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Abstract

Hepatocellular carcinoma (HCC) is one of the major health problems, and the leading cause of cancer-related mortality globally.
Its multifactorial risk factors remain as paramount challenges to the treatment of this deadly disease. The conventionally known
risk factors that trigger HCC include hepatitis C virus (HCV), hepatitis B virus (HBV), excess alcohol consumption, and envi-
ronmental toxins, such as aflatoxin, aristolochic acid, etc. All these risk factors activate the oncogenic signaling in the liver, and
transform the normal liver into an HCC liver. Recently, globalization and the Western sedentary lifestyle have newly emerged
as risk factors for HCC, which include obesity, metabolic syndrome, and associated clinical and pathological modalities. In ad-
dition, a number of cellular signaling pathways are derailed in HCC, and these pathways, which are altered in HCC, are known
to be directly controlled by oncogenes, such as KRAS, BRAF, c-MYC, astrocyte elevated gene-1 (AEG-1), staphylococcal nuclease
domain containing 1 (SND1), late SV40 factor (LSF), apoptosis-antagonizing transcription factor (AATF), WNT/ -catenin, TGF-(3,
etc. All these oncogenes activate the oncogenic signaling in HCC, and suppress the important cellular tumor suppressor protein
activity, playing a prominent role in hepatocarcinogenesis, and its development and progression. The present review establishes
a novel interconnected network between all these oncogene-associated proteins, in order to determine its role in deregulating
normal cellular signaling pathways, and transforming these into oncogenic signaling. A number of these oncogenes regulate the
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miRNA-RISC-associated oncogenic signaling, and trigger on-
cogenic miRNA signaling by downregulating various tumor
suppressor genes. Therefore, therapeutically targeting these
oncogenes and associated proteins would aid in the develop-
ment of new drugs to treat HCC.

Introduction

Hepatocellular carcinoma (HCC) refers to a form of primary liver
carcinoma, which has recently emerged as the third most paramount
cause of cancer-associated mortality worldwide.! Various risk fac-
tors, such as the occurrence of oncogenic viruses, including hepatitis
C virus (HCV) and hepatitis B virus (HBV), excess consumption
of alcohol, environmental toxins, autoimmune hepatitis and hemo-
chromatosis, are associated with this multifactorial complex dis-
ease.? The process of HCC initiation, development and progression
involves various complex cellular signaling pathways and networks.
These pathways and networks are controlled by a plethora of onco-
genes and tumor suppressor genes, and its protein products.® The
most common oncogenes that are involved in HCC, and control
conventional oncogenic signaling pathways have been well-studied
and established, such as KRAS, BRAF, c-MYC, etc. However, these
conventionally labeled oncogenes are controlled by newly emerged
oncogenes, such as astrocyte elevated gene 1 (AEG-1), staphylococ-
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cal nuclease domain containing 1 (SND1), late SV40 factor (LSF),
apoptosis-antagonizing transcription factor (AATF), WNT/B-catenin
and transforming growth factor-beta (TGF-f), in various derailed
signaling pathways in HCC.*7 All these newly emerged oncogenes
have the potential ability to transform normal cells into cancer cells,
without the aid of conventionally established oncogenes or any
known carcinogens. Furthermore, these control almost all the hall-
marks of cancer, either by activating oncogenic signaling, or by sup-
pressing the tumor suppressor ability of tumor suppressor genes.?
These oncogenes activate various conventionally known cellular
signaling pathways in cancer cells, including the PI3K-AKT/mTOR,
ERK, AP1, NF-xB and c-MYC pathways, thereby inducing various
inflammatory cytokines and growth factors. These molecules would
aid in its proliferation, migration, invasion, angiogenesis and multi-
drug resistance, and induce metastasis.’!! There are various other
complex networks of signaling pathways involved in HCC, and these
interconnected pathways are activated by a number of newly estab-
lished oncogenes. One of the major leading pathways associated
with this oncogenic signaling is the RNA-induced silencing complex
(RISC). As a highly established multi-protein complex, RISC plays
a major role in gene regulation and expression, including oncogene
regulation and expression in cancer cells. RISC-associated com-
ponent proteins, such as SND1 and AEG-1, have highly expressed
oncogenes in almost all types of cancers. These regulate the expres-
sion of various miRNA target genes by targeting or downregulating
tumor suppressor genes.'> Almost all genes in the human genome
are regulated or controlled by thousands of miRNAs through RISC.
Therefore, RISC has a major role in controlling the initiation, de-
velopment and progression of hepatocarcinogenesis by controlling
signaling pathways that are altered in the transformed liver.

Major signaling pathways altered in hepatocellular carcinoma

There are various oncogenic and tumor suppressor genes, and the
signaling pathways are altered in HCC. The number of abnormal
and deregulated cellular signaling pathways contribute to the un-
controlled rapid cell division and proliferation, failed cellular dif-
ferentiation, and long survival, which may lead to the immortality
of these cells.! In addition, this abnormal cellular signaling may
sometimes trigger programmed cell death or apoptosis. All these
deregulated cellular processes may induce various biomarkers in
the oncogenic process. The proper and experimental understanding
of these altered pathways would aid in the targeting of important
master regulators, preventing HCC initiation, development and
progression.'* The present study discusses some of the very impor-
tant pathways that are altered, and play a prominent role in HCC
initiation, development and metastasis. The detailed understanding
and interpretation of all these cellular signaling pathways may help
to better understand the disease features, and identify suitable and
specific targets to treat HCC.

PI3K-AKT/mTOR

One of the highly active, well-established, and more studied in-
tracellular signal transduction pathways in HCC is the phosphati-
dylinositide 3-kinase (PI3K)-AKT (also known as protein kinase
B)/mTOR (the mammalian target of rapamycin) pathway. This is
activated by various extracellular cues and growth factors, such
as the epidermal growth factor receptor (also known as ERBBI,
HER1 and EGFR), and hormones, including insulin and insulin-
like growth factor (IGF).!'S!¢ This promotes cellular metabolism,
proliferation, cell survival, growth, and tumor angiogenesis.!” This
pathway is actively involved in HCC initiation, development, tu-
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mor progression, and metastasis.'® Furthermore, this overactive
PI3K-AKT/mTOR pathway is targeted and negatively regulated
by a tumor suppressor protein, which is known as phosphatase and
tensin homolog (PTEN), in normal cells. The PTEN expression
is downregulated in HCC cells.'> The PTEN tumor suppressor
gene is a target gene of miR-221, which is an oncogenic miRNA,
and is highly overexpressed in HCC.! Therefore, miR-221 aids
in the degradation of the PTEN protein, and indirectly activates
the PI3K-AKT/mTOR cellular signaling pathway in this cancer.
The rapid division of cancer cells require huge amounts of energy
and structural components, such as lipids and proteins, for cell and
nuclear membrane synthesis. All these essential requirements are
positively supported and provided by the activation of PI3K-AKT/
mTOR in these cancer cells.'® Therefore, highly proliferative can-
cer cells take advantage of this pathway during vigorous cell divi-
sion. Recently, a number of reports have established the role of the
mTOR pathway in nutrient sensing and cancer cellular metabo-
lism.!7 Cancer cells have a higher rate of metabolism, and these
require a huge amount of nutrition. Therefore, the PI3K-AKT/
mTOR pathway aids in providing the required amount of nutrients
and other essential cellular building blocks. All these studies reveal
the importance and major role of the PI3K-activated AKT/mTOR
pathway in HCC initiation, development and metastasis.

The PI3K-AKT/mTOR pathway mainly functions through
some protein networks, which include various serine or threonine
kinases, and a range of downstream protein substrates. The major
players of these essential and vital cellular pathways are receptor
tyrosine kinase (RTKs). RTKSs act as high-affinity cell surface re-
ceptors. Together with these receptors, a number of growth factors,
cytokines and hormones (insulin) are also involved in this path-
way.2? Phosphatidylinositol 3-kinase (PI3K) is also an important
mediator of this pathway. This belongs to the kinase family of pro-
teins, and phosphorylates phosphatidylinositol. Furthermore, PI3K
can sometimes be activated by another major signaling protein in
cancer cells, called RAS (an oncogene). Lipids, such as phosphati-
dylinositol-4,5-bisphosphate and associated phosphatidylinositol-
3.,4,5-bisphosphate, are the minor phospholipid components of cell
membranes. These play a prominent role, have been involved in
this pathway, and aid in the recruitment of Akt/protein kinase B in
the plasma membrane during the signaling process.?!

This pathway has various prominent and essential downstream
effects for the proliferation of HCC cells, and this is regulated by
various factors in a balanced and sophisticated manner. A number of
proteins negatively regulate this pathway. Very importantly, PTEN
and protein phosphatase 2A have a negative role, together with feed-
back inhibition or auto-regulation.?? By suppressing the PTEN ex-
pression, the transcription factor (NF-kB) will activate this pathway
during inflammation and cancer, along with tumour necrosis factor a
(TNF-).2 It is very rare for this activated NF-xB to positively regu-
late the peroxisome proliferator-activated receptor delta, along with
the known agonists.>* The mTOR and S6K kinases are involved in
cellular protein synthesis. During insulin signaling, the mTORC1
complex (Raptor, nTOR, Deptor and GBL) negatively regulates the
PI3K-AKT/mTOR pathway via S6K1 activation. SOK1 phosphoryl-
ates insulin receptor 1 in various serine residues, which in turn, leads
to the prevention of insulin receptor 1 binding to RTKs, and the in-
hibition of PI3K activation.?

The Ras/Raf/Mitogen-activated protein kinase cascade (MEK)
and associated extracellular signal-regulated kinase cascade
(ERK) pathway

The Ras/Raf/MEK/ERK cellular signaling pathway is one of the
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most common pathways activated in the pathophysiology of HCC
initiation, development and metastasis. Furthermore, this is an
important regulator and mediator of various types of tumor cell
proliferation, migration, invasion and apoptosis. Ras (rat sarcoma
virus protein) is an oncogene, which undergoes various types of
mutation during the initiation of hepatocarcinogenesis.2® This is
mainly expressed as a cytosolic protein, and undergoes posttransla-
tional modification which results in the prenylation of the protein.
This post translational modification results in the translocation
of the Ras protein to the inner surface of the cellular membrane,
which leads to the anchoring of the oncoprotein to the cytoplasmic
membrane. The prenylation of the Ras protein may add additional
stability to the protein in cancer cells. However, this modification
(prenylation) is not necessary for Ras activity in normal cells.?’

In a number of human HCC cases, the Ras gene is mutated, and
this mutated gene acts as a primary hit during HCC initiation. The
process of activation of the normal cellular Ras/Raf/MEK/ERK
pathway is initiated by several physiological cytokines, inflam-
matory factors, hormones, growth factors, and associated specific
tyrosine-kinases receptors. This triggers and leads to ligand-spe-
cific receptor dimerization and autophosphorylation, which further
transduces signaling by activating the downstream intracellular
signal cascade via the Ras protein. Therefore, the Ras protein acts
as a master mediator of cellular signaling.?® The RTK activation
by vascular endothelial growth factor (VEGF) and platelet-derived
growth factor results to the activation of the RAS pathway in HCC,
which is important for cell proliferation, survival, migration and
progression.?? Ras isoforms, such as H-Ras, K-Ras and N-Ras, are
members of the Ras family of small GTPases, which play a crucial
role in the development and progression of HCC.3® These proteins
act as molecular switches, alternating between an inactive GDP-
bound state, and an active GTP-bound state. Furthermore, these
regulate various cellular processes, including cell proliferation,
differentiation and survival.3! In HCC, the activation of H-Ras, K-
Ras and N-Ras can lead to abnormal cellular growth and survival.
This activation can occur through various mechanisms, including
genetic mutations in the Ras genes, post-translational modifica-
tions of the Ras protein, and the activation of upstream signaling
pathways that regulate Ras activity. Once activated, the Ras pro-
tein binds to and activates the downstream signaling molecules,
such as Raf kinases, MEK kinases, and ERK kinases. This leads
to the activation of the mitogen-activated protein kinase (MAPK)
pathway, which is involved in regulating cellular proliferation, dif-
ferentiation and survival. Overactive MAPK signaling has been
implicated in the development and progression of HCC, because
this can lead to the induction of cellular proliferation, and the sup-
pression of apoptosis (programmed cell death).3*3% According to
the latest research, microRNAs (miRNAs) play an important role
in the progression of cancer. The miR-30a is a microRNA that has
been implicated in the regulation of the rat sarcoma (RAS) path-
way in HCC. The molecular mechanism by which miR-30a regu-
lates the RAS pathway in HCC involves the post-transcriptional
regulation of target genes through binding to the 3’ untranslated
regions (3’ UTRs). Furthermore, miR-30a functions as a nega-
tive regulator of target gene expression by binding to the 3' UTR
of target mRNAs, and inhibiting the translation into proteins. In
HCC, miR-30a has been shown to target genes involved in the
RAS pathway, including KRAS, HRAS and NRAS, among oth-
ers. By binding to the 3" UTRs of these genes, and suppressing the
expression, miR-30a effectively downregulates the RAS pathway,
and reduces the oncogenic activity. This results in the inhibition
of HCC cell proliferation, and promotion of apoptosis, which ulti-
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mately leads to the reduction of tumor growth and progression.*
Another miRNA that acts as a tumor suppressor miRNA is Let-7.
The Let-7 miRNA is a small non-coding RNA molecule that func-
tions as a post-transcriptional regulator of gene expression. This is
involved in the regulation of multiple cellular processes, including
cellular differentiation, apoptosis and tumorigenesis. The molecu-
lar mechanism by which the Let-7 miRNA regulates the RAS path-
way in HCC involves the direct targeting of RAS effector proteins,
such as RASGAP and RAF1. In HCC, a loss of Let-7 expression
is often observed, which contributes to the activation of the RAS
pathway and tumorigenesis. The restoration of Let-7 expression
has been shown to reduce the expression of RAS effector proteins,
and suppress the proliferation of HCC cells. By targeting the RAS
pathway, the Let-7 miRNA acts as a tumor suppressor in HCC.3%

Another very important protein in this signaling pathway is Raf.
Raf stands for rapidly accelerated fibrosarcoma, and the name it-
self shows that it is an oncogene, and a downstream effector of the
Ras oncoprotein. Furthermore, this is a phosphorylating enzyme (a
serine/threonine protein kinase) positioned as the starting and first
signaling protein of the MAPK pathway. The Raf protein is encod-
ed by the rapidly accelerated fibrosarcoma (RAF) gene, and has
three closely correlated similar proteins in its kinase family: serine/
threonine-protein kinase A-Raf, serine/threonine-protein kinase
B-Raf (B-Raf), and serine/threonine-protein kinase C-Raf3¢ All
these isoforms have a distinct tissue-specific expression profile,
and all three isoforms can be found in normal human liver cells.
Furthermore, significant evidence has shown that these are overex-
pressed, or highly induced or mutated in HCC tissues.?” The very
well-known and only available FDA-approved commercial drug,
sorafenib, is a potent inhibitor of these RAF proteins.?® To date,
this is the only known drug for HCC therapy. Furthermore, this is
a potent multi-kinase inhibitor, which inhibits HCC-associated tu-
mor angiogenesis by targeting the activity of the RAF/MEK/ERK
signaling cascade. In this pathway, Ras activates Raf, which fur-
ther phosphorylates and activates other downstream kinases, such
as MEK1 and MEK2, and in turn, phosphorylates and activates
ERK1/2. ERK1/2 regulates several transcription factors, including
Spl, NF-«xB, STAT3, c-Myc, Apl (c-Jun, c-Fos), ETS and ELK-
1, directly or indirectly through the 90-kDa ribosomal s6 kinases
protein.3*#! Finally, all these kinases would aid in the expression
of various growth factors, inflammatory cytokines, and oncogenes
in HCC. This would lead to rapid cell division, uncontrolled pro-
liferation, and epithelial-to-mesenchymal transition (EMT), which
in turn, helps in the invasion, migration and metastasis of HCC
cells (Fig. 1).4?

AEG-1, SND1, Ago2 and RISC in HCC

AEG-1 is a bonafide oncogene, and a scaffold protein. This is
overexpressed in almost all types of cancers, and is upregulated in
HCC. In HCC, this controls virtually all the hallmarks of cancers,
and plays a major role in HCC carcinogenesis and progression.*?
Recently, it was found that this is a major component of RISC,
which interacts with very important ribonucleases of RISC, such
as SND1 and Ago2.!? Indeed, it is well-known that RISC acts as
a master regulator of post-transcriptional gene regulation. There
are thousands of miRNAs involved in this master gene regulation
machinery. AEG-1 was first isolated and cloned by Kang and Su
et al. It was initially considered that this is a PHFA-associated
gene. Subsequently, data-driven studies revealed that AEG-1 is a
major oncogene in every type of cancer.***5 Furthermore, AEG-1
is known by other names, such as metadherin and LYRIC.#647 The
AEG-1 gene is positioned on human chromosome number 8q22.1,
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Fig. 1. Activation of the most important Ras/Raf/MEK/ERK signaling cascade in HCC through growth factors and hormones. These are the key proteins
involved in the EGFR, VEGFR and PDGFR pathways. EGFR, epidermal growth factor receptor; ERK, extracellular signal-regulated kinase; GDP, guanosine di-
phosphate; Grb2, growth factor receptor-bound protein 2; HCC, hepatocellular carcinoma; MEK, mitogen-activated protein kinase; PDGFR, platelet-derived
growth factor receptor; SOS, mammalian son-of-sevenless; VEGFR, vascular endothelial growth factor receptor.

and chromosome number 15, 13.98 in mice. Structurally, AEG-
1 has various domains, including the nuclear localization signal
domain and transmembrane domain. Therefore, AEG-1 has been
reported and known to localize in the nucleus, cytoplasm, and cell
membrane. The molecular function and mechanism of action of
AEG-1 depend mainly on its localization. Its spatial location inside
the cell determines its interacting partners. Based on the interact-
ing partners, the function of AEG-1 specifically varies in cells and
tissues.*

In the nucleus, AEG-1 interacts with the p65 subunit of NF-kB,
and induces the expression of various cancer-associated genes, in-
flammatory cytokines, and growth factors. Furthermore, this regu-
lates the c-Myc expression by preventing the recruitment of tumor
suppressor promyelocytic zinc finger protein (PLZF) to the pro-
moter of the c-Myc gene, thereby increasing its expression. More-
over, AEG-1 is involved in BRCA2 and CDKN1A-interacting pro-
tein tumor suppressor protein degradation via ubiquitin-associated
proteasomal degradation.*%3°

Due to its scaffold protein nature, AEG-1 interacts with a num-
ber of proteins, and two of the most important interacting part-
ners include SND1 and Ago2. SNDI1 and Ago2 constitute the very
important enzymatic parts of the RISC machinery, which regulate
thousands of gene expression, along with thousands of miRNAs.
These two ribonuclease enzymes play a prominent role in the deg-
radation of miRNA-bound target mRNAs, allowing these to under-
go downregulation, and preventing the translation of these mRNA
messages into a functional protein. These RISC components are
highly overexpressed in HCC, and the overall RISC activity itself
is highly elevated in HCC.!?

SNDI1 is a multifaceted and highly conserved protein involved
in RISC activity and function, RNA splicing, and transcription.'!?
This is known by other names, such as Tudor SN, p100 and TSN1.
The SNDI1 gene is located on chromosome number 7q32.1 in
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humans, and in chromosome number 6.28.48 in mice.! SNDI,
together with AEG-1 and Ago2, constitute the very important
components of RISC members, which degrade a number of tumor
suppressor genes in HCC.!? Furthermore, SND1 is involved in
steatosis, inflammation, fibrosis and angiogenesis in HCC. Moreo-
ver, it is known that this activates the NF-xB and TGF-f signaling
pathways.>53 Both SND1 and AEG-1 are involved in nonalcoholic
fatty liver development and HCC progression.5*5 In addition, the
SND1 protein has different domains. The staphylococcal nuclease
domain plays an important role in ribonuclease activity. The Tudor
domain is involved in methyl-lysine and methyl-arginine binding,
and helps in diverse cellular functions, such as DNA transcription,
RNA degradation and metabolism, epigenetic regulation, and the
maintenance of genomic and protein stability.3°

Another very important component of the RISC complex is
Ago2 (argonaute RISC catalytic component), which is encoded
by a gene called, EIF2C2, and is located on chromosome number
8q24.3 in humans, and chromosome 15:73-731 in mice. Further-
more, Ago2 is overexpressed in HCC, and non-alcoholic fatty liver
disease (NAFLD).% It is known that Ago2, SND1 and AEG-1 to-
gether form a complex, and play a major role in RNA interference
and RISC activity in HCC.?® The knockdown of any of the com-
ponents of the RISC will result in the suppression of HCC growth
and development.!?

Transcription factor late SV40 factor (LSF) is another very
important mediator of HCC development and progression.>® Ini-
tially, in HCC cells, LSF was identified as one of the very impor-
tant downstream genes of the AEG-1 oncogene. Subsequently, it
was revealed that LSF is involved in drug resistance, and plays
a major role in AEG-1-associated resistance to nucleotide analog
5-fluorouracil in HCC cells.®” LSF is a transcription factor, and it
got its name from the SV40 virus. Since this LSF is involved in
virus replication, it is commonly known as TFCP2.9! Structurally,
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this belongs to the CP2 family related to the Grainy head family
of proteins. Furthermore, this is functionally involved in various
complex biological events, including the regulation of various
cellular and viral gene promoters, cell division, proliferation, cell
cycle, DNA synthesis, cancer initiation, development and metasta-
sis, and has a role in Alzheimer’s disease.%*? Various elegant and
important studies have strongly established the oncogenic role of
this protein in HCC. Furthermore, this is highly overexpressed in
human HCC, when compared to its normal counterpart.

In eukaryotes, the LSF transcription factor induces the ex-
pression of thymidylate synthase (TS), which is an enzyme in-
volved in thymidine synthesis, and catalyzes the transformation
of deoxyuridine monophosphate to another form (deoxythymidine
monophosphate).®® Therefore, the role of LSF is very crucial, and
its major role in DNA synthesis in HCC cells is a druggable one.®?
Furthermore, LSF induces the expression of osteopontin, which
in turn, activates the hepatocyte growth factor/c-met pathway in
HCC cells.%® Therefore, the AEG-1, SND1, Ago2 and RISC sign-
aling pathways control various secondary signaling, and control
the initiation, development and progression of HCC via secondary
oncogenes.*

Apoptosis-antagonizing transcription factor (AATF)

The recent collaborative study conducted by the investigators elu-
cidated the oncogenic nature of AATF in obesity-induced NAFLD-
mediated HCC.% In general and in clinic, it was proven that obesity
plays a major role in the development of NAFLD, and the long-
term progression of NAFLD would further lead to the initiation of
hepatocarcinogenesis. The novel study conducted by the investiga-
tors established the role of AATF in obesity-mediated NAFLD-
associated HCC development. Initially, AATF was considered to
be the regulator of cell cycle checkpoints.®® However, a number
of elegant studies have deduced the various functions of AATF in
regulating the hallmarks of cancer.®” AATF is a highly conserved
protein in eukaryotes. This has various names, and is encoded by
the Che-1 gene, which is located on chromosome 17q12 in humans
and chromosome number 11:84.42 in mice. Furthermore, this has
various protein domains. These domains help in the interaction
with various other proteins, including transcription factors, cell
cycle-associated proteins, adaptor proteins, nuclear receptors, leu-
cine zippers, etc. All these domains help in the multifaceted role
of AATF, including the role of a transcriptional cofactor and anti-
apoptotic factor, proliferation, migration, invasion, metastasis, the
response to a different kind of stress, cellular stress, etc.®

AATF was initially reported and cloned by two different groups
simultaneously in 2000.9%:% Even almost two decades after its dis-
covery, AATF remains significant in cancer research, particularly
in HCC, where the molecular aspects of AATF need to be eluci-
dated in detail. One of the master inflammatory cytokines, TNF-a,
is commonly known to be elevated in obesity and NAFLD. In the
study conducted by the investigators, the overexpression of TNF-a
positively induced the AATF expression in obesity-associated
NAFLD-mediated HCC. The bioinformatic analysis of the AATF
gene promoter conducted by the investigators revealed the binding
sites for sterol regulatory element binding transcription factor 1-c,
which is generally denoted as the SREBP1-c, Sterol regulatory el-
ement-binding transcription factor 1 (SREBP-1c¢) protein. SREBP-
lc is a very commonly known transcription factor involved in fatty
acid synthesis and lipogenesis. Furthermore, SREBP-1c induces
the AATF expression in NAFLD-associated HCC, and the AATF
transcription factor interacts with another transcription factor
called, STAT3. Together, these two transcription factors induce
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the expression of monocyte chemoattractant protein-1 (MCP-1).
MCP-1 is known for macrophage recruitment, and plays a promi-
nent role in the AATF-induced development and progression of
hepatocarcinogenesis. %560

Wnt/f-catenin

The Wnt/B-catenin signaling cascade and pathway is one of the
highly conserved cell signaling pathways, which regulates stem
cell properties, including pluripotency and cell fate decisions, dur-
ing the normal developmental process.”’ This Wnt ligand is usu-
ally secreted as a glycoprotein, and binds to its specific receptors
called, Frizzled receptors. This ligand-receptor interaction leads
to the formation of a protein-protein complex with other proteins,
such as LRP5/6.7! This induces the Wnt receptor to be activated,
and trigger the displacement of a multifunctional and multifaceted
kinase known as, GSK-3p3, from a different regulatory multi-pro-
tein complex (APC/axin/GSK-3B-complex). The Wnt-mediated
activation of B-catenin would result in its nuclear translocation
from the cytoplasm, form a complex with various transcription
factors, including LEF1/TCF1 and FoxO, and induce various Wnt
cascade target genes (mainly c-Myc, CD44, Cyclin D1 and matrix
metalloproteinase 7 (MMP-7)).7? These genes are known to play a
major role in hepatocarcinogenesis. Various emerging shreds of ev-
idence have demonstrated that obesity-associated metabolic sign-
aling pathways can deregulate local and global epigenetic changes
in NAFLD. This would result in the modification and activation of
a number of gene expression programs, which in turn, would con-
tribute to the hepatocarcinogenesis. Therefore, the obesity-induced
aberrant epigenetic changes and activation of the Wnt/B-catenin
signaling pathway play a critical and paramount role in NAFLD
development, and this is associated with hepatocarcinogenesis.””

TGF-f

Obesity and NAFLD-mediated HCC development mainly depend
on inflammation and associated fibrosis. Simple fatty liver or stea-
tosis (non-alcoholic fatty liver) due to the accumulation of extra
fat and activation of various inflammatory signals would lead to
non-alcoholic steatohepatitis. At the late stage of non-alcoholic
steatohepatitis, a hyperactivated fibrotic signal may be present in
the liver, which would further lead to cirrhosis of the liver, finally
resulting in the development of HCC. TGF-p is the master regu-
lator of liver fibrosis, and plays a major role in EMT in several
cancers.’”? Although this plays a major role in liver fibrosis and
EMT, the TGF-p pathway is very complex to understand, and dif-
ficult to target for therapeutic purposes. There are various proteins
present in the TGF-B superfamily, which include TGF-B proteins,
activins, bone morphogenetic proteins, and a number of growth
and differentiation factors, transcription factors, coactivators, and
adaptor proteins, 537374

The TGF-f family of proteins bind to the specific cell surface
type 1 and type 2 receptors, which in turn, leads to the activation of
suppressor of mothers against decapentaplegic (SMAD)-depend-
ent and SMAD-independent signaling cascades, and the induction
of TGF-f target gene expression. These target genes include colla-
gen 1, collagen 2, smooth muscle alpha-actin, and EMT-associated
genes. Therefore, the activation of TGF-f signaling not only helps
in liver fibrosis and HCC development, but also aids in HCC tumor
metastasis.>

Hippo signaling pathway

The Hippo/yes associated protein (YAP) signaling pathway plays
a significant role in organogenesis and organ size development by

DOI: 10.14218/GE.2022.00009S | Volume 22 Issue 1, March 2023


https://doi.org/10.14218/GE.2022.00009S

Shiragannavar V.D. et al: Unraveling key signaling pathways altered in hepatocellular carcinoma

controlling the cell proliferation and differentiation.”>’6 In mam-
malian cells, mammalian Ste20-like kinases 1/2 and the associated
adaptor protein, which is known as, Sav family WW domain-con-
taining protein 1, are essential components of this pathway. This
ligand-binding kinase domain is under the regulation of tumor
suppressor genes, such as mammalian sterile 20-like 1/2 (Mst1/2).
Mstl1/2 initiates the downstream kinase domain, thereby initiating
the oncoprotein YAP activity, and this enables its physical interac-
tion with target genes in tumorigenesis.”” In animal models, slight
changes in YAP expression and activity, and the impaired modu-
lation of several other primary Hippo pathway-associated com-
ponents, including Mst1/2, large tumor suppressor homolog 1/2,
Mobl, Salvador and Mer, would result in carcinogenesis.”® There-
fore, the slight dysregulation of the Hippo pathway would result in
the unregulated initiation of YAP, which further leads to the growth
of a wide variety of human tumor forms, even HCC. The revocation
of Mstl/2-mediated YAP phosphorylation allows the YAP protein
to enter the nucleus in animal models, and be reinstated in human
cancers, mainly in HCC. A number of chemoresistance pathways
in HCC tumors are YAP-dependent. Therefore, the increase in ex-
pression of YAP was observed in various HCC studies, and YAP
appears to be a significant predictor for illness in HCC patients.”

Hedgehog signaling pathway

Hedgehog proteins are segment polarity proteins. In mammals,
these have three homologs: Sonic Hedgehog (Shh), Indian Hedge-
hog (Ihh), and Desert Hedgehog (Dhh). All these Hedgehog pro-
teins are involved in the Hedgehog signaling pathway, and the
Hedgehog pathway itself is involved in embryological develop-
ment, tissue patterning, and cell differentiation and prolifera-
tion.89-82 From flies to vertebrates, this signaling system comprises
of seven key components: Hedgehog (Hh) protein, GLI proteins,
Patched (PTCH), kinesin-like protein costal 2, fused (Fu), smooth-
ened (Smo), and suppressor of fused.?! The Hh signaling pathway
is abnormally activated in various cancers, and this is particularly
compelled in HCC through the mutation of Hh pathway compo-
nents.?3 Elegant studies have revealed that the overexpression of
Hh components, such as PTCH1, Gli and SMO, is responsible for
the onset of tumorigenesis.®*#5 Shh stimulation in the liver has
been shown to promote liver fibrosis, and cause HCC.8¢ Stimu-
lated Shh signaling enhances the cyclin B1 and cyclin-dependent
kinase 1 protein activity and expression, which in turn, stimulates
tumor growth, and promotes hepatocarcinogenesis by promoting
the G2/M transition.?” Furthermore, in human HCC, Smo increas-
es the expression and abnormal ratio of Smo-to-PTCH mRNA ac-
tivity, which are linked to tumor size. Moreover, the increase in
SMO-mediated c-Myc expression contributes to HCC growth.8*
In the context of HCC, the Glil overexpression has been shown to
promote proliferation, invasion and metastasis via the induction of
epithelial-mesenchymal transition.

Notch signaling pathway

This Notch signaling cascade-associated pathway is involved in
cellular homeostasis, and is a strongly conserved signaling path-
way that plays a predominant role in embryonic development and
morphogenesis. Furthermore, the signaling pathway has been rel-
evant, in terms of liver regeneration and carcinogenesis. The Notch
pathway in mammals comprises four Notch-associated receptors
(Notch 1-4), and five canonical Notch ligands, such as Jagged 1-2
and Delta-like (DIl proteins 1, 3 and 4).%° The abnormal Notch
signaling cascade plays a key role in the onco-transformation of
hepatocytes and proliferation of HCC tumors. In contrast to nor-
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mal liver tissues, HCC tissues often contain mutated Notch genes.
In liver cancer cells, the four Notch protein receptors are highly
expressed, with different distributions of subcellular components.
HCC tissues have been reported to have higher levels of Notchl
protein in the cytoplasm and Notch4 protein in the nucleus, re-
spectively, but these were reported to have lower levels of Notch2
in the cytoplasm, when compared to non-tumor adjacent tissues.”
Likewise, a similar Jagged!l expression in HCC implied that the
downregulation of the Notchl/Jaggedl signaling may maintain
the HCC progression.”! Hepatitis B virus X protein antigen and
an oncoprotein (HBx) may induce the malignant transformation of
human hepatic LO2 cells, and activate Notchl. Consequently, the
upregulation of Notch target genes, mainly HES1 and JAGGED1
through virus antigen HBx, has been known to be a major con-
tributor to hepatocarcinogenesis.?>~%* The analysis of clinically rel-
evant tumor samples revealed the abnormally elevated abundance
in Notch3 protein and Hes, suggesting that higher Notch3 expres-
sion levels in these tumors can lead to the induction of HES1 gene
expression.” In multipotent cells in the liver, the Notch target
gene, mainly Sox9, is highly expressed. During hepatocarcinogen-
esis, the Notch signaling pathway can be activated by expanding
the population of pre-existing progenitor-like cells, or providing
progenitor-like capabilities to these differentiated cells. In HCC,
Notchl and Jaggedl expression levels were found to be elevated,
and the rate of HCC metastasis was frequently linked to higher
Notchl mRNA levels.?®*7 Advanced TMN (tumor node metasta-
sis) classification and positive angiogenesis-associated vascular
invasion in the liver were linked to high variations in Jaggedl
gene copy number.”® Furthermore, Notch2 has been shown to be
involved in HCC development and metastasis. Moreover, the ag-
gressiveness and metastasis of HCC have been linked to Notch4.%

Vascular endothelial growth factor signaling pathway

Tumorigenesis is supported by hypervascularization. In HCC, sev-
eral pro-angiogenic factors are overexpressed in both HCC cells
and the tumor microenvironment. The most influential and well-
studied regulators of angiogenesis (VEGF and vascular endothelial
growth factor receptors [VEGFRs]) are essential for HCC growth
and development. The VEGF family consists of important mem-
bers, such as VEGF-A, VEGF-B, VEGF-C, VEGF-D and VEGF-
E, and the placental growth factor. The VEGF receptors family
includes membrane receptors, such as VEGFR-1 (fltl), very com-
mon VEGFR-2 (flk-1/KDR), and VEGFR-3 (flt-4). The process
for the angiogenesis and maintenance of mature blood vessels
was aided by the VEGF-A signaling.'%° Immature liver tumor ves-
sels, which are highly leaky, also induce irregular blood flow. In
HCC, this causes extreme hypoxia, which leads to the secretion of
growth factors, such as hypoxia-inducible factors 1 (HIF-1) and
hypoxia-inducible factors 2 (HIF-2), as well as insulin-like growth
factor 2 (IGF2). HIF-1 and IGF2 promote tumor angiogenesis,
which lead to tumor proliferation and metastases.!’! Hypoxia and
acidosis separately control the VEGF expression in tissues. On-
cogenic gene defects, hormones, cytokines, and various signaling
molecules all influence the VEGF expression.'?? The activation
of Rho GTPase and VEGFR-2 is essential for angiogenesis pro-
cesses, which include vascular permeability, extracellular matrix
breakdown, cellular migration, and invasion.!?

Tumor suppressor genes in HCC

Tumor suppressor genes are genes that help regulate cell growth and
division, and prevent the development of cancer. In HCC, several
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tumor suppressor genes have been identified to play a role in the
development of the disease. Some examples are presented below.

The p53 tumor suppressor gene

The p53 tumor suppressor gene plays a crucial role in the develop-
ment of HCC. This is a well-known “guardian of the genome”,
which helps regulate cell division, and prevent the formation of
cancer by recognizing DNA damage, and triggering the appropri-
ate response to repair or eliminate a damaged cell.'** In HCC, mu-
tations in the p53 gene are common, occurring in approximately
50-60% of cases.!?® These mutations can lead to loss of function
of the p53 protein, which can no longer act as a tumor suppres-
sor. The loss of function of p53 can lead to the accumulation of
mutations in other genes, eventually leading to the development of
cancer.!9%196 Fyrthermore, the p53 pathway can also be targeted by
other genetic changes, such as the mutations in genes involved in
the regulation of the p53 pathway (such as MDM2 and MDM4), or
by the epigenetic silencing of the p53 gene.!?” The loss of function
of p53 can also be caused by viral infections, such as hepatitis B
and C, which can lead to the development of HCC. Mutations in
p53 are common in HCC, and can lead to loss of function of the
p53 protein. This would promote cell survival and proliferation,
and lead to the development of cancer.!%8

The retinoblastoma (RB1) gene

The retinoblastoma (RB1) gene is a tumor suppressor gene that
plays a crucial role in the regulation of cell division, and the
maintenance of genomic stability. The protein encoded by this
gene, pRD, binds to the E2F family of transcription factors, and
is responsible for the regulation of genes involved in cell growth
and DNA replication.!”® When pRb is phosphorylated by cyclin-
dependent kinases, this releases E2F, allowing for cell cycle pro-
gression.!!” In HCC, mutations in the RB1 gene are associated
with poor prognosis. The loss of function of the RB1 gene leads
to the increase in cell proliferation, and promotes angiogenesis,
which in turn, leads to the development of HCC."'':112 This loss
of function occurs due to genetic changes, such as mutations or
deletions in the RB1 gene, or due to epigenetic silencing. Fur-
thermore, pRb has a role in DNA damage response by recruiting
repair proteins to the damaged site, and inhibiting the activity of
the pro-apoptotic protein p53.11%:113 Therefore, when RBI1 is lost,
cells become more prone to DNA damage, and less likely to un-
dergo apoptosis.

Epigenetic alterations

It has been reported that HCC is one of the most lethal cancers in
the world, and has long been recognized as a genomic disorder
supplemented by a wide range of epigenetic aberrations. Epige-
netic changes typically result in the activation and overexpression
of oncogenes, or the inactivation or decrease in expression of tu-
mor suppressor genes. All of these correlate to cancerous tumor
characteristics. Epigenetic modifications are emerging as a signifi-
cant mechanism in cancer development and growth, according to
mounting evidence.!'* As a result, metabolic risk factors, such as
morbid obesity, heavy alcohol intake, and viral hepatitis insults,
induce hepatic epigenome disruption.!s The changes in the epig-
enome, which include changes in genomic alterations induced by
DNA methylation, chromatin remodeling, miRNAs and IncRNAs,
might cause uncontrolled cell division and invasion capabilities,
and perhaps even the development of liver cancer, through sys-
temic inflammation, fibrosis and mutation.!®
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Environmental exposure

Hepatitis B and C virus

Chronic virus infections, mainly HBV or HCV, result in liver cir-
rhosis, and finally lead to the development of HCC. HBV and
HCYV have been found to be oncogenic viruses. A viral genome can
integrate its DNA into the host genome, and directly cause HCC
mutations.!” The integration of HBV and HCV may trigger chro-
mosomal instability by inducing massive inverted duplications,
deletions, amplifications and translocations, among the other mu-
tations.!'8 The viral DNA gets incorporated into target genes, such
as human telomerase gene hTERT, MAPKI and cyclin A, which
regulate cell proliferation and differentiation.!"” In chronic hepa-
titis B infection, a different HBV protein called, the HBV spliced
protein, is produced. This variant has been shown to trigger apo-
ptosis, and modulate through the TGFp signaling, suggesting a
novel pathway in stimulating liver fibrosis and hepatocarcinogen-
esis.'?? The HCV core protein is involved in the formation of full
virions, and the aggregation of viral particles. In general, major
metabolic, molecular and cellular processes, such as transcription
initiation, lipid metabolism and apoptosis, are all influenced by the
core protein.!? One of the major mechanisms of HCV is the induc-
tion of oxidative stress through the production of more reactive
oxygen species, further inducing steatosis.!?!

Aflatoxin

Mycotoxins predominantly formed by Aspergillus flavus are known
as aflatoxins. Aflatoxin B1 (AFB1), a major strain of aflatoxin, is a
powerful carcinogen found in a variety of foods, including peanuts,
rice and grains. The liver is the primary site of aflatoxin metabolism,
and the main human cytochrome p450 enzyme is involved in its me-
tabolism. Evident studies have revealed that AFB1 metabolites bind
the DNA through the alkylation of bases, inducing cell cycle disrup-
tion, and the mutation of tumor suppressor gene p53.'2> Aflatoxin
is converted to aflatoxin-8,9-exo-epoxide through p450 enzymes
in the liver, and promutagenic AFB1 (AFB1-N7-Gua) is formed by
binding to the DNA. The apurinic site and AFB1-formamidopyrimi-
dine (AFB1-FABY) are the two forms derived by AFB1-N7-Gua.!?}
DNA mutation occurs when AFB1-FABY is incorporated into the
DNA, and blocks replication. These mutations are extremely reac-
tive with DNA, resulting in modifications that can lead to malignant
transformation over time.'?*

Alcohol consumption

Multiple variables are involved in molecular pathways, through
which alcohol consumption increases the risk of HCC. The break-
down of alcohol produces reactive oxygen species, which causes
oxidative stress and damage to liver cells, leading to DNA damage
and genetic abnormalities.'? Furthermore, chronic alcohol use can
activate immune cells in the liver, resulting in chronic inflamma-
tion and further liver cell damage.'?¢ Moreover, alcohol metabo-
lism produces acetaldehyde, which is toxic to liver cells, and can
cause DNA, protein and lipid damage, resulting in oxidative stress
and inflammation.'?’ In addition, alcohol intake might change hor-
mone levels, such as insulin, which can raise the risk of HCC.128
The regulation of several genes plays a role in the development of
HCC in individuals who consume alcohol heavily, and for long
periods of time. Alcohol consumption can suppress the expression
of tumor suppressor genes, such as TP53, and activate oncogenes,
such as MYC and HIF1A, promoting the growth and survival of
cancer cells.!2130 Furthermore, this can alter the expression of in-
flammatory cytokines, such as TNF-a and IL-6, which promote
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Fig. 2. The role of AEG-1, SND1, Ago2 and RISC in HCC development and progression via the crosstalk between multiple signaling pathways. All these sign-
aling pathways play a major role in cell proliferation survival and metastasis. AEG-1, astrocyte elevated gene 1; Ago2, argonaut 2; CBP, CREB-binding protein;
GSK3, glycogen synthase kinase-3; HCC, hepatocellular carcinoma; MAPK, adenosine monophosphate kinase; mTOR, mammalian target of rapamycin; PI3K,
Phosphatidylinositol 3-kinase; RISC, RNA-induced silencing complex; SND1, staphylococcal nuclease domain containing 1.

chronic inflammation, and increase the risk of HCC.13! Alcohol
consumption can affect the expression of metabolic genes, such as
CYP2EI, and play a role in alcohol metabolism, and the produc-
tion of toxic by-products.'3? In addition, this can alter the expres-
sion of cell cycle regulators, such as cyclin D1 and CDK4, which
control the progression of cells through the cell cycle, and promote
the development of cancer.!3*134 These changes in gene expression
contribute to the development of liver damage and HCC, making it
important to limit or avoid alcohol consumption, in order to reduce
the risk of this disease.

Cigarette smoking

The molecular mechanisms involved in HCC induced by smok-
ing can lead to changes in gene expression that contribute to the
development of the disease. The oxidative stress caused by smok-
ing can activate signaling pathways involved in oxidative stress
response, such as Nrf2 and p53, leading to the alteration of genes
involved in antioxidant defense, DNA repair, and cell death.!35136
Chronic inflammation triggered by smoking can activate pathways
involved in inflammation regulation, such as the NF-kB pathway,
altering the expression of genes involved in inflammation and oxi-
dative stress.’37138 The accumulation of DNA mutations caused
by cigarette smoking can alter the expression of genes involved in
DNA repair and cell death. Epigenetic changes, such as changes in
DNA methylation and histone modification patterns, can alter the
expression of genes involved in cell proliferation, differentiation,
and cell death.!® These gene expression alterations can contribute
to the development of HCC by disrupting normal cellular process-
es, leading to the accumulation of genetic changes that drive the
development of the disease.

Chemical exposure

Some industrial chemicals have been found to cause HCC. One
example of the industrial chemical linked to HCC, vinyl chloride,
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is used in the manufacturing of certain plastics.'*’ Vinyl chloride
exposure can cause oxidative stress and DNA damage in the liver,
which leads to mutations and altered gene regulation, and may
contribute to the development of HCC.'#! Another example is pol-
ychlorinated biphenyls (PCBs), which are mixtures of chemicals
used in a variety of industrial and commercial applications. The
exposure to PCBs has been associated with an increased risk of
HCC, which is likely due to the ability of these chemicals to cause
oxidative stress, inflammation, and DNA damage to the liver. The
specific genes altered by chemical exposure that may contribute to
the development of HCC can have significant effects on the regu-
lation of cell growth, differentiation, and death.'#2143 The altered
expression of these genes has been observed in HCC, suggesting
that exposure to certain chemicals may contribute to the develop-
ment and progression of the disease by altering the metabolism of
these chemicals in the liver. The specific genes altered by chemi-
cal exposure that may contribute to the development of HCC play
critical roles in regulating cellular processes, such as cell growth,
differentiation, and death. Further research is needed to fully un-
derstand the molecular mechanisms involved in the development
and progression of HCC.

The crosstalk between various signaling pathways

Cellular signaling is a complex network of various proteins, which
include several kinases and phosphatases, membrane receptors,
nuclear receptors, secondary messengers, adaptor proteins, tran-
scription factors, and epigenetic modifiers. All these major signal-
ing pathways, at one or other points in time, are interconnected,
and there will be the existence of crosstalk between these proteins
(Fig. 2). A crosstalk exists between PI3K-AKT/mTOR and AEG-
1, SND1, Ago2 and RISC via miR-221, miR-21 and miR-155 in
HCC.? Furthermore, there is an interaction between the Ras/Raf/
MEK/ERK pathway and SND1, ATIR, ERK and TGF- signal-
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Table 1. Altered signaling pathways and its roles in hepatocellular carcinoma

Related Pathways Genes/Proteins Role References
PI3K-AKT/mTOR PI3K; mTOR; EGFR; IGF; PIP2; PIP3  Promotes cellular metabolism, proliferation, cell 15-17,21
signaling pathway survival, growth, tumor angiogenesis and metastasis
Ras/Raf/MEK/ Ras (H-, K-, N-); Raf (B-, A-, Activation associated with HCC 29,31
ERK pathway C-); MEK; ERK; MAPK development and progression 33,36-38
RNA-induced SND1; Ago2; MTDH Involved in steatosis, inflammation, fibrosis, 49,50,55
silencing complex migration, invasion and angiogenesis in HCC
AATF TNF-a; SREBP-1c; STAT3; MCP-1 Regulator of cell cycle checkpoints. Transcriptional 6,7,63
cofactor, anti-apoptotic factor, proliferation,
migration, invasion, metastasis, response to
a different kind of stress, cellular stress
Wnt/B-catenin pathway B-catenin; c-Myc; CD44; Involved in the initiation, growth, survival, 69
Cyclin D1; MMP-7 migration, differentiation, and apoptosis of HCC
TGF-B signaling pathway SMAD; TGFB R1/R2; Col1A1; Promotes fibrosis, tumor growth, invasion, progression 50,70,71
Col2A1; Col3A1; a-SMA and metastasis, and regulates immune response
Hippo signaling pathway SAV1; Mst1/2; YAP/TAZ; Lats1/2 Promotes growth and progression. 74-76

Hedgehog signaling
pathway

Notch signaling pathway

VEGF signaling pathway

Cos2; Smo; SuFu; Cyclin
B1; CDK1; c-Myc; Glil

Notch receptors (Notch1,2,3,4);
Jagged1,2; Notch3; Hes-
1; Sox9; Notch4

VEGF; VEGFR; Flt1; HIF-1/2

Promotes liver fibrosis. Responsible for the onset
of tumorigenesis and hepatocarcinogenesis.

78,81,82,85

Regulates cell proliferation, differentiation and 93,94,96
apoptosis. Promotes tumorigenesis and progression.
Promotes and regulates tumor angiogenesis, 9799

growth and progression

AATF, apoptosis-antagonizing transcription factor; Ago2, argonaut 2; CDK1, cyclin-dependent kinase 1; EGFR, Epidermal growth factor receptor; ERK, extracellular signal-regulated
kinase cascade; HIF-1/2, hypoxia-inducible factors 1/2; IGF, Insulin-like growth factor; Lats1/2, large tumor suppressor homolog 1/2; MAPK, mitogen-activated protein kinase;
MCP-1, monocyte chemoattractant protein-1; MEK, mitogen-activated protein kinase cascade; Mst1/2, mammalian sterile 20-like 1/2; MMP-7, matrix metalloproteinase 7; MTDH,
metadherin; mTOR, mammalian target of rapamycin; PI3K, phosphatidylinositide 3-kinase; PIP2, phosphatidylinositol-4,5-bisphosphate; PIP3, phosphatidylinositol-3,4,5-bispho-
sphate; RAF, rapidly accelerated fibrosarcoma; RAS, rat sarcoma; SAV1, Sav family WW domain-containing protein 1; a-SMA, smooth muscle alpha-actin; SMAD, suppressor of
mothers against decapentaplegic; SND1, staphylococcal nuclease domain containing 1; Smo, Smoothened; SuFu, suppressor of fused; SREBP1-c, Sterol regulatory element-binding
transcription factor 1; STAT 3, signal transducer and activator of transcription 3; TAZ, transcriptional co-activator with PDZ-binding motif; TNF-a, tumour necrosis factor a; VEGF,
vascular endothelial growth factor; VEGFR, vascular endothelial growth factor receptor.

ing.5> SNDI1 has been very well-studied for its trans-activating
role on SREBP transcription factors (including SREBP-1c¢), which
in turn, results in AATF induction and expression.%%144145 Both
AEG-1 and SND1 activate NF-xB, and are involved in the c-Myc
(oncogene), cyclin D1(cell cycle-associated protein) and MMP-7
(matrix degrading enzyme) expression, which are the known target
genes of the Wnt/B-catenin pathway.!” Furthermore, SNDI regu-
lates the expression of mTOR, SREBP-1c¢ and cyclin D1 in bovine
mammary epithelial cells.'*® Moreover, both AEG-1 and SNDI
activate the Wnt/B-catenin pathway in different types of cancer
cells. Therefore, all these very important and prominent cellular
signaling pathways may interact in one way or the other, and may

play a major role in HCC carcinogenesis (Table 1).6:7:15-17,21,29,31-
33,36-38,43,49,50,55,63,69-71,74-76,78,81,82,85,93,94,96-99,147

Conclusions

HCC is a multifactorial disease. This has a complex network of cel-
lular signaling pathways, and all these pathways together aid in the
various pathophysiology of the disease. Although there are various
independent signaling conduits involved in disease development
and progression, there are multistep networks and crosstalk that
regulate every protein function during this signaling. The proper
understanding of all crosstalk and signaling is needed through el-
egant experimental studies. With the increasing discoveries and the
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proper understanding of all these signals, and the knowledge of
potential target proteins, more effective and highly potential treat-
ment strategies can be generated using biological, immunological,
chemical, and molecular approaches to combat the deadly HCC.
Overall, these are the most common signaling pathways that are
altered in HCC. Targeting these through specific and lifesaving
drugs would become the ray of hope for HCC therapy.
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