxyglucose (FDG)-positron emission 

tomography (FDG-PET) has a major diagnostic utility in general 
oncology, its initial use in HCC diagnosis was very limited 

[247]. However, there is a growing evidence that FDG-PET is an 
important tool for HCC evaluation. Low survival of HCC patients, 
high risk of recurrence, high grade tumors, and tumors with MVI 
correlated with enhanced FDG uptake, and FDG-PET can predict 
the risk of recurrence following hepatectomy [248]. A recent study 
by Yoh et al, suggested a novel combination of Standardized 
Uptake Value (SUV) ratio of the PDG-PET and albumin–bilirubin 
grade to assess the hepatic functional reserve, which is the most 
important predictor of OS following hepatectomy [249]. Another 
study done by Park et al. showed an improved OS with resection 
margins > 1 cm in HCC patients with PET positive lesions and 
not in PET negative lesions. Moreover, PET-SCAN can be used 
to select patients who will benefit from surgical resections vs the 
patients who need a liver transplant [250]. Although chemotherapy 
is the standard of care for patients with locally advanced HCC, 
some patients might benefit from locoregional treatments. 
Therefore, Rhee et al. proposed a combination of AFP with SUV 
max to characterize the high-risk patients (SUVmax >4.825 + AFP 
>550 ng/ml) who might benefit from systemic therapy and low 
risk patients who would benefit more from the locally aggressive 
treatment options [251]. Additionally, FDG-PET can be used for 
tumor necrosis assessment following HCC locoregional therapies 
[248].

Radiomics and radiogenomics
A recent field that combines imaging techniques with tumor 

biology is called “radio genomics”.  Radiogenomics can predict the 
molecular profile of the tumor from cross-sectional imaging and 
expands the ability of the radiologists to correlate quantitative and 
qualitative data obtained from imaging  with the genetic profile of 
the patient such as gene expression patterns,  gene mutations, and 
other genome-related characteristics [252]. For example,  Wnt/-
catenin activation is associated with lower enhancement ratio on 
diffusion-weight imaging of HCC. Radiogenomic correlations 
are more informative than correlations with anatomy or histology 
alone. Therefore, this field aids in providing a more personalized 
management for the cancer patient. However, this is different from 
“radiation genomics” in which the scientists study the effects of 
radiation therapy on the genome [253]. Radiomics, on the other 
hand, correlates the image texture features (e.g., mean and SD, 
mean of positive pixels) with the clinical data (e.g., PFS, OS), 
and thus plays a role as a noninvasive prognostic tool [254]. The 
role of radiogenomics and radiomics in HCC has been studied 
and validated in a number of studies and demonstrated promising 

Figure 2: Some of the HCC cellular targets and their directed treatment options

•	 Denotes non-FDA approved drugs.
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results. Primary studies showed the potential use of radiogenomics 
and radiomics for  therapeutic and prognostic stratification  in 
HCC; however, further studies are warranted [253].

Treatment options
The treatment options for HCC depend on several factors that 

are either tumor related, such as the number, size, and location 
of the tumor lesions, or patient related, such as the presence of 
cirrhosis, the patient’s performance status, the operative risk, and 
whether the stage of the disease is early or advanced. Although 
hepatectomy and liver transplantation often represent the best 
surgical strategies for HCC, liver transplantation is only suitable 
for ~5% of HCC patients, and hepatectomy is complicated 
by substantial risk of local recurrence (~75%) within 5 years 
[255,256]. Microvascular Invasion (MVI) is an independent risk 
factor for postoperative HCC recurrence [257]. MVI is defined 
as the microscopic presence of cancer tumor cells in any hepatic 
branch of the portal vein [258]. MVI determines the eligibility for 
liver transplant, the possibility of anatomical liver resection, and 
the resection margin [257].

Ethanol injection, RFA, cryotherapy, and transcatheter arterial 
chemoembolization (TACE)  are local ablative procedures that 
are commonly used to treat HCC patients who are not surgical 
candidates. These procedures as well as systemic therapy can 
also serve as a bridge to transplant therapy by delaying HCC 
progression [255,256,259]. The hypervascular nature of HCC 
tumors justifies the use of TACE and other  procedures that are 
directed at the hepatic artery [260].  However, there is  high HCC 
recurrence following TACE, which was proposed to be related 
to the shedding of tumor cells into the blood stream during the 
procedure [261]. Circulating tumor cells (CTCs) are considered 
to be an important predictive marker for tumor recurrence in 
breast and colorectal cancers [262], but the role of CTCs in HCC 
recurrence remain undefined.

For patients with very advanced disease and/or those who are 
ineligible for liver transplant, and/or not surgical candidates, 
systemic therapy can be used either  as a palliative therapy or 
in an attempt to convert unresectable lesions to resectable ones 
[255,256]. Different classes of systematic therapies are approved 
for HCC treatment (i.e., chemotherapy, TKIs, and immune 

checkpoint inhibitors). HCC systemic therapies using tyrosine 
kinase inhibitors (TKIs) that target VEGF/VEGFR overexpression 
[260], which upregulates angiogenesis in tumors [178], can also 
overcome problems associated with the hypervascular nature of 
HCC [260]. However, systemic therapy is complicated by either 
the development of resistance or the accumulation of somatic 
mutations and chromosomal aberrations that play a key role in 
HCC initiation and progression and cannot be targeted by current 
treatment options [263,264].

In this section, we will review some recent updates in the field of 
HCC management.

Local ablative therapies and surgical resection
To determine whether CTCs affect TACE-association HCC 

recurrence, Fang et al. assessed the levels of CTCs in the peripheral 
blood and right atrium of HCC patients before and after TACE and 
compared these levels with time to progression to local recurrence 
or appearance of a new lesion. This study showed that prior to 
TACE, there was significantly higher numbers of CTCs in the right 
atrial blood than in peripheral blood, but the numbers of CTCs 
in both sites did not change after TACE. Therefore, this study 
demonstrated that intraoperative tumor-cell shedding did not affect 
the time to recurrence [265].

Deng at el. recently proposed a nomogram to predict the 
preoperative risk of MVI in HCC patients. This nomogram uses a 
combination of tumor size, preoperative AFP level, and neutrophil-
to-lymphocyte ratio (NLR) and has sensitivity (61.64%), specificity 
(71.53%) and positive predictive value (64.13%). The cutoff value 
of predicted probability for MVI was set to 0.44, with low-risk 
patients defined as having a value for predicted probability as 0.44 
or less. The clinical application of this nomogram helps determine 
which patients will receive liver transplant and guides surgeons in 
the choice of the best surgical option [266].

Systemic therapies
In this section, we will discuss some of widely used FDA 

approved TKIs and immune checkpoint inhibitors.

Tyrosine Kinase Inhibitors (TKI)
Sorafenib was the first TKI approved by the U.S FDA as the 

Figure 3: 2021 ASCO guidelines for selecting available treatment options for advanced HCC
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first line treatment for advanced HCC [260]. The SHARP trial 
showed that Sorafenib treatment resulted in three months median 
survival benefit and an improved progression free survival for 
HCC patients [267]. Lenvatinib showed a noninferior median 
survival and could replace Sorafenib. The side effects associated 
with both drugs include hypertension, weight loss, and palmar-
plantar erythrodysesthesia  but are manageable [260]. The 3 trials 
that tested the efficacy of TKIs were: the RESORCE trial, which 
tested Regorafenib, a multitarget TKI; the CELESTIAL trial, 
which tested Cabozantinib, a TKI targeting mainly cMET and 
VEGFR2; and the REACH-2 trial, which tested Ramucirumab, an 
anti-VEGFR2 antibody. The three trials  demonstrated efficacy of 
these TKIs as second-line treatments for patients who progressed 
on Sorafenib. All three agents showed a significant progression-
free survival benefit versus placebo. Only Regorafenib and 
Cabozantinib demonstrated a significant overall survival benefit 
versus placebo. A subgroup analysis of the REACH-2 trial showed 
that Ramucirumab activity was limited to patients with baseline 
AFP levels > 400 ng/mL [260,268,269].

Checkpoint Inhibitors (CPI)
The current checkpoint inhibitors (CPI) that are approved 

by the FDA are: cytotoxic T lymphocyte–associated protein 4 
(CTLA‐4) inhibitors (Ipilimumab and Tremelimumab), anti–
programmed cell death protein 1 (anti‐PD‐1) agents (Nivolumab 
and Pembrolizumab), and anti–programmed death‐ligand 1 (PD‐
L1) agents (Atezolizumab, Avelumab, and Durvalumab). The lack 
of significant improvement of outcome, OS, and PFS in phase 
3 trials to date impedes the use of CPIs as single agents in the 
first- or second-line setting. Therefore, multiple clinical trials 
have investigated the combination of CPIs with other agents in 
an attempt to modulate the tumor microenvironment and improve 
the treatment efficacy and tumor response [270]. In the IMbrave 
150 phase 3 trial, Atezolizumab plus Bevacizumab showed a 
significant improvement in median PFS (6.8 vs. 4.3 months) and 
a significant improvement in OS at 12 months ( 67.2% vs 54.6% 
) as compared to Sorafenib for 1st line treatment with grade 3/4 
adverse events (57% vs 55% for Sorafenib) [271]. A subgroup 
analysis showed that OS benefit was higher in patients who were 
ECOG PS 1, hepatitis B positive, hepatitis C positive, Barcelona 
clinic liver cancer stage C, and/or alpha-fetoprotein < 400 ng/
mL, and in patients without extrahepatic spread or macroscopic 
vascular invasion [260]. The rationale for this combination of 

Atezolizumab plus Bevacizumab was based on the fact that VEGF 
overexpression precludes cytotoxic T lymphocyte recruitment, 
inhibits their proliferation, and blocks their function [272]. 
Therefore, treatment with anti-VEGF/VEGFR (Bevacizumab) 
favors the tumor response to Atezolizumab via increasing the 
tumor access of cytotoxic T cells [273]. Finally, the high complete 
response rate and overall survival showed by CheckMate 40 trial 
led to an accelerated approval by U.S FDA for the combination 
of Nivolumab plus Ipilimumab for patients with advanced HCC 
previously treated with Sorafenib. Treatment-related adverse 
events were manageable and consistent with other tumor types 
treated by immunotherapy. This combination is the first approved 
combined immunotherapy for second line treatment [274].      

Factors that affect response to CPIs
The gut microbiota has been shown to affect the immunotherapy 

response in melanoma, SCLC, colorectal carcinoma, and other 
cancer, but its effects on HCC immunotherapy was reported for 
the first time by Zheng et al [275]. Eight HCC patients with BCLC 
stage C disease receiving anti-PD-1 antibodies every 3 weeks 
as second line after progression on Sorafenib were enrolled in 
this study. The researchers classified the patients as responders 
and non-responders based on radiological evaluation according 
to Response  Evaluation  Criteria  in  Solid  Tumors (RECIST 
1.1). Using metagenomic sequencing, the changes in the gut 
microbiota were followed by collecting fecal samples at different 
time points. This study revealed that there was no severe drug 
dysbiosis before starting the treatment in both groups, and the 
fecal samples were dominated by the Gram-positive Firmicutes, 
Gram-negative Bacteroidetes, and Gram-negative Proteobacteria, 
which resembled the findings from healthy adults. However, as 
the treatment proceeded, the microbiota composition in non-
responders sequentially changed but remained relatively unchanged 
in responders. This study also showed that oral administration of 
Bifidobacterium, or any other prebiotics, can improve the response 
to anti-PD-1 agents in non-responders. This study demonstrated 
that the shift in microbiota composition relative to immunotherapy 
treatment in HCC patients can be used for disease monitoring and 
changing treatment strategies [275].

The association between the post-treatment level of serum AFP 
and response to immune checkpoint inhibitors has also been 
explored. In a study by Shao et al., 60 patients with advanced HCC 

Figure 4: Factors affecting response to check point inhibitors(CPI).
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who were receiving immunotherapy and had a pretreatment AFP 
level > 20 ng/ml were evaluated for early AFP response, which 
was defined as a >20% decline in serum AFP levels within the 
first 4 weeks of treatment initiation relative to pretreatment levels. 
The study demonstrated that OS and PFS were significantly higher 
in early AFP responders as compared to early AFP nonresponders 
[276].

Another analysis involving the CheckMate 040 patients explored 
the association of PD-1 and PD-L1 expression, biomarkers of 
inflammation, and inflammatory gene signatures with response to 
Nivolumab monotherapy and survival in patients with advanced 
HCC. The results of this study showed that high PD-L1 expression 
on ≥1% of tumor cells was associated with improved OS. High 
PD-1 expression was associated with an improved response to 
Nivolumab and an improved OS. Moreover, patients with a high 
number of tumor-infiltrating CD3+, CD8+ T-cells showed an 
improved response to Nivolumab. This study also showed that the 
expression of a number of the inflammatory signature genes, the 
interferon gamma signature, and the T-cell exhaustion signature 
were associated with enhanced clinical response to Nivolumab 
and increased OS. The inflammatory signature genes can also 
be used to select patients who might benefit from treatment with 
Nivolumab. Finally, patients with low NLR, low PLR, and AFP 
<400 ng/ml had better prognosis and exhibited better response to 
Nivolumab [277].

Ongoing clinical trials and promising treatment 
modalities

There are several ongoing clinical trials worldwide that aim 
to test either the efficacy of new HCC treatment modalities or 
improve the response rate of the already existing options. In this 
section, we will describe some of the ongoing clinical trials that 
show promising results.

In a study conducted by Ni et al 2019, involving patients 
with advanced HCC, the researchers compared the efficacy and 
safety of a combination of transarterial chemoembolization and 
Sorafenib (TACE-S) with microwave ablation (TACE-S-MWA) 
to transarterial chemoembolization and Sorafenib (TACE-S). The 
study inclusion criteria were (a) age of 18–75 years, (b) ECOG 
performance status score of no more than 2, (c) Child–Pugh class 
A or B (d) BCLC stage C HCC, (e) less than five HCC lesions 
that were not greater than 10.0 cm in maximum diameter, (f) no 
history of receiving liver transplantation or surgical resection 
including interventional treatments (e.g., radiofrequency ablation, 
cryoablation or percutaneous ethanol injection), and (h) no severe 
coagulation abnormalities. Sorafenib treatment was administered 
at a standard dose of 400 mg twice daily. The authors reported 
a significantly higher OS and Time to Progression (TTP) for the 
patients treated with (TACE-S-MWA) as compared to (TACE-S). 
The adverse events were comparable between the two groups. 
These results suggest that the TACE-S-MWA combination is safe 
and effective, but larger studies are required to validate the results 
[278].

(LEAP-002) is an ongoing phase 3 clinical trial evaluating the 
combination of Lenvatinib plus Pembrolizumab as a first-line 
treatment of advanced HCC. Phase 1 showed a response rate of 
46% [260].

The high recurrence rate of HCC following surgery, and the 
promising results of CPIs inspired Kaseb et al. to study the efficacy 
of Nivolumab plus Ipilimumab perioperative administration for 
HCC patients with resectable tumors. This phase 2 trial compared 

perioperative administration of Nivolumab to Nivolumab 
plus Ipilimumab followed by all patients continuing adjuvant 
immunotherapy for 2 years. The first interim analysis showed that 
the combination demonstrated a pathological complete response 
rate of 37.5%, no grade 3/4 adverse events, and the surgery was 
performed on time. This trial is ongoing [279].

COSMIC-312 is an international, open label, phase 3 trial that 
compares Cabozantinib plus/minus Atezolizumab versus Sorafenib 
as first line treatment for advanced HCC, and it is planned at 200 
sites worldwide. Eligibility criteria include age ≥18 years, BCLC 
stage B or C, Child-Pugh A, ECOG PS 0 or 1, and measurable 
disease per RECIST 1.1. The results regarding OS and PFS as 
well as safety are currently unknown [280]. For more details about 
ongoing clinical trials , the readers are referred to (Journal of 
Clinical Oncology ;Volume 38, Issue 36) [281]. 

There are some ongoing trials evaluating the use of radiation in 
HCC management. The growing role of radiotherapy and CPIs in 
treating many cancers has motivated many researchers to explore 
this combination in treating HCC patients. The synergistic effect 
of radiation and immunotherapy is due to the “abscopal effect”, 
which is an innate and adaptive immune mediated phenomenon 
in which there is a remission of the tumor outside the irradiated 
field. Radiotherapy facilitates the efflux of CD8+T-cells, which 
slow the tumor growth, and the release of other inflammatory 
cytokines that recruit cytotoxic T-cells to the tumor site. CPIs are 
believed to potentiate the “abscopal effect” by blocking PD-1 and 
CTLA4, negative regulators of cytotoxic T cells; therefore, CPIs 
augment the immune response and reduce resistance to radiation 
therapy [282,283]. Although there are several ongoing trials that 
evaluate the combination of radiotherapy with immunotherapy, 
most of these trials are using Stereotactic Body Radiotherapy 
(SBRT) or Selective Internal RT (SIRT). However, there is an 
ongoing experimental study that evaluates safety and efficacy of 
the combination of Durvalumab plus Tremelimumab plus External 
Beam Radiotherapy (EBRT) for treating patients with advanced 
HCC who have progressed on Sorafenib and are immunotherapy 
naïve. The trial ends by October 2025 [284].

Finally, DOSISPHERE-01 is a phase 2 trial comparing standard 
dosimetry with a goal to deliver 120±20Gy to the treated volume 
to personalized dosimetry arm with a goal to deliver at least 
205Gy to the target lesion using 90Y loaded microsphere SIRT 
(radioembolization) in unresectable HCC patients with at least one 
tumor ≥7cm. The personalized dosimetry treatment demonstrated 
higher response and OS than the standard dosimetry with fewer 
grade 3 adverse events [285].

Additional ongoing clinical trials testing the combination of 
immunotherapy with ablative procedures or radiation therapy are 
listed in  (Table 3) [284].

Conclusions
HCC is a global issue. The dismal prognosis of HCC is largely 

related to the heterogeneity of the disease. Although the recent 
advances in the field of HCC diagnosis and management offer 
some hope, the treatment benefits are limited to a small subset 
of HCC patients. Therefore, In the era of personalized medicine, 
there is a critical need for a valid molecular HCC classification 
system that helps the clinician in treatment selection. Moreover, a 
deeper understanding of the genetic and epigenetic alterations that 
are peculiar for each HCC patient will provide further help. With 
the substantial number of systemic therapies, the clinicians need 
either an effective drug that hits a universal target among HCC 
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Summary of The Trial Phase of The 
Trial

Primary End 
Point

Secondary End Point Indication Reference

Pembrolizumab combined 
with RFA /MWA or 
brachytherapy

II ORR TTR/ Recurrence free 
survival/OS/ Incidence and 
severity of adverse events/ 
Identification of molecular 
biomarkers in tumor tissue 
and blood samples

First-line for Early Stage HCC. NCT03753659 
(IMMULAB)

Nivolumab plus TACE II ORR PFS/TTP/OS/OR/TTFS/
QoL/
Incidence of Treatment 
Emergent Adverse Events

First-line for intermediate stage 
HCC. 

NCT03572582
(IMMUTACE)

Pembrolizumab plus TACE I/II  Safety and 
Tolerability

PFSR/ The efficacy of 
pembrolizumab following 
TACE.

First-line NCT03397654
(PETAL)

Durvalumab plus 
tremelimumab compared 
to Durvalumab plus 
tremelimumab+ RFA/
Cryo/TACE

II PFS Safety Second-line for advanced stage 
HCC(BCLC Stage B/C) or 
Biliary Tract Carcinomas(BCT).

NCT02821754

Durvalumab plus 
tremelimumab plus DEB-
TACE

II ORR PFS/OS/Tumor response/ 
drug-related toxicities

The Effect of CTLA-4/PD-L1 
Blockade Following Drug-
eluting Bead Transarterial 
Chemoembolization (DEB-
TACE) in Patients with 
Intermediate Stage of HCC 
Using Durvalumab (MEDI4736) 
and Tremelimumab

NCT03638141

Durvalumab, bevacizumab 
and tremelimumab 
compared to  Durvalumab, 
bevacizumab and 
tremelimumab + TACE

II PFS in patients 
with advanced 
HCC BCLC 
stage B/ 
patients with 
BTC and HCC 
BCLC stage C

BOR/OS/Safety Second-line for advanced HCC& 
BCT.

(NCT03937830)

Durvalumab plus 
tremelimumab and 
radiation

II BOR OS/Disease Control Rate/
PFS/TTP/Duration of 
Response/ Treatment 
Related Adverse Events

Second-line for HCC or BCT. NCT03482102

Pembrolizumab plus SBRT II ORR PFS/OS/ Response rate 
in non-irradiated tumor 
lesions

for advanced HCC patients as 
Second-line after Sorafenib.

NCT03316872

Nivolumab+SBRT 
compared to Nivolumab+ 
Ipilimumab+SBRT

I Safety ORR/TTP/OS/ Number of 
long-term adverse events/ 
Rate of disease control/ 
Rate of local control of the 
SBRT treated lesion

SBRT Followed by Nivolumab 
or Ipilimumab With Nivolumab 
in Unresectable Hepatocellular 
Carcinoma

NCT03203304

Table 3: A list of some of ongoing clinical trials testing the combination of immunotherapy plus ablative or radiation therapies (Note: adapted from: Jordan, 
A. C. & Wu, J. Immunotherapy in hepatocellular carcinoma: Combination strategies. World Journal of Meta-Analysis 8, 190-209 (2020).

patients with minimal side effects, or they have to tailor the drug 
choice according to the genetic profile for each patient. In either 
case, there is a need for more extensive treatment options. Finally, 
a noninvasive biomarker(s) (prognostic, therapeutic or follow-
up) that has very high specificity and sensitivity will dramatically 
facilitate the treatment decision making.

Future considerations
•	 Implementation of HCC surveillance programs will facilitate 

early detection and decrease HCC-related mortality.
•	 The increasing incidence of obesity and its correlation 

with NAFLD and NASH, needs more serious awareness 
programs about the obesity associated risk of HCC plus the 
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implementation of wight loss strategies for individuals who 
are at high risk.

•	 There is a need for more and larger clinical trials using 
recently developed treatment options that can efficiently 
eradicate HCV and HBV infections and decrease the risk of 
developing HCC.

•	 Identification and clinical implementation of new 
noninvasive biomarkers will save time and money and will 
help in both early detection of HCC and in differentiating 
HCC from non-HCC lesions with higher sensitivity and 
specificity.

•	 There is a need for more adequate tissue-based diagnosis of 
HCC that will help tailor treatment options for each patient 
depending on the etiology and histology of the tumor and the 
genetic profile of the patient. This strategy could decrease 
treatment-related off target effects and reduce the costs.

•	 Since HCC that develops in the background of HBV 
infection, HCV infection and alcohol abuse mostly affects 
people with low income, and due to the high cost of the 
currently available HCC-treatment options , there should be 
universal strategies to ensure an equal access to available 
treatments across the world.

•	 Development of  drug resistance might be delayed by using 
either lower drug doses or a combination of drugs that have 
different mechanisms of action. 

•	 The results of key ongoing clinical trials will allow 
physicians to have a sequence for HCC treatment options; for 
example, the sequence of immunotherapy and TKI agents, 
the use of immunotherapy combinations, or immunotherapy 
combinations with other types of treatments.
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