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 Abstract 

On the global scale, primary liver cancer (PLC) is the second leading cause of 

death due to cancer in men, and the third most prevalent cause of death in both 

sexes. Hepatocellular carcinoma (HCC) accounts for almost 75% of the total 

cases among primary liver malignancies. Curative operations for HCC include 

liver resection, ablation, and transplantation. However, a timely diagnosis is 

required for these operations to be successful. Hepatocarcinogenesis is a 

multistep process and can be induced by molecular alterations at both the 

genetic and epigenetic levels. The characteristic pathogenesis mechanisms of 

HCC are abnormal signal transduction resulting in uncontrolled cell 

proliferation, loss of apoptosis or programmed cell death, tissue invasion and 

metastasis allowing the spread of cancer, and finally angiogenesis which leads 

to the enhanced blood supply of tumors. In addition to epigenetic control of 

tumorigenesis. The p53 cell-cycle pathway, mutations in oxidative stress 

pathways, PI3K/AKT/mTOR, and Ras/Raf/MAPK signaling pathways are of 

great important pathways in HCC pathogenesis. Crosstalk between these 

pathways may be targeted by anti-cancer medications. 

Keywords: Hepatocellular carcinoma; pathogenesis; apoptosis; angiogenesis; 

proliferation; metastasis. 

 

1. Hepatocellular carcinoma  

Primary liver cancer (PLC), a rising public health 

concern, is the third most lethal malignancy 

worldwide, according to the GLOBOCAN 2020 

database (https://gco.iarc.fr). Liver cancer remains a 

global health challenge, with an estimated incidence 

of >1 million cases by 2025. Hepatocellular 

carcinoma (HCC) is the most common form of liver 

cancer and accounts for ~90% of cases (Llovet et 

al., 2021). 

Mortality due to HCC in last fifteen years has 

increased. Liver resection, ablation, and liver 

transplantation are potentially curative but require  

 diagnosis at a sufficiently early stage. However, up 

to 80% of HCCs are diagnosed in an advanced 

stage when the ultimate treatment choice is 

interventional systemic therapies (Bhoori and 

Mazzaferro, 2014; Singh et al., 2018). 

1.1. Epidemiology 

According to the latest Global Cancer Statistics 

(GLOBOCAN 2020), liver cancer is the 6th most 

common cancer, with more than 900,000 estimated 

annual new cases (4.7%). Its risk factors are well-

known; however, it accounts for 8.3% of deaths of 

all cancers globally, being the third leading cause 

of worldwide cancer death (Sung et al., 2021). It is  
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estimated that, by 2025, more than one million 

individuals will have liver cancer annually (Llovet 

et al., 2021).  

In Egypt, the relation between Hepatitis C virus 

(HCV) and HCC is an important research area as 

Egypt used to be the country with the heaviest 

hepatitis C virus (HCV) burden. Firstly, Egypt has a 

high recorded HCV transmission rate. According to 

the Egyptian ministry of health (MOH) screening 

program that took place over 7 months with a target 

population of 62.5 million, 49.6 million persons 

were screened for HCV antibodies, 2.4 million 

seropositive persons were identified, and 1.6 million 

viremic patients were identified (Ezzat et al., 

2021). Secondly, there is known to be a relationship 

between HCV and HCC development. Thirdly, the 

programmed screening and follow up that was 

initiated by the government detected cases of 

individuals having both diseases (Ezzat et al., 

2021). According to a study carried out by Ziada et. 

al,108 out of 514 patients (21%) diagnosed with 

HCV infection in the mid Delta area had focal 

lesions detected by ultrasound (US) (Ziada et al., 

2016). 

The improvement of HCC prevention requires the 

governmental health administration to implement 

health policies. Although the diagnosis of Egyptian 

HCC patients follows the international guidelines, 

HCC treatment options are limited in terms of cost. 

In addition, there are limited Egyptian reports about 

HCC survival and relapse. Both basic and clinical 

HCC research in Egypt are still limited compared to 

the world (Rashed et al., 2020). 

1.2. Risk factors/ Etiology 

The main risk factors for HCC are chronic infection 

with hepatitis B virus (HBV) or HCV, aflatoxin-

contaminated foods, heavy alcohol consumption, 

obesity, type 2 diabetes, and smoking (Sagnelli et 

al., 2020). Also, geographical factors have a direct 

impact on the various etiological features of HCC 

patients and make HCC an extremely complex 

condition associated with poor prognosis 

(Alqahtani et al., 2019). Despite substantial 

advances in therapeutic strategies, the prognosis of 

late-stage HCC remains hopeless because of the 

high recurrence rate (Morishita et al., 2021). There 

is heterogeneity in the distribution of these risk 

factors between low/middle-income countries and 

high-income countries. According to the 

International Agency for Research in Cancer 2020,   

 the age-standardized (for all ages, standardized to 

the world population) incidence rate of liver cancer 

in low and medium human development index 

countries per 100,000 persons is 6.9, and 3.2 in 

male and female, respectively. Meanwhile, the age-

standardized mortality rate is 6.7 and 3.1 in males 

and females, respectively (Sung et al., 2021). Its 

incidence is higher with chronic liver diseases, 

especially viral hepatitis, alcoholic hepatitis or non-

alcoholic fatty liver disease (Ozakyol, 2017). 

The World Health Organization (WHO) revealed in 

2015 that 257 million people worldwide had 

chronic HBV infection, with the African and 

western Pacific regions bearing the brunt of the 

burden with a 15–40% lifetime risk of cirrhosis, 

liver failure, or HCC (Moonsamy et al., 2022). 

In 2018, 71.1 million people were estimated as 

worldwide chronic carriers of HCV; approximately 

18 million of them were in Africa and are at risk of 

HCC development (Kamali et al., 2022). HCV 

prevalence in North Africa is estimated at 2.3–

7.7% (Sonderup et al., 2020). Chronic HCV 

infection has also been identified as the primary 

cause of HCC in North Africa (particularly Egypt) 

(Ezzat et al., 2021). Being the country with the 

highest worldwide prevalence of HCV, the 

Egyptian MOH launched a large national screening 

program that intended to screen the whole country 

(Esmat et al., 2018). All screened subjects with 

proven HCV infection were referred for 

engagement in a government-funded treatment 

program employing direct-acting antiviral. 

However, there is still no national campaign for 

HCC surveillance (Ezzat et al., 2021). Given the 

magnitude of Egypt's HCV and HCC problems, the 

extensive HCV treatment program could 

significantly impact the country's HCC figures 

shortly (El Kassas et al., 2019; El-Kassas and 

Elbadry, 2022). 

1.3. Progressive stages of liver disease 

Chronic liver diseases that predispose to HCC are 

generally characterized by steatosis and 

hepatocellular damage or death, followed by 

inflammation and fibrosis. However, if the injury is 

persistent, liver disease may progress to end-stage 

complications such as cirrhosis and HCC (Fausto 

and Campbell, 2010) (Figure 1). 
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Figure 1: Progressive stages of liver disease to HCC development  (Fausto and Campbell, 2010). (HCC: 

Hepatocellular carcinoma). 

1.4. Screening and surveillance 

Hepatocellular carcinoma continues to have a 

dismal prognosis, with 5-year survival below 20%. 

This poor prognosis can be in part attributed to 

failures along the cancer screening process 

continuum such as underuse of screening in at risk 

patients and appropriate treatments for patients with 

HCC. Better understanding these process failures, 

and how they compare to those seen in other cancer 

types, can help inform potential intervention targets 

and strategies to reduce HCC-related mortality 

(Singal et al., 2022a). 

Screening of HCC is typically performed using 

semi-annual abdominal US with or without alpha 

fetoprotein (AFP). Some providers use contrast-

enhanced computed tomography (CT) or magnetic 

resonance irradiation (MRI) for HCC screening in 

practice, although concerns about cost, patient 

acceptability, access for large populations, and 

potential harms have precluded these tests from 

being incorporated into professional society 

guidelines (Marrero et al., 2018; Tzartzeva et al., 

2018). Follow-up evaluation is dictated by results of 

screening tests. If US and AFP are both normal, 

patients should repeat screening in six months. 

Patients with an abnormal screening result (solid 

lesion ≥1 cm on US, AFP ≥20 nanogram (ng) / 

milliliter (mL), or rising AFP) should undergo 

diagnostic evaluation with multi-phase CT or 

dynamic contrast-enhanced MRI (Marrero et al., 

2018). Patients with indeterminate results (solid 

lesion <1 cm on US) are recommended to undergo 

short interval screening in 3 months given low risk 

of HCC in lesions of this size and poor accuracy of  

 
cross-sectional imaging to characterize sub-

centimeter lesions. Patients who undergo CT- or 

MRI-based HCC screening bypass this step as 

these modalities serve as both screening and 

diagnostic tests (Singal et al., 2022a). 

1.5. Diagnosis 

During surveillance, finding a suspicious lesion 

using US in cirrhotic liver is followed by 

diagnostic confirmation using contrast enhanced 

helical CT or dynamic MRI. Also, non-

pathological confirmation of HCC diagnosis is 

achieved by AFP testing combined with imaging 

techniques (Dimitroulis et al., 2017; Singal et al., 

2022b). 

1.6. Treatment approach 

Precise staging of HCC initially is very useful for 

determination of the therapeutic options and the 

overall prognosis of the disease. There are certain 

clinical features upon which most staging systems 

use for HCC assessment (Rashed et al., 2020). 

These clinical features are size and local extent of 

the tumor, metastasis of the tumor, severity of the 

liver disease, and the overall patient performance 

status (PS) (Tellapuri et al., 2018).  

There are two common staging systems; Tumor-

Node-Metastasis (TNM) system which is 

maintained by the American Joint Committee on 

Cancer and The Barcelona Clinic Liver Cancer 

(BCLC) system (Henderson et al., 2003). The 

TNM system characterizes tumor features, lymph 

node involvement, and metastases. While the 

BCLC depends on the combination of tumor  
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features, severity of the liver disease, and patient 

PS. In comparison to other prognostic systems, 

BCLC system has the best correlation with the 

patient outcome (Marrero et al., 2005). The BCLC 

system for HCC includes prognostic stage, 

treatment methods and survival period are 

represented in Figure 2. 

Many systemic cytotoxic chemotherapy drugs are 

used in HCC treatment as single agents, e.g.: 

cisplatin, doxorubicin, 5-flurouracil, or combined 

regimen. All these chemotherapeutic agents are 

available in the Egyptian market. These systemic 

treatments have several disadvantages (Chen et al., 

2015b; Yim et al., 2015).  

They have between 10 to 25% response rate with 

marginal survival improvement. Also, patients with 

underlying liver cirrhosis are poorly tolerating these 

treatments. And finally, HCC is highly resistant to 

single agent regimen. Figure 4 represents HCC 

treatment related to stages (Ahmad et al., 2019).  

Currently, there is a paradigm shift in HCC 

treatment by the introduction of immune checkpoint 

inhibitors in addition to molecular targeted therapies 

(Kudo, 2019). Many therapeutic agents for HCC 

target different pathways implicated in 

hepatocarcinogenesis. Figure 4 demonstrates 

currently approved drugs for advanced HCC 

treatment and timeline of pivotal clinical trials. 

Table 1 represents the list of Food and Drug 

Administration (FDA) - approved targeted and  

 
immune therapies for HCC that are available in the 

Egyptian market. There is an economical burden in 

the treatment of HCC in general and in using these 

expensive targeted therapies in particular. So, using 

targeted therapies in HCC treatment for Egyptian 

patients are limited to patients who can afford the 

cost (Rashed et al., 2020). 

1.7. Pathogenesis of cancer 

In the year 2000 Douglas Hanahan and Robert 

Weinberg had a very well-known article published 

that tried to answer the question of “What 

properties does a cancerous cell have ?” (Figure 5) 

(Hanahan and Weinberg, 2000). Reducing the 

vast complexity of cancer into six key properties or 

hallmarks as they called them. self-sufficiency in 

growth signals, insensitivity to antigrowth signals, 

avoiding apoptosis, limitless replicative potential, 

sustained angiogenesis, and tissue invasion and 

metastasis. Each of these physiologic changes’ 

novel capabilities acquired during tumor 

development represents the successful breaching of 

an anticancer defense mechanism hardwired into 

cells and tissues. A more recent version of the 

hallmarks of cancer was published in 2011 with 

addition of reprogramming of energy metabolism, 

evading immune destruction, genomic instability 

and mutation and finally tumor promoting 

inflammation (Hanahan and Weinberg, 2011). It 

has been proposed that changes in cellular redox 

status contribute in a major way to each of the 

hallmarks of cancer (Hornsveld and Dansen, 

2016). 

 
Figure 2: The BCLC staging system for HCC. Prognostic stage, treatment methods and survival period (European 

Association for The Study of The Liver, 2018). (HCC: Hepatocellular carcinoma, PS: Performance status, BSC: Best 

supportive care). 
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Figure 3: HCC treatment related to stages (Ahmad et al., 2019). (BCLC:  The Barcelona Clinic Liver Cancer 

system; TACE: Transcatheter arterial chemoembolization).  

 
Figure 4: Currently approved drugs for advanced HCC and timeline of pivotal clinical trials  (Zhang et al., 2022). 

The lines along the timeline indicate the time from the actual study start to FDA approval. The red boxes represent 

first-line therapies, and the green boxes represent second-line therapies.  

Table 1 : FDA-approved targeted and immune therapies for HCC (Rashed et al., 2020). 
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Figure 5: Properties of cancerous cells (Hanahan and Weinberg, 2000). 

Despite the huge efforts employed to implement 

novel chemotherapeutic strategies for the treatment 

of different types of cancer, still the disease remains 

one of the major concerns worldwide. 

Consequently, there is an urgent need to explore 

newer classes of therapeutics with selective action 

against cancer cells (Malik et al., 2021). The 

regulation of the cell proliferations and apoptotic 

pathways associated with cell death is known as an 

important approach to understand about these cells. 

Therefore, the identification of cell-cycle regulators 

and apoptotic stimuli to combat cancer cells 

represents an attractive strategy for the discovery 

and development of potential antitumor agents 

(Asati et al., 2016). 

1.8. Hepatocellular carcinoma pathogenesis 

Hepatocellular carcinogenesis has been attributed to 

many biological aberrations, e.g., mutations, 

epigenetic dysregulations, and chromosomal 

anomalies (Zucman-Rossi et al., 2015). Six 

predominant molecular pathways have been 

identified in HCC by whole-exome sequencing 

which include telomerase reverse transcriptase 

promoter mutation, Wnt/β-catenin, the p53 cell-

cycle pathway, epigenetic modifiers in histone 

methylation and chromatin remodeling, mutations  

 
in oxidative stress pathways, PI3K/AKT/mTOR, 

and Ras/Raf/MAPK signaling pathways (Zucman-

Rossi et al., 2015). It is a multistep process 

involving the progressive accumulation of 

molecular alterations pinpointing different 

molecular and cellular events (Ho et al., 2016). 

Dysregulation of the balance between proliferation 

and cell death represents a pro-tumorigenic 

principle in human hepatocarcinogenesis 

(Fabregat, 2009). 

2. Abnormal cellular transduction in 

hepatocellular carcinoma progression 

2.1. Loss of apoptosis 

Cell death is a normal process in multicellular 

organisms, playing an important role in 

homeostasis. There are two types of cell death: 

necrosis (or accidental cell death), and apoptosis.  

Apoptosis is a physiological process of 

programmed cell death that works to control cell 

clusters and is characterized by specific 

morphological changes (Galluzzi et al., 2018). It is 

responsible for the removal of damaged or 

unnecessary cells throughout the lifecycle, 

including normal cell turnover, cell loss during 

embryogenesis, removing cells between fingers,   
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negative selection by the immune system and 

nervous system development (Marquardt and 

Edlich, 2019). 

The different stages of apoptotic cell death (Figure 

6) start by cellular shrinkage and chromatin 

condensation, concomitant with formation of 

membrane blebs. Organelles and nucleus fragment 

and the blebs begin formation of apoptotic bodies 

which are eventually engulfed by macrophages or 

neighboring cells by endocytosis / phagocytosis. 

The lack of release of cellular components to the 

extracellular fluid results in the absence of 

inflammation (Abou-Ghali and Stiban, 2015). 

The prevention of cancer is one of the main 

functions of apoptosis. The loss of apoptotic control 

allows cancer cells to survive longer and gives more 

time for the accumulation of mutations which can 

increase invasiveness during tumor progression, 

stimulate angiogenesis, lead to cell over-

proliferation and interfere with differentiation 

which can give rise to tumor development or 

tumorigenesis (Pfeffer and Singh, 2018). 

The apoptotic signaling pathway is regulated by a 

diversity of factors and is established on the 

equilibrium between cell death and survival factors 

(Marquardt and Edlich, 2019). Most HCC cells 

display strong resistance to stimuli that prompt 

apoptosis in other cells. Consequently, disabling 

apoptotic resistance has become important for the 

development of current therapeutic lines for HCC 

treatment (Lohitesh et al., 2018; Rahmani et al., 

2020). Figure 7 represents an overview of the 

apoptosis pathways (Grilo and Mantalaris, 2019). 

Five main pathways have been identified. Extrinsic 

pathway activated by external stimuli, internal 

pathway activated by mitochondrion outer 

membrane permeabilization (MOMP) promoted by 

Bax channels, deoxyribonucleic acid (DNA)-

damage-induced CASP2-dependent pathway, 

granzyme B induced pathway where this molecule 

acts as a CASP3 inducer and granzyme A induced 

pathway where no CASPs are involved in addition 

to granzyme A induces a DNase, which induces 

DNA fragmentation and cell death (Grilo and 

Mantalaris, 2019). 

In apoptosis, internal and/or external stimuli initiate 

a series of highly controlled reactions, which 

ultimately lead to cell death. CASPs and the Bcl2 

family of proteins are the most important groups of 

proteins involved in apoptosis which participate in  

 
all pathways of apoptotic cell death (McIlwain et 

al., 2015). 

Caspases are cysteine-dependent endoproteases 

that catalyze the breaking of the peptide bond. 

Most CASPs are produced as monomeric species 

with little or no activity, generally known as pro-

CASPs or zymogens (McIlwain et al., 2015). Upon 

activation, they homodimerize forming biologically 

active proteins. Most CASPs can be classified, 

according to their role, in three main groups. 

Initiator CASPs (8 and 9), executioner CASPs (3, 6 

and 7) in addition to CASPs involved in 

inflammation (1, 4, 5, 11 and 12) (McIlwain et al., 

2015).  

The function of CASP2 in apoptosis has remained 

enigmatic. A number of recent studies suggest that 

CASP2 plays an important role in the regulation of 

p53 in response to cellular stress and DNA damage 

to prevent the proliferation and accumulation of 

damaged or aberrant cells (Lim et al., 2021).  

 CASP3 is instrumental in apoptosis and can be 

activated by initiator CASP8 and 9 or by 

Granzyme-B. Once CASP3 is activated, it will 

back-activate upstream CASPs to ensure the 

continuity of the process (Grilo and Mantalaris, 

2019). CASP3 can activate CASP-activated DNase 

(CAD) which, in proliferative cells, is complexed 

with its inhibitor. When CASP3 is overexpressed, 

this complex is cleaved, and CAD degrades 

chromosomal DNA. During late apoptosis, CASP3 

acts as a cytoskeletal reorganization and 

disintegration inducer leading to the formation of 

apoptosis bodies (Elmore, 2007; Grilo and 

Mantalaris, 2019). 

Proteins of the Bcl2 family are heavily involved in 

the regulation of apoptosis both with pro- and anti-

apoptotic activities and can be divided into three 

sub-groups. The anti-apoptotic group comprises of 

Bcl2 and other proteins. These proteins have four 

Bcl2 homology domains (BH1, BH2, BH3 and 

BH4) and are typically associated with either 

cellular, nuclear or mitochondrial membranes 

(Grilo and Mantalaris, 2019). While the pro-

apoptotic group is composed of Bax and other 

proteins which lack the BH4 domain in addition to 

the last subgroup which has only the BH3 domain 

(Taylor et al., 2008; Grilo and Mantalaris, 

2019). 
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Figure 6: Cytology of apoptosis (Abou-Ghali and Stiban, 2015). 

 

 

Figure 7: Overview of the apoptosis pathways (Grilo and Mantalaris, 2019). (DISC: Death-inducing signaling complex, 

ER: Endoplasmic reticulum, Bid: BH3 interacting-domain death agonist, Bik: Bcl2-interacting killer, Bim: Bcl2-like protein 

11, Puma: p53 upregulated modulator of apoptosis, Bax: Bcl2 associated X protein, Bcl-xl: B-cell lymphoma extra-large, 

Bcl2: B- Cell Leukemia/Lymphoma 2, Mcl-1: induced myeloid leukemia cell differentiation protein, SMAC: second 

mitochondria-derived activator of caspases, XIAP: X-linked inhibitor of apoptosis protein, p53: Tumor suppressor gene). 
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The extrinsic pathway (often referred as Type I) is 

triggered by extracellular stimuli and activate 

CASP8, which initiates apoptosis. The intrinsic 

pathway (often referred to as Type II or 

mitochondrial pathway) is activated by internal 

stimuli (metabolic or hypoxic stresses) and can also 

be triggered by endoplasmic reticulum (ER) stress 

(Shalini et al., 2015). Many of the genetic 

alterations observed in HCC lead to an imbalance in 

the pro- and anti-apoptotic members of the Bcl2 

family (Knight et al., 2019). In contrast, pro-

apoptotic members of the family, such as Bax are 

downregulated in HCC with dysfunction in the p53 

pathway (Booth et al., 2020). Accumulating 

evidence indicates that the RAF/ Mitogen-activated 

protein kinase kinase (MEK)/ Extracellular signal-

regulated kinase (ERK) cascade also has diverse 

effects on key molecules involved in apoptosis 

signaling, such as the anti-apoptotic regulatory 

molecule Bcl2 and apoptotic regulatory molecules 

including CASP3 (McCubrey et al., 2007). 

The p53 tumor suppressor gene is a transcription 

factor that regulates the cell cycle and is the most 

widely mutated gene in human tumorigenesis 

(Kontomanolis et al., 2020; Boutelle and Attardi, 

2021). The critical role of p53 is evident by the fact 

that it is mutated in over 50% of all human cancers. 

p53 can activate DNA repair proteins when DNA 

has sustained damage, can hold the cell cycle at the 

G1/S regulation point on DNA damage recognition, 

and can initiate apoptosis if the DNA damage 

proves to be irreparable (Gohil and Noolvi, 2019; 

Mijit et al., 2020; Franjić, 2022). Tumorigenesis 

occurs when the p53 gene is damaged and therefore 

tumor suppression is reduced. The p53 gene can be 

damaged by radiation, various chemicals, and 

viruses (Gu et al., 2001; Katerji and Duerksen-

Hughes, 2021; Merlin et al., 2021). 

Apoptosis plays a key role in HCC carcinogenesis 

at the molecular level. Although the expression of 

some pro-apoptotic genes is decreased, the balance 

between death and survival is dysregulated in HCC 

mainly due to overactivation of anti-apoptotic 

pathways (Moreno-Càceres and Fabregat, 2015). 

Also, some growth factors that mediate cell survival 

are up regulated in HCC, as well as the molecules 

involved in the machinery responsible for cleavage 

of their pro-forms to an active peptide (Scaggiante 

et al., 2014). The expression and / or activation of 

Janus Kinase (JAK) / signal transducer and 

activator of transcription (STAT), PI3K/AKT and 

RAS/ERK pathways are enhanced in many HCC 

cells, conferring on them resistance to apoptotic  

 stimuli (Hung et al., 2014; Hu et al., 2021). 

Finally, recent evidence indicates that 

inflammatory processes, as well as the epithelial-

mesenchymal transitions (EMT) that occur in HCC 

cells to facilitate their dissemination, are related to 

cell survival. Therefore, therapeutic strategies to 

selectively inhibit anti-apoptotic signals in liver 

tumor cells have the potential to provide powerful 

tools to treat HCC (Fabregat, 2009; Giannelli et 

al., 2016; De Las Rivas et al., 2021). 

2.2. Uncontrolled cell proliferation 

Cell proliferation plays a key role in HCC 

carcinogenesis. The protein kinases regulate 

cellular functions such as transcription, translation, 

proliferation, growth and survival by the process of 

phosphorylation (Tomazic et al., 2021). Over 

activation of signaling pathways play a major role 

in oncogenesis. The PI3K signaling pathway is 

dysregulated almost in all cancers due to the 

amplification, genetic mutation of PI3K gene and 

the components of the PI3K pathway themselves. 

Stimulation of the PI3K/AKT/mTOR and 

Ras/Raf/MEK/ERK pathways enhances growth, 

survival, and metabolism of cancer cells (Asati et 

al., 2016; Yang et al., 2019).  

Recently, the PI3K/AKT/mTOR and 

Ras/Raf/MEK/ERK signaling pathways have been 

identified as promising therapeutic targets for 

cancer therapy. The kinase inhibitors with 

enhanced specificity and improved 

pharmacokinetics have been considered for design 

and development of anticancer agents (Asati et al., 

2016; Yang et al., 2019). Figure 8 demonstrates 

PI3K/AKT/mTOR and Ras/Raf/MEK/ERK 

pathways. 

Alterations of signal transduction pathways leading 

to uncontrolled cellular proliferation, survival, 

invasion, and metastases are the basis of the 

carcinogenic process. PI3K/AKT/mTOR and the 

Ras/Raf/MEK/ERK signaling pathways are critical 

for normal human physiology and alteration in 

regulation leading to several human cancers (He et 

al., 2021). 

Recent studies have suggested that the 

PI3K/AKT/mTOR and Raf/MEK/ERK cascades 

are interconnected with multiple points of 

convergence, crosstalk, and feedback loops (Saini 

et al., 2013). Inhibition of any one of the above 

pathways can still result in the maintenance of 

signaling via the other (reciprocal) pathway. The  
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Figure 8: PI3K/AKT/mTOR and Ras/Raf/MEK/ERK pathways (Asati et al., 2016). (NFB1:Nuclear factor kappa B1, IGF-

1R: Insulin-like growth factor receptor 1, IGF-2R: Insulin-like growth factor receptor II, IRS: Insulin Receptor Substrate, 

p85: regulatory subunit of PI3K, p110: catalytic subunit of PI3K, IRS 1-4: Insulin Receptor Substrate 1-4, PI3K: 

Phosphatidylinositol-3-kinase, PDKI: phosphoinositide-dependent kinase-1, AKT: The serine/threonine kinase, Bad: BCL2 

antagonist of cell death, Bcl2: B- Cell Leukemia/Lymphoma 2,  mTOR: The mammalian target of rapamycin, p70 SGK: 

P70-S6 kinase, elF-4E: eukaryotic initiation factor 4E, GRB-2: Growth factor receptor bound protein 2, SOS: Son-of-

sevenless, Shc: SHC-transforming protein 1, Ras: Protein from "Rat sarcoma virus”, Raf: Rapidly Accelerated 

Fibrosarcoma, MEKs: MAPK kinase/ERK kinase, ERKs: Extracellular signal-regulated kinase, S6K: Ribosomal S6 

kinases, c-Jun: JNK substrates, c-Fos: Polyclonal antibodies to AKT, c-Myc: c-myelocytomatosis oncogene, ELK-1: 

Erythroblast transformation specific (ETS) Like-1 protein, JNK: c-Jun N-terminal kinase, MAPK: Mitogen-activated 

protein kinase, p38 MAPK: p38 mitogen-activated protein kinase). 

existence of such ‘‘escape’’ mechanisms implies 

that dual targeting of these pathways which may 

lead to superior efficacy and better clinical outcome 

in selected patients (Saini et al., 2013). 

The PI3K/AKT/mTOR signaling pathway is 

frequently in a dysregulated state in tumors, and has 

now become an important anticancer target 

(Thorpe et al., 2015). The PI3K/AKT/mTOR 

signaling pathway itself serves a major role in 

regulating cell physiology and pathology, including 

cell proliferation, survival and invasion (Figure 9). 

Some of the activating mutations in 

PI3K/AKT/mTOR are also common in human 

tumors, and thus may promote tumor growth 

(Wong et al., 2010; Rodon et al., 2013).  

The mTOR is a serine/threonine kinase ubiquitously 

expressed in mammalian cells. It picks up and  

 integrates signals initiated by nutrient intake, 

growth factors, and other cellular stimuli to 

regulate downstream signaling and protein 

synthesis (Ferrín et al., 2020). Through its 

downstream effectors, Eukaryotic translation 

initiation factor 4E-binding protein 1 (4E-BP1) and 

Ribosomal protein S6 kinase beta-1 (P70S6K), it is 

involved in the initiation of ribosomal translation 

of messenger RNA (mRNA) into proteins 

necessary for cell growth, cell cycle progression, 

and cell metabolism (Wang et al., 2015; Chen and 

Zhou, 2020). 

Somatic mutations, gains or losses of key genes, 

are among a number of genetic alterations affecting 

these pathways in a number of different solid and 

hematological tumors (Olafsson and Anderson, 

2021). The activation of the PI3K/AKT/mTOR  
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pathway results in a profound disturbance of control 

of cell growth and survival, which ultimately leads 

to a competitive growth advantage, metastatic 

competence, angiogenesis, and therapy resistance. 

Thus, this complex pathway has been taken into 

consideration as one of the most attractive targets 

for the development of anticancer agents (Peng et 

al., 2022). 

The PI3K/AKT/mTOR can regulate the NF-κB 

pathway/family of transcription factors that 

modulate inflammation, cellular stress, and innate 

and adaptive immune responses, which, in turn, 

regulate the survival, proliferation, migration, and 

invasion of hepatocytes, Kupffer cells, and hepatic 

stellate cells (Luedde and Schwabe, 2011; Sun et 

al., 2021). The PI3K/AKT/mTOR pathway 

activates the NF-κB pathway through various 

mechanisms. The most common is the 

phosphorylation of inhibitor of NF-κB (IκB) and 

IκB kinase (IKK) by AKT causing dissociation of 

IκB from the NF-κB dimers. AKT can also promote 

IKK activity indirectly through mTOR and the 

MAPK pathways (Sun et al., 2021). 

3. Angiogenesis 

Hepatocellular carcinoma is a hyper-vascular tumor 

characterized by neovascularization, which plays an 

important role in the growth and progression of 

HCC (Jiang et al., 2022). A switch to an 

angiogenic phenotype is a prerequisite for the 

development from a premalignant stage to an 

invasive tumor. The neovascularization provides not 

only nutrients for tumor growth but also a large 

surface area of leaky vessels with incomplete 

basement membrane that facilitate intravasation of 

tumor cells (Azizi et al., 2020). Tumor cells seeding 

in distant organs develop initially as avascular 

dormant micro metastasis. Angiogenic switch leads 

to secondary angiogenesis and tumor growth, 

resulting in overt metastasis (Poon et al., 2001; 

Tsilimigras et al., 2021). 

By studying liver tissues and serum samples from 

HCC patients, the enhanced expression of VEGF is 

found to be correlated with aggressive behavior of 

HCC, resulting in a poor prognosis (Hilmi et al., 

2019). Since HCC is a highly vascularized tumor, 

the targeting of well-known angiogenic factors, 

such as VEGF, fibroblast growth factor (FGF), and 

platelet derived growth factor (PDGF), is appealing 

for molecular therapy (Qin et al., 2019). 

Important angiogenic factors involved in the 

regulation of angiogenesis in HCC have been  

 identified, although the exact molecular pathways 

are far from clear. Current data suggest that 

vascular endothelial growth factor (VEGF) plays a 

critical role in angiogenesis of HCC (Morse et al., 

2019). Figure 10 shows role of angiogenesis in 

cancer development, growth, and metastasis. 

Receptors for growth factors as VEGFR, fibroblast 

growth factor receptor (FGFR) and PDGFR 

activate intracellular receptor tyrosine kinases 

(RTKs) and the downstream RAS/RAF/MAPK and 

MEK/ERK signaling pathway, and promote the 

growth, migration and morphogenesis of vascular 

endothelial cells, thus increasing vascular 

permeability (Huang et al., 2021; Kciuk et al., 

2022). 

Figure 11 illustrates how the PI3K/AKT/mTOR 

pathway functionally interacts with VEGFR, 

PDGFR, and EGFR to exert cellular processes, 

including cell proliferation and survival (He et al., 

2021). This pathway is often targeted in therapeutic 

intervention in HCC because activating it can cause 

aggressive tumor behavior and a reduction in 

survival (Moon and Ro, 2021). The 

RAS/RAF/MEK/ERK pathway, continuously 

activated in HCC, controls many essential cellular 

processes by interacting with EGFR, FGFR and c-

mesenchymal-epithelial transitionfactor-1) c-Met) 

(Dimri and Satyanarayana, 2020; Guo et al., 

2020b). 

Angiogenesis provides a target for novel prognostic 

and therapeutic approaches to HCC. Assessment of 

micro vessel density using immunohistochemical 

staining for specific endothelial cell markers such 

as CD34 has been shown to provide prognostic 

information independent of conventional 

pathological parameters in HCC patients (Paschoal 

et al., 2014). The development of neovasculature in 

the tumor provides two essential functions for the 

growth and metastasis of a cancer. First, the vessels 

provide a route for supply of nutrient and oxygen to 

sustain tumor growth, and excretion of metabolic 

waste (Pang and Poon, 2006). Second, the 

neovessels provide access for tumor cells to enter 

the circulation. The new capillaries formed in 

tumors have incomplete basement membrane, 

facilitating penetration by tumors cells into the 

circulation (Paschoal et al., 2014; Park et al., 

2021). 
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Figure 9: A schematic representation of the PI3K/AKT/mTOR pathway (Porta et al., 2014). (PIP2: Phosphatidylinositol 

4,5-bisphosphate, PIP3: Phosphatidylinositol (3,4,5)-trisphosphate, PH: Pleckstrin homology domains, PTEN: phosphatase 

and tensin homolog, p85: regulatory subunit of PI3K, p110: catalytic subunit of PI3K, PI3K: Phosphatidylinositol-3-kinase, 

SGK: Serum- and glucocorticoid-regulated kinase, RAC1 / CDC42: Ras-related C3 botulinum toxin substrate 1/ Cell 

division control protein 42 homolog, AKT: Protein kinase B , a set of three serine/threonine-specific protein, PDK1: 

phosphoinositide-dependent kinase-1, PDK2: phosphoinositide-dependent kinase-2, MDM2: Mouse double minute 2 

homolog, p53: A tumor suppressor gene, NF-κB: Nuclear factor kappa B, FKHR: Forkhead protein, BAD: BCL2 

Antagonist of Cell Death , GSK3b:  glycogen synthase kinase 3β, TSC1: tuberous sclerosis complex 1, TSC2: tuberous 

sclerosis complex 2, Rheb GTP: Ras homolog enriched in brain which is a GTP-binding protein, mTOR: The mammalian 

target of rapamycin, TORC1: mTOR complex 1, TORC2: mTOR complex 2, Raptor: Regulatory-associated protein of 

mTOR, Rictor: Rapamycin-insensitive companion of mammalian target of rapamycin, p70S6K: Ribosomal protein S6 

kinase beta-1 (S6K1), 4E-BP1: Eukaryotic translation initiation factor 4E (eIF4E)-binding protein). 

 
Figure 9: Role of angiogenesis in cancer development, growth and metastasis  (Poon et al., 2001).  
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Figure 11: Schematic diagram of key functional pathways and their roles in HCC development (Choi et al., 

2015). (VEGFR: Vascular endothelial growth factor receptor, PDGFR: Platelet derived growth factor receptor, 

EGFR: Epidermal growth factor receptor, c-Met: c-mesenchymal-epithelial transition factor-1, FGFR: fibroblast 

growth factor receptor, PI3K: Phosphatidylinositol-3-kinase, STAT: Signal transducer and activator of 

transcription, AKT: Protein kinase B, a set of three serine/threonine-specific protein kinases, mTOR: The 

mammalian target of rapamycin, HIF-1α:  Hypoxia inducible factor-1α, HIF-1β: Hypoxia inducible factor-1β, 

RAS: Protein from "Rat sarcoma virus", RAF: Rapidly accelerated fibrosarcoma, MEK: MAPK kinase, ERK: 

Extracellular signal-regulated kinase, HDAC: Histone deacetylases). 

4. Tissue invasion and Metastasis 

In the process of drug resistance of liver cancer 

cells, the ability of cells to migrate is enhanced, 

which brings great difficulties to the treatment of 

liver cancer patients (Hu et al., 2019). HCC 

metastasis is a multi-step process. HCC metastasis 

begins with the invasion of HCC cells from the 

primary HCC tumor to the extracellular matrix 

(ECM) of the neighboring stroma (Elgundi et al., 

2020). HCC cells then disseminate into the 

circulation system through intravasation 

(Sznurkowska and Aceto, 2021). Being able to 

survive in the circulatory system, HCC cells then 

extravasate, eventually enter and colonize the 

secondary tissue site. In intrahepatic metastasis, the 

portal vein transports HCC cells from the primary 

site to other parts of the liver (Tsilimigras et al., 

2021). In extrahepatic metastasis, hepatic vein 

transports HCC cells from the primary site in the  

 liver to the systemic blood stream. The heart then 

pumps the circulating cancerous cells to the lung, 

and eventually to other organs such as bones, brain, 

and adrenal glands. Each step of HCC metastasis is 

supported by different pro-metastatic genes (Wong 

et al., 2014) (Figure 12). 

The PI3K/AKT/mTOR signaling pathway plays an 

important role in promoting tumor invasion and 

metastasis via activation of AKT which enhances 

the transcriptional activity of NF-kB, promotes the 

transport of tumors, and supports the invasion of 

tumors (Chin and Toker, 2010). Also, through the 

activation of matrix metalloproteinases (MMPs), a 

group of proteolytic enzymes that participate in 

degrading the ECM, promotes cell invasion and 

metastasis (Cheng et al., 2017). 

Metastasis is an important aspect of HCC 

progression, and EMT is considered as the first  
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step in the metastatic cascade (Nowak and 

Bednarek, 2021). The expression of GPC3 in HCC 

tissue was upregulated during HCC progression 

from BCLC stage A or B to stage C. The increased 

expression of GPC3 in tumor tissues was closely 

related to the level of EMT markers, as well as to 

the cancer vascular invasion (Wu et al., 2015). 

The GPC3 is a member of the heparan sulfate 

proteoglycans family, which is highly expressed in 

the majority of HCCs and correlated with poor 

outcome of HCC patients (Shih et al., 2020). GPC3 

could interact with a variety of growth factors, 

chemokines, and cytokines to form a concentration 

gradient on the surface of the cell membrane which 

promotes these ligands binding to their related 

receptors (Hassan et al., 2021). In this sense, GPC3 

acts as an extracellular signal “recruiter” in various 

signaling pathways, playing a crucial role in 

maintaining the concentration of extracellular 

ligands and promoting ligand-receptor interactions 

(Guo et al., 2020a). Studies have shown that the 

loss of GPC3 during development leads to changes 

in downstream signals such as WNT and Hedgehog 

(Hassan et al., 2021). 

Glypican 3 is an important regulator of WNT 

signaling pathway in the initial stage. Studies have 

shown that GPC3 can help the activation of WNT 

signaling by promoting the formation of membrane 

surface complexes in liver cancer (Guo et al., 

2020a). Both the GPC3 protein and the heparan 

sulfate side chain can interact with WNTs and its 

receptor which is known as frizzled (FZD), and acts 

as a “signal recruiter” in the initial activation-stage 

of the WNT signaling (Guo et al., 2020a). In 

addition, the presence of GPC3 can further stabilize 

the binding of WNTs to FZD, thereby positively 

regulate WNTs downstream signal transduction (Li 

et al., 2020b) (Figure 13). 

5. Epigenetic regulation through long 

non-coding ribonucleic acid 

(LncRNA) 

The molecular mechanisms underlying HCC 

pathogenesis have not been fully understood 

(Huang et al., 2020). LncRNAs are a type of non-

coding RNAs longer than 200 nucleotides. 

lncRNAs are suggested to play critical roles in the 

tumorigenesis and development of human HCC. To 

date, dysregulation of many HCC-related lncRNAs 

such as Highly up‐regulated in liver cancer 

(HULC), Hox transcript antisense intergenic RNA  

 (HOTAIR), Metastasis-associated lung 

adenocarcinoma transcript-1 (MALAT1), and long 

noncoding RNA H19 (H19) have been identified 

(Xie et al., 2021). 

Various HCC-related lncRNAs have been shown to 

possess aberrant expression and play critical 

regulatory roles in cancerous phenotypes (e.g., 

persistent proliferation, evading apoptosis, 

accelerated vessel formation and gain of invasive 

capability) through their binding with DNA, RNA 

or proteins, or encoding small peptides (Huang et 

al., 2020). Thus, a deeper understanding of 

lncRNA dysregulation would provide new insights 

into HCC pathogenesis and novel tools for the 

early diagnosis and treatment of HCC (Huang et 

al., 2020). There is evidence that lncRNAs have 

important roles in promoting metastasis by 

targeting factors such as VEGF, MMP9, CASP3/8, 

Bax, Bcl2, Bcl-xL, and interleukin 11 (IL- 11) 

(Giannelli et al., 2014; Xue et al., 2019; Li et al., 

2020a; Alarcón-Sánchez et al., 2021; Su et al., 

2021; Heydarnezhad Asl et al., 2022). 

The lncRNA-AF085935 has been proved to be a 

potential biomarker for HCC screening. Studies 

have shown that lncRNA-AF085935 was 

significantly upregulated in HCC patients' serum 

when compared with normal controls (Lu et al., 

2015; Sherif et al., 2020). Interestingly, lncRNA–

AF085935 is transcribed in antisense orientation 

with respect to GPC3. Moreover, lncRNA–

AF085935 was upregulated and coexpressed with 

GPC3 in HCC cells and tissues (Yuan et al., 2014; 

Sabry et al., 2019). Many studies have shown that 

GPC3 enhances HCC cell proliferation, migration, 

and invasion, and inhibits HCC cell apoptosis 

(Zhang et al., 2018; Wang et al., 2019). However, 

the functions of lncRNA-AF085935 in HCC and its 

regulation mechanisms regarding GPC3 remain 

largely unknown. 

To conclude, the characteristic pathogenesis 

mechanisms of HCC are abnormal signal 

transduction resulting in uncontrolled cell 

proliferation, loss of apoptosis or programmed cell 

death, tissue invasion and metastasis allowing 

spread of the cancer and finally angiogenesis which 

leads to enhanced blood supply of tumors. In 

addition to epigenetic control of tumorigenesis, 

many of the components of these mechanisms are 

potential targets of anti-HCC therapies. 
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Figure 12: The invasion–metastasis cascade (Valastyan and Weinberg, 2011). 

 

Figure 13: Regulatory effect of GPC3 on the WNT signaling pathway (Guo et al., 2020a). (WNT: Wingless/Integrated, 

GPC3: Glypican 3, HS chain: heparan sulfate chain, FZD: Frizzled, DSH/Dvl: Dishevelled, GSK3β: Glycogen synthase 

kinase 3β, β-catenin: Beta catenin, LEF/TCF: lymphoid enhancer factor/ T-cell factor, PLC: Primary liver cancer, Ca2+: 

Calcium, CaMKII: Ca2+/Calmodulin-dependent protein kinase II, NF-AT: Nuclear factor of activated T cells, Ras: Protein 

from "Rat sarcoma virus", Rock: RhoA/Rho kinase, RhoA: Ras homolog family member A, JNK: c-Jun N-terminal kinase). 
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