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ABSTRACT 
 

Hepatocellular carcinoma (HCC) is a severe and increasingly prevalent health issue affecting individuals 

globally. Recent research endeavors in the clinical domains have lately focused more on the MAPK signaling 

pathway in HCC. Activating mutations in the RAS and RAF genes, which greatly activate the MAPK 

pathway in malignancies, are rare in HCC patients, yet over 50% of them have activated the pathway. This 

suggests that other factors may be responsible for the activation of the signaling pathway in HCC. MAPK 

signaling is important to carcinogenesis, and it is often altered in human cancers. The drug resistance in 

targeted therapy against RTKs in HCC may arise from mutations in downstream components (RAS, RAF, 

MEK, ERK), resistant mutations within RTKs, and additional alternative pathways like PI3K and YAP may 

also develop the resistance. Epigenetic processes and chromatin remodeling are crucial to pharmacological 

tolerance to MAPK regulation. This review will focus on the latest developments in our knowledge of the 

cellular and molecular processes to activate the MAPK signaling pathway, as well as possible treatment 

approaches that specifically target this pathway in relation to HCC. The study also investigates the clinical 

efficacy of molecular-targeted treatments, including tyrosine kinase inhibitors and immunological checkpoint 

inhibitors and highlights the use of combination therapy for HCC. 
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1. INTRODUCTION 
Liver cancer is the third most deadly disease, according to the World Health Organization, which estimated that 

830,000 people died from it in 2020 (Ibrahim et al. 2022). Hepatocellular carcinoma (HCC) is a significant worldwide 

health concern since it represents up to 80% of all primary liver malignancies and is predicted to continue increasing in 

development (Yang et al. 2019). Studies in epidemiology and molecular biology have shown that the course of HCC 

development is prolonged over many decades (Caldwell and Park 2009; Chidambaranathan-Reghupaty et al. 2021). 

Individuals who have a persistent infection with hepatitis B (HBV) or hepatitis C (HCV), particularly when cirrhosis is 

present, are more likely to develop HCC than the general population (Perz et al. 2006). Insult misuse, obesity, diabetes, 

and metabolic disorders are further risk factors for HCC. All these risk factors result in chronic inflammation, hepatic 

fibrosis, cirrhosis, and finally, liver failure (Stickel and Hellerbrand 2010; Nevola et al. 2023). 

Numerous molecular pathways contribute to the carcinogenesis of HCC, a phenotypically and genetically 

diverse tumor (Takeda et al. 2022). Recent developments in molecular pathogenesis research have identified a 

number of signaling pathways essential to the development, propagation, and metastasis of HCC tumors 

(Jayachandran 2017; Zhao et al. 2022). An increasing number of researchers are actively searching for new 

therapeutic targets for important signaling molecules as their understanding of the carcinogenic molecular pathways 

in HCC. The MAPK pathway is recognized as an important way in the HCC development among those found in 

relationship to the disease (Dimri and Satyanarayana 2020). This review discusses clinical studies that target the 

MAPK pathway in HCC as well as the molecular processes associated in the activation. Furthermore, we suggest 

novel and promising treatment alternatives that specifically target the MAPK pathway. 
 

https://doi.org/10.47278/journal.abr/2024.004
http://creativecommons.org/licenses/by-nc-nd/4.0/


 Review Article                                                Agrobiological Records 

 ISSN: 2708-7182 (Print); ISSN: 2708-7190 (Online) 

 Open Access Journal 

 

 
Citation: Mushtaq H, Zarlashat Y, Ambreen A, Mujahid M, Kausar S and Shafqat D, 2024. Reviewing advances in 

understanding and targeting the MAPK signaling pathway in hepatocellular carcinoma progression and therapeutics. 

Agrobiological Records 15: 103-116. https://doi.org/10.47278/journal.abr/2024.004 

 104 

1.1. Unraveling the MAPK Pathway in Hepatocellular Carcinoma 

1.1.1. The MAPK Signaling Pathway: Mammalian cells have at least three distinct MAPK pathways, such as 

ERK, c-Jun NH2-terminal kinase (JNK), and p38, to trigger signals to the nucleus and activate responsive genes 

(Junttila et al. 2008; Liu et al. 2023). The two members of the ERK kinase family are ERK1 (p. 44) and ERK2 (p. 

42). The three members of the JNK kinase family are JNK1-3 (Fig. 1) (Dent, 2022). p38α/β/γ/δ are the last groups 

into which the p38 MAPK family is split (Alshehade et al. 2022). Growth factors are the primary initiator of signals 

that are intimately linked to the ERK pathway. JNK and p38 signaling are triggered by several stimuli, including 

growth factors and environmental challenges (Ronkina and Gaestel 2022; Dharshini et al. 2023).  

 

 
 
Fig. 1: The conventional Ras/MAPK signaling pathway. The common MAPK signaling pathway includes p38 a/b/c/d, ERK 1/2/5, 

and JNK 1/2/3. These perform a role in the cell signaling from GPCR or RTK on the cell surface to the nucleus, which activates 

several  biological processes, including cell survival, differentiation. 

 

Signal transmission via cell surface receptors like G-protein-coupled receptors (GPCRs) or receptor tyrosine 

kinases (RTKs) initiates the MAPK signaling cascade (Girych et al. 2023). The cellular activity resulting from 

improper manner control promotes carcinogenesis by increasing cell growth, survival, proliferation, and de-

differentiation (Shah and Cat 2004; Cattaneo et al. 2014). The platelet-derived growth factor receptor (PDGFR), 

fibroblast growth factor receptor (FGFR), hepatocyte growth factor receptor (HGFR; also known as c-Met), and 

stem cell growth factor receptor (SCFR, also known as KIT) are among the receptors, may stimulate the MAPK 

pathway (Zwick et al. 2001; Rozen and Shohet 2022). 

The binding of ligands to these receptors activates cytoplasmic TKs to phosphorylate tyrosine residues. 

This process involves the recruitment of GRB2/Shc/SOS adapter complexes to the cell membrane, leading to 

the conversion of GDP-bound RAS to its active GTP-bound form (Matteson 2013). Subsequently, activated 

RAS attracts and activates RAF isoforms (A-RAF, B-RAF, and C-RAF) through phosphorylate and dimerize 

via scaffolding complexes at the cell membrane (Zhao and Luo 2022). By directly regulating 

mitogen/extracellular protein kinases (MEK), RAF proteins phosphorylate downstream signaling kinases 

(ERK1/2, also called MAPK3 and MAPK1) (Fig. 2) (Thiriet and Thiriet 2013; Moon and Ro 2021a). 

Surprisingly MEKs are dual-specificity kinases that may phosphorylate both tyrosine and serine/threonine. Two 

essential transcription factors (TF) of the AP-1 family, c-JUN and c-FOS are initiated when phosphorylated 

ERKs go to the nucleus (Fig. 3). These two substances attach to the AP-1 binding site of the promoter regions, 

which causes the gene transcription involved in the progression of the cell cycle and cellular functions (Deng et 

al. 2023). Furthermore, transcriptional activators are triggered by the MAPK pathway, which has binding sites 

on promoters to encode growth factors (Ivanenko et al. 2022). As a result, aberrant stimulation of the MAPK 

pathway produces an autocrine/paracrine loop that sustains cell growth and produces proliferative signals on its 

own (Yang et al. 2022). 

https://doi.org/10.47278/journal.abr/2024.004
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Fig. 2: The MAPK pathway is organized linearly. The linear arrangement of the MAPK pathways is as follows: a small GTPase 

triggers a MAP kinase kinase kinase (MAP3K or MEKK), it activates a MAP kinase kinase (MAP2K or MEK), and in turn to MAP 

kinase (MAPK). As a result, it specifies the particular cascade. 

 

 
 

Fig. 3: The Ras/Raf pathway. Ras constitutes the initial ERK 1/2 cytoplasmic effector. Several external stimuli as growth factors 

through activation of GPCR and RTK trigger the Ras/MAPK pathway. The state of Ras is altered by these stimuli, converting it 

from an inactive GDP-bound form to an activated GTP-bound form. Once active, GTP-Ras transfers Raf-1 kinase to the 

cellular membranes to phosphorylate MEK1/2, turning to activate ERK1/2, then translocates into the nucleus to trigger two TF 

of the AP1 family, c-Fos and c-Jun. GAPs and GEFs are the several proteins that regulate the MAPK pathway by controlling the 

GTP level. GEFs trigger the conversion of GDP to GTP, and GAPs encourage the GTP-Ras hydrolysis. The RASSF members 

control the anti-apoptotic and proliferative signals beginning with Ras. Moreover, the Spred family prevents Raf activation and 

RKIP blocks MEK phosphorylation by Raf-1. Hence, there are additional factors to regulate the Ras/Raf pathway. Sprouty 

proteins potentially alter the GRB2-SOS complex or inhibit Raf from controlling the Ras/Raf pathway. Eventually, DUSP1 is a 

particular ERK inhibitor.  

 

The abnormal initiation of the MAPK pathway is linked to cellular transformation and carcinogenesis since it is 

a critical regulator of important cellular activities including cell survival and proliferation (Guo et al. 2020; Hussain 

et al. 2023). The TF phosphorylated by ERK modifies telomere repeats and prevents senescence by stimulating the 

telomerase catalytic gene (hTERT) (Jäger and Walter 2016). The MAPK pathway increases the likelihood of 

survival by preventing the stimulation of pro-apoptotic BCL-2 group proteins like BIM and BAX, stimulating the 

BCL-2 and MCL-1 production, which are anti-apoptotic (Wu et al. 2018; Kaloni et al. 2023). This pathway also 

contributes to the formation of a mesenchymal state in cancer cells by upregulating the EMT-related gene 

expression, such as those expressing transcription inhibitors of epithelial genes through the Rho/Rac-actin route and 

the activation of metalloproteinase. This signaling also promotes the invasiveness and motility of cancer cells 

(Neuzillet et al. 2014). Moreover, B-RAF triggers angiogenesis via HIF-1α and VEGF, while C-RAF (RAF-1) 

https://doi.org/10.47278/journal.abr/2024.004


 Review Article                                                Agrobiological Records 

 ISSN: 2708-7182 (Print); ISSN: 2708-7190 (Online) 

 Open Access Journal 

 

 
Citation: Mushtaq H, Zarlashat Y, Ambreen A, Mujahid M, Kausar S and Shafqat D, 2024. Reviewing advances in 

understanding and targeting the MAPK signaling pathway in hepatocellular carcinoma progression and therapeutics. 

Agrobiological Records 15: 103-116. https://doi.org/10.47278/journal.abr/2024.004 

 106 

enhances endothelial cell viability, a crucial aspect of the relationship between stromal cells and cancer (Niault and 

Baccarini 2010; Chen et al. 2015). 

 

1.2. Role of the MAPK Pathway in HCC 

Human malignancies often have alterations in the MAPK pathway, which is essential to carcinogenesis. 

Mutations in one of the RAS-related genes are reported to be present in 20–30% of all human cancers (Murugan et 

al. 2019). About 50% of melanoma patients have B-RAF mutations, and in these individuals, B-RAF-targeting 

medications have improved clinical results. Furthermore, melanoma patients responded significantly to MEK 

inhibitors (Kim et al. 2021; Xiao et al. 2023).  

However, since mutation in RAS/RAF was not widely identified and was found in fewer than 5% of HCC 

cases, the significance of the MAPK pathway in HCC was overlooked for a very long time (Kim and Viatour 2020). 

Although the MAPK pathway gene mutations are rare, HCC patients often have the signaling pathway activated. 

The prognostic relevance of MAPK signaling is shown by the strong correlation between poor survival rates in 

HCC patients and raised expression levels of RAS effectors (Dimri and Satyanarayana 2020). Additionally, it is 

thought that RAF-1 overexpression is a distinct early indicator of tumor recurrence and a dismal prognosis (Wu et 

al.  2016).  It is estimated that  MAPK signaling is active in around  50% of patients with initial-stage HCC and 

nearly all advanced HCC patients, according to MEK/ERK expression and phosphorylation (Al Noshokaty et al. 

2016). Research has shown that overexpression of RAF, MEK, and ERK mRNA was seen in 33, 40, and 50% of 

patients. MEK phosphorylation was shown to be seven times more in HCC tissues than in nearby benign tissues 

(Dimri and Satyanarayana 2020). 

The MAPK pathway is normally triggered in HCC, but this is primarily explained by mechanisms other than 

RAS and RAF mutations. These mechanisms include aberrant stimulation of upstream GFs and receptors, 

downregulation of the pathway's negative modulators, and upregulation of its positive regulators. Thus, in the 

majority of human HCCs, the wild-type genes for RAS, RAF and downstream elements are found to activate the 

MAPK pathway (Braicu et al. 2019). 
 

1.3. Alternate Mechanisms Activating the MAPK Pathway in HCC 

The primary pathway components, including RTK, RAS, RAF, MEK, and ERK, closely control the MAPK 

pathway activity. In human malignancies, activating mutations in the genes encoding the main effectors and 

upregulation of the proteins cause the signaling pathway to become aberrantly activated (Liu et al. 2018; Roberts 

and Der  2007). Different modulators, both activate and repress MAPK signaling may influence it in addition to 

directly activating the route via the primary effector molecules. For instance, suppressing regulators that block the 

MAPK cascades or activating regulators to increase the pathway are two indirect ways to start the MAPK pathway 

(Braicu et al. 2019). 

GTPase activating proteins (GAPs) and Guanine nucleotide exchange factors (GEFs) are the greatest instances 

of MAPK signaling modulators. An inactive state (RAS-GDP) and an active state (RAS-GTP) occur in coexistence 

with normal RAS proteins (Xiao et al. 2023). HCC cell lines, such as Hep 3B and PLC/PRF/5, constitutively 

downregulate RAS-GAP family members (RASAL1 and DAB2IP) (Delire and Stärkel 2015). Among 88 human 

HCCs with RAS genes, downregulation of more than one RAS-GAP was discovered in every sample (Dillon et al. 

2021). Consequently, it is hypothesized that a key mechanism causing the stimulation of MAPK signaling in HCC 

is the inactivation of RAS-GAPs (Maertens and Cichowski 2014; Dillon et al. 2021). 73.8, 76.1, and 12.5% of 

patients, respectively, had downregulated expression levels of RASAL1, DAB2IP, and NF1, which mostly showed 

hypermethylation of the promoter (Calvisi et al. 2011). 

The members of the RASGEFs are SOS, RAPGEF2, RASGRF2, RASGRP1, and RASGRP4. Of these, 

RASGRP1 was shown to be much more expressed in HCC as compared to the tissues around the tumor, and this 

high expression was found to be strongly correlated with the size and stage of the tumor (Porras et al. 2021). 

Furthermore, it was discovered by multivariate analysis that RASGRP1 expression constituted a separate risk factor 

for the advancement of HCC (Porras et al. 2021; Wang et al. 2022). Furthermore, SOS was shown to be a critical 

molecule implicated in many pathways triggered in HCC, indicating its carcinogenic function in the disease.  

A class of modulators is sprouty proteins interfering with the GRB2/SOS complex, preventing RAS from going 

into an active state and adversely inhibiting the MAPK pathway (Table 1) (Chou and Bivona, 2022). Sprouty can 

block the signaling pathway on many different levels. For instance, the phosphorylation of RAF is interfered with 

by Sprouty-related proteins with EVH1 domains (SPRED) (Table 2). Differential expressions of sprouty homologs 

are seen in cancer (Al Mahi and Ablain, 2022). Among these, SPRY2/4 has lower expression levels in comparison 

to the comparable tissues without tumors, indicating that they function as tumor suppressors by inhibiting the 

MAPK signaling cascade (Samadaian et al. 2018). SPRY2 downregulation is common in HCC, which has a poor 

prognosis and is thought to provide cancer cells with uncontrolled ERK activation an advantage (Fong et al. 2006; 

https://doi.org/10.47278/journal.abr/2024.004
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Xiao et al. 2018). Through a decrease in ERK phosphorylation, high expression of SPRED prevents HCC cell 

growth both in vitro and in vivo. Tumor invasion and metastatic features are correlated with decreased levels of 

SPRED expression. Furthermore, it was revealed that 68% of tumor tissues had lower levels of SPRED-1 and two 

expressions than the adjacent liver tissues (Delire and Stärkel 2015). 

 
Table 1: The downregulated genes with percentage inactivation and their function in the RAS/RAF signaling pathway of hepatocellular 
carcinoma. 

Downregulated 
genes 

Inactivation 
(%) 

Mechanism of Molecular 
Inactivation 

Physiological function References 

GAPs 

NF1(Ras-GAPs) 31.6 Aberrant hypermethylation of 
promoters, promoter 

methylation-mediated silencing, 
Loss of heterozygosity. 

The GAPs increase the Ras GTPase 
activity, allowing GTP to be converted 

into GDP and facilitating Ras conversion 
from its GTP-activated form to its GDP-
inactivated form. 

(Kawamura et al. 2020) 

DAB2IP(GAPs) 76.1 Aberrant hypermethylation of 
promoters, promoter 
methylation-mediated silencing, 

LOH 

 (Calvisi et al. 2011) 

RASAL1(GAPs) 80.0 Aberrant hypermethylation of 
promoters, promoter 

methylation-mediated silencing, 
LOH 

 (Chen et al. 2018; 
Kawamura et al. 2020) 

IQGAP2 78 Inactivated by promoter 
methylation, two functionally 
conserved tryptophans are found 
in the polyproline domain 

to interact with normal 
MAPK and activate downstream 
signaling pathways, thereby 

supporting tumor development 
and progression. 

IQGAP2 and IQGAP3 are associated 
with the most important signaling 
pathway, the Ras/Raf pathway, to 
promote tumor growth. 

(Gnatenko et al. 2013; 
Song et al. 2023) 

RASSFs 

RASSFs  RASSF suppression involves denovo 
hypermethylation in its promoter 

RASSF induces apoptosis by activating 
PUMA 

(Calvisi et al. 2012; 
Azumi et al. 2016) 

RASSF1A 50-100 Promoter hypermethylation, 
LOH 

Induction of apoptosis, MAPK pathway 
inhibitor, RASSF1A is a mediator of the 
Bax(pro-apoptotic protein) pathway. 

(Khan et al. 2020; Xu et 
al. 2020) 

RASSF2 95 Methylation-based promoter 
silencing. 

Ras inhibitor, regulating apoptosis, the 
Ras effector domain with RASSF2 to 

create an androgen complex to inhibit 
metastais 

(Volodko et al. 2014; 
Zinatizadeh et al. 2019; 

Safa et al. 2020) 

RASSF1C 62 Promoter methylation, LOH Limit the transformation of Ras ability, 

inhibit tumor cell growth 

(Guo et al. 2015; 

Donninger et al. 2016) 

NORE1A/RASS
F5 

72.4 Methylation-based promoter 
silencing, LOH. 

Growth-inhibiting properties regulate 
apoptosis. NORE1A, a second mediator 

of Ras, also referred to as Ras-binding 
protein binds to RAS by a GTP-
dependent mechanism. 

(Liu et al. 2014; 
Donninger et al. 2015; 

Barnoud et al. 2017).) 

NORE1B 62 Methylation-based promoter 

silencing. 

NORE1B and Ras regulate Ras and T-cell 

signaling in immune cells, RASSF1A and 
NORE1B interact to stop HCC 

(Zinatizadeh et al. 

2019) 

Spred 

Spred1/2 68 Hypermethylation in the 

promoter region 

Spred protein blocks GrB2, Raf 

activation 

(Khan et al. 2020; 

Moon & Ro, 2021a) 

DUSP1  Methylation-based promoter 
silencing, LOH, Post-

transcriptional approach 

Negative ERK regulator (Chen et al. 2019; X. 
Chen et al. 2021; Zhao 

et al. 2021) 

RKIP  Post-transcriptional approach RKIP inhibits MEK from phosphorylating 

and activation by RAF 

(Lin et al. 2022) 

 

RAF kinase inhibitor protein (RKIP), which suppresses MEK phosphorylation through RAF, functions as 

an inhibitor of the MAPK signaling cascade (Wu et al. 2020). RKIP functions as an antagonist inhibitor of 

MEK stimulation by dissociating an RAF-MEK complex. Therefore, decreased RKIP expression had seen in a 

range of human malignancies, and loss of RKIP leads to aberrant initiation of the MAPK pathway. When 

comparing HCC tissues to non-tumor tissues, RKIP is typically downregulated, and this downregulation helps 

activate the MAPK pathway in HCC (Wong et al. 2011; Wu et al. 2020). The enzyme dual-specificity 

https://doi.org/10.47278/journal.abr/2024.004
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phosphatase 1 (DUSP1) inhibits ERK negatively. ERK activation directly induces the transcription of many 

DUSP family members, producing a negative regulatory loop (Chen et al. 2019). In HCC, a relationship 

between higher levels of ERK protein and lower DUSP1 was found. Reduced patient survival and increased 

tumor aggressiveness have been strongly connected with low expression of DUSP1 (Calvisi et al. 2008). GFs 

have a role in the autocrine and paracrine activation of the MAPK pathway. The ligands bind to EGFR and then 

initiate the MAPK signaling cascade downstream of the RTK, including epidermal growth factor (EGF) 

(Seshacharyulu et al. 2012; Sabbah et al. 2020). Increased production of TGF-α and EGF is often seen in HCC, 

particularly in the early phases of carcinogenesis, which may indicate that MAPK is involved in the neoplastic 

change of hepatocytes (Moon and Ro, 2021a). An example of a paracrine cellular mitogenic factor is HGF. It 

mostly targets epithelial cells and is released by mesenchymal cells. HGF binds to HGFR (c-Met) on the 

hepatocyte surface and is produced by hepatic stellate cells (HSC) in the liver (Wu et al. 2020). This interaction 

initiates MAPK signaling cascades and stimulates the propagation of parenchymal cells. The MAPK pathway is 

triggered by the interaction of FGF to FGFR and HGF to HGFR are expressed at considerably high in HCC 

(Dhanasekaran et al. 2016; Kamal et al. 2022). In humans, there are four FGFRs and 22 different kinds of 

FGFs. FGFRs are composed of a single transmembrane domain, heparan sulfate (HS)-binding domain, Ig-like 

extracellular ligand-binding domains, and cytoplasmic tyrosine kinase domains (Nandi et al. 2022; K. Qin et al. 

2023). A number of FGFs including FGF1/2/8/7/19 are increased in HCC and act in an autocrine way to 

promote the growth and invasion of HCC cells. Similarly, HCC is associated with at least one elevated FGFR 

(Wang et al. 2021). In the liver, the insulin-like growth factor (IGF) pathway controls differentiation, 

proliferation, and death. Two ligands, IGF-1 and IGF-2, and IGF1R and IGF2R make up the IGF system 

(Adamek and Kasprzak 2018).  

 
Table 2: The three domains of spred protein 1, 2, 3, EVE-3 and their specific functions 

Domains Functions References 

EVHI Inhibits ERK activation. 
Targets proteins to specific sites of action 

Site of protein-protein interactions through which dimers are formed 

(Bundschu et al. 2007; Zhao et al. 2018; Yan et al. 2020; 
Gong et al. 2020) 

KBD Inhibits ERK activation. 
Facilitates spred membrane to localization. 

Promotes the heterodimer formation 

(Endo, 2020; Gong et al. 2020; Lorenzo and 
McCormick 2020) 

SPR Inhibition of ERK 
Required for spred1 and spred 2 formation 

(Kato et al. 2003; Gong et al. 2020; Lorenzo and 
McCormick 2020) 

 

The MAPK pathway is controlled by non-coding RNAs, including micro RNAs (miRNAs) and long non-

coding RNAs (lncRNAs). It is shown that miRNAs regulate MAPK signaling in HCC (Tasharrofi and Ghafouri-

Fard 2018). For instance, by directly inhibiting RAS/RAF respectively, miR-30a and miR-4510 lower the function 

of the MAPK pathway, whereas miR-330-5p and miR-487 have the opposite effect by focusing on Sprouty and 

SPRED, negative regulators of the MAPK pathway (Zhou et al. 2017; Moon and Ro 2021a). MiR-330-5p and miR-

487 are overexpressed, while miR-4510 and miR-30a are downregulated in HCC, per reports (Xiao et al. 2018; Xu 

et al. 2018). BRAF-initiated non-coding RNA (BANCR) is a lncRNA that, when overexpressed, activates the 

MAPK pathway in a variety of tumors, including HCC. Notably, MARK/ERK signaling in HCC cells was 

deactivated by downregulating BANCR by shRNA-mediated knockdown, which inhibited cellular migration and 

proliferation (Burke et al. 2020). Other lncRNAs that are known to promote liver carcinogenesis by triggering 

MAPK signaling include URHC, LL22NC03-N14H11.1, IGF2AS, and others that are increased in liver cancer (Xu 

et al. 2014; Bao et al. 2017). lncRNAs RUNX1-IT1 and CASC2, on the other hand, drastically downregulate their 

expression in HCC and deactivate the MAPK pathway (Yan et al. 2019). 

Cell-released exosomes carry numerous biomolecules such as DNA, proteins, mRNAs, lncRNAs and miRNAs. 

Exosomes are becoming increasingly recognized as essential to intercellular communication in normal and diseased 

conditions (Zhu et al. 2020; Kim 2022). Neoplastic cells communicate with the tumor microenvironment via 

exosomes, promoting tumor development, invasion, and metastasis. Additionally, tumor cells may communicate via 

exosomes, which carry numerous signal molecules (Maia et al. 2018). Cancer cells produce exosomes that trigger 

MAPK signaling in the targeted cells by transferring GFRs and miRNAs. Numerous studies indicate that HCC-

derived exosomes activate the MAPK pathway in recipient cells (Fares et al. 2020). 

HBV and HCV infection are important HCC risk factors. HBV/HCV infection increases the risk of HCC via 

many molecular processes, such as genomic incorporation of viral DNA and apoptotic pathway inactivation. Recent 

studies indicate HBV may activate this pathway (Levrero and Zucman-Rossi 2016; DuShane and Maginnis 2019). 

HBV core antigen protein (HBcAg) stimulates IL-6 synthesis in hepatocytes by activating the MAPK pathway, 

which drugs may inhibit. Additionally, studies suggest that the HCV core protein greatly activates the MAPK 

https://doi.org/10.47278/journal.abr/2024.004
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protein (Chen et al. 2017). MEK1-specific inhibitor inhibited MAPK signaling via the HCV core protein, indicating 

the viral protein works at MEK1 or elements upstream of it (Du et al. 2021). 

 

1.4. Therapeutic Focus: Exploiting MAPK Signaling in HCC 

Molecular-targeted treatments are gaining interest in inhibiting oncogenic signaling pathways. Both 

fundamental academics and physicians are focusing on RTK as a therapeutic target for HCC therapy (Jindal et al. 

2019). The majority of TKIs compete with ATP-catalytic domain binding of several oncogenic Tyrosine kinases 

(TKs). Type I, II, and III inhibitors alter the target enzyme's structure, preventing kinase action (Hojjat-Farsangi 

2014). Sorafenib, the first licensed treatment for HCC patients, targets RAF and other RTKs, including PDGFR-β, 

VEGFR2/3, and KIT (Tian et al. 2020; Habiba et al. 2022). In advanced HCC patients, sunitinib, a multi-kinase 

inhibitor that targets PDGFR, and TK 3, showed less favorable results compared to sorafenib (Wang et al. 2021). In 

research, HCC cases in the sorafenib group had a median overall survival (OS) of 10.2 months, whereas those 

received sunitinib had 7.9 months (Raoul et al. 2018; Dawson et al. 2020). A phase II study of metastatic HCC 

patients found erlotinib, a potent EGFR inhibitor (Zhu et al. 2014). A Phase III research indicated that HCC patients 

getting sorafenib plus erlotinib had a mOS of 9.5 months, whereas those receiving placebo had 8.5 months (Table 

3) (Zhu and Sun 2019; Coffman-D’Annibale et al. 2023). Lenvatinib beats sorafenib for liver cancer. Lenvatinib 

improved OS in HCC patients who were not eligible for surgery of tumor excision. Lenvatinib diminishes 

angiogenesis and lympho-angiogenesis by targeting VEGFR, FGFR, PDGFR, and KIT (Yamamoto et al. 2014). 

Combination treatment with golvatinib has been used to address acquired resistance to lenvatinib (Guo et al. 2022). 

Regorafenib similarly targets to sorafenib, repressing STAT3 signaling by activating SHP1, and also inhibits V600-

mutated B-RAF (Moon and Ro 2021b). Refractory sorafenib patients received regorafenib or placebo in a phase III 

study. Regorafenib therapy resulted in a longer mOS contrast to placebo (10.6 months vs. 7.8 months) (Bruix et al. 

2013). Orally bioavailable cabozantinib targets VEGFR, RET, MET, and AXL and is authorized for HCC patients. 

Cabozantinib, a dual VEGFR/MET blocker, targets the MET pathway which is commonly started after blocking 

VEGFR (Cochin et al. 2017; Schöffski et al. 2017). Phase III research compared Cabozantinib to a placebo on OS 

in advanced HCC patients, previously undergone sorafenib. Cabozantinib had a median PFS of 5.5 months and 

mOS of 10.2 months, compared to 1.9 months and 8 months with placebo, respectively (D’Angelo et al. 2020;  

D’Alessio et al. 2021). A Phase II study indicated that tivantinib, an oral MET inhibitor, improved OS and PFS in 

high-MET-expressing HCC patients who had undergone sorafenib. A phase III research found that tivantinib did 

not enhance OS in patients with MET-high HCC, received systemic treatment, contrast to placebo (Rimassa et al. 

2018). In the phase III REACH-2 study, sorafenib-treated patients had a mOS of 8.5 months in ramucirumab vs 7.3 

months with placebo. Ramucirumab survival benefit is strongly correlated with blood AFP levels (Vogel and 

Saborowski 2020). 

 
Table 3: Phase III clinical trials evaluating molecular-targeted therapies for hepatocellular carcinoma (HCC) 

Drugs Therapeutic targets Median OS 

(months) 

Median PFS 

(months) 

References 

Sorafenib RAF, VEGFR, PDGFR, KIT 10.6 NR (Terashima et al. 2016) 

Erlotinib EGFR 9.5 NR (Thomas et al. 2018) 

Sunitinib PDGFR, VEGFR, KIT, RET 7.9 3.5 (Bertino et al. 2014) 

Lenvatinib VEGFR, PDGFR, FGFR, RET, KIT 13.6 7.4 (Wang et al. 2022) 

Regorafenib B-RAF, PDGFR, VEGFR,  GFR, RET, KIT 10.6 3.1 (Yan et al. 2023) 

Cabozantinib MET, VEGFR, AXL, RET 10.2 5.2 (D’Alessio et al. 2021) 

Ramucirumab VEGFR2 8.5 2.8 (Llovet et al. 2022) 

Tivantinib HGFR 8.4 2.1 (Bertino et al. 2014) 

Atezolizumab and Bevacizumab PD-L1 and VEGF-A 19.2 6.9 (D’Alessio et al. 2021) 

Nivolumab PD-1 16.4 3.7 (Zhu and Sun, 2019) 

Pembrolizumab PD-1 13.9 3.0 (Rinaldi et al. 2021) 

 

Targeting the immunological checkpoint is a promising new technique for treating HCC. Targeting the immune 

checkpoint is justified by the experiment that cancer cells expressing PD-L1 may evade the immune system by 

interacting with PD-1 on activated B, T, natural killer, and myeloid cells (Pinato et al. 2020; Naimi et al. 2022). The 

human monoclonal antibody nivolumab blocks the contact between PD-1 and PD-L1, hence suppressing immune 

checkpoint signaling (Pandey et al. 2022). The phase III CheckMate 459 trial assessed the safety and effectiveness 

of nivolumab + sorafenib as first-line treatment for advanced HCC patients. While nivolumab therapy resulted in 

clinically significant OS improvements (16.4 vs. 14.7 months), the difference was not significant (Yau et al. 2022). 

KEYNOTE-240, a phase III research, examined the effectiveness of pembrolizumab, a humanized monoclonal Ig 

targeting PD-1, as second-line therapy for HCC patients received sorafenib (Zhu and Qin 2022; Nikoo et al. 2023). 

The pembrolizumab group had no significant OS or PFS improvements over the placebo group. In HCC patients, 
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blocking both the immune checkpoint and VEGF had different therapeutic advantages than targeting either alone 

(Qin et al. 2023). A multinational, open-label phase III research randomly assigned unresectable HCC patients 

without systemic therapy to receive atezolizumab (PD-L1), bevacizumab (VEGF-A), or sorafenib as treatment 

(Tella et al. 2022; Yang et al. 2022). Atezolizumab with bevacizumab increased OS and PFS over sorafenib. A 

recent research found a mOS of 19.2 months for atezolizumab + bevacizumab and 13.4 months for sorafenib after 

12 months of evaluation. The longest survival rate in a phase III trial with HCC supports the effectiveness of 

atezolizumab + bevacizumab. Most advanced HCC patients now get combinational treatment as the standard of care 

(Finn et al. 2021). 

 

1.5. Drug Resistance in MAPK-Targeted Therapy for Cancer Cells 

Drug resistance may occur from targeted therapy targeting RTKs regardless of their great efficacy and 

selectivity (Karoulia et al. 2017). Mutations or differentiations in downstream RAS, RAF, MEK, or ERK may 

reactivate MAPK signaling in cancer (Lee et al. 2020). The development of a resistant mutation inside the RTK 

may also result in resistance to RTK inhibitors, reducing the drugs efficacy (Nagano et al. 2018). B-RAF inhibitors 

provide some early therapeutic advantages. However, long-term use of these drugs leads to drug resistance (Healy 

et al. 2022). For instance, recurrence of the MAPK signaling was induced by ATP-competitive RAF inhibitors such 

as dabrafenib, vemurafenib, and sorafenib, either by causing structural changes in RAF or by obtaining an active 

mutation in the down MEK and ERK (Zhao and Luo, 2022). Other RAF inhibitors, including TAK-580, PLX8394, 

BGB283, and LXH254, have recently been discovered and are now going through clinical studies in HCC 

to overcome first-generation inhibitor drug resistance (Lee et al. 2020; Yuan et al. 2020). Furthermore, RAF and 

MEK or RAF and ERK dual inhibition has been investigated for decreased cancer recurrence. MEK inhibitor-

treated cancers also become resistant to the drugs as a result of the MAPK pathway being reactivated (Caunt et al. 

2015). Mutations or changes to upstream molecules like RAS, RAF, RTKs, or NF1 may cause reactivation, which 

increases the signaling pathway. A mutation in MEK that results in poor drug binding to MEK may also cause 

resistance to MEK inhibitors (McCubrey et al. 2012). 

Reactivation may happen when upstream molecules like RAF, NF1, RTKs, or RAS change or mutate, 

increasing the signaling pathway. A mutation in MEK that results in poor drug adhesion to MEK may also cause 

resistance to MEK inhibitors. Cancers may resist MAPK-based target treatment by activating an alternate pathway 

to promote the proliferation of cells. Activation of the PI3K and YAP pathways are key mechanisms for MAPK 

signaling resistance (Kun et al. 2021). In colorectal cancer cells, a mutation in K-RAS led to resistance to EGFR 

and MEK inhibition via activating PI3K (Vitiello et al. 2019). Melanoma cells exhibited resistance to MEK 

inhibition by upregulating AKT and YAP, leading to increased oncogenic activity. Additionally, lung carcinomas 

resistant to MEK inhibitors were extremely responsive to YAP inhibitor therapy, preventing the development of 

resistant cells (Lin et al. 2015). 

Epigenetic processes and chromatin remodeling have a crucial role in pharmacological tolerance to MAPK 

regulation. The BRAFV600E mutation in melanoma cells makes them resistant to RAF suppression (dabrafenib) 

and MEK inhibition (trametinib) due to SIRT6 downregulation. Interestingly, only SIRT6 haploinsufficiency 

increased H3K56 acetylation at the IGFBP2 gene, resulting in IGF activation and downstream signaling, conferring 

resistance to RAF or MEK inhibition (Strub et al. 2018). Genetic and epigenetic alterations in malignancies strongly 

impact medication resistance and sensitivity. Efficient MAPK signaling-targeted treatment for diverse human 

malignancies requires understanding resistance mechanisms. 

 

2. CONCLUSION AND PERSPECTIVES  
Clinical decision-making may be significantly affected by the ability to predict a patient's response to targeted 

therapy based on a detailed knowledge of the molecular mechanism leading to tumorigenesis. The complicated, 

multi-step process of HCC development occurs due to changes in many signaling cascades. Among the diverse 

oncogenic signals, initiation of the MAPK pathway is evaluated in around 50% of patients in the initial stages of 

HCC and is prevalent in the majority of individuals with HCC. Several investigations have demonstrated the pivotal 

and central involvement of MAPK signaling in the progression of HCC. Mutations in the cellular effectors in 

signaling are uncommon in HCC patients, although the MAPK signaling pathway is commonly shown to be 

upregulated in HCC patients. It implies that the signaling system in HCC should be activated by a different method. 

Currently, the most preferred biological targets for HCC therapy are RTKs, which are upstream elements of the 

MAK/ERK signaling cascade. Combinational therapy with additional target therapies has been explored for the 

treatment of HCC because of the unsatisfactory clinical results from RTK inhibitors alone, as shown by sorafenib. 

Target therapies for cancer-based on MAPK signaling have, up to now, been attentive to the central molecules in 

the signaling. The signaling pathway has a wide variety of positive modulators. A possible strategy should be to 

inhibit new targets that are essential for the stimulation of this pathway. We are interested in seeing how well the 
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new target treatments work in preclinical HCC contexts utilizing transgenic animal models that have active MAPK 

signaling, as well as in clinical trials. 

 

Funding statement 

Not applicable 

 

Conflict of interest 

Not applicable 

 

Author contribution statement 

All authors listed have significantly contributed to the development and the writing of this article.  

 

Declaration of competing interest  

The authors declare that they have no known competing financial interests or personal relationships that could 

have appeared to influence the work reported in this paper. 

 

REFERENCES 
Adamek A and Kasprzak A, 2018. Insulin-like growth factor (IGF) system in liver diseases. International Journal of Molecular 

Sciences, 19(5), 1308.  

Al Mahi A and Ablain J, 2022. RAS pathway regulation in melanoma. Disease Models & Mechanisms, 15(2), dmm049229.  

Al Noshokaty TM, Mesbah N, Abo-Elmatty DM, Abulsoud AI and Abdel-Hamed AR, 2022. Hepatocellular carcinoma 

pathogenesis: Epigenetics and relationship with cancer hallmarks. Records of Pharmaceutical and Biomedical Sciences, 6(1), 

136-157.  

Alshehade S, Alshawsh MA, Murugaiyah V, Asif M, Alshehade O, Almoustafa H and Al Zarzour RH, 2022. The role of protein 

kinases as key drivers of metabolic dysfunction-associated fatty liver disease progression: New insights and future 

directions. Life Sciences, 305, 120732.  

Azumi J, Tsubota T, Sakabe T and Shiota G, 2016. miR‐181a induces sorafenib resistance of hepatocellular carcinoma cells 

through downregulation of RASSF 1 expression. Cancer Science, 107(9), 1256-1262.  

Bao H, Guo CG, Qiu PC, Zhang XL, Dong Q and Wang YK, 2017. Long non‑coding RNA Igf2as controls hepatocellular 

carcinoma progression through the ERK/MAPK signaling pathway. Oncology Letters, 14(3), 2831-2837.  

Barnoud T, Schmidt ML, Donninger H and Clark GJ, 2017. The role of the NORE1A tumor suppressor in oncogene-induced 

senescence. Cancer Letters, 400, 30-36.  
Bertino G, Demma S, Ardiri A, Proiti M, Malaguarnera G, Bertino N and Malaguarnera M, 2014. Hepatocellular carcinoma: 

novel molecular targets in carcinogenesis for future therapies. BioMed research international, 2014.  

Braicu C, Buse M, Busuioc C, Drula R, Gulei D, Raduly L, Slaby O, 2019. A comprehensive review on MAPK: a promising 

therapeutic target in cancer. Cancers, 11(10), 1618.  

Bruix J, Tak W-Y, Gasbarrini A, Santoro A, Colombo M, Lim H-Y and Wagner A, 2013. Regorafenib as second-line therapy for 

intermediate or advanced hepatocellular carcinoma: multicentre, open-label, phase II safety study. European Journal of 

Cancer, 49(16), 3412-3419.  

Bundschu K, Walter U and Schuh K, 2007. Getting a first clue about SPRED functions. Bioessays, 29(9), 897-907.  

Burke L, Guterman I, Palacios Gallego R, Britton RG, Burschowsky D, Tufarelli C and Rufini A, 2020. The Janus-like role of 

proline metabolism in cancer. Cell Death Discovery, 6(1), 104.  

Caldwell S and Park SH, 2009. The epidemiology of hepatocellular cancer: from the perspectives of public health problem to 

tumor biology. Journal of Gastroenterology, 44, 96-101.  

Calvisi DF, Evert M and Dombrowski F, 2012. Pathogenetic and prognostic significance of inactivation of RASSF proteins in 

human hepatocellular carcinoma. Molecular Biology International, 2012.  

Calvisi DF, Ladu S, Conner EA, Seo D, Hsieh J-T, Factor VM and Thorgeirsson SS, 2011. Inactivation of Ras GTPase-activating 

proteins promotes unrestrained activity of wild-type Ras in human liver cancer. Journal of Hepatology, 54(2), 311-319.  

Calvisi DF, Pinna F, Meloni F, Ladu S, Pellegrino R, Sini M and Virdis P, 2008. Dual-specificity phosphatase 1 ubiquitination in 

extracellular signal-regulated kinase–mediated control of growth in human hepatocellular carcinoma. Cancer Research, 

68(11), 4192-4200.  

Cattaneo F, Guerra G, Parisi M, De Marinis M, Tafuri D, Cinelli M and Ammendola R, 2014. Cell-surface receptors 

transactivation mediated by g protein-coupled receptors. International Journal of Molecular Sciences, 15(11), 19700-

19728.  

Caunt CJ, Sale MJ, Smith PD and Cook SJ, 2015. MEK1 and MEK2 inhibitors and cancer therapy: the long and winding road. 

Nature Reviews Cancer, 15(10), 577-592.  

Chen H-F, Chuang H-C and Tan T-H, 2019. Regulation of dual-specificity phosphatase (DUSP) ubiquitination and protein 

stability. International Journal of Molecular Sciences, 20(11), 2668.  

Chen H, Yang Y, Wang J, Shen D, Zhao J and Yu Q, 2018. miR-130b-5p promotes proliferation, migration and invasion of 

gastric cancer cells via targeting RASAL1. Oncology Letters, 15(5), 6361-6367.  

https://doi.org/10.47278/journal.abr/2024.004


 Review Article                                                Agrobiological Records 

 ISSN: 2708-7182 (Print); ISSN: 2708-7190 (Online) 

 Open Access Journal 

 

 
Citation: Mushtaq H, Zarlashat Y, Ambreen A, Mujahid M, Kausar S and Shafqat D, 2024. Reviewing advances in 

understanding and targeting the MAPK signaling pathway in hepatocellular carcinoma progression and therapeutics. 

Agrobiological Records 15: 103-116. https://doi.org/10.47278/journal.abr/2024.004 

 112 

Chen J, Jin R, Zhao J, Liu J, Ying H, Yan H and Liang X, 2015. Potential molecular, cellular and microenvironmental mechanism 

of sorafenib resistance in hepatocellular carcinoma. Cancer Letters, 367(1), 1-11.  

Chen X, Kang R, Kroemer G and Tang D, 2021. Targeting ferroptosis in pancreatic cancer: a double-edged sword. Trends in 

Cancer, 7(10), 891-901.  

Chen Z, Li Y-X, Fu H-J, Ren Y-L, Zou L, Shen S-Z and Huang C-H, 2017. Hepatitis B virus core antigen stimulates IL-6 

expression via p38, ERK and NF-κB pathways in hepatocytes. Cellular Physiology and Biochemistry, 41(1), 91-100.  

Chidambaranathan-Reghupaty S, Fisher PB and Sarkar D, 2021. Hepatocellular carcinoma (HCC): Epidemiology, etiology and 

molecular classification. Advances in Cancer Research, 149, 1-61.  

Chou Y-T and Bivona TG, 2022. Inhibition of SHP2 as an approach to block RAS-driven cancers. In Advances in Cancer Research 

(Vol. 153, pp. 205-236): Elsevier. 

Cochin V, Gross-Goupil M, Ravaud A, Godbert Y and Le Moulec S, 2017. Cabozantinib: Mechanism of action, efficacy and 

indications. Bulletin du Cancer, 104(5), 393-401.  

Coffman-D’Annibale K, Xie C, Hrones DM, Ghabra S, Greten TF and Monge C, 2023. The current landscape of therapies for 

hepatocellular carcinoma. Carcinogenesis, 44(7), 537-548.  

D’Alessio A, Cammarota A, Zanuso V, Pressiani T, Personeni N and Rimassa L, 2021. Atezolizumab plus bevacizumab for 

unresectable or metastatic hepatocellular carcinoma. Expert Review of Anticancer Therapy, 21(9), 927-939.  

D’Alessio A, Prete MG, Cammarota A, Personeni N and Rimassa L, 2021. The role of cabozantinib as a therapeutic option for 

hepatocellular carcinoma: current landscape and future challenges. Journal of Hepatocellular Carcinoma, 177-191.  

D’Angelo A, Sobhani N, Bagby S, Casadei-Gardini A and Roviello G, 2020. Cabozantinib as a second-line treatment option in 

hepatocellular carcinoma. Expert Review of Clinical Pharmacology, 13(6), 623-629.  

Dawson LA, Zhu A, Knox J, Krishnan S, Craig T, Guha C and Winter K, 2020. Radiation Therapy Oncology Group RTOG 

1112 randomized phase III study of sorafenib versus stereotactic body radiation therapy followed by sorafenib in 

hepatocellular carcinoma. Radiation Oncology. Available online: https://www. ctsu. org.  

Delire B and Stärkel P, 2015. The Ras/MAPK pathway and hepatocarcinoma: pathogenesis and therapeutic implications. 

European Journal of Clinical Investigation, 45(6), 609-623.  

Deng Y, Lu L, Zhang H, Fu Y, Liu T and Chen Y, 2023. The role and regulation of Maf proteins in cancer. Biomarker Research, 

11(1), 1-20.  

Dent P, 2022. Cell Signaling and Translational Developmental Therapeutics. Comprehensive Pharmacology, 250.  

Dhanasekaran R, Bandoh S and Roberts LR, 2016. Molecular pathogenesis of hepatocellular carcinoma and impact of 

therapeutic advances. F1000Research, 5.  

Dharshini LCP, Rasmi RR, Kathirvelan C, Kumar KM, Saradhadevi K and Sakthivel KM, 2023. Regulatory Components of 

Oxidative Stress and Inflammation and Their Complex Interplay in Carcinogenesis. Applied Biochemistry and 

Biotechnology, 195(5), 2893-2916.  

Dillon M, Lopez A, Lin E, Sales D, Perets R and Jain P, 2021. Progress on Ras/MAPK signaling research and targeting in blood 

and solid cancers. Cancers, 13(20), 5059.  

Dimri M and Satyanarayana A, 2020. Molecular signaling pathways and therapeutic targets in hepatocellular carcinoma. Cancers, 
12(2), 491.  

Donninger H, Calvisi DF, Barnoud T, Clark J, Schmidt ML, Vos MD and Clark GJ, 2015. NORE1A is a Ras senescence effector 

that controls the apoptotic/senescent balance of p53 via HIPK2. Journal of Cell Biology, 208(6), 777-789.  

Donninger H, Schmidt ML, Mezzanotte J, Barnoud T and Clark GJ, 2016. Ras signaling through RASSF proteins. Paper presented at 

the Seminars in Cell and Developmental Biology. 

Du L, Wang H, Liu F, Wei Z, Weng C, Tang J and Feng W-H, 2021. NSP2 is important for highly pathogenic porcine 

reproductive and respiratory syndrome virus to trigger high fever-related COX-2-PGE2 pathway in pigs. Frontiers in 

Immunology, 12, 657071.  

DuShane JK and Maginnis MS, 2019. Human DNA virus exploitation of the MAPK-ERK cascade. International Journal of 

Molecular Sciences, 20(14), 3427.  

Endo T, 2020. Dominant-negative antagonists of the Ras–ERK pathway: DA-Raf and its related proteins generated by 

alternative splicing of Raf. Experimental Cell Research, 387(2), 111775.  

Fares J, Fares MY, Khachfe HH, Salhab HA and Fares Y, 2020. Molecular principles of metastasis: a hallmark of cancer revisited. 

Signal Transduction and Targeted Therapy, 5(1), 28.  

Finn R, Qin S, Ikeda M, Galle P, Ducreux M, Kim T and Merle P, 2021. IMbrave150: updated overall survival data from a global, 

randomized, open-label Phase III study of atezolizumab+ bevacizumab vs sorafenib in patients with unresectable 

hepatocellular carcinoma. Journal of Clinical Oncology, 39, 267.  

Fong CW, Chua M-S, McKie AB, Ling SHM, Mason V, Li R and So SK, 2006. Sprouty 2, an inhibitor of mitogen-activated 

protein kinase signaling, is down-regulated in hepatocellular carcinoma. Cancer Research, 66(4), 2048-2058.  

Girych M, Kulig W, Enkavi G and Vattulainen I, 2023. How Neuromembrane Lipids Modulate Membrane Proteins: Insights 

from G-Protein-Coupled Receptors (GPCRs) and Receptor Tyrosine Kinases (RTKs). Cold Spring Harbor Perspectives in 

Biology, 15(10), a041419.  

Gnatenko DV, Xu X, Zhu W and Schmidt VA, 2013. Transcript profiling identifies iqgap2−/− mouse as a model for advanced 

human hepatocellular carcinoma. PloS One, 8(8), e71826.  

Gong J, Yan Z and Liu Q, 2020. Progress in experimental research on SPRED protein family. Journal of International Medical 

Research, 48(8), 0300060520929170.  

https://doi.org/10.47278/journal.abr/2024.004
https://www/


 Review Article                                                Agrobiological Records 

 ISSN: 2708-7182 (Print); ISSN: 2708-7190 (Online) 

 Open Access Journal 

 

 
Citation: Mushtaq H, Zarlashat Y, Ambreen A, Mujahid M, Kausar S and Shafqat D, 2024. Reviewing advances in 

understanding and targeting the MAPK signaling pathway in hepatocellular carcinoma progression and therapeutics. 

Agrobiological Records 15: 103-116. https://doi.org/10.47278/journal.abr/2024.004 

 113 

Guo J, Zhao J, Xu Q and Huang D, 2022. Resistance of lenvatinib in hepatocellular carcinoma. Current Cancer Drug Targets, 

22(11), 865-878.  

Guo W, Wang C, Guo Y, Shen S, Guo X, Kuang G and Dong Z, 2015. RASSF5A, a candidate tumor suppressor, is 

epigenetically inactivated in esophageal squamous cell carcinoma. Clinical and Experimental Metastasis, 32, 83-98.  

Guo YJ, Pan WW, Liu SB, Shen ZF, Xu Y and Hu LL, 2020. ERK/MAPK signalling pathway and tumorigenesis. Experimental and 

Therapeutic Medicine, 19(3), 1997-2007.  

Habiba YH, Omran GA, Helmy MW and Houssen ME, 2022. Antitumor effects of rhamnazinon sorafenib-treated human 

hepatocellular carcinoma cell lines via modulation of VEGF signaling and PI3K/NF-κB p38/caspase-3 axes cross talk. Life 

Sciences, 297, 120443.  

Healy FM, Prior IA and MacEwan DJ, 2022. The importance of Ras in drug resistance in cancer. British Journal of Pharmacology, 

179(12), 2844-2867.  

Hojjat-Farsangi M, 2014. Small-molecule inhibitors of the receptor tyrosine kinases: promising tools for targeted cancer 

therapies. International Journal of Molecular Sciences, 15(8), 13768-13801.  

Hussain MS, Afzal O, Kumar G, Altamimi ASA, Almalki WH, Alzarea SI and Meenakshi DU, 2023. Long non-coding RNAs in 

lung cancer: Unraveling the molecular modulators of MAPK signaling. Pathology-Research and Practice, 154738.  

Ibrahim AM, Mohamed AA, Esmail OE, Khater A and El-Awady RR, 2023. Evaluation of PRDM1 gene polymorphism with 

hepatitis C virus-related hepatocellular carcinoma in a cohort of Egyptian patients. Azhar International Journal of 

Pharmaceutical and Medical Sciences, 3(1), 105-111.  

Ivanenko K, Prassolov V and Khabusheva E, 2022. Transcription factor Sp1 in the expression of genes encoding components of 

MAPK, JAK/STAT, and PI3K/Akt signaling pathways. Molecular Biology, 56(5), 756-769.  

Jäger K and Walter M, 2016. Therapeutic targeting of telomerase. Genes, 7(7), 39.  

Jayachandran M, 2017. An updated portrait of pathogenesis, molecular markers and signaling pathways of hepatocellular 

carcinoma. Current Pharmaceutical Design, 23(16), 2356-2365.  

Jindal A, Thadi A and Shailubhai K, 2019. Hepatocellular carcinoma: etiology and current and future drugs. Journal of Clinical 

and Experimental Hepatology, 9(2), 221-232.  

Junttila MR, Li SP and Westermarck J, 2008. Phosphatase‐mediated crosstalk between MAPK signaling pathways in the 

regulation of cell survival. The FASEB Journal, 22(4), 954-965.  

Kaloni D, Diepstraten ST, Strasser A and Kelly GL, 2023. BCL-2 protein family: Attractive targets for cancer therapy. 

Apoptosis, 28(1-2), 20-38.  

Kamal MA, Mandour YM, Abd El-Aziz MK, Stein U and El Tayebi HM, 2022. Small molecule inhibitors for hepatocellular 

carcinoma: advances and challenges. Molecules, 27(17), 5537.  

Karoulia Z, Gavathiotis E and Poulikakos PI, 2017. New perspectives for targeting RAF kinase in human cancer. Nature 

Reviews Cancer, 17(11), 676-691.  

Kato R, Nonami A, Taketomi T, Wakioka T, Kuroiwa A, Matsuda Y and Yoshimura A, 2003. Molecular cloning of mammalian 

Spred-3 which suppresses tyrosine kinase-mediated Erk activation. Biochemical and Biophysical Research 

Communications, 302(4), 767-772.  

Kawamura K, Daa T, Kawano K and Yokoyama S, 2020. Activation of the RAS/ERK signaling pathway by RASAL1 and its 

clinical significance in squamous cell carcinomas of the tongue. Journal of Oral and Maxillofacial Surgery, Medicine, and 

Pathology, 32(5), 400-405.  

Khan MGM, Ghosh A, Variya B, Santharam MA, Ihsan AU, Ramanathan S and Ilangumaran S, 2020. Prognostic significance of 

SOCS1 and SOCS3 tumor suppressors and oncogenic signaling pathway genes in hepatocellular carcinoma. BMC Cancer, 

20(1), 1-18.  

Kim E and Viatour P, 2020. Hepatocellular carcinoma: old friends and new tricks. Experimental and Molecular Medicine, 52(12), 

1898-1907.  

Kim J-H, Ahn DH, Moon J-S, Han H-J, Bae K and Yoon K-A, 2021. Longitudinal assessment of B-RAF V595E levels in the 

peripheral cell-free tumor DNA of a 10-year-old spayed female Korean Jindo dog with unresectable metastatic urethral 

transitional cell carcinoma for monitoring the treatment response to a RAF inhibitor (sorafenib). Veterinary Quarterly, 

41(1), 153-162.  

Kim SB, 2022. Function and therapeutic development of exosomes for cancer therapy. Archives of Pharmacal Research, 45(5), 

295-308.  

Kun E, Tsang Y, Ng C, Gershenson D and Wong K, 2021. MEK inhibitor resistance mechanisms and recent developments in 

combination trials. Cancer Treatment Reviews, 92, 102137.  

Lee S, Rauch J and Kolch W, 2020. Targeting MAPK signaling in cancer: mechanisms of drug resistance and sensitivity. 

International Journal of Molecular Sciences, 21(3), 1102.  

Levrero M and Zucman-Rossi J, 2016. Mechanisms of HBV-induced hepatocellular carcinoma. Journal of Hepatology, 64(1), 

S84-S101.  

Lin L, Sabnis AJ, Chan E, Olivas V, Cade L, Pazarentzos E and Lu X, 2015. The Hippo effector YAP promotes resistance to 

RAF-and MEK-targeted cancer therapies. Nature Genetics, 47(3), 250-256.  

Lin Z, Jianhua Z, Kai W, Yanhong H and Haorun L, 2022. Effects of Raf kinase inhibitor protein on biological characteristics of 
hepatocellular carcinoma cells and its potential therapeutic effects. iLIVER, 1(4), 275-282.  

Liu F, Yang X, Geng M and Huang M, 2018. Targeting ERK, an Achilles' Heel of the MAPK pathway, in cancer therapy. Acta 

Pharmaceutica Sinica B, 8(4), 552-562.  

https://doi.org/10.47278/journal.abr/2024.004


 Review Article                                                Agrobiological Records 

 ISSN: 2708-7182 (Print); ISSN: 2708-7190 (Online) 

 Open Access Journal 

 

 
Citation: Mushtaq H, Zarlashat Y, Ambreen A, Mujahid M, Kausar S and Shafqat D, 2024. Reviewing advances in 

understanding and targeting the MAPK signaling pathway in hepatocellular carcinoma progression and therapeutics. 

Agrobiological Records 15: 103-116. https://doi.org/10.47278/journal.abr/2024.004 

 114 

Liu L-L, Zhang M-F, Pan Y-H, Yun J-P and Zhang CZ, 2014. NORE1A sensitises cancer cells to sorafenib-induced apoptosis and 

indicates hepatocellular carcinoma prognosis. Tumour Biology, 35, 1763-1774.  

Liu Y-X, Yang J-Y, Sun J-L, Wang A-C, Wang X-Y, Zhu L-B and Xu J-P, 2023. Reactive oxygen species–mediated 

phosphorylation of JNK is involved in the regulation of BmFerHCH on Bombyx mori nucleopolyhedrovirus proliferation. 

International Journal of Biological Macromolecules, 235, 123834.  

Llovet JM, Singal AG, Villanueva A, Finn RS, Kudo M, Galle PR and Wang C, 2022. Prognostic and predictive factors in patients 

with advanced HCC and elevated alpha-fetoprotein treated with ramucirumab in two randomized phase III trials. Clinical 

Cancer Research, 28(11), 2297-2305.  

Lorenzo C and McCormick F, 2020. SPRED proteins and their roles in signal transduction, development, and malignancy. 

Genes and Development, 34(21-22), 1410-1421.  

Maertens O and Cichowski K, 2014. An expanding role for RAS GTPase activating proteins (RAS GAPs) in cancer. Advances in 

Biological Regulation, 55, 1-14.  
Maia J, Caja S, Strano Moraes MC, Couto N and Costa-Silva B, 2018. Exosome-based cell-cell communication in the tumor 

microenvironment. Frontiers in Cell and Developmental Biology, 6, 18.  

Matteson A, 2013. Computational Methods in Model Merging with Applications to Pharmaceutical Development. New York 

University,  

McCubrey JA, Steelman LS, Chappell WH, Abrams SL, Montalto G, Cervello M and Mazzarino MC, 2012. Mutations and 

deregulation of Ras/Raf/MEK/ERK and PI3K/PTEN/Akt/mTOR cascades which alter therapy response. Oncotarget, 3(9), 

954.  

Moon H and Ro SW, 2021a. MAPK/ERK signaling pathway in hepatocellular carcinoma. Cancers, 13(12), 3026.  

Moon H and Ro SW, 2021b. Ras mitogen-activated protein kinase signaling and kinase suppressor of ras as therapeutic targets 

for hepatocellular carcinoma. Journal of Liver Cancer, 21(1), 1-11.  

Murugan AK, Grieco M and Tsuchida N, 2019. RAS mutations in human cancers: Roles in precision medicine. Paper presented at 

the Seminars in Cancer Biology. 

Nagano T, Tachihara M and Nishimura Y, 2018. Mechanism of resistance to epidermal growth factor receptor-tyrosine kinase 

inhibitors and a potential treatment strategy. Cells, 7(11), 212.  

Naimi A, Mohammed RN, Raji A, Chupradit S, Yumashev AV, Suksatan W and Shomali N, 2022. Tumor immunotherapies by 

immune checkpoint inhibitors (ICIs); the pros and cons. Cell Communication and Signaling, 20(1), 1-31.  

Nandi S, Dey R, Samadder A, Saxena A and Saxena AK, 2022. Natural Sourced inhibitors of EGFR, PDGFR, FGFR and 

VEGFRMediated signaling pathways as potential anticancer agents. Current Medicinal Chemistry, 29(2), 212-234.  

Neuzillet C, Tijeras-Raballand A, de Mestier L, Cros J, Faivre S and Raymond E, 2014. MEK in cancer and cancer therapy. 

Pharmacology and Therapeutics, 141(2), 160-171.  

Nevola R, Tortorella G, Rosato V, Rinaldi L, Imbriani S, Perillo P and Di Lorenzo G, 2023. Gender differences in the 

pathogenesis and risk factors of hepatocellular carcinoma. Biology, 12(7), 984.  

Niault TS and Baccarini M, 2010. Targets of Raf in tumorigenesis. Carcinogenesis, 31(7), 1165-1174.  

Nikoo M, Hassan ZF, Mardasi M, Rostamnezhad E, Roozbahani F, Rahimi S and Mohammadi J, 2023. Hepatocellular carcinoma 

(HCC) immunotherapy by anti-PD-1 monoclonal antibodies; a rapidly evolving strategy. Pathology-Research and Practice, 

154473.  

Pandey P, Khan F, Qari HA, Upadhyay TK, Alkhateeb AF and Oves M, 2022. Revolutionization in cancer therapeutics via 

targeting major immune checkpoints PD-1, PD-L1 and CTLA-4. Pharmaceuticals, 15(3), 335.  

Perz JF, Armstrong GL, Farrington LA, Hutin YJ and Bell BP, 2006. The contributions of hepatitis B virus and hepatitis C virus 

infections to cirrhosis and primary liver cancer worldwide. Journal of Hepatology, 45(4), 529-538.  

Pinato DJ, Guerra N, Fessas P, Murphy R, Mineo T, Mauri FA and Sharma R, 2020. Immune-based therapies for hepatocellular 

carcinoma. Oncogene, 39(18), 3620-3637.  

Porras A, Sequera C, Bragado P, Gutierrez-Uzquiza A and Guerrero Arroyo MDC, 2021. Contribution of C3G and other 

GEFs to liver cancer development and progression.  

Qin K, Yu M, Fan J, Wang H, Zhao P, Zhao G and Wang A, 2023. Canonical and noncanonical Wnt signaling: A comprehensive 

review of multilayered mediators, signaling mechanisms and crosstalk with major signaling pathways. Genes & Diseases.  

Qin S, Chen Z, Fang W, Ren Z, Xu R, Ryoo B-Y and Liu X, 2023. Pembrolizumab versus placebo as second-line therapy in 

patients from Asia with advanced hepatocellular carcinoma: a randomized, double-blind, phase III trial. Journal of Clinical 

Oncology, 41(7), 1434.  

Raoul J-L, Kudo M, Finn RS, Edeline J, Reig M and Galle PR, 2018. Systemic therapy for intermediate and advanced 

hepatocellular carcinoma: Sorafenib and beyond. Cancer Treatment Reviews, 68, 16-24.  
Rimassa L, Assenat E, Peck-Radosavljevic M, Pracht M, Zagonel V, Mathurin P and Bolondi L, 2018. Tivantinib for second-line 

treatment of MET-high, advanced hepatocellular carcinoma (METIV-HCC): a final analysis of a phase 3, randomised, 

placebo-controlled study. The Lancet Oncology, 19(5), 682-693.  

Rinaldi L, Vetrano E, Rinaldi B, Galiero R, Caturano A, Salvatore T and Sasso FC, 2021. HCC and molecular targeting therapies: 

back to the future. Biomedicines, 9(10), 1345.  

Roberts PJ and Der CJ, 2007. Targeting the Raf-MEK-ERK mitogen-activated protein kinase cascade for the treatment of 

cancer. Oncogene, 26(22), 3291-3310.  

Ronkina N and Gaestel M, 2022. MAPK-activated protein kinases: servant or partner? Annual Review of Biochemistry, 91, 505-

540.  

https://doi.org/10.47278/journal.abr/2024.004


 Review Article                                                Agrobiological Records 

 ISSN: 2708-7182 (Print); ISSN: 2708-7190 (Online) 

 Open Access Journal 

 

 
Citation: Mushtaq H, Zarlashat Y, Ambreen A, Mujahid M, Kausar S and Shafqat D, 2024. Reviewing advances in 

understanding and targeting the MAPK signaling pathway in hepatocellular carcinoma progression and therapeutics. 

Agrobiological Records 15: 103-116. https://doi.org/10.47278/journal.abr/2024.004 

 115 

Rozen EJ and Shohet JM, 2022. Systematic review of the receptor tyrosine kinase superfamily in neuroblastoma 

pathophysiology. Cancer and Metastasis Reviews, 1-20.  

Sabbah DA, Hajjo R and Sweidan K, 2020. Review on epidermal growth factor receptor (EGFR) structure, signaling pathways, 

interactions, and recent updates of EGFR inhibitors. Current Topics in Medicinal Chemistry.  

Safa A, Abak A, Shoorei H, Taheri M and Ghafouri-Fard S, 2020. MicroRNAs as regulators of ERK/MAPK pathway: A 

comprehensive review. Biomedicine and Pharmacotherapy, 132, 110853.  

Samadaian N, Salehipour P, Ayati M, Rakhshani N, Najafi A, Afsharpad M and Modarressi MH, 2018. A potential clinical 

significance of DAB2IP and SPRY2 transcript variants in prostate cancer. Pathology-Research and Practice, 214(12).  

Schöffski P, Gordon M, Smith DC, Kurzrock R, Daud A, Vogelzang NJ and Shapiro GI, 2017. Phase II randomised 

discontinuation trial of cabozantinib in patients with advanced solid tumours. European Journal of Cancer, 86, 296-304.  

Seshacharyulu P, Ponnusamy MP, Haridas D, Jain M, Ganti AK and Batra SK, 2012. Targeting the EGFR signaling pathway in 

cancer therapy. Expert Opinion on Therapeutic Targets, 16(1), 15-31.  
Shah BH and Catt KJ, 2004. GPCR-mediated transactivation of RTKs in the CNS: mechanisms and consequences. Trends in 

Neurosciences, 27(1), 48-53.  

Song F, Dai Q, Grimm M-O and Steinbach D, 2023. The Antithetic Roles of IQGAP2 and IQGAP3 in Cancers. Cancers, 15(4), 

1115.  

Stickel F and Hellerbrand C, 2010. Non-alcoholic fatty liver disease as a risk factor for hepatocellular carcinoma: mechanisms 

and implications. In (Vol. 59, pp. 1303-1307): BMJ Publishing Group. 

Strub T, Ghiraldini FG, Carcamo S, Li M, Wroblewska A, Singh R and Gallagher SJ, 2018. SIRT6 haploinsufficiency induces 

BRAFV600E melanoma cell resistance to MAPK inhibitors via IGF signalling. Nature Communications, 9(1), 3440.  

Takeda H, Takai A, Eso Y, Takahashi K, Marusawa H and Seno H, 2022. Genetic landscape of multistep hepatocarcinogenesis. 

Cancers, 14(3), 568.  

Tasharrofi B and Ghafouri-Fard S, 2018. Long non-coding RNAs as regulators of the mitogen-activated protein kinase (MAPK) 

pathway in cancer. Klin Onkol, 31(2), 95-102.  

Tella SH, Kommalapati A, Mahipal A and Jin Z, 2022. First-line targeted therapy for hepatocellular carcinoma: role of 

atezolizumab/bevacizumab combination. Biomedicines, 10(6), 1304.  

Terashima T, Yamashita T, Takata N, Nakagawa H, Toyama T, Arai K and Mizukoshi E, 2016. Post‐progression survival and 

progression‐free survival in patients with advanced hepatocellular carcinoma treated by sorafenib. Hepatology Research, 

46(7), 650-656.  

Thiriet M and Thiriet M, 2013. Mitogen-activated protein kinase module. Intracellular Signaling Mediators in the Circulatory and 

Ventilatory Systems, 311-378.  

Thomas MB, Garrett-Mayer E, Anis M, Anderton K, Bentz T, Edwards A and Bendell J, 2018. A randomized phase II open-label 

multi-institution study of the combination of bevacizumab and erlotinib compared to sorafenib in the first-line treatment 

of patients with advanced hepatocellular carcinoma. Oncology, 94(6), 329-339.  

Tian Z, Niu X and Yao W, 2020. Receptor tyrosine kinases in osteosarcoma treatment: which is the key target? Frontiers in 

Oncology, 10, 1642.  

Vitiello PP, Cardone C, Martini G, Ciardiello D, Belli V, Matrone N and Turano M, 2019. Receptor tyrosine kinase-dependent 

PI3K activation is an escape mechanism to vertical suppression of the EGFR/RAS/MAPK pathway in KRAS-mutated human 

colorectal cancer cell lines. J Exp Clin Cancer Res, 38, 1-12.  

Vogel A and Saborowski A, 2020. Current strategies for the treatment of intermediate and advanced hepatocellular carcinoma. 

Cancer Treatment Reviews, 82, 101946.  

Volodko N, Gordon M, Salla M, Ghazaleh HA and Baksh S, 2014. RASSF tumor suppressor gene family: biological functions and 

regulation. FEBS Letters, 588(16), 2671-2684.  

Wang C, Li X, Xue B, Yu C, Wang L, Deng R and Fan S, 2022. RasGRP1 promotes the acute inflammatory response and 

restricts inflammation-associated cancer cell growth. Nature Communications, 13(1), 7001.  

Wang S, Wang Y, Yu J, Wu H and Zhou Y, 2022. Lenvatinib as First-Line Treatment for Unresectable Hepatocellular 

Carcinoma: A Systematic Review and Meta-Analysis. Cancers, 14(22), 5525.  

Wang T, Zhang Q, Wang N, Liu Z, Zhang B and Zhao Y, 2021. Research progresses of targeted therapy and immunotherapy 

for hepatocellular carcinoma. Current Medicinal Chemistry, 28(16), 3107-3146.  

Wang Y, Liu D, Zhang T and Xia L, 2021. FGF/FGFR signaling in hepatocellular carcinoma: from carcinogenesis to recent 

therapeutic intervention. Cancers, 13(6), 1360.  

Wong CM, Yam JWP and Ng IO, 2011. Molecular pathogenesis of hepatocellular carcinoma. Molecular Genetics of Liver 

Neoplasia, 373-396.  

Wu H, Medeiros LJ and Young KH, 2018. Apoptosis signaling and BCL-2 pathways provide opportunities for novel targeted 

therapeutic strategies in hematologic malignances. Blood Reviews, 32(1), 8-28.  

Wu M, Miao H, Fu R, Zhang J and Zheng W, 2020. Hepatic stellate cell: a potential target for hepatocellular carcinoma. 

Current Molecular Pharmacology, 13(4), 261-272.  

Wu P-K, Becker A and Park J-I, 2020. Growth inhibitory signaling of the Raf/MEK/ERK pathway. International Journal of 

Molecular Sciences, 21(15), 5436.  
Wu XY, Liu WT, Wu ZF, Chen C, Liu JY, Wu GN and Li G, 2016. Identification of HRAS as cancer-promoting gene in gastric 

carcinoma cell aggressiveness. American Journal of Cancer Research, 6(9), 1935.  

Xiao H, Wang G, Zhao M, Shuai W, Ouyang L and Sun Q, 2023. Ras superfamily GTPase activating proteins in cancer: 

Potential therapeutic targets? European Journal of Medicinal Chemistry, 248, 115104.  

https://doi.org/10.47278/journal.abr/2024.004


 Review Article                                                Agrobiological Records 

 ISSN: 2708-7182 (Print); ISSN: 2708-7190 (Online) 

 Open Access Journal 

 

 
Citation: Mushtaq H, Zarlashat Y, Ambreen A, Mujahid M, Kausar S and Shafqat D, 2024. Reviewing advances in 

understanding and targeting the MAPK signaling pathway in hepatocellular carcinoma progression and therapeutics. 

Agrobiological Records 15: 103-116. https://doi.org/10.47278/journal.abr/2024.004 

 116 

Xiao S, Yang M, Yang H, Chang R, Fang F and Yang L, 2018. miR-330-5p targets SPRY2 to promote hepatocellular carcinoma 

progression via MAPK/ERK signaling. Oncogenesis, 7(11), 90.  

Xiao Z, Liu F, Cheng J, Wang Y, Zhou W and Zhang Y, 2023. B-Raf inhibitor vemurafenib counteracts sulfur mustard-induced 

epidermal impairment through MAPK/ERK signaling. Drug and Chemical Toxicology, 46(2), 226-235.  

Xu G, Zhou X, Xing J, Xiao Y, Jin B, Sun L and Mao Y, 2020. Identification of RASSF1A promoter hypermethylation as a 

biomarker for hepatocellular carcinoma. Cancer Cell International, 20, 1-15.  

Xu W-H, Zhang J-B, Dang Z, Li X, Zhou T, Liu J and Dou K-F, 2014. Long non-coding RNA URHC regulates cell proliferation 

and apoptosis via ZAK through the ERK/MAPK signaling pathway in hepatocellular carcinoma. International Journal of 

Biological Sciences, 10(7), 664.  

Xu X, Tao Y, Shan L, Chen R, Jiang H, Qian Z and Yu Y, 2018. The role of MicroRNAs in hepatocellular carcinoma. Journal of 

Cancer, 9(19), 3557.  

Yamamoto Y, Matsui J, Matsushima T, Obaishi H, Miyazaki K, Nakamura K and Hoshi SS, 2014. Lenvatinib, an angiogenesis 
inhibitor targeting VEGFR/FGFR, shows broad antitumor activity in human tumor xenograft models associated with 

microvessel density and pericyte coverage. Vascular Cell, 6(1), 1-13.  

Yan P-H, Wang L, Chen H, Yu F-Q, Guo L, Liu Y and Bai Y-L, 2019. LncRNA RUNX1-IT1 inhibits proliferation and promotes 

apoptosis of hepatocellular carcinoma by regulating MAPK pathways. European Review for Medical and Pharmacological 

Sciences, 23(19).  

Yan T, Huang C, Peng C, Duan X, Ji D, Duan Y and Yang X, 2023. A multi-center retrospective study on the efficacy and safety 

of regorafenib vs. regorafenib combined with PD-1 inhibitors as a second-line therapy in patients with advanced 

hepatocellular carcinoma. Annals of Translational Medicine, 11(2).  

Yan W, Markegard E, Dharmaiah S, Urisman A, Drew M, Esposito D and Simanshu DK, 2020. Structural insights into the 

SPRED1-neurofibromin-KRAS complex and disruption of SPRED1-neurofibromin interaction by oncogenic EGFR. Cell 

Reports, 32(3), 107909.  

Yang JD, Hainaut P, Gores GJ, Amadou A, Plymoth A and Roberts LR, 2019. A global view of hepatocellular carcinoma: trends, 

risk, prevention and management. Nature reviews Gastroenterology & hepatology, 16(10), 589-604.  

Yang T-K, Yu Y-F, Tsai C-L, Li H-J, Yang P-S, Huang K-W and Cheng JC-H, 2022. Efficacy and safety of combined targeted 

therapy and immunotherapy versus targeted monotherapy in unresectable hepatocellular carcinoma: a systematic review 

and meta-analysis. BMC Cancer, 22(1), 1-8.  

Yang Y, Li S, Wang Y, Zhao Y and Li Q, 2022. Protein tyrosine kinase inhibitor resistance in malignant tumors: molecular 

mechanisms and future perspective. Signal Transduction and Targeted Therapy, 7(1), 329.  

Yau T, Park J-W, Finn RS, Cheng A-L, Mathurin P, Edeline J and Rosmorduc O, 2022. Nivolumab versus sorafenib in advanced 

hepatocellular carcinoma (CheckMate 459): a randomised, multicentre, open-label, phase 3 trial. The Lancet Oncology, 

23(1), 77-90.  

Yuan X, Tang Z, Du R, Yao Z, Cheung SH, Zhang X and Liu Y, 2020. RAF dimer inhibition enhances the antitumor activity of 

MEK inhibitors in K‐RAS mutant tumors. Molecular Oncology, 14(8), 1833-1849.  

Zhao G, Bailey CG, Feng Y, Rasko J and Lovicu FJ, 2018. Negative regulation of lens fiber cell differentiation by RTK antagonists 
Spry and Spred. Experimental Eye Research, 170, 148-159.  

Zhao H, Ming T, Tang S, Ren S, Yang H, Liu M and Xu H, 2022. Wnt signaling in colorectal cancer: Pathogenic role and 

therapeutic target. Molecular Cancer, 21(1), 144.  

Zhao J and Luo Z, 2022. Discovery of Raf family is a milestone in deciphering the Ras-mediated intracellular signaling pathway. 

International Journal of Molecular Sciences, 23(9), 5158.  

Zhao P, Malik S and Xing S, 2021. Epigenetic mechanisms involved in HCV-induced hepatocellular carcinoma (HCC). Frontiers 

in Oncology, 11, 677926.  

Zhou K, Luo X, Wang Y, Cao D and Sun G, 2017. MicroRNA-30a suppresses tumor progression by blocking Ras/Raf/MEK/ERK 

signaling pathway in hepatocellular carcinoma. Biomedicine and Pharmacotherapy, 93, 1025-1032.  

Zhu AX, Rosmorduc O, Evans T, Ross PJ, Santoro A, Carrilho FJ and Llovet i Bayer JM, 2014. SEARCH: a phase III, 

randomized, double-blind, placebo-controlled trial of sorafenib plus erlotinib in patients with advanced hepatocellular 

carcinoma. Journal of Clinical Oncology, 2014, vol. 33, num. 6, p. 559-566.  

Zhu L, Sun H-T, Wang S, Huang S-L, Zheng Y, Wang C-Q and Fu Y, 2020. Isolation and characterization of exosomes for 

cancer research. Journal of Hematology & Oncology, 13(1), 1-24.  

Zhu X-D and Sun H-C, 2019. Emerging agents and regimens for hepatocellular carcinoma. Journal of Hematology & Oncology, 

12(1), 1-10.  

Zhu Y and Qin L-X, 2022. Strategies for improving the efficacy of immunotherapy in hepatocellular carcinoma. Hepatobiliary & 

Pancreatic Diseases International.  

Zinatizadeh MR, Momeni SA, Zarandi PK, Chalbatani GM, Dana H, Mirzaei HR and Miri SR, 2019. The Role and Function of 

Ras-association domain family in Cancer: A Review. Genes & Diseases, 6(4), 378-384.  

Zwick E, Bange J and Ullrich A, 2001. Receptor tyrosine kinase signaling as a target for cancer intervention strategies. 

Endocrine-Related Cancer, 8(3), 161-173. 

 

 

 

  

https://doi.org/10.47278/journal.abr/2024.004

