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ARTICLE INFO ABSTRACT

Keywords: Purpose: Hepatocellular carcinoma (HCC) is the most common primary liver cancer,
Hepatocellular carcinoma, accounting for nearly 90% of cases and causing over 700,000 deaths annually.
Liver cancer, Increasing evidence indicates that dysregulated lipid metabolism plays a critical role
Lipid metabolism, in hepatocarcinogenesis by promoting tumor initiation, progression, metastasis, and
Stem cell, drug resistance. This review provides a comprehensive overview of the molecular
Chemotherapy, mechanisms underlying lipid metabolic reprogramming in HCC, highlights key
Targeted therapy therapeutic targets, and discusses emerging inhibitors with potential for future drug
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critically reviewing published research articles, review papers, and clinical studies
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ePublished: September 09, 2026 e, contributing to cancer cell proliferation, survival, angiogenesis, metastasis,

immune evasion, and resistance to conventional therapies. Alterations in de novo
lipogenesis, fatty acid uptake, fatty acid oxidation, cholesterol biosynthesis, and
phospholipid metabolism are frequently observed in HCC. Key enzymes and
regulatory proteins, including fatty acid synthase (FASN), acetyl-CoA carboxylase
(ACC), stearoyl-CoA desaturase-1 (SCD1), ATP citrate lyase (ACLY), sterol
regulatory element-binding proteins (SREBPs), and peroxisome proliferator-
activated receptors (PPARs), have emerged as promising therapeutic targets.
Numerous synthetic compounds, natural products, and investigational inhibitors
targeting these regulators have demonstrated encouraging preclinical and clinical
potential for suppressing HCC progression. Conclusion: Targeting aberrant lipid
metabolism represents a promising therapeutic strategy for HCC. Improved
understanding of lipid metabolic reprogramming and its regulatory networks has
enabled the identification of novel molecular targets and therapeutic inhibitors.
Future studies integrating lipid metabolism with precision medicine may accelerate
the development of effective targeted therapies, facilitate early intervention, and
improve clinical outcomes in patients with liver cancer.
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Introduction

Liver cancer constitutes a major global health burden and remains one of the leading causes of cancer-related
mortality worldwide. It predominantly affects individuals over the age of 50 and exhibits a marked male
predominance. Hepatocellular carcinoma (HCC) and cholangiocarcinoma (CC) account for the vast majority of
primary liver cancers.> Among these, HCC represents approximately 75-85% of cases and typically arises in the
context of chronic liver disease. Epidemiological evidence indicates that liver cirrhosis and chronic hepatitis
contribute to nearly 80% of HCC cases, with persistent infection by the hepatitis B virus (HBV) and hepatitis C
virus (HCV) serving as major etiological drivers.>® Additional risk factors include excessive alcohol
consumption, non-alcoholic fatty liver disease (NAFLD)/non-alcoholic steatohepatitis (NASH), metabolic
syndrome, exposure to environmental toxins, and genetic susceptibility. At the molecular level,
hepatocarcinogenesis is a multistep process driven by chronic inflammation, fibrosis, and sustained regenerative
signaling, which together promote genomic instability and malignant transformation. Recurrent activation of
oncogenic pathways including VEGF-mediated angiogenesis, EGFR and FGFR signaling, PI3K/AKT/mTOR,
Wnt/B-catenin, Hippo—YAP/TAZ, and TGF-§ signaling plays a central role in tumor initiation, progression,
immune evasion, and therapeutic resistance. In parallel, alterations in tumor metabolism, epigenetic regulation,
and the tumor microenvironment further reinforce malignant phenotypes. These mechanistic insights have

provided the biological rationale for the development of targeted and immune-based therapies in liver cancer.’

Clinically, liver cancer is frequently asymptomatic in its early stages, resulting in delayed diagnosis. As the disease
advances, patients may present with nonspecific symptoms such as unexplained weight loss, abdominal pain,
fatigue, anorexia, jaundice, and ascites. Diagnostic evaluation relies on a combination of imaging modalities
(ultrasound, computed tomography, and magnetic resonance imaging) and serological biomarkers, enabling tumor
detection, staging, and treatment stratification. Therapeutic decision-making is influenced by tumor stage, hepatic
functional reserve, and patient performance status. Current standard treatment modalities include surgical
resection, liver transplantation, loco regional therapies (ablation and trans arterial chemoembolization),
radiotherapy, systemic targeted therapies, and immunotherapy.® Despite this expanding therapeutic
armamentarium, overall survival improvements in HCC have lagged behind those achieved in other malignancies,
largely due to tumor heterogeneity, underlying cirrhosis, and adaptive resistance mechanisms. Emerging evidence
highlights the critical role of liver cancer stem cells (CSCs) in tumor initiation, metastasis, immune escape, and
post-therapy recurrence. CSCs are maintained by dysregulated developmental and survival pathways such as Wnt,
Notch, Hedgehog, Hippo/YAP, and TGF-B, rendering them intrinsically resistant to conventional chemotherapy
and targeted agents that primarily eliminate differentiated tumor cells.® Consequently, contemporary research is
increasingly focused on mechanism-driven therapeutic strategies aimed at selectively targeting CSC populations,
modulating the tumor microenvironment, and restoring antitumor immunity while preserving normal hepatic stem
cell function. In this review, we comprehensively discuss the etiological factors, molecular mechanisms, and
signaling pathways underlying liver cancer pathogenesis, with particular emphasis on therapeutic targets and their
mechanisms of action. By integrating advances in targeted therapy, immunotherapy, metabolic regulation, and
CSC biology, this article aims to provide a mechanistic framework to guide future drug development and improve

clinical outcomes in liver cancer.
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1. Targeting altered lipid metabolism as a therapeutic target for liver cancer:

Reprogramming of lipid metabolism is a defining feature of HCC and represents a promising therapeutic
vulnerability. Lipid metabolic reprogramming in HCC evolves in a stage-dependent manner, initially supporting
tumor initiation, subsequently sustaining proliferative and biosynthetic demands during progression, and
ultimately conferring adaptive metabolic plasticity that facilitates therapeutic resistance!°. During tumor initiation,
oncogenic signaling pathways (e.g., PI3K/AKT/mTOR) activate the lipogenic transcriptional program, primarily
mediated by SREBP1. At these early stages of hepatocarcinogenesis, metabolic flux is redirected toward de novo
lipogenesis, with ATP citrate lyase(ACLY) and acetyl-CoA(ACC )acting as key metabolic gatekeepers that
generate cytosolic acetyl-CoA and malonyl-CoA, respectively. Beyond its role in membrane biogenesis, acetyl-
CoA functions as a critical substrate for epigenetic regulation through histone acetylation, linking metabolic
rewiring to transcriptional reprogramming and malignant transformation. As tumors progress, sustained activation
of lipogenic pathways drives the upregulation of downstream enzymes such as FASN, which catalyzes the
synthesis of long-chain fatty acids required for rapid cellular proliferation, membrane expansion, and lipid-
mediated signaling!!. In parallel, SCD1 introduces double bonds into saturated fatty acids, generating
monounsaturated fatty acids that are essential for maintaining membrane fluidity, preventing lipotoxicity, and
modulating redox balance. Additional regulators, including CD147, further potentiate lipogenesis through
activation of the Akt/mTOR axis, thereby reinforcing tumor growth, angiogenesis, and metastatic dissemination.
In the context of therapeutic resistance, lipid metabolism underlies metabolic plasticity and adaptive stress
responses. Elevated activity of SCDI1 mitigates endoplasmic reticulum stress and lipid peroxidation, promoting
cell survival under therapeutic pressure!'2. Simultaneously, HCC cells exhibit compensatory metabolic adaptations,
including enhanced lipid uptake and increased fatty acid B-oxidation, to circumvent inhibition of de novo
lipogenesis. Regulatory nodes such as AMPK function as central metabolic sensors that modulate the balance
between anabolic and catabolic processes, thereby influencing therapeutic responsiveness. Furthermore, the
KLF4-MGLL regulatory axis may contribute to metastatic adaptation through modulation of lipid turnover and
bioactive lipid signaling. Collectively, this stage-resolved model underscores that fatty acid synthesis enzymes are
not merely overexpressed in HCC but are functionally integrated into distinct phases of tumor evolution: ACLY
and ACC initiate metabolic reprogramming, FASN and SCDI1 sustain proliferative and biosynthetic demands,
while SCD1, together with broader lipid metabolic plasticity, underpins adaptive resistance'. This framework
provides a mechanistic basis for the rational design of stage-specific and combination therapeutic strategies
targeting lipid metabolism in HCC. Among lipid metabolic pathways, the Sterol Regulatory Element-Binding
Protein 1 (SREBP1)-Acetyl-CoA Carboxylase (ACC)- Fatty Acid Synthase (FASN)- Stearoyl-CoA Desaturase
(SCD) axis has emerged as a central driver, supplying essential lipids for membrane biosynthesis and generating

signaling intermediates that activate oncogenic pathways such as PI3K/AKT/mTOR !4,

Pharmacological inhibition of key lipogenic enzymes has demonstrated the ability to suppress tumor growth and
sensitize HCC cells to standard treatments, highlighting this pathway as a core metabolic target. Beyond lipid
synthesis, targeting cholesterol biosynthesis-particularly through repurposed agents such as statins, offers
translational potential due to their established clinical safety and emerging roles in modulating tumor signaling
and the immune microenvironment. Similarly, inhibition of fatty acid uptake pathways (e.g., CD36) may prevent

metabolic compensation and reduce metastatic potential, while targeting fatty acid oxidation (FAO) can disrupt
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energy homeostasis under stress conditions'>. Emerging strategies also focus on lipid peroxidation and ferroptosis,
exploiting tumour cells' dependence on tightly regulated lipid composition to induce cell death. However, the
therapeutic targeting of lipid metabolism is challenged by significant metabolic plasticity, as tumor cells can
switch between lipid synthesis, uptake, and oxidation to maintain homeostasis. This adaptability often limits the
efficacy of single-agent therapies and underscores the need for combination approaches integrating metabolic
inhibitors with tyrosine kinase inhibitors or immune checkpoint blockade'®. The most promising lipid metabolism
targets for combination strategies in HCC are SREBP1 (regulatory hub), FASN and ACC (flux-controlling
enzymes), and SCDI1 (stress adaptation mediator), particularly when integrated with targeted therapies or
immunotherapies to simultaneously disrupt tumour metabolism, overcome adaptive resistance, and enhance anti-

tumor immune responses'’.

1.1 Fatty acids (FAs) synthesis in HCC

Dysregulation of FAs production has emerged as an expanding field of study, with numerous research findings
pointing to disrupted lipid metabolism as a significant contributor to cancer development.*81® Cancer cell survival
depends on reprogramming metabolic pathways, as evidenced by the increased metabolic requirements of cancer
cells in an environment of decreased nutritional supply. Enhanced de novo lipogenesis is one of them. Lipid
production and desaturation have been linked in recent research to the carcinogenesis, development, and survival
of HCC.2°2% Although there has been no comprehensive investigation into the fatty acid (FA) biosynthesis
machinery in HCC, various studies have revealed abnormal upregulation of enzymes related to this pathway.
These enzymes include ATP-citrate lyase (ACLY), acetyl-CoA carboxylase (ACC), fatty acid synthase (FASN),
and Stearoyl-CoA desaturase-1 (SCD1), which have been recognised in various human tumours, including HCC
(Figure 1). Research has demonstrated that inhibiting the FAs production pathway suppresses cancer cells growth.
Numerous possible targets on these pathways may be useful pharmacological targets in the context of an HCC
treatment. Many FASN inhibitors with preclinical anticancer potential have been identified over decades of
research, including C75, GSK837149A, orlistat, GSK2194069, and TVB-2640. ND-654 and sorafenib are used
in HCC treatment through inhibition of acetyl-CoA carboxylase activity. Although enhanced fatty acid (FA)
synthesis is a recognized metabolic feature of hepatocellular carcinoma (HCC), therapeutic targeting of this
pathway faces several limitations. HCC cells exhibit pronounced metabolic flexibility, enabling compensation
through increased lipid uptake or activation of alternative lipid metabolic pathways. In addition, tumor
heterogeneity and etiological diversity influence dependence on FA synthesis, potentially limiting uniform clinical
responses. Given the central role of the liver in lipid metabolism, on-target toxicity and disruption of physiological
lipid homeostasis remain important concerns. Furthermore, adaptive resistance mechanisms and the lack of
validated predictive biomarkers may restrict the effectiveness of FA synthesis inhibitors as monotherapies, thereby

supporting the need for rational combination strategies.??
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Figure 1. Fatty acid biosynthesis in HCC.
1.1.1 ATP citrate lyase (ACLY)

The enzyme ACLY situated in the cytosol is accountable for converting citrate and coenzyme A into oxaloacetate
and acetyl-coenzyme A (acetyl-CoA).%® Acetyl-CoA is essential for several processes related to metabolism. It
is used as a precursor for the production of acetoacetyl-CoA and malonyl-CoA in the mevalonate pathway of
cholesterol synthesis, the initial step in the production of FAs. Additionally, acetyl-CoA is crucial for protein-
modifying acetylation events, like histone acetylation.?* Studies involving ligand-dependent conformational
alterations in the ACLY tetramer and associated biological protumorigenic effects have discovered several
potential targets inside the ACLY protein. ACLY is an enzyme that connects the glycolysis and lipidic
metabolism, which are essential for tumor formation, and is positioned strategically during intracellular metabolic
processes. Due to its central position at the intersection of two vital metabolic processes, as well as the critical
role that acetyl-CoA plays in cellular and lipid metabolism, ACLY is a crucial biomolecule in the survival and
physiology of cancer cells, thereby serving a potential therapeutic target. The chemical SB-204990 is a potent
inhibitor of ACLY. To explore the potential of the ACLY inhibitor SB-204990 as a cancer treatment, researchers
tested its effectiveness on three human tumour cell lines from the NIH 60 panel. The in vitro susceptibility of
these cells to SB-204990-induced ACL inhibition and their capacity to develop tumours in nude mice were
assessed. In addition, using the A549 cell line identified via RNA interference, the cell lines PC3 and SKOV3
were also examined. All three cell lines exhibited sensitivity to SB-204990's inhibition of ACL, with suppression
occurring in a dose- and time-dependent manner.?®> Acetyl-CoA levels were measured after a brief treatment with
SB-204990. Total acetyl-CoA levels in treated cells were consistently and significantly lower than in controls
(17% decrease; p < 0.001; n = 12).
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1.1.2 Stearoyl-CoA desaturase-1(SCD1)

SCD is an endoplasmic reticulum enzyme that introduces double bonds into fatty acids.?® In particular, it
catalyzes the conversion of stearoyl-CoA into oleoyl-CoA and palmitoyl-CoA into palmitoleoyl-CoA. SCD
operates as the rate-limiting enzyme in this enzymatic cascade; it converts saturated fatty acids (SFASs) into
monounsaturated fatty acids (MUFAS) by the introduction of a double bond in cis form at the ninth position of
the carbon chain. SCD is positioned immediately downstream of fatty acid synthase (FASN).?” Two of the five
identified SCD isoforms (SCD1 and SCD5) are expressed in humans. Although their enzymatic function is
retained, each isoform exhibits different tissue distribution and expression patterns. Initial in vivo studies
conducted on mice with a specific mutation in the SCD1 gene revealed a reduction in body adiposity, improved
insulin sensitivity, and resistance to weight gain stimulated by diet. These findings underscore the pivotal role of
SCD in regulating fatty acids and metabolic disorders. A promising therapeutic approach for managing diabetes
and obesity was modulation of SCD. As potential medicines, researchers have created novel SCD1 inhibitors
using various techniques. An SCD inhibitor having a modest bioavailability in a variety of animal species is MK-
8245 (Merck & Co.). Phase | human investigation of the drug for diabetes treatment found that it was generally
safe and tolerable. In multiple mouse in vivo studies, including those on prostate, breast, liver, kidney, and lung
malignancies, it has been shown that SCD1 inhibitors can slow the growth of tumors. Von Roemeling et al.,
synthesised and assessed an innovative computational-based drug discovery method to design a new SCD1
inhibitor, representing one of the recently discovered SCD1 inhibitors.?® To examine compound activity and
selectivity, the team used cell-based assays and enzymatic testing and quantitative structure-activity relationship
(QSAR) studies. By comparing the computational matching outcomes with those of two established SCD1
inhibitors, A939572 and ChEMBL375265, researchers identified SSI-1, SSI-2, SSI-3, and SSI-4 as novel
inhibitors of SCD. The newly discovered inhibitors showed no significant cytotoxicity in normal cell lines,
including ovarian, renal, and breast cells. However, they inhibited cell proliferation in several cancer cell lines in

breast, colon, liver, thyroid, endometrial, prostate, ovarian and lung.
1.1.3 Fatty acid synthase (FASN)

In lower eukaryotes such as fungi and mammals, the entire reaction sequence from palmitoyl CoA and palmitate
to acetyl-CoA and malonyl CoA is carried out on a single multifunctional polypeptide chain, also known as FASN
type I, which is encoded by a single gene. On the other hand, the procedure is referred to as FASN type | fatty
acid biosynthesis in both plants and microorganisms, where it occurs within separate polypeptide chains. Both
mechanisms are active in some bacteria, including Mycobacterium tuberculosis, which produces exceptionally
long FAs. The mitochondria of several species, including humans, have been revealed to include a third system
that is similar to the FASN type Il system. The 270 kDa protein, identified as animal FASN, consists of two
similar subunits aligned head-to-tail in a specific spatial configuration crucial for FASN functionality. FASN
activity is lost due to the dimer’s dissociation into its component monomers. Numerous research has examined
the mechanism of FASN overexpression in cancer, although the overall picture is still poorly understood. The
“lipogenic set” of enzymes’ up-regulation appears coordinated in many instances. Keratinocyte growth factor,
Epidermal growth factor (EGF), and HER2/neu are a few examples of growth factors and their receptors that are
involved. Cellular signals are additionally relayed via the PI3K-PKB/Akt and MAP kinase pathways. For instance,

it is well known that HER2/neu overexpression causes FASN activity to be upregulated, aiding in tumor cell
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growth, survival, chemoresistance, and metastasis. Conversely, pharmacologically inhibiting FASN or siRNA
silencing the FASN gene in cancer cells prevents lipogenesis from happening, which inhibits HER2/neu’s
oncogenic activity and ultimately results in apoptotic tumor cell death, indicating the potential use of FASN
inhibitors as treatments for tumors overexpressing HER2. Additionally, it was discovered that in vitro
overexpression of FASN can promote cell growth in non-cancerous epithelial cells, resulting in an invasive
cancer-like phenotype with decreased response to the tyrosine kinase inhibitors gefitinib (a HER1 inhibitor) and
lapatinib (a HERL/HER2 dual inhibitor). Moreover, Jin et al. reported that in breast cancer cells FASN is
phosphorylated upon forming a complex with HER2 supporting the hypothesis that this interaction enhances
signaling and promotes tumor progression. The role of FASN in liver carcinogenesis, and specifically in HCC
metabolism, is still not fully understood. Likewise, SCD1, FASN's critical role in catalysing the synthesis of
endogenous fatty acids in cells has led to its identification as a possible target in HCC.?°3° Decades of research
have identified various FASN inhibitors with preclinical anticancer potential, including C75, orlistat,
GSK?2194069, GSK837149A, and TVB-2640.%1:3

1.1.4 Acetyl CoA carboxylase (ACC)

Acetyl -CoA carboxylase (ACC) is recognised as a fundamental enzyme in the classical lipid metabolism of both

animals and humans.®33* ACC functions as a rate-determining enzyme, converting acetyl-CoA into malonyl-CoA
during the standard de novo fatty acid synthesis. Mammals express two ACC isoforms, ACC1 and ACC2.ACC1
is predominantly expressed in lipogenic tissues such as liver, adipose, and nursing mammary glands, whereas
ACC?2 is mainly present in oxidative tissues including the heart and muscle.®® Various ACC inhibitors have
recently been identified, such as novel spiropentacylamide derivatives, ND-654, and sorafenib, used in cancer
treatment. Likewise, laboratory experiments conducted with human glioblastoma cells (U87 EGFRuvIII) revealed
that exposure to a dual ACC inhibitor not only boosted cellular metabolic rate and reduced de novo lipid synthesis
but also heightened apoptotic activity and reduced the efficiency of mitochondrial ATP synthesis. Svensson et.al.
exhibited antitumor synergy, tumour regression, and survival advantages by employing a potent ACC inhibitor in
combination with carboplatin in animal models of non-small cell lung cancer.®® Limited data are currently
available regarding specific targets in hepatocellular carcinoma (HCC) models. However, various studies have
explored ACC inhibition across multiple preclinical studies involving various cancer cell lines. Wei et al. used
rat models of liver cirrhosis and HCC to evaluate the effectiveness of ND-654, a hepatoselective (3000:1 liver-to-
muscle exposure) allosteric inhibitor of ACC1 and ACC2. Following the development of cirrhosis and during the
early stages of HCC progression, rats were administered daily oral gavage treatments with either (1) a vehicle
control, (2) sorafenib, (3) ND-654, or (4) a combination of ND-654 and sorafenib. Intriguingly, sorafenib
monotherapy alone (57% reduction, p < 0.01) were comparable to those achieved with the dual ACC inhibition
of ACC1 and ACC2, leading to a significant 41% reduction in HCC incidence (p < 0.05). When sorafenib and
ND-654 were combined, they remarkably reduced the incidence of HCC by 81% (p < 0.001).%”

1.1.5 CD147 (basigin or emmprin)

CD147 is a transmembrane glycoprotein highly produced on the cell surface of the malignant tumour cells. It has
been implicated in wide range of biological processes, including spermatogenesis, immunologic differentiation
and development, and functions within the sensory and neurological systems, particularly in photoreceptor

activity.’® It has been shown that CD147 explicitly affects lipid metabolism, increasing lipogenesis and reducing

7 | Advanced Pharmaceutical Bulletin 2026



Accepted Manuscript (unedited)

The manuscript will undergo copyediting, typesetting, and review of the resulting proof before it is published in its final form.

FA oxidation, making it a crucial element to research in cancer, particularly HCC. Indeed, considerable tumour
growth, metastasis, and angiogenesis are linked to elevated expression of CD147. Through the activation of the
Akt/mTOR signalling pathway, CD147 enhances the levels of ACC1 and FASN, both crucial lipogenic enzymes.
In addition, it upregulates the expression of SREBPI1c, a transcription factor associated with lipogenesis, which
directly stimulates the transcription of these lipogenic genes, thereby amplifying de novo lipid synthesis. A novel
therapeutic antibody that targets CD147 and is attached to a '*'T radioisotope (**'I-Metuximab) has been evaluated
in at least one human study for HCC. In preclinical models,treatment with the '*'I-Metuximab antibody
dramatically increased survival in a rabbit model of HCC. Additionally, inhibition in the '3'I-Metuximab therapy
group were tumor development and metastasis. Patients received radiofrequency ablation (RFA) plus ('3'I)
metuximab or RFA alone in a later human clinical study. The combination therapy group had a greater survival
rate in the CD147 positive population at 1- and 2-year intervals as compared to the RFA group alone. For patients
receiving combination therapy, the benefits on survival and recurrence rates were more significant. In the
combination group, one- and two-year incidence rates were 31.8% and 58.5%, respectively, whereas in the RFA
group, they were 56.3% and 70.9%. In addition, the combination group's median time to complete tumour

recurrence was 17 months, whereas the RFA group was 10 months (P = 0.03).
1.1.6 Kruppel-like Factor 4 (KLF4) and monoglyceride lipase (MGLL)

MGLL contributes to the metabolism of lipids by hydrolyzing monoacylglycerides to produce free fatty acids
(FFAs) and glycerol. Yang et al. investigated the clinical relevance of HCC patients because it has been revealed
that MGLL is downregulated in HCC. Their findings indicated that, MGLL was often suppressed in HCC
specimens, particularly in regions associated with tumour invasion and metastasis. It was further demonstrated
that the zinc finger transcription factor KLF4 was directly linked to the MGLL promoter and enhanced MGLL
expression, which inhibited the migration of HCC cells. In HCC tissues, KLF4 expression levels are associated
with MGLL expression, indicating that KLF4 is a crucial MGLL regulator.*® Studies looking at monoacylglycerol
(MAGL) synthesis inhibitors have shown impacts on several malignancies by preventing cell migration and
invasiveness, although the available data remain limited. By regulating FA release for the formation of tumorigenic
signaling lipids, MAGL inhibitors such as Pristimerin, OMDM169, and URB602 have shown promising anti-

cancer activity.
1.1.7 AMP-activated protein kinase (AMPK)

AMP-activated protein kinase (AMPK) plays a central role in lipid metabolism, by regulating the levels of
circulating FFAs through modulation of fatty acid oxidation (FAO) and suppressing lipolysis and lipid synthesis,
thereby acting as a multidimensional participant in cellular metabolic processes. In the context of fatty acid
metabolism AMPK promotes FAs uptake and FAO while concurrently inhibiting the de novo production of FAs,
triglycerides (TG) and cholesterol.*’ By triggering the inhibitory phosphorylation of two crucial participants in
this process, ACC and Sterol Regulatory Element-binding protein 1 (SREBP1), AMPK inhibits the formation of
FAs. Particularly in HCC, AMPK has been recognized as a potential therapeutic target, with AMPK activators
like simvastatin and metformin exhibiting notable inhibitory effects on the growth of HCC and inducing cell
cycle arrest. The commonly used hypoglycemic medication for diabetes, metformin, activates AMPK and can
cause apoptosis in HCC cells. In one study, metformin administration resulted in increased expression of p53 and
AMPK phosphorylation. Furthermore, activation of the AMPK/p53 signaling axis was shown to induce
microRNA-23a production, which subsequently enhanced the activity of the transcription factor FOXA-1.
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2.0. NASH and platelet GPIba:

Platelets, derived from megakaryocytes within the bone marrow, serve a fundamental role in the process of
haemostasis.*! Beyond their essential function in maintaining haemostasis and wound healing following vascular
injury, platelets play a vital role in various pathophysiological diseases and conditions related to cytotoxic T
lymphocyte-mediated liver injury.*? Malehmir et al. demonstrated that Kupffer cells are essential regulators of
intrahepatic platelet acceptance in both the initial and late stages of non-alcoholic fatty liver (NAFL), non-
alcoholic steatohepatitis (NASH), and borderline NASH.*® Early NAFL and borderline NASH are also associated
with hyaluronan and CD44 binding. These findings suggest that the rise in immune cell-attracting chemokines
and cytokines is directly or indirectly associated with the quantity and activation status of intrahepatic platelets.
This study revealed the crucial role of GPIlba in the advancement of experimental “autoimmune
encephalomyelitis” (EAE), where it directs the movement of immune cells to the inflamed central nervous system
(CNS). This function parallels GPIba's equally crucial role in NASH.* In line with the EAE findings, the study
results challenged the essential role of cognate interaction partners of GPIba, including P-selectin, vVWF, and Mac-
1%, and they emphasize the proinflammatory role of granules in intrahepatic immune cell recruitment.
Furthermore, the authors demonstrated that prevention of NASH using two different antiplatelet agents, ticagrelor
and Asp/Clo, in hlL4r/GP1b-Tg mice, effectively halted the progression of subsequent HCC. This suppression
primarily occurred because of the absence of procarcinogenic NASH-related conditions, such as intrahepatic
inflammation, signalling, and hepatocyte damage. Furthermore, NASH was therapeutically eliminated by anti-
GPIba antibody therapy or Kupffer cell depletion. These methods could significantly affect chemo preventive
treatments, which are presently missing in NASH treatment. Researchers’ findings endorse the use of antiplatelet
therapies (APTs) and P2Y12 antagonists like Ticagrelor, Prasugrel, and Clopidogrel, which directly target
platelet-derived GPIba or related pathways. Patients with NASH may benefit from these drugs, which not only
attempt to prevent or reverse NASH but also to stop its development into HCC.*6 While platelet GPIba has
emerged as a mechanistic link between NASH-associated inflammation and hepatocellular carcinoma, several
limitations remain. Platelet adhesion and activation are regulated by redundant receptor pathways, which may
attenuate the therapeutic impact of GPIba inhibition. Moreover, systemic targeting of GPIba may compromise
physiological haemostasis, raising safety concerns. The heterogeneous nature of NASH-driven HCC and the

current lack of robust clinical validation further complicate patient stratification and translational applicability.

3.0 CCT3 function as an upstream of YAP and TFCP2, putative target and tumor biomarker in liver

cancer:

There are multiple yes-associated protein (YAP) control methods that are independent of Hippo pathway.*” In
liver cancer, YAP can be regulated in large tumor suppressor kinases (LATS) and serine-threonine kinases
mammalian Ste20-like kinases (MST)-independent manner.#” Surprisingly, tumor growth is not caused by the
genetic reduction of Hippo-specific components.*® It has been reported that CCT3 stimulates YAP production
through the 28-member homologous to the E6-AP Carboxyl Terminus (HECT) E3 family, all of which may
interact with poly(rC) binding protein 2 (PCBP2) (Figure 2). Investigation of the relationship between YAP/
transcription factor CP2 (TFCP2), PCBP2, and E3 ligase is necessary. In this context, inhibition of CCT3 has
been shown to reduce the capacity of liver cancer cells. Additional support for targeting CCT -related tumours is

provided by CT20p, a therapeutic peptide demonstrating specific cytotoxicity against cancer growth by inhibiting
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CCT proteins.*® Notably, studies have linked YAP and CCT3, indicating that CCT3 therapy may be advantageous
for liver cancer associated with YAP. In liver cancer cells, CCT3 has been recognised as an upstream stimulus
that enhances the protein stability of YAP and TFCP2. Importantly, CCT3 may serve as a potential serum
biomarker and possible therapeutic target, opening up possibilities to innovative methods for the diagnosis and
treatment of liver cancer. Although CCT3 has been implicated as an upstream regulator of YAP and TFCP2
signalling in liver cancer, several limitations should be considered. CCT3 is a core component of the TRiC/CCT
chaperonin complex, essential for normal protein folding, raising concerns regarding potential on-target toxicity
upon systemic inhibition. The mechanistic specificity of CCT3-mediated regulation of YAP/TFCP2 regulation
remains incompletely defined, and functional redundancy among CCT subunits may further limit therapeutic
selectivity. Furthermore, the clinical validity of CCT3 as a predictive biomarker and its utility across

heterogeneous HCC subtypes require further validation in large, well-characterized patient cohorts.*°
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Figure 2. Diagrammatic representation of the process by which CCT3 stimulates YAP and TFCP2 in liver cancer.

4.0 TAZ and YAP:

Oncogenes Yes associated protein (YAP) and WW domain containing transcription regulator 1 (TAZ/WWTR1)
play distinct roles in tumorigenesis, specific to different cell types. For example, TAZ has been found to be more
essential for the emergence of breast cancer, whereas YAP serves as a critical oncogene in hepatocarcinogenesis.”!
Remarkably, chromatin immunoprecipitation (ChIP) sequencing studies have indicated that YAP and TAZ share
a significant portion of their transcriptional program. This raises an important question of whether and how much

these factors affect the formation and development of various tumor types. For several reasons, addressing this
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issue is crucial to developing therapeutic strategies. First, the loss of one element, such as YAP, may be
functionally made up for by another, such as TAZ. Second, because TAZ/YAP is essential for regeneration in
various organs, blocking both transcriptional regulators may have unfavorable side effects for cancer patients with
chronic illnesses.’> Therefore, a comprehensive understanding of the partially overlapping and mutually
incompatible TAZ and YAP effector mechanisms is required. This information not only aids in distinguishing the
specific characteristics of TAZ and YAP but also enables the determination of downstream effectors, potentially
indicating therapeutic targets. By comparing the expression of these transcriptional regulators in various cell lines
of human liver cancer, researchers were able to directly investigate the biology of YAP and TAZ in HCC cells.
While some cell lines exhibited similarly high levels of YAP and TAZ expression (such as HLF and HLE), others
(such as HuH6 for YAP and SNU182 for TAZ) show preferential expression of one component under conditions
of moderate cell density. HLF cells, with comparable YAP/TAZ levels, were chosen to facilitate a more
comprehensive functional analysis of tumour cell characteristics. The simultaneous knockdown of both genes, as
well as individual inhibition using RNA interference (RNAi), was implemented to study the impact of TAZ and
YAP on HCC cell biology. Following the inhibition of either TAZ or YAP individually, cell viability was reduced
by approximately 37 to 50%. It's interesting to note that simultancous YAP/TAZ silencing did not result in a further
decline in cell viability. As there was no evidence of functional compensation or cumulative effects observed after
combined inhibition, these findings suggested that TAZ and YAP sustain cell survival and proliferation through
similar molecular processes. Despite this, regular alterations in apoptosis were not noticed, suggesting that a rise
in cell death was not the cause of the decline in cell viability. To assess cell mobility, lateral migration into a
predefined cell-free space was measured. In the presence of the cell proliferation inhibitor mitomycin C, individual
knockdown of TAZ and YAP reduced cell mobility, with a 40 to 50% decrease in gap closure. This ruled out the
possibility that cell mitosis had any effect on this phenotype. After combined inhibition of TAZ and YAP, the
effects on lateral migration were slightly more robust in the samples. The capacity of HCC cell to invade ECM
was evaluated as these results suggested that TAZ and YAP mediated pathways in HCC mobility were only
partially independent.’> Although aberrant activation of YAP and TAZ is strongly implicated in liver
tumorigenesis, several limitations hinder their direct therapeutic targeting. YAP/TAZ function as transcriptional
co-activators lacking enzymatic activity, making them intrinsically challenging drug targets. In addition, pathway
complexity and crosstalk with multiple upstream signals may enable compensatory activation mechanisms. Given
their roles in normal liver regeneration and tissue homeostasis, systemic inhibition of YAP/TAZ raises concerns
regarding on-target toxicity. Moreover, context-dependent activation and tumor heterogeneity complicate patient

stratification and prediction of therapeutic response.*

5.0 TGFp gene:

Bevant et al. discovered that liver cancer has been associated with transforming growth factor beta (TGF). The
effects of TGF on tumour growth can differ depending on the phase of the tumour, indicating that its mechanism
of action is complex.> It can either repress or promote tumor growth. TGF has cytostatic characteristics in its
early stages, which strongly induce the epithelial to mesenchymal transition (EMT); it later stimulates cell
proliferation and metastasis. In this study, researchers investigated DNA methylation as a potential molecular
mechanism for turning on tumor-promoting factor TGF activity in HCC. Researchers found that the transcriptional

response of SNU449 HCC cells to TGF is significantly impaired by decitabine, a demethylating drug previously
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employed in clinical settings to treat several malignancies. Decitabine was also found to enhance the expression
of transcription factors associated with EMT, like SNAI1/2 and ZEB1/2.%

6.0 SPAG9/MKK3/p38 axis:

Many studies have revealed that increased cell proliferation and resistance to apoptosis assist in the emergence
of liver cancer.5® Although there is evidence that sperm-associated antigen 9 (SPAG9) plays a role as a tumor
inducer in some forms of cancer, the exact mechanisms are yet unknown. Luo et al. found how SPAG9
encouraged liver cancer.> First, they observed that 16 out of 20 (80%) of the liver cancer samples they analyzed,
were overexpressed SPAG9. Immunohistochemistry demonstrated that the protein was either not expressed or
only sporadically in nearby non-cancerous tissues. This discovery supports a previously postulated role for
SPAGS in developing liver cancer.®® According to reports, SPAG9 is found in the cytoplasm of tumor cells.*® Its
employee’s cellular immunofluorescence and immunohistochemistry techniques to identify the presence of
SPAGY9 in the cytoplasm and nucleus of HepG2 cells. Additionally, they found that inhibiting SPAG9 expression
halted the proliferation of HepG2 cells, promoting apoptosis and led to the cell cycle arrest (Figure 3).5°
Remarkably, the previous study revealed that when SPAG9 was suppressed in QGY-7703 cells, it led to cell cycle
arrest occurred specifically in G1 and G2 phase.®* Nevertheless, in HepG2 cells, the cell cycle arrest occurred
during the S phase. They postulated that this difference might be attributed to the distinct types of liver cancer
origins of these two cell lines: HepG2 cells originated from hepatoblastoma, whereas QGY -7703 cells originated
from hepatocellular carcinoma.®? Further extensive research is essential to unravel the exact regulatory role of
SPAGY in cell cycle and apoptosis. It has been discovered that SPAG9 is highly expressed in both cell lines
derived from liver tumours and the tissues from individuals with liver cancer. Consequently, in-depth
investigations are imperative to comprehend SPAG9's biological function fully and explore its potential clinical
applications. A signaling system known as Mitogen Activated Protein Kinase (MAPK) is linked to cell growth,
differentiation, migration, invasion, and death.5® SPAG9 functions as a scaffold protein by engaging with JNK
and other p38 signalling modules through its INK binding domain.®* Moreover, it has been proven to engage in
the stimulation of the MAPK signaling pathway. Scaffold proteins have the ability to assemble components of the
MAPK cascade, guiding the phosphorylation process and facilitating pathway activation.®® In a previous study, it
was discovered that SPAG9 is implicated in osteosarcoma proliferation and invasion by positively regulating
JNK-mediated signalling.%® Researchers’ findings showed that SPAGY is a factor in liver cancer. It has
demonstrated that JNK expression was markedly downregulated when SPAG9 was silenced. JNK and SPAG9
interacted with the HepG2 cells generated from liver cancer; this connection was previously seen in an ovarian
cancer cell line.5” JNK is a kinase that phosphorylates protein kinases and scaffolds proteins, and its
overexpression promotes the development of cancer and apoptosis.® Researchers’ findings indicate that SPAG9
and JNK interact directly to control the proliferation and death of liver cancer cell.®® The MAP kinase p38
regulates a pathway for signaling initiated by stress.” It controls mechanisms related to cell survival and death
during both normal development and carcinogenesis. This pathway can be triggered by diverse extracellular
signals, including oxidative stress, ischemia, hypoxia, UV irradiation, and cytokines. Elevated phosphorylation of
p38 serves as an indicator of an unfavourable prognosis in individuals with liver cancer. Moreover, deactivation
of p38 can induce apoptosis in liver cancer cells. p38 plays a significant role in the development of liver cancer.™
By activating the SPAG9/p38 signaling pathway, SPAGY potentially governs the survival and death mechanisms

in tumor cells. Research has shown that this pathway influences the expression of proteins responsible for
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regulating the cell cycle and initiating the epithelial- mesenchymal transition.” The activation of p38 requires a
three-tiered signaling cascade involving MAP-kinase kinase kinases (MAPKKKSs), MAP-kinase kinases (MKKSs),
and MAP-kinases (MAPKSs). Specifically, the kinases MKK3 and MKKG6 operate upstream of p38 in this signaling
pathway.”® Researchers discovered that silencing of SPAGY dramatically reduced the expression of p38 and
MKK3 but had no significant effect on MKK67X. According to Stramucci et al., blocking upstream kinases may
disrupt p38-mediated signaling, obstructing pro-tumorigenic signals but not tumor suppressive signals.”
Nevertheless, MKK3 is thought to be a target for cancer therapy. Researchers’ findings showed that the
SPAG9/MKK3/p38 axis controlled the activation of p38 in liver cancer (Figure 3), and elements associated with

this unique route may be therapeutic targets for liver cancer.
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Figure 3. The role of SPAGY in the progression of liver cancer

7.0 Glypican-3 antibodies:

Glypican-3, a member of the glypican family, is also referred to as DGSX, GTR2-2, MXR7, OCI-5, SDYS,
SGB, SGBS, or SGBSI. It binds to the cell surface through a glycosylphosphatidylinositol (GPI) anchor.
Glypican-3 is also known as a heparan sulfate proteoglycan (HSPG).” Simpson-Golabi-Behmel syndrome

(SGBS), a rare X-linked overgrowth disorder resulting from loss-of-function mutations, is a condition in which
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GPC3 was initially identified in a patient. GPC3-deficient animals exhibit developmental overgrowth and several
SGBS-specific defects.” Overexpression of GPC3 in transgenic mice inhibits liver regeneration and hepatocyte
proliferation. Several growth factors, including Wnts’®, Hedgehogs”’, fibroblast growth factors (FGFs), and bone
morphogenetic proteins’®, may bind to GPC3 and act as co-receptors or storage sites within cells. This function
allows GPC3 to regulate the interactions of these growth factors with their respective cell surface receptors. This
could explain the finding in the following two experiments in which cell surface GPC3 increased the development
of HCC cells (Figure 4). The majority of the mouse monoclonal antibodies (mAbs) against GPC3 that have been
created so far target a peptide generated from GPC3.” However, none of these antibodies have demonstrated the
capacity to stop the growth of HCC cells or trigger apoptosis. Except for GC33, which is being investigated as a
potential therapeutic drug, they are therefore employed as research tools. For the treatment of liver cancer, four
GPC3 antibodies, GC33, YP7, HN3, and MDX-1414 are being developed. In order to treat individuals with HCC,
therapeutic antibodies targeting GPC3 are a desirable target. However,its structure-function relationship remains
unclear, nevertheless. Except for HN3, most GPC3-targeting antibodies do not promptly halt HCC cell
proliferation. Feng et al., found that HN3 and functional epitope of GPC3 is directly dependent to tumor growth
inhibition.’ Hence, further exploration of GPC3's structural biology holds the potential to facilitate the

development of new antibodies with enhanced tumor-suppressive properties.
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Figure 4. Therapeutic antibodies that target GPC3 are being used to treat liver cancer. (A) Schematic representation of the
binding sites of the existing antibodies and the structure of GPC3. N represents amino acids domain. C is the domain of the
carboxyl-terminal. Heparan sulphate, or HS. (B) The mechanism by which the HN3 antibody works. (B1) Growth factors bind
to GPC3 in the absence of HN3 and encourage cell division. (B2) When HN3 is present, it inhibits growth factor binding and
initiates intracellular signaling, which in turn causes YAP to become inactive and inhibits HCC cell proliferation.

8.0 BIRC3:

Yao Fu et al. found that baculoviral IAP repeat-containing 3 (BIRC3) upregulates MAP3K7, causing ERK1/2
phosphorylation and triggering EMT marker transcription, which in turn increases HCC cell motility and
metastasis. In patients with HCC undergoing curative resection, BIRC3 serves as a distinctive prognostic
predictor. For the treatment of HCC metastasis and recurrence, targeted therapy against BIRC3 may provide a

unique therapeutic approach.®! The researchers objective was to investigate the impact of BIRC3 on the
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proliferation, migration, and invasion capabilities of HCC cells. They used wound healing tests to assess the cell
migration in these cells. Their findings demonstrated that, in comparison to the control, BIRC3 overexpression
significantly increased cell migration. However, the specific siRNA considerably slowed LM3 migration by
depleting BIRC3. Remarkably, the cell line with high metastatic potential (LM3) exhibited increased cell
migration compared to the cell line with low metastatic potential. The results from an apoptosis assay revealed
that BIRC3 overexpression led to a reduction in tumour cell apoptosis, whereas BIRC3 knockdown increased
tumour cell apoptosis. They used the selective BIRC3 inhibitor AT406 and evaluated its possible impact on the
HCC xenograft model to further investigate the beneficial effect of targeting BIRC3 in vivo. One mg/kg of AT-
406 was administered daily by oral gavage. The subcutaneous tumour model using BIRC3 knockdown LM3 cell
lines demonstrated that BIRC3 knockdown can directly reduce tumour growth. In mice implanted with HCC
xenografts, AT-406 therapy dramatically reduced lung metastasis relative to the control. In conclusion, we found

that BIRC3 may be a valuable potential target for liver cancer.
9.0 Bromodomain-containing protein BRPF1:

Epigenetic abnormalities, along with gene mutations, contribute to the development of cancer. Epigenetic
regulators are frequently dysregulated in human HCC. Histone methyltransferases EZH2, SUV39H1, SETDBI,
G9a, and HELLS have been characterised for their pathogenic functions in liver carcinogenesis, demonstrating
the significant impact that epigenetic abnormalities play in the emergence of HCC. Cheng et al. discovered that
the increased expression of the bromodomain-containing protein BRD4 plays a significant role in the abnormal
formation of super-enhancers in HCC.®? Furthermore, they observed that the genetic removal or pharmacological
suppression of BRD4 effectively eliminated super-enhancer-driven oncogene inhibition, leading to the
suppression of HCC growth.®®> The importance of bromodomain-containing proteins in cancer development is
highlighted by these findings, which also suggest that targeting bromodomain-containing proteins may be a new
approach to treating cancer. The functions of other bromodomain-containing proteins in liver carcinogenesis,
besides BRDA4, are still unknown. Researchers identified BRPF1 as the gene most commonly overexpressed in
human HCC (Figure 5).82 BRPF1 is part of the MOZ-MORF acetyltransferase complex, which is notably
concentrated at the HOXA9 promoter. According to reports, MOZ-MOREF frequently fuses with EP300, CBP, or
TIF2, which causes mistargeted acetylation and accelerates the development of leukaemia.’* Through MOZ-
dependent histone acetyltransferase activity, BRPF1 depletion decreased MOZ-TIF2 location on the HOX genes
and decreased HOX expression in acute myeloid leukaemia, indicating that BRPF1 and the MOZ/MORF complex
are oncogenic. BRPF1 expression in medulloblastoma is significantly reduced compared to non-tumour tissues.
However, a recent study demonstrated that BRPF1 acts as a tumour suppressor gene. It revealed that truncated
BRPF1 interacts with smoothened, promoting adult sonic hedgehog (SHH) medulloblastoma.®® The authors did
not demonstrate that reintroducing the normal BRPF1 gene hampers cancer development when BRPF1 is
truncated. Nor did they establish that the enhanced activity of the truncated BRPF1 protein is responsible for
BRPF1's oncogenic role. Additionally, BRPF1 expression is downregulated in medulloblastoma, but their analysis
shows that it is elevated in a number of cancer types. It suggests that BRPF1 might serve a specific purpose for
different cell types. In general, the pathogenic function of BRPF1 in cancer growth is still largely unknown. Their
research showed that BRPF1 overexpression was significantly associated with clinicopathological characteristics.
In HCC patients, higher levels of BRPF1 expression were linked to lower rates of both overall and disease-free
survival. Additionally, discovered as a possible tissue biomarker for HCC diagnosis was discovered as BRPF1.

They experimentally demonstrated that BRPF1 gene ablation decreased the rate of cell proliferation and the
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growth of orthotopic xenograft tumours in mice. /n vivo, GSK5959 inhibited HCC cell proliferation and showed
promise as a treatment. More significantly, BRPF1 increased the expression of stem cell factors and supported the
capacity for self-renewal, which contributed to the stemness of liver cancer. As a key regulator, BRPF1 promotes
the expression of many important oncogenes that are involved in multiple processes that lead to cancer. They also
identified two widely recognised oncogenes, E2F2 and EZH2, as downstream targets of BRPF1. EZH2 acts as an
H3K27 methyltransferase, leading to the transcriptional silencing of genes associated with differentiation. On the
other hand, E2F2 serves as a transcriptional activator, governing the expression of genes related to cell cycle
progression. Furthermore, their earlier research demonstrated that inhibiting EZH2 effectively hindered the
progression of HCC in both laboratory experiments in vitro and in vivo models. H3K9ac, H3K 14ac, and H3K23ac
are only a few of the histone acetylation marks that the MOZ/MORF complex controls. Their findings showed
that inhibition of BRPF1 did not affect the overall levels of acetylation at H3K9, H3K 14, and H3K23 but that
MOZ/MOREF inhibition resulted in an notable reduction. GSKS5959 showed promise as a treatment in vivo by
inhibiting the development of HCC cells. Additionally, WM1119 significantly lessened MOZ chromatin binding
in comparison to GSK5959. These findings suggest= that MOZ-MOREF is partially BRPF1-independent in its
chromatin binding and regulatory function of histone acetylation. According to reports, MOZ-MORF controls
transcriptional activity in carcinogenesis by interacting with several transcriptionl factors, including RUNX and
NRF2.8687 RUNX1 has a binding site in the E2F2 promoter region, which is interesting. It remains unclear whether
RUNXI1 or other transcription factors impact the MOZ-MORF complex's function independently of BRPF1 or its
genomic positioning. Their research indicates that the collaboration between MOZ-MORF and BRPF1 enhances
the expression of E2F2 and EZH2 by promoting H3K 14 acetylation at their promoter regions, rather than H3K9
or H3K23. The MOZ-MORF complex controlled the levels of a certain histone marks in various genes and cell
types. For instance, in the mouse embryo, MOZ controlled the expression of the HOX gene through H3K9
acetylation but not H3K 14 acetylation.®® Another study found that the levels of H3K9 and H3K 14 acetylation
were unaffected by the BRPF1 mutation, while H3K23 acetylation was deregulated.®® They found that histone
acetylation is regulated by the MOZ-MORF complex in a cell-type and gene-specific manner. Additional studies
are required to unravel the specific mechanisms by which the MOZ-MORF complex selectively governs its target
genes via distinct histone acetylation patterns. Their research has shed light on the vital roles played by BRPF1
and the MOZ-MORF acetyltransferase complex in liver carcinogenesis. It has also highlighted the precise
regulatory control exerted by the MOZ-MORF complex over histone acetylation marks on the promoters of its
target genes. Their discoveries underscore the emerging approach of targeting bromodomain-containing proteins
as a novel method for treating cancer. Furthermore, their research demonstrates the therapeutic potential of BRPF1

inhibitors in the treatment of HCC.%°
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Figure 5. The MOZ/MOREF histone acetyltransferase complex, which controls the acetylation of H3K9, H3K 14, and H3K23
for gene activation, contains the core subunit BRPF1.

10.0 A MYC aurora kinase A protein complex represents a viable therapeutic target in pS3-altered liver

cancer:

The transcription factors MY C (also referred to as c-MYC), MYCN, and MYCL are closely related and have been
connected to the growth of tumors. Within these networks, MYC stands out as a pivotal node situated downstream
of signaling pathways frequently activated in various solid tumors. Due to its role in the development and
maintenance of tumors, MYC is a prime candidate for cancer therapy. Notably, HCCs reliant on MYC often
exhibit genetic alterations in p53 (Trp53 in mice and TP53 in humans), which are associated with a dismal
prognosis. The role of p53 is to suppress cell growth in response to DNA damage or abnormal oncogene activation.
Tumor suppressor protein p19RF activates p53 after oncogenic stress.’! In Trp53-altered hepatocytes under
oncogenic stress after activation by p19ARF, and through transcriptional activation of aurora kinase A (AURKA),
itinduces G2/M cell cycle arrest. Selection for high MYC expression was necessary for tumorigenesis from G2/M-
arrested TrpS53-altered hepatocytes, and the survival of the resultant tumors depended on AURKA - mediated MYC
stabilization. Although the MYC oncogene is overexpressed in over 50% of human malignancies, its complex
structure poses challenges for manipulation. Dauch et al. found that MYC and AURKA, two proteins shown to
regulate one another at the transcriptional level, also interact physically in TP53-affected cells.? They also found
that treating cells with AURKA inhibitors, which alter the conformation of the protein, effectively disrupts the
formation of the MYC-AURKA complex. This disruption ultimately results in the degradation of MYC. All
initiatives over the past ten years to find efficient, targeted molecular treatments for HCC have failed. They also
revealed that HCC acquires resistance to sorafenib through the activation of MAPK 14 (p38a) signaling. Sorafenib

currently stands as the only systemic therapy available for patients with terminal liver cancer.®® This discovery
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was made possible through the utilization of cutting-edge in vivo shRNA-based screening technology. The
pharmacological inhibition of MAPK 14 restored sorafenib sensitivity. Nevertheless, their study demonstrates that
AURKA inhibitors, even when used as a standalone treatment, have the potential to decelerate tumor development
and enhance the overall survival rate in 50% of mice afflicted with aggressive liver carcinomas. Researchers found
that there is currently no other therapy in mouse models that exhibits comparable therapeutic efficacy, reflecting
the therapy resistance observed in human HCC.** Importantly, their xenograft studies suggest that AURKA
inhibitors could potentially be effective against TP53-mutated human HCC. Epidemiological statistics confirm
that the most significant risk factor for liver cancer development is chronic liver injury, often leading to hepatic
cirrhosis. Nevertheless, the molecular mechanisms underlying how chronic liver injury and compensatory liver
regeneration promote liver cancer growth remain poorly understood. The research provides valuable insights:
liver injury followed by compensatory regeneration drives carcinogenesis through the activation of MYC. This
activation enables the evasion of p19RF- and AURKA- mediated G2/M cell cycle arrest in hepatocytes with Trp53
alterations. The compound MLN8237 or other AURKA inhibitors, capable of changing protein conformation,

should be explored in clinical trials for managing advanced TP53-altered HCCs.
11.0 Hypoxia as a potential target for drug combination therapy of liver cancer:

Transarterial chemoembolization (TACE), which delivers localized doxorubicin in combination with tumor
embolization, represents the standard treatment for intermediate-stage HCC. However, embolization-induced
hypoxia can promote the survival and dissemination of cancer cells that have adapted to low-oxygen conditions.*
Hypoxia-inducible factor 1 (HIF1) is the transcriptional modulator that coordinates responses to hypoxia.
Combining medical therapy with HIF-1 targeting offers the potential to enhance HCC treatment outcomes. HepG2
cells were cultured under both normoxic and hypoxic settings to evaluate viability and the expression of hypoxia-
induced HIF1 in both settings. Subsequently, the cells were subjected to treatment with doxorubicin, rapamycin,
and various combinations of these therapies. An ectopic xenograft mouse model of HCC was used in pilot research
to assess the antitumor effects of various drug combinations given by drug-eluting beads in vivo. In combination
with the minimal effective dose of rapamycin for both normoxic and hypoxic HepG2 cells, a therapeutic
concentration of doxorubicin was determined. This concentration not only inhibits the survival of normoxic and
hypoxic HepG2 cells but also surpasses the threshold beyond which hypoxic cells develop resistance to
chemotherapy. Doxorubicin alone was less effective than combinations of rapamycin and doxorubicin. The
buildup of HIF1 caused by hypoxia is inhibited by both doxorubicin and rapamycin, according to Western
blotting®.

12.0 C-X-C motif chemokine ligand 5 (CXCLS5):

Recent research demonstrates that CXCLS silencing or antibody-mediated blockade suppresses tumour growth,
proliferation, migration, and invasion, supporting CXCLS5 as a potential therapeutic target in liver cancer. (Figure
6). Experimental data indicated that the tyrosine kinase inhibitor gefitinib could be more effective when combined
with CXCLS5 antibody to decrease tumor growth without increasing side effects in lung cancer patients.’® CXCL5
limits the development of certain malignancies. As a crucial adjuvant antiangiogenic therapy against cancer,
targeting CXCLS may have therapeutic advantages for immunotherapy or chemotherapy for cancer. However, the
development and practical application of CXCLS5- target-specific medications present various challenges. These
drugs must attain the utmost levels of specificity, efficacy, and minimal toxicity. Considering the complexity of

molecular pathways and interactions involving targeted chemokines/receptors, the specificity of CXCL5 as a
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therapeutic target for particular cancer types and its duration should be carefully and comprehensively examined.
The effectiveness of CXCLS5 needs to be consistently demonstrated because there is still debate over whether it
functions as a protective factor in some malignancies. CXCL5-targeted medicines for liver cancer may have
unexpected toxicities or side effects due to the broad biological roles and involvement of CXCLS5 and its receptor.
Local delivery of CXCLS inhibitors, such as through the hepatic artery or portal vein, may maximize therapeutic
effects within the liver while minimizing potential damage. Determining the efficacy of CXCLS5 therapy requires
clear guidelines for monitoring measurements. It is essential to establish specific criteria to assess the effectiveness
of CXCLS inhibitors. Additionally, it should be investigated whether the sensitivity of cancer to CXCLS5 inhibitors
varies based on the disease severity. Addressing these aspects is crucial for the development and successful

application of CXCL5-targeted therapies®®.
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Figure 6. CXCLS signaling pathways that up-regulates transcript factors, such as Snail and NF-kB, to stimulate proliferation,
migration, invasion, and neutrophil chemo attraction.

13.0 The autotaxin-lysophosphatidic acid pathway:

HCC remains a leading cause of cancer-related mortality worldwide. The overall 5-year survival rate is below
15% and is strongly influenced by disease stage and underlying clinical factors. Early-stage detection remains
challenging, with most patients diagnosed at advanced stages when potentially curative options such as surgical
resection or liver transplantation are no longer feasible. Moreover, HCC exhibits marked resistance to
conventional chemotherapeutic agents, underscored by the limited clinical benefit of sorafenib, which has

remained the only FDA-approved systemic therapy for advanced HCC for nearly a decade. Immunotherapy is
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showing positive early results, but response rates are still about 20%. Because of these factors, improving
screening efforts may not be the most promising approach to minimize mortality related to the poor prognosis of
HCC at this stage of chemoprevention. In recent research, two animal models of non-alcoholic steatohepatitis
(NASH) were used: the Stelic Mouse Animal Model (STAM), created by the Stelic Institute, and a high-fat,
choline-deficient, L-amino acid-defined diet (CDAHFD), comprising 0.1% methionine and 60% calories from
fat. It was found that the enzyme autotaxin (ATX), also known as ectonucleotide pyrophosphatase-
phosphodiesterase 2 (ENPP2), is crucial in HCC.?” The secreted enzyme ATX converts lysophosphatidylcholine
(LPC) to lysophosphatidic acid (LPA), a biologically active phospholipid. LPA receptors 1-6 (LPAR1-LPARG6)
are a set of six G protein-coupled receptors that mediate LPA signalling. Signaling through these receptors,
affecting cell proliferation, migration, and survival, has been linked to the emergence of cancer and fibrosis in
various organs.’® In recent studies, it has been shown that the expression of ATX increases in individuals infected
with HCV, aiding viral replication. Moreover, persistent elevation of blood ATX levels has been observed in
chronic HCV patients, where it correlates with the stage of fibrosis, a well-known risk factor for HCC. However,
until recently, the function of ATX-LPA signaling in liver cancer had not been studied. In order to identify pan
etiology targets for HCC chemoprevention, Erstad ef al. synthesized genome wide transcriptional profiles of
clinical fibrotic /cirrhotic liver tissue (n = 523) and performed regulatory gene network modelling.” The
transcriptome meta-analysis identified three key hub modules and two large groupings of 31 strongly regulated
gene modules. A higher chance of recurrent de novo HCC was associated explicitly with activation of one of
these central hub modules. They systematically analyzed the enrichment of experimentally induced genetic
perturbation transcriptome patterns using an unbiased small hairpin RNA (shRNA) library, which targeted the
deletion of 5,272 genes (NIH Library of Integrated Cellular Signatures [LINCS] project). This analysis aimed to
determine the functional regulators for this particular module. Researchers found that the HCC risk gene module
is closely correlated with five upstream regulator genes, one of which is LPAR1. LPARI1 exhibited high expression
levels in the collagen-secreting hepatic stimulated stellate cells of the liver. However, ATX expression is primarily
confined to hepatic cells in the liver, highlighting a crucial relationship among different cell types that contribute
to HCC and liver fibrosis. The administration of either an ATX inhibitor (AM063) or an LPAR1 antagonist
(AMO9S) to rats in a DEN model of hepatic fibrosis and HCC, which has been demonstrated to closely mimic
human disease, resulted in a decrease in histological fibrosis and a reduction in the development of HCC,
demonstrating for the first time a link between hepatocarcinogenesis and ATX-LPA signaling. It was demonstrated
more recently that ATX-deficient mice, specifically in hepatocyte are protected against the development of liver
injury in response to several CCls doses and a single DEN injection, as well as against the development of fibrosis
in response to CCl4. Recently, two studies on LPA receptor antagonists have been completed though the results
have not yet been released. One involved the LPARI1-selective antagonist BMS-986020 in the treatment of
idiopathic pulmonary fibrosis (NCT01766817), and the other antagonist SAR100842 in the treatment of systemic
sclerosis (NCT01651143). Additionally, a phase II trial for idiopathic-pulmonary fibrosis (NCT02738801) is
investigating the ATX inhibitor GLPG1690.'%

14.0 TNF-dependent Signalling Pathways in Liver Cancer:

A cytokine called tumor necrosis factor (TNF) is produced by monocytes and other immune, parenchymal, and
other cells. When TNF binds to its receptors, it activates a variety of signaling cascades, including the pro-
apoptotic caspase cascade, as well as stress- and inflammation-related pathways, such as NF-kB, p38MAPK, and

c-Jun-(N)-terminal kinase (JNK) pathways. TNF's significance in cancer is debatable because it has been linked
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to both pro-carcinogenic and anti-carcinogenic effects (Figure 7). Recently, researchers have investigated its
potential role in hepatocarcinogenesis using genetically modified animal models. Findings in genetically modified
mouse models have a significant impact on the current understanding of TNF's role in the development of liver
cancer. It is intriguing to observe that mice with a constitutive deletion of TNF or its receptors, TNFRI and
TNFRIL, are still viable. This viability enables in vivo experiments to be conducted on adult mouse livers.!'0!:102
These investigations have shown that different TNF-dependent signalling pathways contribute differently to the
development of hepatocarcinogenesis, although some findings remain debatable and highly dependent on the
experimental model system. However, a better understanding of this complex pathway in hepatocarcinogenesis
may be gained by carefully interpreting results from mouse models and critically evaluating their limitations. This
could help to identify the TNF pathway's most potent targets and the ideal clinical contexts for chemopreventive
or therapeutic approaches to treat HCC in the future. It's interesting to note that palliative care settings are being
used in current clinical studies testing, for example, MEK (MAPK kinase) inhibitors such as GSK1120212 and
Cobimetinib/GDC-0973 or STAT3 inhibitors. Despite their therapeutic potential, TNF-dependent signaling
pathways in liver cancer present several challenges. TNF signaling is highly pleiotropic and tightly regulated,
mediating not only tumor-promoting inflammation but also immune surveillance and tissue homeostasis. As a
result, systemic inhibition may lead to immune dysregulation or unintended hepatotoxic effects. Furthermore,
extensive pathway redundancy and crosstalk with NF-xB, JNK, and apoptotic signaling networks can enable

adaptive resistance, thereby limiting the long-term efficacy of TNF-targeted therapeutic strategies. '

.TNF

TNF-R1

Caspase 8

N

Apoptosis

Figure 7. A streamlined TNF pathway model. TNF promotes various intracellular signalling cascades, including the NF-xB
pathway, JNK, p38MAPK, and caspase cascade, after connecting to its receptors. IKK stands for I\B kinase; ub stands for
ubiquitin; p5S0/p65 is the most prevalent NF-kB heterodimer.

15.0 Tyrosine kinase inhibitors:

15.1 Tyrosine kinase inhibitors (TKIs) that target PDGFR and VEGFR pathways
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Hepatocarcinogenesis is linked to three important pro-angiogenic factors, namely “platelet-derived growth factor”
(PDGF), “fibroblast growth factor” (bFGF), and “vascular endothelial growth factor” (VEGF). Indeed, these
inflammatory processes significantly contribute to the invasiveness, neovascularization, and metastatic potential
of HCC. In HCC, elevated levels of VEGF are associated with postoperative recurrence, poor prognosis, and
shortened overall survival. Dysplastic nodules show VEGF expression, which increases during
hepatocarcinogenesis. There is evidence that PDGF overexpression contributes to HCC's higher risk of
metastasizing.'** Endothelial cells express the VEGFR 1 and VEGFR2, which help these cells survive by sending
signals. Microvascular sprouting endothelial cells respond to PDGF as an angiogenic factor. PDGF receptors
(PDGFRs) are essential for the migration of smooth muscle cells and pericytes to the area around nascent vascular
sprouts. Endothelial cells become more vulnerable to VEGF suppression when PDGFRs are inhibited because
pericyte detachment from the endothelium is a known consequence of this process. Inhibitors targeting VEGF and
PDGF signalling pathways have emerged as promising therapeutic agents for HCC treatment, as their expression
is linked to the degree of microvessel density and the ability of cancer cells to spread. Sorafenib, for example,
hampers VEGF and PDGF-dependent angiogenesis in HCC by not only inhibiting Raf kinase in tumour cells but
also by targeting pericytes and endothelial cells by inhibiting VEGFR1-3 and PDGFR- Another oral multikinase
inhibitor, TSU-68, targeting VEGFR, PDGFR, and FGFR, was administered to 35 patients with Child-Pugh A/B
HCC in a Phase II trial at a daily dose of 400 mg. Results showed six patients achieved stable conditions for over
six months, three individuals exhibited partial responses, and one patient had to discontinue treatment due to

toxicity.
15.2 TKIs that target the FGFR and VEGFR pathways

In patients with HCC, high levels of bFGF and FGF-2 expression have been found. The extracellular matrix
releases proteases, integrins, and collagenases, which combine to produce growing microvascular networks, and
these become more active in the presence of bFGF.!% Heparanase expression with bFGF promotes the tumor's
growth, invasion, and angiogenesis. A high preoperative serum bFGF level was found to be associated with an
aggressive tumor and an early postoperative recurrence in a clinical investigation of patients undergoing HCC
resection. Furthermore, VEGF-mediated HCC growth and angiogenesis have been synergistically enhanced by
bFGF. Through an autocrine mechanism, it acts as a mitogen to promote the growth of HCC cells, and by binding
to FGFR1, it quickens the development and spread of HCC. Brivanib inhibited the development of liver cancer
xenografts in vivo and displayed potent and specific inhibition of VEGFR and FGFR-1 tyrosine kinases.

15.3 TKIs that target the EGFR pathway

EGFR is highly expressed in HCCs, and activation of EGFR by TGF-a or EGF is required for HCC cell
proliferation.!% EGFR serves as a therapeutic target for the treatment of HCC. EGFR inhibitors like cetuximab,

panitumumab, gefitinib, erlotinib, and lapatinib have demonstrated their ability to suppress HCC cells.
15.4 Threonine/tyrosine kinase inhibitors that target the Raf/MEK/ERK pathway

The Raf/MEK/ERK pathway appears to be one of the major cellular signaling routes implicated in the start and
development of numerous cancers, including HCC. Tyrosine kinase receptors that are bound to ligands, including
c-Met, PDGFR, EGFR, IGFR, and VEGFR utilize this pathway to transmit extracellular signals to the nucleus.
The activation of the Raf/MEK/ERK cascade controls various processes such as drug resistance, angiogenesis,

cellular motility, extracellular matrix remodeling, apoptosis resistance, and cell cycle progression. Numerous
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molecular processes contribute to the activation of this system, which has been widely demonstrated to have
increased activity in HCC cells, HCC models, and HCC patient tissues.'”” The HCV core protein has the ability
to directly mediate the Raf/MEK/ERK cascade. Studies have shown that inhibiting MEK kinase increases
apoptosis in existing HCC tumors in mice and hinders the growth of HCC. Another study found that MEK
inhibitor treatment reduced the growth of HCC xenografts in a dose-dependent manner. In preclinical models of
human HCC, AZD6244 combined with rapamycin treatment displayed anticancer and antiangiogenic effects,

according to a recent study.'%®

15.5 TKIs that target the PI3K/Akt/mTOR pathway

One of the main signaling pathways connected to RTKs (Receptor Tyrosine Kinase) found in cancer cells is the
PI3K/Akt/mTOR protein cascade. Activation of RTKs triggers the PI3K/AKT/mTOR pathway, which is linked to
a poor prognosis in HCC (Figure 8).!%° Patients who have phosphoinositide-3 kinase catalytic domain mutations
frequently have increased Akt expression, which then activates mTOR. Human HCC shows mTOR
phosphorylation and its downstream targets. “Phosphatase and tensin homolog” (PTEN), diminished or missing
in nearly 50% of the examined hepatocellular carcinomas, negatively regulates PI3K function. Additionally,
animals with hepatocyte-specific abrogation of PTEN expression developed HCC. These findings imply that
targeting the PI3K/Akt/mTOR pathway could be an effective treatment for HCC. It is possible to block the
PI3K/AKT/mTOR pathway to a certain extent. In animal models of HCC, PI3K inhibitors, including

wortmannin, LY294002, and FTY720, have shown some anticancer efficacy.!!?
15.6 TKIs that target the Jak/Stat pathway

More than 40 cytokines and growth factors activate the Jak/Stat pathway, which is involved in various cell
processes, including differentiation, proliferation, and apoptosis. The Janus tyrosine kinases (Jakl, 2, and 3, Tyk2)
are phosphorylated by the cytokines, activating Statl — 6.!!! The Jak/Stat pathway can be activated by Hepatitis
B and C viruses. In HCC, tyrosine kinase phosphorylation by Jakl, Jak2, and Tyk3 was significantly elevated
compared to healthy livers, increasing from nearby non-neoplastic livers to hepatocellular carcinomas. Tumours
exhibited significantly higher levels of Statl, Stat3, and StatS than adjacent liver tissues, and Stat3
phosphorylation was notably higher in HCCs with a poor prognosis compared to those with a better prognosis.
Most HCCs exhibited elevated levels of Jak/Stat target genes such as Bcl-xL, Mcl-1, cyclin D1, and c-Mye.
Furthermore, inducing apoptosis in hepatoma cells was achieved by combining a Jak/Stat inhibitor with
demethylating drugs. These findings suggest the use of Jak/Stat inhibitors, like AZD1480, for treating human
hepatocellular carcinoma and highlight the significance of the Jak/Stat pathway in developing HCC.

15.7 TKI that targets c-met and VEGFR pathways

The receptor c-Met, which binds to hepatocyte growth factor (HGF), has a special role in the development,
survival, and invasion of tumor cells, according to a wealth of experimental and clinical data. The interaction
between HGF and c-Met activates both the ERK and PI3K signaling pathways. In HCC, point mutations in MET
have been found, but it is still unclear exactly how c-Met/HGF imbalance contributes to the development of
HCC.!"2113 Foretinib (GSK-1363089, formerly known as XL-880) is an oral kinase inhibitor that acts on the
VEGF and c-Met receptors.
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Figure 8. TKI targets and tyrosine kinase-mediated signaling pathways in the development of HCC tumors. TKIs attach to
matching kinases in their substrates to phosphorylate tyrosine residues. This inhibits the activation of downstream signaling
pathways (JAK-STAT, PI3K-AKT, and RAS-MAPK), which stops HCC cells from proliferating, migrating, invading, and
forming angiogenesis.

16.0 Liver cancer stem cells: implications for a new therapeutic target:

HCC therapy first line of treatment is liver transplantation or resection.!'*!'> Unfortunately, 80% of HCC patients
are too advanced to be treated using current surgical techniques. Chemotherapy, which can be given as systemic
therapy or transarterial chemoembolization, is the second-line treatment; however, due to the cancer's resistance
to chemotherapy, the overall response rate is poor.!'®!"” In addition to conventional systemic chemotherapy,
targeted therapy may be an additional treatment option for individuals with advanced-stage HCC. Clinical research
has recently examined molecular targets linked to multiple critical mechanisms that contribute to the growth of
HCC, such as downstream signaling cascades of vascular endothelial growth factor and epidermal growth factor.
However, targeted treatments and systemic chemotherapy primarily target differentiated, fast-proliferating HCC
cancer cells.!"® The discovery of cancer stem cells (CSCs) in a variety of solid tumors, such as brain, colon,
prostate, breast, pancreatic, melanoma, and head and neck cancers, has introduced a new avenue for therapeutic
strategies in treating malignancies, including liver cancer. The premise behind the current theory of CSCs is that
cancer tissue contains stem cells, a subset of the cell hierarchy, in the same way as healthy tissues do (Figure 9).
As stated in different ways, CSCs are found in cancerous tissues in the same way as normal tissues. CSCs are
pathological, tumour-initiating cells that sustain cancer growth and resistance, whereas therapeutic stem cells are
normal, carefully regulated cells intentionally used to restore tissue function and treat disease.!!> CSCs take part
in tissue regeneration in the same manner as regular stem cells. Many genes related to self-renewal appear to be

linked to cancer, prompting efforts to elucidate the mechanism of cancer formation from the standpoint of a stem
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cell hierarchy. This theory is being examined to identify the origin of CC and HCC using isolated liver
stem/progenitor cells. We will first discuss the possible biological origins of liver stem/progenitor cells in this

review section, as well as how they may be involved in the development of liver cancer.
16.1 Liver stem cells: hepatocytes

Bipotential progenitor cells are mainly derived from the fetal liver, as shown by the cells' significant colonization
of the affected rat liver.!?° Hepatocytes can live for more than a year on average under typical conditions. As a
result, the liver rarely regenerates, with only 0.01% of hepatocytes engaged in an active cell cycle at any given
moment.'?! Hepatocytes possess the ability to self-replicate in response to the loss of parenchymal cells, allowing
them to replace the original liver mass. In rodents, if two-thirds of the liver is removed through partial
hepatectomy, the liver can regenerate its mass within approximately ten days. The specific processes governing

this regenerative process have been thoroughly studied in previous years. %123

16.2 Liver stem cells: oval cells

Oval cells are small cells that first appear in the periportal area and then infiltrate the bile canaliculi. They stand
out for having an oval nucleus and a large ratio of nucleus to cytoplasm size.'>* Oval cells are bipotent, that means

they can differentiate into either cholangiocytes or hepatocytes.!?>-127

To decrease hepatocyte replication in
response to regenerative stimuli, such as partial hepatectomy or injection of carbon tetrachloride, a carcinogen

was used in the animal system, where stimulation of oval cells has been thoroughly studied.'?®

16.3 Liver stem cells: bone marrow cells

112 Research has

The idea that oval cell reactions originate from the canal of Hering was disputed by Sell et a
shown that intraportal stem cells contribute to the liver's response to periportal necrosis produced by allyl alcohol,
indicating an alternative cell source outside the Hering canal. Additionally, studies increasingly provide evidence
that oval cells and hepatocytes sometimes originate from bone marrow cells (BMCs) following liver injury,
demonstrated through a lethally exposed and sex-mismatched bone marrow transplant rat model.!*°
Approximately 1-2% of the hepatocytes in the murine liver were found to be potentially derived from the bone
marrow without any liver injury using a similar transplantation method in mice, indicating that bone marrow

participates in the normal hepatocyte turnover.'3!
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Figure 9. Model for multistep hepatocarcinogenesis using stem cells. Normal liver regeneration occurs as a result of hepatic
injury in response to chronic inflammation due to hepatitis B and hepatitis C virus infections, alcohol, and other non-alcoholic
fatty liver disorders (NAFLD). Hepatocytes or oval cells are examples of intrahepatically or extrahepatically activated normal
liver stem cells (bone marrow cells). It is thought that normal liver stem or progenitor cells with excessive and persistent self-
renewal undergo genetic changes, giving rise to liver cancer stem cells. Hepatocarcinogenesis may involve all three types of
cells. Put another way, liver cancer stem cells may differentiate into HCC or CC.

Table-1 Comparison table of Targets of liver cancer, mechanism of action and their limitation.
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17. Context on Clinical Success Rates:

Despite the identification of numerous molecular targets in hepatocellular carcinoma (HCC), only a limited
number of systemic therapies, most notably multikinase inhibitors (sorafenib, lenvatinib, regorafenib) and
immune checkpoint inhibitor—based combinations, have demonstrated consistent clinical benefit. This
translational attrition reflects several biological and clinical constraints. First, tumor heterogeneity and etiologic
diversity (viral hepatitis, NASH, alcohol-related disease) dilute the impact of single-target agents that show
efficacy in genetically or metabolically restricted preclinical models.!*® Second, many targets exert context-
dependent or dual roles (e.g., TGFp, p38, Hippo signaling), functioning as tumor suppressors in early disease
while promoting progression in advanced stages, complicating patient selection and trial design.'*’ Third, adaptive
resistance and pathway redundancy rapidly bypass single-node inhibition, limiting durability of response observed
in early-phase trials.'>® Fourth, liver-specific toxicity and impaired hepatic reserve restrict dose intensity and
therapeutic windows, particularly in cirrhotic patients.!>! Finally, the success of approved therapies underscores
the importance of pleiotropic pathway modulation (angiogenesis, proliferation, immune evasion) and biomarker-
enriched strategies, as exemplified by immunotherapy combinations that integrate tumor-intrinsic and
microenvironmental targeting. Collectively, these factors explain why broad-spectrum or combinatorial

approaches have translated more effectively than highly specific targets, despite strong preclinical rationale.
18. Integration With Immunotherapy

Contemporary management of HCC increasingly incorporates immune checkpoint—based therapies, either as
monotherapy or in combination with targeted agents. PD-1/PD-L1 inhibitors restore antitumor T-cell activity by
overcoming tumor-induced immune exhaustion and have demonstrated clinically meaningful survival benefits,
particularly when combined with anti-angiogenic agents. CTLA-4 inhibitors further enhance immune priming by
promoting T-cell activation and clonal expansion, providing a complementary mechanism that strengthens
antitumor immunity.'>? Importantly, combination strategies integrating immunotherapy with tyrosine kinase
inhibitors (TKIs) exploit synergistic effects, whereby TKIs modulate the tumor microenvironment by reducing
immunosuppressive signaling, normalizing tumor vasculature, and enhancing immune cell infiltration.'>? This
integrative approach addresses both tumor-intrinsic oncogenic pathways and immune evasion mechanisms,
contributing to improved response rates and durable disease control compared with single-agent therapies. As a
result, immunotherapy-based combinations now represent a central therapeutic paradigm in advanced HCC and

provide a rational framework for incorporating emerging molecular targets into future treatment strategies.
Conclusion:

Hepatocellular carcinoma (HCC) and cholangiocarcinoma (CC) represent the two principal forms of primary liver
cancer, with HCC accounting for the majority of cases and remaining a leading cause of cancer-related mortality
worldwide. Although surgical resection and liver transplantation offer curative potential, their applicability is
limited, as over 80% of patients are diagnosed at intermediate or advanced stages, when curative interventions are
no longer feasible. Locoregional approaches, including transarterial chemoembolization (TACE), and systemic
chemotherapy have historically constituted the mainstay of treatment; however, intrinsic chemoresistance,

underlying liver dysfunction, and tumor heterogeneity have collectively constrained their clinical efficacy.

The past decade has witnessed a paradigm shift toward molecularly targeted therapies and immunotherapy-based

strategies. Multikinase inhibitors targeting angiogenic and growth factor—driven pathways, such as VEGF, EGFR,
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and FGFR signaling, have demonstrated modest survival benefits, while recent advances in immune checkpoint
inhibition, particularly PD-1/PD-L1 and CTLA-4-based combinations, have significantly improved clinical
outcomes in selected patient populations. Nevertheless, these therapies primarily target rapidly proliferating,
differentiated tumor cells, and their long-term effectiveness is frequently undermined by adaptive resistance

mechanisms, pathway redundancy, and immune evasion.

Accumulating evidence indicates that liver cancer stem cells (CSCs) play a central role in tumor initiation,
therapeutic resistance, metastasis, and disease recurrence. Conventional systemic therapies often fail to eradicate
these CSC populations, thereby enabling tumor regrowth even after initial clinical responses. Consequently,
emerging therapeutic strategies are increasingly focused on selective targeting of CSC-associated signaling
pathways, metabolic dependencies, epigenetic regulators, and tumor—microenvironment interactions, while
preserving normal hepatic stem cell function. In parallel, the integration of CSC-directed agents with
immunotherapy, anti-angiogenic drugs, and metabolic modulators represents a promising avenue for achieving
durable tumor control. In summary, this review synthesizes current therapeutic modalities, molecular targets, and
mechanistic insights underlying liver cancer progression and treatment resistance. A deeper understanding of
tumor heterogeneity, immune regulation, and CSC biology, coupled with rational combination therapies and
biomarker-driven patient stratification, is expected to accelerate drug development and improve clinical outcomes.
Such advances hold substantial promise for transforming liver cancer management and ultimately reducing the

global burden of this aggressive and life-threatening disease.
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