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Preface

Hepatocellular cancer (HCC) is among the ten most common tumor types worldwide.
It is associated with chronic hepatitis B and C virus infections, chronic alcoholism,

and with nonalcoholic steatohepatitis (NASH). HCC most often develops against a
background of chronic liver disease (CLD), in which hepatitis progressively develops
into fibrosis, cirrhosis, and finally cancer. This suggests that regardless of etiology, the
pathogenesis of HCC is immune-mediated. Early-stage HCC is usually asymptomatic,
and in most cases, by the time diagnosis is made, HCC is often in advanced stages,
resulting in high mortality. A major limitation in achieving an early diagnosis, as well

as developing and assessing the efficacy of therapeutics targeting HCC, is the lack of
reproducible biomarkers. Major efforts are underway to develop such markers as an
understanding of the molecular pathogenesis of HCC increases. Given that HCC, like
most other tumor types, is a multi-step process, it has been challenging to develop effec-
tive therapeutics. A variety of local and systemic therapies are currently in use to treat
HCC, but the patient response rate is modest. However, the renin-angiotensin system,
insulin resistance, cancer stem cells, and specific epigenetic changes in hepatocellular
gene expression are putative targets for the development of new therapies. Altered
expression patterns of miRNAs may also contribute to the pathogenesis of HCC and
serve as therapeutic targets. Dysbiosis of the gut microbiome, which is characterized
by alterations in the ratios of microbes in the intestine, may also mediate alterations in
gene expression in hepatocytes and immune cells that are important to the pathogenesis
of CLD. However, it is not always clear whether altered patterns of gene expression
mediate HCC development or reflect the outcome of tumorigenesis. The HCC microen-
vironment is also characteristically tolerogenic, which attenuates the efficacy of newer
treatments, such as cancer immunotherapy. The application of immunotherapy and/

or the resolution of dysbiosis prior to the development of cancer may also be a viable
option to alter the progression of CLD. The tumor microenvironment is also altered by
changes in glucose metabolism in which oxidative metabolism is replaced by aerobic
glycolysis in tumor cells. Future research will determine whether the biological proper-
ties of tumor cells, the tumor microenvironment, the gut microbiome, and/or immune
effector cells will be the best target in developing more effective therapies against HCC.

Mark Feitelson
Department of Biology,
Temple University,
Philadelphia, PA, USA

Alla Arzumanyan
Temple University,
Philadelphia, PA, USA






Chapter1

Etiology, Mechanism and
Treatment of Liver Cancer

Agsa Nazir, Muhammad Aqib and Muhammad Usman

Abstract

Liver cancer or hepatocellular carcinoma (HCC) is a malignant tumor in liver
tissue and worldwide it is fourth leading death cause among all cancers. The most
common causes of liver cancer are hepatitis B or C virus infections, alcoholic liver
disease (ALD), nonalcoholic fatty liver disease (NAFLD) to non-alcoholic steatohepa-
titis (NASH), smoking and obesity. The development and metastasis of liver cancer
is a multistage and branched process of morphological and genetic traits. Various
corresponding signaling pathways such as Yes-Associated Protein-Hippo Pathway
(YAP-HIPPO), Wnt/B-catenin and inflammation by interleukin-6 (IL-6), tumor
necrosis factor (TNF), nuclear factor-Kb (NF-kB), biological pathways including
epithelial-mesenchymal transition (EMT), tumor microenvironment, tumor-stromal
interactions and cancer stem cells and gut microbial dysbiosis are allied to both origi-
nation, progression and metastasis of liver cancer. Numerous therapeutic approaches
are classified into different categories such as pharmacological therapy including
sorafenib, lenvatinib and ramuciruma, surgery of HCC patients includes surgical
resection, adjuvant therapy after surgical resection and liver transplantation. Loco-
regional ablative therapy includes cryotherapy, ethanol injection and radiofrequency
ablation, cytotoxic chemotherapy, natural compounds such as piperine, as curcumin
and oleocanthal, oncolytic virus therapy, immunotherapies and nanotechnology.

Keywords: hepatocellular carcinoma (HCC), inflammation, disease progression,
Dysbiosis, hepatitis B and C

1. Introduction

Liver cancer is a malignant tumor which is commonly occurs in cirrhosis and
chronic liver disease patients. Liver cancer comprises of different types, the most
common type is hepatocellular carcinoma (HCC) or primary liver cancer and other
rarely occurring types includes hepatoblastoma and intrahepatic cholangiocarcinoma
depend upon their origin such as liver stem cells, hepatocytes, cholangiocytes, and
hepatoblasts [1]. Worldwide, the fourth leading cause of all cancers related deaths is
primary liver cancer or HCC and its prevalence is 75% of all types of liver cancers.
Out of all types of cancer related patients, every fifth male and seventh in female is
diagnosed with liver cancer. Moreover, World Health Organization (WHO) declared
that if it is not properly treated then ultimately in 2030 more than one million indi-
viduals will die from this ailment [2].
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The liver cancer is most prevalent in Middle and Western Africa and East and
Southeast Asia countries, whereas lowest ratio was found in Northern and Eastern
Europe and South-Central and Western Asia. The variation in prevalence of liver
cancer in different regions is due to diverse exposure to hepatitis viruses and other
environmental pathogens. As in developing countries, 60% infection is caused by
hepatitis B virus (HBV) and 33% infection is caused by hepatitis C virus (HCV) of
total liver cancer. Currently, in United States and Central Europe, liver cancer preva-
lence and mortality is also increased to an alarming situation as more than 750,000
new cases annually, because of high HCV by regular drug use and nonalcoholic fatty
liver disease by obesity epidemic, or might be due to alcohol-related cirrhosis. In spite
of the advancement, liver cancer is still one of the most challenging cancer to treat.
The clinical output remains low and about one-third patients eligible to curative
approaches of HCC such as local destructive therapies, surgery and liver transplanta-
tion. The surgical removal is possible in 5-15% of patients in early stages, without
cirrhosis and due to reduced hepatic restoration capacity in later stages. Therefore,
the survival rate can be increased by early diagnosis and application of curative
approaches. In early HCC treatment the five-year survival rate is 47-53%, which is
still not satisfactory. However, the chances of recurrence of HCC remain high even
after curative treatment [3].

2. Risk factors

The most common etiological risk factors of liver cancer are hepatitis B or C virus
infections, alcoholic liver disease (ALD), nonalcoholic fatty liver disease (NAFLD)
to non-alcoholic steatohepatitis (NASH) and chronic alcohol consumption, although
smoking, obesity, iron overload and diabetes are also associated with liver cancer
[4]. Worldwide about 80% of HCC is allied to chronic infections of hepatitis B and
C viruses, as hepatitis B virus is responsible more than the hepatitis C virus. About
10-25% HCC or cirrhosis deaths cause by hepatitis B viruses and it mainly affect in
early age of life. The vaccine for hepatitis B marketed in 1982, have been targeted
to newborns. In 2017, about 187 WHO member countries vaccinated the newborns
and globally 84% population received three doses of hepatitis B vaccine. However,
hepatitis C virus rarely affect children, and only 15-45% patients recovered from this
and remaining people lead to chronic infection of liver. It is asymptomatic, and for
many years, chronic infections not clinically evident [5].

Alcohol and smoking are major contributor to liver cancer. The USA studies
showed that light-to-moderate alcohol consumption which is less than three drinks
per day significantly reduced HCC risk [6]. The alcohol consumption is more in high
societies as compared to low income regions, while smoking ratio is high in middle
and low income regions as compared to high income countries. A report in 2014
found that cigarette smoking at that time was linked with a 70% high risk of liver
cancer, while 40% in previous years [7]. Obesity cause low grade inflammation, leads
to metabolic dysfunction, development of NAFLD to NASH, cirrhosis, fibrosis and in
turn liver cancer. Research claimed that overweight and obesity cause 18% and 83%
high risks of liver cancer and the HCC risk twice with the diabetes disease [5].

Some other risk factors of liver cancer are congenital abnormalities, toxic aflatoxin
or arsenic contaminated food and autoimmune liver diseases. The congenital abnor-
malities include hemochromatosis, Wilson’s disease, alpha-1-antitrypsin deficiency
and hereditary tyrosinemia. However, the aflatoxins are released by the fungi such as
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Aspergillus parasiticus and Aspergillus flavus in contaminated food. The autoimmune
hepatitis is also a cause of liver cirrhosis and HCC but the chances of occurrence is far
less than the hepatitis B and C viruses [8-10]. All these risk factors are cumulative and
influence each other such as if a person is suffering with hepatitits B or C and con-
sume alcohol then he will be at severe risk of the pathogenesis of HCC by the interplay
of environmental, viral, diet and host factors. These factors develop chronic liver
disease which may lead to liver cirrhosis by numerous mutagens for example oxidative
stress, chemical exposure and deviation in the DNA repair leads to genome alteration
which ultimately results in cancerous genome in which chronic inflammation, reac-
tive oxygen and nitrogen species, and mutation are the main aspects of hepatocytes
necrosis.

3. Progression and metastasis of HCC

The main mechanism in the development of liver cancer is the inflammation in
liver, except the cause of it. The inflammation is the automatic immune response to
the targeted cells, which leads to hepatic necrosis. In early stages the inflammatory
signaling pathway is activated by reactive oxygen species (ROS) and nitric oxide
(NO), which produce chemokines, prostaglandins, cytokines, growth factors and
proangiogenic factors, that transforms the hepatocytes and cause initiation of anti-
apoptotic processing and restriction of immune surveillance and develop liver fibrosis
and in later stages the liver tissue damaged permanently, called liver cirrhosis. More
than 80% of primary liver cancer is caused by the chronic liver diseases commonly
appear on a background of liver cirrhosis. If it persists and not treated it will metasta-
sis to other liver tissues and diagnosed as liver cancer or HCC, causing morbidity and
the mortality (Figure 1) [12, 13].

3.1 Signaling pathways

The development of liver cancer is a multistage and branched process of
morphological and genetic traits. The tumor in liver is not only associated with
cellular malignancy but also linked with genome abnormality, which ultimately
cause neoplastic growth. In HCC, frequently mutation occurs in cell cycle genes
i.e. CDKN2A (cyclin-dependent kinase inhibitor 2A) and CCND1 (encodes cyclin
D1) and cancer gens such as WNT, TP53, and CTNNB1(encodes pcatenin). The
hepatic-carcinogenesis emerged by two most important oncogenic events such as
telomerase reverse transcriptase (TERT) activation and MYC activation. These
genes activated in various forms of liver tumors. The TERT activation is required for

Chronic liver damage Tumour initiation Progression
Y A, A

Normal lver Cirrhosis PLC Mertastasis

v

Figure 1.
Progression and metastasis of liver cancer [11].

3



Liver Cancer - Genesis, Progression and Metastasis

unlimited proliferation and MYC activate for transformation of normal liver cells
into HCC at later stage of cancer [11, 14]. Along with genetics, the epigenetics also
play a vital role to the pathogenesis of cancer. The epigenetic alterations include DNA
hypo-methylation or hyper-methylation, chromatin remodeling, dysregulation of
histone adaptation patterns, aberrant expression of micro-RNAs (miRNAs) and long
noncoding RNAs (IncRNAs) are allied with HCC. As in hepatitis B, the HBx protein
constitutively activates the pathways in Figure 2. The epigenetic alteration patterns
can affect the frequencies and types of genetic modifications at the adjacent chroma-
tin regions and some of the genetic mutations in HCC regulate epigenetic changes in
host gene expression. Therefore, both factors appear to be inseparable and promote
tumorigenesis synergistically.

Researchers are trying from decades to reveal the molecular mechanisms of cancer
origination and progression. Conversely, the heterogeneity and diverse characteristics
of cancer commonly cause confusion. Nowadays, it is widely recognized that cancer
develops from normal cells to malignant stages in many years because of its multi-
step process. The cells become tumorigenic and show malignant phenotypes due to
numerous hallmarks. Same as for other solid tumors, the HCC is also described with
those cancer hallmarks for example evading growth suppressors, sustained cell pro-
liferation, cell death resistance, metastasis, invasion, angiogenesis, and deregulated
energy metabolism. These hallmarks and genetic or epigenetic alterations linkage
helps to recognize the molecular mechanisms. However, various corresponding sig-
naling pathways are allied to both origination and progression of liver cancer. These
mechanisms include Yes-Associated Protein-Hippo Pathway (YAP-HIPPO), Wnt/p-
catenin and inflammation by interleukin-6 (IL-6), tumor necrosis factor (TNF),
nuclear factor-Kb (NF-kB). Moreover, PPARy induced lipid metabolism, epigenetic
alterations like acetylation of histones, DNA methylation, and noncoding RNAs also
cause progression and metastasis of HCC [11, 15].

Hippo-YAP pathway control the size, multiplication, apoptosis, and invasion of
hepatic cells by YAZ-HIPPO receptors, which regulate the YAZ/TAZ transcriptional
genes. WNT/AXIN controls the f-catenin protein transfer to the nucleus, forming the
YAZ/TAZ-B-catenin-TCF trimer, which stimulate TGF-p as a profibrotic agent and
C-Myc as a proliferative agent, cause cancer initiation, proliferation, progression,
resistance to anticancerous drugs [16, 17]. The NF — kB is inhibited by IxB protein,
when IxB is phosphorylated by kinase complex (IKK) into in Ser32 and Ser36, IkB is
degraded by proteasomal complex and translocate NF — kB P50/P65 which mainly
involved in apoptosis inhibition, tumor cell proliferation, progression, cancer initia-
tion and drug resistance. PPARy at one side inhibit the -catenin and NF-kB signaling
pathways by bonding to its ligands, on the other side it is involved in apoptosis, inhi-
bition of cell proliferation, and metastasis by binding to the peroxisome proliferating
response elements (PPRE) which act as specific response elements in nucleus [18,

19]. These signaling pathways upregulate or downregulate according to etiological
factors of HCC. For example, Hepatitis B is a DNA virus and it incorporate into host
by various ways such as hijack its machinery, oxidative stress, and Hepatitis B protein
x. Hepatitis B activate TERT, Cyclin A2, PDGFR, EGFR gene expressions. Hepatitis

B protein x stimulates Wnt/f-catenin, NFB, TGF-p, P53 and ROS signaling pathways
for the pathogenesis of HCC. While hepatitis C is a RNA virus and it induce inflam-
mation by release of pro-inflammatory cytokines such as IL-6, TNF-«, IL-1 and IL-18,
modify TGF-p signaling pathway and glucose and lipid metabolism for the HCC
development. Similarly, chronic alcohol consumption activates cytochrome CYP2E1
and cause liver steatosis and inflammation which leads to HCC.
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Figure 2.
Different signal pathway of HCC progression.

Histone modification is carried out by enzymes which add or remove acetyl groups
with histones. The de-acetylation of histone proteins by histone acetyltransferase
(HAT) enzyme leads to malignant proliferation, transformation, and invasion
of tumor cells. The DNA methylation is common in liver cancer and 3000 hypo-
methylated promoters were identified in HCC tumor, one of them is CpG methylation
which is controlled by DNA methyltransferases (DNMTs) enzyme. The DNMTs
also methylated the genes like p16, p15, E-cadherin, hyper-methylated in cancer 1
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(HIC-1), and Ras association domain family 1 isoform A (RASSF1A), which involved
in cell adhesion, mobility, proliferation and invasion. The microRNAs (miRNAs)
dysregulation causes abnormal gene expressions, leads to development, invasion, and
metastasis of tumor cells. The main two miRNAs which contribute to HCC develop-
ment are miR-122 and miR-221. In miR-122 liver become inflammed, steatohepatitis,
and fibrosis occurs, whereas in miR-221 cellular pathways modulated, specifically
linked to cell proliferation, survival, and metastasis [20-22]. Hepatitis B protein x
blocks expression of E-cadherin and activates histone deacetylases 1 and 2. Hepatitis
B protein x also affects expression of several miRNAs, which are also important in
maintaining hepatitis C virus replication, persistence and progression of chronic liver
disease to HCC. Hepatitis B and alcohol both involved in DNA methylation prolifer-
ate hepatocytes and eventually cause HCC. Hepatitis C virus core protein and the

E2 envelope protein stimulate cell growth in liver cancer by lipid peroxidation and

a mitochondrial dysfunction with oxidative stress. The hepatitis C core protein also
alter gene expression and intracellular regulation mechanisms. Moreover, the hepa-
titis C virus non-structural 5A protein interacts with beta-catenin and stimulates its
transcriptional activity in a phosphoinositide-3 kinase-dependent fashion to promote
HCC pathogenesis.

3.2 Biological pathways

There are some other biological mechanisms which also play a vital role in progres-
sion of HCC such as epithelial-mesenchymal transition (EMT), tumor microenviron-
ment, tumor-stromal interactions and cancer stem cells. In EMT process, epithelial
cells drop their adhesive properties, which allow the mesenchymal membrane to
migrate the cells, that grabbed by cancer cells and increase their dissemination all
over the body. In HCC the EMT effectors i.e. cadherins, vimentin, fibronectin and
integrins transformed and allow mesenchymal phenotype easily. The transcriptional
factors like Slug, Twist and Zeb upregulated in supporting EMT pathway during HCC
progression. Moreover, tumor-stromal interactions also promote HCC development,
as hepatic stellate cells (HSCs) accumulate by the stimulation of hypoxia-induced
platelet-derived growth factor-BB (PDGF-BB) and multiply in the tumor stroma
along with upsurge in vascular endothelial growth factor-A (VEGF-A) expression
in HSCs result in HCC angiogenesis. Similarly, signal transducer and activator of
transcription (STAT3) act as a mediator between liver cancer cells and stromal cells
interactions and regulate micro-environment for tumor formation [9, 23]. Alcohol
consumption, hepatitis B and C all promote EMT pathway, and tumor micro-envi-
ronment is also affected by hypoxia and hypoxia might stimulate EMT and the liver
fibrosis and cirrhosis is highly activated by HSCs, all these factors contribute to the
progression of HCC.

The cancer stem cell (CSC) also involved in progression, aggressiveness and
metastasis of HCC, by the action of several surface markers such as epithelial cell
adhesion molecule (EpCAM), CD13, CD44, CD90 and CD133. The acquisition of liver
CSC in tumor cells caused by dedifferentiation and reprogramming of non-CSCs such
as hepatoblasts, biliary cells and mature hepatocytes. For example, Sal-like protein 4
(SALL4) is a proto-oncogene in liver and embryonic stem cells and cause HCCC pro-
gression. The investigation proved that CSCs are considered to be more tumorigenic
than non-stem cancer cells and they are resistant to numerous anticancer treatments,
including chemotherapy and radiotherapy [24, 25]. The metabolic stress such as
obesity and diabetes promotes Various evident studies show the signaling pathways,
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their functional process and tumor features as descried in Table 1. Hepatitis B protein
x promotes the development of stemness characteristics in liver cells, which is part of
the mechanism whereby hepatitis B protein x contributes to hepato-carcinogenesis.
The long-term inflammation by hepatitis B or C virus, chronic alcohol consumption
or and NASH, highly contribute to reprogramming of non-CSC into CSCs.

3.3 Gut microbial dysbiosis

The gut-liver axis is a dual anatomical and functional interaction between and
gastrointestinal tract mainly by portal vein blood circulation. The synergetic relation-
ship between liver and gut microbiota is regulated by a complex network of interac-
tions, comprises of neuroendocrine, immune, and metabolic systems. There is a tight
junction within the gut epithelium which act as a natural barrier to bacteria and their
metabolic products. There is evidence that the gut microbiota moves beyond the gut
by intestinal dysbiosis, which involved in hepatic carcinoma progression. Dysbiosis
is a process in which tight junction of proteins disrupt and gut mucous layer become
thinner, which leads to dysfunctional intestinal barrier. Particularly, dysbiosis stimu-
late the release of cancer-promoting metabolites, like secondary bile acids which con-
sist of deoxycholic acid (DCA). Dysbiosis is also commonly associated with decreased
levels of bacteria that produce the anti-inflammatory and anti-tumorigenic metabo-
lites, short chain fatty acids. The dysfunctional gut barrier in dysbiosis increase
intestinal permeability, bacterial overgrowth, bacterial translocation and immune
system dysplasia, which results in leaky gut. The gut microbial dysbiosis deteriorates

Functional process Signaling Phenotypic and tumor features References
pathway

Cell cycle p53and Aggressive phenotype and loss of DNA [26]
RB-E2F damage repair mechanisms

Development and WNT- Activation in tumor-initiating cells (early

differentiation f-catenin and late stages)
SALL4 Poor prognosis and activation in tumor- [27]

initiating cells

NEF2 Stem cell features and tumor initiation
Proliferation and EGFR Aggressive phenotype and reprogramming [28]
survival IGF Pre-neoplastic lesions (early stage)
Immune response IL-6 signaling Progenitor-derived response to adjuvant [29]
interferon therapy
NF-xB Chronic inflammation
Angiogenesis PDGF Liver cirrhosis [27]
VEGF Aggressive phenotype, poor prognosis and
metastasis
Stress response ROS, NO Oxidative phosphorylation (late stage) [26]

EGFR, epidermal growth factor receptor; IGF, insulin-like growth factor; IL, interleukin; IL-6R, IL-6 receptor; NF2,
neurofibromin 2; NF-kB, nuclear factor-xB; PDGEF, platelet-derived growth factor; ROS, reactive oxygen species;
SALLA4, Sal-like protein 4; VEGEF, vascular endothelial growth factor.

Table 1.
Major functional processes and signaling pathways in HCC development.

7



Liver Cancer - Genesis, Progression and Metastasis

the metabolism, nutrition, immunity and inflammatory status of the liver. Numerous
bacteria’s such as Streptococcus, Lactobacillus, Escherichia Shigella and Bacteroides
move into the portal vein and liver, which stimulates hepatic kupffer cells and stellate
cells. They release a series of inflammatory mediators, increase levels of endotoxin,
blood ammonia, provoke intestinal mucosal damage, stimulate liver cell steatosis and
chronic inflammation, which cause the development of hepatic encephalopathy, liver
fibrosis, cirrhosis and eventually leads to development of HCC [30].
Moreover, on the other hand, these liver diseases worse the gut microbial dys-
biosis, as liver cirrhosis decreases gastric acid and bile acid secretion, function of
lipopolysaccharide, bacteria, metabolites, and bowel movement, both leads to the
overgrowth of intestinal bacteria and gut microbial dysbiosis.by affecting the stability
and function of the gut microbiota. The gut microbiota of hepatic disorders such as
hepatitis B and C viruses, ALD, NAFLD, NASH and HCC is significantly different
from healthy microbiota such as amount of microbiota, species present, and metabo-
lites produced due to gut microbial dysbiosis. For instance, in hepatitis B cirrhosis
Faecalibacterium prausnitzii, and Enterococcus faecalis significantly increased,
whereas Bifidobacteria and Lactobacillus significantly reduced, and in HCC patients

Liver Alteration in gut Clinical significance References
diseases microbiota
Chronic Streptococcus?t HCYV infection cause gut microbial dysbiosis, [31]
hepatitis C Lactobacillust even in mild liver patients
Lachnospiraceae),
Ruminococcaceae
Chronic Actinomyces) Gut microbial dysbiosis may effect disease [32]
hepatitis B Enterococcus faecalist development
Alistipes|
Bifidobacteria|
ALD Lachnospiraceaet ALD induced by alcohol and stimulate [33]
Erysipelotrichaceae? bacterial disruption in microbial dysbiosis
Lactobacillus |
Pediococcus
NASH Escherichia Shigellat These pathogens are primary contributor to [34]
(fibrosis) Bacteroides? NAFLD development
Clostridium)
Prevotella)
NAFLD Escherichia_Shigellat The decreased pathogens are detrimental for [34]
Blautiat adults with NAFLD
Prevotellaceae
Ruminococcaceae
Liver Enterobacteriaceae 1 Liver cirrhosis development linked with gut [35]
cirrhosis Streptococcaceae? microbial dysbiosis
Lachnospiraceae |
Bacteroidaceae |
HCC Lipopolysaccharide Cirrhotic patients with are more susceptible [36]
patients producing bacteriat to the to HCC progression by stimulating
Escherichia colit tumor growth
Butyrate-producing
bacteria/
Table 2.

Alteration in gut microbiota in various liver diseases.
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Stellate

Figure 3.
Activation of immune system in HCC [15].
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the levels of Escherichia coli and other gram-negative bacteria upsurge in as described
in Table 2. Moreover, along with microbial alteration energy-producing system,
microbial metabolism and iron transport also differ in hepatic carcinoma patients
and healthy people. The levels of and serum tumor necrosis factor (TNF-a), LSM
levels, fecal secretory IgA and gene diversity index significantly increased, and these
features of gut microbial dysbiosis affect disease progression [37, 38].

The relationship of gut microbial dysbiosis and HCC is complex. The patho-
genic micro-organisms antigen pass through the gut epithelium and recognized by
dendritic cells, which stimulate the adaptive immune system by altering the T cells
response to influence the development of HCC. For instance, T helper 17 (Th17) cells
are a unique subcategory of T helper cells, to produce inflammatory cytokines and
angiogenic mediators such as IL-17A and IL-22. IL-17A, that eventually activate tumor
angiogenesis. Moreover, pathogen-associated molecular patterns (PAMPs), including
LPS, peptidoglycans, and flagelin stimulate NFKf with the help of toll-like receptors
(TLRs) and nod-like receptors (NLRs), which also leads to produce inflammatory
chemokines and cytokines, which enter the liver by portal circulation. However,
Kupffer cells are affect the LPS as compared to hepatocytes, while PAMPs activate
stellate cells, which promote and progress fibrosis and HCC (Figure 3) [37].

4. Current therapies and their limitations

The several therapeutic approaches to treat HCC focus on the alteration of the
processes such as cell cycle, apoptosis, and signal pathways. The treatments are classi-
fied into different categories which are described as follows.

4.1 Pharmacological therapy

Sorafenib is the manifold kinase inhibitor, which suppresses the activity of Raf-1
and some other tyrosine kinases, like vascular VEGFR-2, VEGFR-3, PDGFR, and
FGFR-1 involved in cellular angiogenesis, proliferation, differentiation and survival. It
is the front-line therapy and as first drug approved for systemic treatment of advanced
HCC patients, who moderately conserved liver functions and not considered suitable
for surgical resection or liver transplantation. The evidence showed that sorafenib
response is mainly linked with correction of irregular glycosylation in erythroblastosis
26-1 (Ets-1) protein in HCC cells by promoting survival rate significantly, only in
advanced HCC patients. A lot of patients quickly develop resistance against sorafenib.
Therefore, Lenvatinib is an effective drug for the those HCC patients, in which sur-
gery is not effective and they are resistant to sorafenib, but their survival rate can be
increased by decreeing lymphangiogenesis and angiogenesis responses. Regorafenib is
also a second-line oral drug which was developed by Bayer and it was FDA-approved
in June 2017 for unresectable HCC. Ramuciruma is a drug which inhibit the binding
of the VEGFR ligands as a human anti-VEGFR-2 monoclonal antibody. Drug resistant
is always an issue for numerous drugs and their adverse side effects, such as sorafenib
and lenvatinib cause hypertension, diarrhea and decreased appetite [15, 39].

4.2 Surgery

Surgery of HCC patients includes three main categories such as surgical resection,
adjuvant therapy after surgical resection and liver transplantation. Surgical resection
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is the HCC treatment for those patients who preserved liver function. The advance-
ment of laparoscopic liver resection declines the operative blood loss, operation time,
and length of hospital stay. If the surgical resection is done in early HCC (5 cm)
patients with maximum preserved liver function, then the 5-yr survival rate can be
40-70%. The drawback of surgical resection is recurrence and its possible treatments
include repeat hepatectomy, radiofrequency ablation, or salvage liver transplanta-
tion. After surgical resection, adjuvant therapy eliminates remaining cancer cells

and inhibit secondary liver carcinogenesis. These therapies comprise of intra-arterial
radiolabeled lip iodol, interferons, systemic and intra-arterial chemotherapy, acyclic
retinoid, adoptive immunotherapy and sorafenib. The liver transplantation decreases
postoperative liver failure risk, and best approach for moderate to severe cirrhosis or
early-stage HCC patients. The liver transplant increase survival rate at 10 years which
is more than liver resection, but the risks are there because of unacceptability of the
donor liver by the body and cause high expense of short-term mortality [3, 40].

4.3 Loco-regional therapy

Loco-regional ablative therapy includes cryotherapy, ethanol injection and radio-
frequency ablation. This therapy is the primary treatment for those HCC patients who
are not capable of operation and it act as a bridge to liver transplantation or relaxing
process to prolong the disease-free survival. For instance, radiofrequency ablation
(RFA) is the process of coagulative necrosis for the thermal destruction of HCC cells
and it is considered as far better than percutaneous ethanol injection (PEI), which
is ablative therapy for early HCC patients. Moreover, RFA highly reduce the risk of
morbidity in small HCC patients as compared to liver resection [41].

4.4 Cytotoxic chemotherapy

Chemotherapy is particularly workable for the patients with underlying non-
cirrhotic liver. Chemotherapy cannot be used routinely for advanced HCC patients
because HCC is chemotherapy-refractory tumor. Moreover, systemic chemotherapy
is not tolerated by patients with underlying hepatic dysfunction. There are various
chemotherapeutic agents, such as single-agent doxorubicin has an objective response
rate of 20% or less with doses of 75 mg/m2 in advanced HCC patients. Systematic
chemotherapy has limited efficacy on HCC because of low response rates and high
toxicity, without increasing the significant survival rate such as gemcitabine- and
doxorubicin-based chemotherapy treatment [3].

4.5 Natural compounds

Various natural compounds in fruits, vegetables, and spices function are helpful
in suppressing mechanisms of cancer progression and in activating mechanisms of
cancer prevention. These compounds promote anti-inflammatory, anti-oxidant,
anti-tumor and anti-proliferative systems. Some compounds cause cytotoxicity to
cancer cells and no effect on non-cancerous cells. For example, piperine is a natural
compound, which inhibit enzymes of drug metabolism and it can be used in future
as co-administrative with chemotherapeutic drugs to upsurge plasma concentra-
tions. Some other natural compounds such as curcumin, oleocanthal, allium extracts
and Cnidium officinale makino, also used to reduce HCC progression. The natural
compounds may improve the effectiveness of current drug treatments without host
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toxicity. For instance, polysaccharides from Lentinus edodes and Tricholoma matsutake
improve the inhibitory effect of 5-fluorouracil in H22 cells of HCC patients [42].

4.6 Oncolytic virus therapy

Oncolytic virus therapy is a new anticancer approach which involve replication of
oncolytic viruses in carcinogenic tissues to lyse tumor cells. They are specially designed
agents such as antitumor, tumor-selective and multi-mechanistic such as extending
from direct killing of virus-mediated cancer cells, pleiotropic cytotoxic immune effec-
tor process, by the exact transgene-encoded proteins activities. The viruses of different
classes used in this process such as paramyxovirus, reovirus, herpes, simplex virus,
parvovirus, poxvirus and adenovirus. Some of these viruses are genetically engineered
to improve their therapeutic effects. The oncolytic viruses also activate immunogenic
tumor cell death and regulate cellular tumor- resistance mechanisms which leads to
identification of recently released tumor antigens by producing tumor cell lysates.
Moreover, in HCC oncolytic viruses such as telomerase-specific replication, telome-
lysin (OBP-301) and competent oncolytic adenovirus established efficient replication
in telomerase-positive tumor cells, by replacing the adenoviral E1A promoter with the
tumor-specific telomerase reverse transcriptase (W\TERT) promoter [43].

4.7 Immunotherapy

The immune therapeutic approaches in HCC, target tumor cells by activation
and stimulation of the current tumor-specific immune response. In this therapy, the
patients are treated with advanced melanoma by immune-checkpoint-mechanism
inhibitors including anti —cytotoxic T-lymphocyte antigen 4 (CTLA-4) antibody.
The programmed death 1 (PD-1), is a co-inhibitory receptor, which is dominated
by activated T and B cells, and regulate peripheral immune tolerance. Furthermore,
the in PD-1 and its ligands interactions such as programmed death ligand 1 (PD-L1)
(B7-H1) and PD-L2 (B7-DC), is an immune suppressant mechanism and a vital
immune barrier. Other immunotherapies include tumor-associated antigens (TAAs)
recognition by cytotoxic T lymphocytes (CTLs) to improve host immunity. The HCC
tumor has TAA, cyclophilin B, as a squamous cell cancerous antigen recognized by T
cells (SART) 2, SART3, AFP, hTERT, glycopican-3 (GPC3), and melanoma antigen
gene A (MAGE-A). The drug sorafenib inhibit immunosuppression, therefore can be
considered as immunotherapy combination with this drug [41].

4.8 Nanotechnology

Nanotechnology is an emerging technique which modify the concept of current
combination therapy methods and increase retention, permeability and pharma-
cokinetics. The nanoparticles approach is treatment programs which syndicate the
separate agents to increase the effects of drug. For instance, in combination as chemo-
sensitize cancer cells become resistant to drugs and to improve the drug’s efficacy
in treating tumors, nanoparticles improve the results by the addition of another
molecule in the mechanism. In HepG2 cells, doxorubicin delivery and the lipid
nanoparticle as chemo-sensitizer release over 48 h and led to possible synergy, to a
decrease in cytotoxicity than free doxorubicin and doxorubicin-nanoparticles. In case
of diethylnitrosamine-causing liver cancers, doxorubicin/curcumin approach than
free doxorubicin/curcumin act as a synergistic inhibition of tumors growth [42, 44].
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5. Conclusion

Liver cancer comprises of different types depend upon their origin such as liver
stem cells, hepatocytes, cholangiocytes, and hepatoblasts, the most common type is
hepatocellular carcinoma (HCC) or primary liver cancer Worldwide, its prevalence is
75% of all types of liver cancers and every fifth male and seventh in female is diag-
nosed with liver cancer. The etiology is linked with activation of multiple processes
of apoptotic response, dysregulation of cell cycle and the stimulation of signaling
pathways that cause fibrogenic and inflammatory response. Currently, numerous
therapeutic options are working to treat patients with HCC, the aim of all of these
approaches is to improve liver function, overall survival, and life quality of patients,
but only a few of these bioactive techniques have shown successful responses without
initiating side effects.

6. Future perspective

Although, various drugs have been tested and approved for advanced HCC, but
one of the main reasons of low survival rate is drug resistance because of the intra-
tumor heterogeneity during treatment. This is a huge hurdle for the long-term use
of targeted therapies for primary liver cancer, that is why it is essential to explore the
mechanism of drug resistance in future. Another challenge for targeted treatments is
the deficiency of accurate targets and biomarkers such as breast cancer has the exact
biomarker like HER2, but primary liver cancer has no accurate biomarkers and show
heterogeneity and genomic diversity. While many mutant genes such as TERT and
CTNNB1, have been found, but it is still not clear as they are driver gene or passen-
ger gene in future, it is essential to understand the genomic architecture, mutation
landscape, and driver genes to use new therapeutic interventions. Most of the patients
are not adaptable to immune therapy, therefore future efforts in should be made in
two directions for immunotherapy such as improving the existing immune response
and stimulating a new immune response. Moreover, further study is undoubtedly
compulsory to advance improvement in current diagnosis, to better comprehend the
genomic profile and pathogenesis of HCC to develop novel therapeutics, contain-
ing multiple drugs or treatments, that capable of modifying various signaling and
biological pathways associated with HCC pathogenesis.
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Abstract

Non-alcoholic fatty liver disease (NAFLD) is a spectrum of diseases ranging from
non-alcoholic fatty liver and non-alcoholic steatohepatitis to its more severe forms
such as liver fibrosis and cirrhosis. The incidence of hepatocellular carcinoma (HCC)
increases as NAFLD progresses to the more severe forms. As prevalence of obesity and
metabolic syndrome rising in North America, NAFLD associated HCC is becoming
the leading cause of HCC. Different from other causes of HCC, altered metabolic
state and its impact on immune response play an important role in the pathogenesis
of NAFLD associated HCC. Currently, immune checkpoint inhibitors and combina-
tion therapy are first-line treatments of advanced HCC regardless of etiologies. Given
the rising incidence of NAFLD associated HCC and its unique pathogenesis, future
clinical trials should assess whether HCC etiology—NAFLD in particular—influence
the safety and efficacy of a given treatment.

Keywords: hepatocellular carcinoma, non-alcoholic fatty liver disease, non-alcoholic
steatohepatitis, liver cirrhosis, tyrosine kinase inhibitor, immunotherapy

1. Introduction

Non-alcoholic fatty liver disease (NAFLD) is defined as the presence of >= 5%
hepatic fat accumulation of the liver in the absence of other causes of fatty liver
disease. NAFLD is a spectrum of diseases. In its mildest form- non-alcoholic fatty
liver (NAFL, also known as simple hepatic steatosis)- fat accumulation is seen in the
liver but without significant inflammation or hepatocellular injury. The next stage of
NAFLD is non-alcoholic steatohepatitis (NASH) which is characterized by histological
lobular inflammation and hepatocyte ballooning. The condition then progresses to
liver fibrosis and accumulation of fibrosis leads to liver cirrhosis [1]. In studies [2-5]
that examined paired liver biopsies in patients with baseline NAFLD, up to 20-40%
patients with NAFL can progress to fibrosis over an average follow-up between 2.2 and
13.8 years. In a meta-analysis including 411 patients with NAFLD, 35.8%, 32.5%, 16.7%,
9.3%, and 5.7% patients exhibited stage 0,1,2,3,4 fibrosis, respectively with an average
fibrosis progression of 0.07 stages per year [6]. The rate of progression is twice as high
in patients with NASH and a subgroup of both NASH and NAFL patients may rapidly
progress from no fibrosis to advanced fibrosis over an average of six years [3, 7].
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NAFLD is considered the hepatic manifestation of metabolic syndrome and many
other manifestations of metabolic syndrome including obesity and type 2 diabetes
mellitus (T2DM) are independent risk factors of NAFLD. As metabolic syndrome
becomes epidemic, the predicted prevalence of obesity will reach close to 50% by year
2030 [8], and the projected NAFLD prevalence among the adult population (aged
>15 years) will rise to 33.5% [9]. NAFLD-associated hepatocellular carcinoma (HCC)
cases are expected to increase by 146% from 10,100 to 24,900 during 2015-2030 and
become the leading cause of HCC.

This chapter summaries the current knowledge on the diagnosis, epidemiology,
pathogenesis, and treatment of NAFLD associated HCC. It highlights the unique
pathogenesis of NALFD associated HCC and discusses challenges we face with cur-
rent treatment.

2. Definition and diagnosis of NAFLD

Liver biopsy remains the gold standard of diagnosing NAFL, NASH, liver fibrosis
and cirrhosis. However, due to its invasive nature, imaging modalities are com-
monly utilized for diagnosing different stages of NAFLD. Ultrasound and computed
tomography (CT) are the most commonly used fist-line investigation with generally
good sensitivity and specificity [10-12]. However, the sensitivity lowers when the
level of steatosis is low [13]. Other techniques such as transient elastography MRI,
MRI elastography, computer-assisted quantitative techniques have been developed to
better assess steatosis and fibrosis [14-17]. These techniques are not widely available
and could associate with high cost. Simple biochemical markers such as low albumin,
prolonged prothrombin time and thrombocytopenia should be incorporated into the
diagnostic algorithm of NAFLD as well [1]. If a diagnosis is uncertain with imaging
modalities or if there a high probability of liver fibrosis, a liver biopsy is warranted.

3. Epidemiology of NAFLD-associated HCC
3.1Incidence of NAFLD-associated HCC

NAFLD is the fastest growing cause of HCC in the world. As only a small propor-
tion of patients undergo screening and appropriate surveillance [18], it is extremely
difficult to get representative estimates of HCC incidence in the general population
with NAFLD. Thus, studies are limited to patients who underwent appropriate
workup and surveillance. Given that diagnoses of the exact NAFLD stage can be
challenging, the percentage of patients with NAFL, NASH and cirrhosis is unclear
without definitive liver biopsy in most published studies. In one large population
based study, the incidence of HCC in patients with NAFLD is estimated at 0.51% at
year 12 [19]. The incidence of HCC increases as NAFLD progresses from NAFL to cir-
rhosis with the highest HCC incidence rate seen in those with NAFLD-associated liver
cirrhosis. HCC incidence in patients with NAFL is low at 1.2 per 1000 person-years in
a population-based study of US Veterans [20] and ranges from 0.3% to 0.43% in other
studies that excluded patients with cirrhosis [19, 21, 22]. In contrast, HCC incidence
in patients with cirrhosis dramatically rises to about 10 per 1000 person-years in the
same US Veterans study [20], and could be up to 12.8% over 3 years in a systemic
review [22].
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NAFLD-associated HCC is becoming the leading cause of HCC as the prevalence
of obesity and metabolic syndrome is rising. The increasing prevalence of NAFLD-
associated HCC is reflected in studies utilizing large national transplant registries.
Based on the data from the Scientific Registry of Transplant Recipients (SRTR) data
system from 2002 to 2017 [23], 17% patients who were listed for liver transplant had
a listing diagnosis of HCC. Even though chronic hepatitis C remained the leading
cause of HCC in these transplant candidates and had a 6.2-fold increase from 2002
to 2017, NAFLD-associated HCC had an 11.5-fold increase. NAFLD-associated HCC
is the most rapidly growing indication for liver transplantation. It comprised of 18%
of liver transplant candidates with HCC in 2017 in contrast with that of 2% in 2002,
while chronic hepatitis C related HCC decreased to 48% in 2017 from 53% in 2002.
According to a predictive model, NAFLD prevalence among the adult population
(aged >15 years) is projected at 33.5% in 2030; among the NAFLD cases, NASH cases
are expected to increase from 20% to 27% by 2030; incidence of decompensated cir-
rhosis will increase 168% to 105,430 cases by 2030; prevalent HCC cases are expected
to increase by 146% from 10,100 to 24,900 during 2015-2030; incident HCC cases are
expected to increase by 137% from 5,160 to 12,240 in 2030 [9]. With more curative
treatments being developed for chronic hepatitis C, the incidence of chronic hepatitis
C related HCC is expected to decrease, while NAFLD-associated HCC is becoming the
leading cause of HCC.

3.2 Risk factors of NAFLD-associated HCC

Many of the NAFLD risk factors including obesity, metabolic syndrome and
T2DM are also independent risk factors of HCC. Other demographic risk factors
including older age, male sex, Hispanic ethnicity, and genetic predisposition have also
been studied as risk factors in HCC, including NAFLD-associated HCC.

3.2.1 Obesity, T2DM and metabolic syndrome

Obesity is closely related to both NAFLD and HCC. Obesity is the most common
metabolic abnormality associated with NAFLD: an estimated 51.3% patients with
NAFLD had obesity and up to 81.8% patients with NASH were obese [24]. Obesity is
associated with many types of malignancies including HCC. It is assumed that 10%
or more liver cancers could be attributable to excess weight [25]. T2DM is found
in up to 71% of patients with NASH cirrhosis and is independently associated with
increased risk of HCC [26]. A Surveillance, Epidemiology, and End Results (SEER)-
Medicare based study from 1993 to 2005 showed that up to 37.1% patients with HCC
had metabolic syndrome in contrast with 17.1% of comparison group residing in
the same regions as the SEER registries. Among the metabolic conditions, T2DM or
impaired fasting glucose has the strongest association with HCC. Metabolic syndrome
remained significantly associated with increased risk of HCC even after adjusted
multiple logistic regression analyses, suggesting metabolic syndrome as an indepen-
dent risk factor for developing HCC [27].

3.2.2 Demographic and genetic risk factors

NAFLD-associated HCC present at a later age and is more prevalent in male.
Significant racial and ethnic disparities in NAFLD and NAFLD-associated HCC in
the United States are seen. Hispanics have the highest risk of developing NAFLD and
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NAFLD-associated HCC [28, 29]. Carriage of the PNPLA3 rs738409 C >G poly-
morphism is not only associated with greater risk of progressive steatohepatitis and
fibrosis, but also of HCC with a 2.26-fold increased risk of HCC when carrying one
copy of the allele, and 5-fold increased risk in homozygous individuals [30].

4. Pathogenesis of NAFLD associated HCC

NAFLD associated HCC is similar to many chronic liver disease related hepatocel-
lular carcinomas, where hepatocellular injury and subsequent necroinflammation
drive the formation of a protumorigenic microenvironment in the liver [31-33]. This
microenvironment consists of a complex chronic inflammatory state with increased
metabolic, oxidative, and mutagenic cellular stress, ultimately driving hepatocar-
cinogenesis (Figure 1) [31, 34, 35]. Different from other causes of HCC, e.g., viral or
alcohol, an altered metabolomic state is the driver of hepatocellular injury in NAFLD
associated HCC, playing an important role throughout the pathogenic process, and
culminating in unique alterations of the molecular phenotype of the resulting tumor.
The precise pathogenic mechanisms of NAFLD associated HCC continue to evolve, as
the complex interplay of environmental factors, genetic susceptibility, and intricate
inflammatory conditions further unfold.

4.1 Hepatocellular injury and the production of a protumorigenic
microenvironment
The original model of hepatocellular injury in NASH was described as a “two-hit”
hypothesis, where the first hit, steatosis, sensitizes the hepatocyte to injury and cell
death resulting from the “second-hit” of oxidative stress [36]. Although this model is
largely seen as overly reductive, it does provide a conceptual framework for hepato-
cellular injury in NAFLD associated HCC. Lipotoxicity, a state of lipid dysregulation

Metabolic Reprogramming

Metabolic Syndrome, Microbiome Alterations,
Increased Lipegenesis, Hepatic Steatosis

Protumorigenic Environment

Lipotoxicity, Hepatocellular Injury, Chrunlclnﬂarnrnatlon ROS Formation, Fibrosis,
Ar Immune E;

Hepatocarcinogenesis

DNA Damage, Epigenetic Modifications, Mutagenesis,
Genomic Instability, Transcriptomic Alterations

Healthy Liver NAFLD NASH NASH + Cirrhosis NAFLD Associated HCC

Slearosqs "ﬂammauon * Flbr0515 @ Tumcrlgenesws ﬁ

Disease Progression and HCC Risk

Figure 1.

Stepwise pathogenesis of NAFLD associated HCC. In the setting of environmental and genetic predisposition, the
sequalae of metabolic reprograming and hepatocellular injury in NAFLD lead to the creation of a protumorigenic
microenvironment and ultimately hepatocarcinogenesis. Created with BioRender.com.
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leading to organelle dysfunction and cell death, is often-considered the initial meta-
bolic insult that causes hepatocellular injury in NAFLD [32]. Increased hepatic lipid
deposits are a hallmark of NAFLD. Multiple features of metabolic syndrome, includ-
ing excess dietary free fatty acids (FFAs), excess FFA release from adipose tissue,
increased insulin resistance, upregulated de-novo lipogenesis and alterations of the
gut microbiota all contribute to a lipid-rich hepatic metabolic state [37]. At increased
concentrations in the liver, lipids are directly and indirectly hepatotoxic, promoting
proapoptotic and ER-stress pathways, while inducing mitochondrial dysfunction and
reactive oxygen species (ROS) production [38]. In addition to lipid induced hepato-
cellular injury, derangements in other metabolic pathways seen in NAFLD, including
bile acid metabolism and iron storage, likely contribute to hepatocyte damage and
hepatocarcinogenesis as well [39, 40].

As in many cancers, the innate and adaptive immune system play a Janus-faced
role in tumor development: both promoting necroinflammation and therefore
carcinogenesis, while also performing antitumor cell killing and immune surveil-
lance [41]. Hepatocellular injury in NAFLD plays a central role in disrupting this
balancing act, skewing the immune response to favor tumorigenesis. Hepatocyte
death stimulates the immune response through exposure of immune cells to dam-
age associated molecular patterns (DAMPS). Additionally, microbiome changes in
NAFLD patients likely contribute to the inflammatory immune phenotype, with
the increased “leakiness” gut leading to increased translocation of lipopolysac-
charide (LPS) and other pathogen associated molecular patterns (PAMPS) into the
portal circulation [42]. Both DAMPS and PAMPS act through Toll-like receptors
(TLR) and other pattern recognition receptors to activate liver resident macro-
phages (Kupffer cells). Activated Kupffer cells (KCs) recruit and stimulate other
innate and adaptive immune cell subsets which secrete proinflammatory factors
including IL-1p, IL-2, IL-7, IL-12, IL-15, TNFa, and IFNy, further promoting
an immunostimulatory and cytotoxic environment. A major consequence of the
immunostimulatory environment is the activation of non-parenchymal hepatic
cells including hepatic stellate cells, which increase extracellular matrix deposition
and fibrosis. Moreover, stimulated innate cells directly contribute to the abun-
dance of ROS and therefore oxidative DNA damage in the liver due to increased
respiratory burst activity [41]. Together these immunostimulatory processes
perpetuate hepatic cell death, promote hepatic stellate cell mediated fibrosis,
and contribute genotoxic metabolites to the microenvironment, all key drivers of
hepatocarcinogenesis. In response to these chronic inflammatory conditions, many
immune exhaustion responses are induced, including the expression of immuno-
suppressive factors (IL-10, TGFB) and the immune checkpoint PD-L1. While this
immunosuppressive response contributes to the reduction of detrimental inflam-
mation, antitumor cytotoxic immune response is inhibited as well, contributing to
tumor growth.

In addition to the directly cytotoxic and genotoxic mechanisms described above,
the positive feedback loop of hepatocellular injury, necroinflammation and fibrosis
indirectly promote tumor progression through induction of angiogenesis. In response
to inflammatory stimuli, activated monocytes increase production of VEGF and
MMP9, promoting tumor neovascularization, growth, and metastasis [43]. Notably
even prior to HCC development, NAFLD patients exhibit increased serologic markers
of angiogenesis and increased neovascularization in biopsy samples [44], further
contributing to the confluence of protumorigenic factors ultimately leading to
tumorigenesis in NAFLD.
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The influence of metabolic syndrome can be observed in each of these protumori-
genic mechanisms, hepatocellular injury, chronic inflammation, immune exhaustion,
and increased neovascularization. Many features of metabolic syndrome including
hyperlipidemia, hyperglyceridemia, and obesity directly contribute to steatosis and
lipotoxic hepatocellular injury. Adipocytes directly produce multiple inflammatory
cytokines (TNFa, IL-6) and proangiogenic factors (VEGF, FDGF), likely contrib-
uting to oncogenic chronic inflammation, immune exhaustion, and angiogenesis
[45]. Mouse models of NAFLD induced HCC highlight the importance of metabolic
syndrome in HCC pathogenesis. In mice with diet + activity modifications designed
to recapitulate conditions common metabolic syndrome, the vast majority (60-89%)
of mice develop HCC [46], suggesting a potent role of metabolic syndrome in HCC
development.

4.2 Hepatocarcinogenesis and disease progression

Ultimately the protumorigenic microenvironment results in DNA damage
and subsequent mutagenesis. DNA oxidative damage is a major contributor
to mutagenesis in NAFLD associated HCC. The DNA oxidative stress marker
8-hydroxy-2'-deoxyguanosine (8-OHdG) in NAFLD associated HCC is increased
compared to that of healthy patient livers or tumors from patients with viral and
alcohol associated HCC [47]. 8-OHdG is an independent risk factor for hepa-
tocarcinogenesis and therefore highlights the role of oxidative damage in HCC
pathogenesis. In addition to genotoxic alterations from DNA oxidative damage,
oxidative damage can cause epigenetic changes, which may play a role in HCC
carcinogenesis. Epigenetic inactivation of tumor suppressor genes consistent
with oxidative DNA damage response have been observed in NAFLD induced
HCC patients [48]. Furthermore, alterations in DNA repair pathways may also
contribute to genomic instability. Upregulation of DNA-dependent protein
kinase, a central member of the error prone DNA repair mechanism non-
homologous end joining (NHE]), has been observed in NAFLD associated HCC
[49]. Together these mechanisms lead to an increased mutagenic state in NAFLD
associated HCC.

Although a wide variety of mutations have been documented in NAFLD associ-
ated HCC, hotspot genes and mutational signatures have been described. In a cohort
of 80 patients with NAFLD associated HCC, the most frequently mutated genes
were the telomerase (TERT) promoter (56%); the gene encoding beta-catenin,
CTNNB1 (28%); the tumor suppressor, TP53 (18%); and the activin receptor,
ACVR2A (10%) [35]. Notably, TERT promotor, CTNNB1 and TP53 are mutated at
similar rates in HCC patients en masse regardless of etiology; however, mutations in
ACVR2A are more enriched in patients with NAFLD associated HCC compared with
that in other etiologies [50]. Transcriptionally, the majority of NAFLD-associated
HCC tumors demonstrated upregulation of either the WNT-TGFf or WNT-f-
catenin oncogenic signaling pathways, highlighting the importance of both non-
canonical and canonical WNT signaling in NAFLD associated HCC carcinogenesis
[35]. Moreover, other transcriptional signatures consistent with underlying patho-
genic features of NAFLD associated HCC are enriched in these patients including
bile acid metabolism, oxidative stress, and inflammation-related gene signatures.
Together these genomic and transcriptomic alterations drive malignant transforma-
tion and disease progression.
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5. Current treatment of NAFLD-associated HCC

Current HCC treatment recommendations incorporate Barcelona Clinic Liver
Cancer (BCLC) stage, liver lesion number and size, liver function and patient perfor-
mance status [51]. Treatment modalities for localized disease include hepatic resec-
tion, ablation, and liver transplant for single or small lesions; chemoembolization
and stereotactic radiation for larger, multiple unresectable lesions. These locoregional
treatments seem to be equally effective regardless of HCC etiology. A comprehensive
review on different locoregional treatment modalities in NAFLD-associated HCC has
been published recently [52]. This chapter will focus on systemic therapies, especially
immune checkpoint inhibitors in NAFLD-associated HCC.

5.1 Tyrosine kinase inhibitor (TKI)
5.1.1 Sorafenib

The Phase III SHARP trial established the efficacy of sorafenib, a multikinase
inhibitor, which prolonged the median survival and median time to radiographic
progression for patients with locally advanced or metastatic HCC [53]. A similar
Phase III trial that was conducted in Asian-Pacific region observed similar results
[54]. In the SHARP study, 48% patients had viral hepatitis as an etiology of HCC and
the percentage of NAFLD-associated HCC is unknown. The subsequent published
subgroup analysis of SHARP study patients and combined analysis of SHARP study
and Asian-Pacific study patients didn’t include NAFLD-associated HCC as a subgroup
either [55, 56]. A recent presented study of 5201 patients with HCC treated with
sorafenib found that there is no overall survival or adverse event difference between
NAFLD-associated HCC and other etiology related HCC. However, patients with
NAFLD-associated HCC were significantly older and sorafenib was commenced at
more advanced stages. There were only 3.6% patients with NAFLD-associated HCC in
the study, limiting the ability of drawing definite conclusions [57].

5.1.2 Lenvatinib

Lenvatinib, another multikinase inhibitor, showed non-inferiority to sorafenib
in the Phase III REFLECT study [58]. Similar to SHARP study, patients in REFLECT
study was characterized as having viral etiologic HCC or alcohol related HCC. The
percentage of NALFD-associated HCC is unknown. A recently published multi-cen-
ter retrospective study from Japan included 530 HCC patients treated with Lenvatinib
[59]. The study compared the survival of 103 patients with NAFLD-associated HCC
with that of 427 patients with HCC from other etiologies and revealed that progres-
sion free survival was statistically better in patients with NAFLD-associated HCC (9.3
vs. 7.5 months, P = 0.012), and overall survival was numerically better even though
not statistically significant (20.5 vs. 16.9 months, P = 0.057).

5.1.3 Other TKIs
Regorafenib was approved as a second-line treatment for advanced HCC after

progressing on sorafenib based on the Phase III RESORCE study [60]. Ramucirumab
was also approved for the same indication after showing overall survival and
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progression free survival benefit in patients with advanced HCC in REACH-2 study
[61]. Multikinase inhibitor cabozantinib improved survival and PFS in patients who
have failed one or two lines of treatment in the study CELESTIAL and cabozantinib
was the first approved third-line treatment for advanced HCC [62]. In these three
studies, subgroup analysis didn’t show different response to these TKIs according to
HCC etiology. In a retrospective study that included 23.5% NAFLD-associated HCC
also showed similar responses to regorafenib regardless of HCC etiologies. However,
there were less than 10% of NAFLD-associated HCC patients included in RESORCE,
REACH-2 and CELESTIAL studies. And there were less than 25 patients in the retro-
spective study mentioned above. The small number of patients enrolled in the studies
limit definitive conclusions.

5.2 Immune checkpoint inhibitors

Checkpoint inhibitor single agent was first studied in the second line settings. Both
nivolumab and pembrolizumab showed improved response rate in the early phase
clinical trials [63, 64]. Based on the results from these studies, FDA granted acceler-
ated approval for advanced HCC. Pembrolizumab was further tested in the second
line setting in KEYNOTE 240 study. However, the study didn’t meet the primary
endpoint of superior combined OS and PFS [65]. Similarly, Phase III CheckMate
459 study comparing nivolumab with sorafenib in the first line setting didn’t show
superiority of nivolumab [66]. Combing nivolumab and ipilimumab at different dose
and schedule was explored and doublet regimen has shown improved response rate
up to 30% in the second line setting [67]. Phase III HIMALAYA study added tremeli-
mumab to durvalumab and compared this regimen with sorafenib. The combination
treatment improved overall survival compared to sorafenib and the final results are
eagerly anticipated [68].

As with studies of TKIs in HCC, most studies of immune checkpoint inhibi-
tors stratified patients to groups of HBV related, HCV related and uninfected, and
the percentage of NAFLD-associated HCC in the uninfected group is unknown.
Nevertheless, subgroup analysis in most of these studies showed comparable efficacy
of immune checkpoint inhibitors in uninfected and overall population (Table1).

5.3 Immune checkpoint inhibitor and VGEF inhibitor

The combination of immune checkpoint inhibitor atezolizumab and VEGF
inhibitor bevacizumab in patients with locally advanced or metastatic HCC in the first
setting has shown superior OS and PFS compared to sorafenib in IMbrave150 trial
[69]. The median OS was 19.2 months with atezolizumab plus bevacizumab and 13.4
months with sorafenib (hazard ratio 0.66; 95% CI 0.52-0.85; p <0.001). The median
PFS was 6.9 and 4.3 months in the respective treatment groups (HR 0.65; 95% CI
0.53-0.81; p < 0.001). The combination was approved by FDA as first line treatment
for HCC in 2020 and is the preferred first line treatment over single agent immune
checkpoint inhibitor or TKIs in eligible patients.

The percentage of NAFLD-associated HCC is unknown in this study but 30% of
the patients had no viral infection. In the subgroup analysis, uninfected patients with
HCC seemed to have derived less benefit from the combination treatment compared
to patients with viral hepatitis (HR for death 1.05; 95% CI 0.68-1.63) [70]. A previ-
ous animal study has demonstrated the existence of a CD8+PD-1+ subset of protu-
morigenic cells in NASH that favor the development of HCC and hamper response
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Study name/phase Drug(s) Etiology and Endpoint and results
of study patient numbers
Single agent
CheckMate 040/ Nivolumab N =262 ORR (CR+PR) 20%
Phase I/11 HBV =25.2% HBV 14%
HCV =22.9% HCV 20%
Uninfected = 51.9% Uninfected 21-23%
CheckMate 459/ Nivolumab vs. N =743 (371 vs. 0S 16.4mvs. 14.7m
Phase III sorafenib 372) ORR (CR+PR) 15% vs.
HBV = 31% 7%
HCV =23% HBV 19% vs. 8%
Uninfected = 45% HCV 17% vs. 7%
Uninfected 12% vs. 7%
Keynote 224/ Pembrolizumab N =104 ORR (CR+PR) 18.3%
Phase II HBV 21% Infected (HBV+HCV)
HCV 25% 13%
Uninfected 33% Uninfected 20%
Keynote 240/Phase Pembrolizumab vs. BSC N =413 OSand PFS’
111 HBV 21.5-25.9% 0S139mvs. 10.6 m
HCV 15.5-15.6% PFS3.0mvs. 2.8 m
Uninfected
58.6-63.0%
Doublet
HIMALAYA/Phase Tremelimumab+durvalumab N=1171 0S16.43mvs.13.77 m
11 vs. sorafenib HBV 30.6-31%

HCV 27.5-28%
Nonviral 41-41.9%

CheckMate 040/ Nivolumab + ipilimumab# N =148 ORR (CR+PR) "
Phase I/1 HBV 51% 27-32%
HCV 22%
Uninfected 22%

Abbreviations: HBV: hepatitis B; HCV: hepatitis C; BSC: best supportive care; ORR: objective response rate; CR:
complete vemission; PR: partial vemission; OS: overall survival; PFS: progression free survival. OS hazard ratios in
patients with HBV, HCV and uninfected were 0.57 (0.35-0.94), 0.96 (0.48-1.92) and 0.88 (0.64-1.20) respectively.
PFS hazavd ratios in patients with HBV, HCV and uninfected were 0.70 (0.44-1.13), 0.46 (0.24-0.90), 0.75
(0.56-1.01).

#Arm A: nivolumab 1 mg/kg plus ipilimumab 3 mg/kg, administered every 3 weeks (4 doses), followed by nivolumab
240 mg every 2 weeks; Arm B: nivolumab 3 mg/kg plus ipilimumab 1 mg/kg, administered every 3 weeks (4 doses),
followed by nivolumab 240 mg every 2 weeks; Arm C: nivolumab 3 mg/kg every 2 weeks plus ipilimumab 1mg/kg
every 6 weeks (arm C).

"Median overall survival of patients who were HBV/HCV uninfected, HBV infected, or HCV infected in arm A was 22.2
months, 22.8 months, and 14.9 months; in arm B, 11.8 months, 12.1 months, and 16.1 months; and in arm C, 7.4 months,
9.6 months, and 33.0 months, respectively.

Table1.
Overview of outcomes of checkpoint inhibitor studies in patients with locally advanced or metastatic
hepatocellular carcinoma.

to immune checkpoint inhibitors. The authors also performed meta-analysis using
data from CheckMate 459, IMbravel50 and KEYNOTE240, and revealed that patients
with non-viral etiology had inferior survival when treated with immune checkpoint
inhibitors. They then performed a cohort study of 130 patients with HCC from vari-
ous etiologies and patients with NAFLD associated HCC had shorter overall survival
of 5.4 months vs. 11 months in patients with HCC from other etiologies.
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The better response to immunotherapy in patients with viral-induced HCC than
in patients with NAFLD associated HCC might be due to the amount or quality of
viral antigens or to a different liver micro-environment, possibly one that does not
impair immune surveillance. Stratifying clinical trials according to HCC etiology for
prospective validation in future clinical trials is warranted.

6. Conclusions

As incidence of HBV and HCV associated HCC continues to decrease with effec-
tive antiviral treatment, NAFLD associated HCC is becoming the leading cause of
HCC. In light of the rising prevalence of NAFLD associated HCC, its unique patho-
genesis and findings suggestive inferior response to immune checkpoint inhibitors,
future clinical trials should assess whether HCC etiology influence the efficacy of a
given treatment.
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Abstract

Hepatocellular carcinoma constitutes an ongoing challenge due to its incidence
and the high mortality related to it. Metastases and relapses even after treatment
with curative intent are frequent. The liver is a common site for metastasis because
of anatomical and physiological reasons; its position, the particular cytoarchitecture
and cell populations, and its peculiar immunologic properties make it a favorable
and tolerogenic environment; the inflammatory state with the alteration of the
cytoarchitecture and of the microcirculation associated, and gut permeability and
metabolic diseases cause the development of a liable site to progression of hepatocel-
lular carcinoma. The difficulty of always having an early diagnosis and the lack of
therapeutic flow charts including the biological behavior of the disease have always
posed great difficulties in dealing with it. In the last few years, mechanisms involved
in the onset and in the progression of hepatocellular carcinoma are a source of great
interest; the discovery of pro-neoplastic and pro-metastatic conditions, of the cross
talk between organs and cells, of progression pathways, of mediators contributing to
proliferation and metastasis and of modular check points, of miRNAs, all potential
therapeutic targets, appear promising for transforming the approach to hepatocar-
cinoma, offering the possibility of earlier diagnosis, customizable treatments, and
better outcome.

Keywords: hepatocellular carcinoma, liver metastasis, hepatic progression of
hepatocellular carcinoma, immunotolerance, ischemia/riperfusion injury, miRNAs

1. Introduction

Hepatocellular carcinoma (HCC) is the third leading cause of cancer-related
death. Locoregional treatment, surgical resection, and liver transplantation are main
and most efficient treatments, but the risks of recurrence and metastasis are very high
(70% after primary liver resection with curative intent) [1].

The risk of recurrence in HCC is high because of the biological and morphological
nature of the liver.

Recurrent disease includes both intrahepatic metastasis, which usually form
within the first 2 years of diagnosis, and de novo cancer that generally occurs
later. The hepatic vascular anatomy and immunological characteristics create a
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pro-neoplastic niche for metastasis, while the continuing damage to the liver creates
pro-neoplastic sites susceptible to secondary tumors. Liver metastasis represents a big
challenge in the battle against cancer because they have a high mortality rate. Around
30-70% of patients die with liver metastasis, and metastasis is responsible for more
than 90% cancer mortality [1].

The position of liver, near the gastrointestinal tract, only partially justifies the
metastasis toward it. In fact, for other types of “distant” cancer, the liver is the first
and sometimes even the only target of metastasis (e.g., uveal melanoma and triple-
negative breast cancer). This consequently suggests that the criterion of proximity
is only partially a predisposing factor but rather that there are specific tumor and
extra tumor elements that predispose to metastasization to the liver. Another factor
that has emerged in recent years is the exchange of information and the “precon-
ditioning” of the liver that occurs before the actual establishment of metastatic
colonies.

However, the development of knowledge on the local and systemic factors that
promote the advance of the neoplastic disease and favor its metastasis has thus
highlighted multiple and rich pathways that are fascinating from a speculative point
of view but above all promising for the development of future preventive and thera-
peutic strategies.

2. Peculiar liver characteristics

The liver is the only organ with double arterial and venous vascularization. It
constitutes the first filter for all effluent blood from the gastrointestinal district. The
cytoarchitecture with the lobular arrangement, the portal spaces, and the intricate
network of discontinuous capillaries (sinusoids) constitutes a unique feature.
Multiple cell populations with their pathophysiological implications are responsible
of a myriad of actions including favoring or not, the development of metastases.

The cellular structure of the liver is composed of 70% hepatocytes and 30% from
non-parenchymal cells, which are crucial in the activation of many very characteristic
liver phenomena.

2.1 Hepatic stellate cells

In a physiological condition, the stellate cells represent 1.5% of the entire hepatic
parenchyma and 1/3 of the non-parenchymal cell compartment. They have multiple
functions, from the ability to store lipids and vitamin A, to their involvement in the
reparative phenomena of the hepatic parenchyma, fibrinogenesis, and the main-
tenance of homeostasis. They have intrahepatic and subendothelial cytoplasmic
extensions through which they can establish connections with hepatocytes; are sensi-
tive to the chemotactic stimulus and respond to alpha adrenergic activation. They
are activated following the inflammatory stimulus, losing their lipid vacuoles, and
developing microfilaments evolving into myofibroblasts. They play a key role in fetal
hepatic development, become fundamental in the phenomena of hepatic regeneration
of the adult liver and in the remodeling of the extracellular matrix through the secre-
tion of angiogenetic factors, cytokines (IL-6, IL-10, TGF-f), adhesion molecules,
connective tissue growth factor (CTGF), Endothelin-1, contributing to the activation
of endothelial cells and facilitating the extravasation of neoplastic cells in the liver
and supporting metastasizing [1].
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They can undergo the mesenchymal-to-epithelial transition and thus become liver
progenitor cells giving rise to hepatocytes. They also play an important action at the
immunological level as they can act as antigen receptor cells (APCs), receive stimuli
from leukocytes, support leukocyte recruitment and activation, modulate the inten-
sity of the activation of the immune response. They are the main cell type involved in
fibrogenesis in response to liver damage [2].

2.2 Kupffer cells (KCs)

They represent 20-30% of non-parenchymal cells. They are liver-derived
macrophages that support both innate and adaptive immune responses to pathogens
originating from the gastrointestinal tract through the effluent blood arriving via
the portal vein. They are activated through two types of polarization, classical (M1),
when stimulated by IFN, TNF, GM-CSF, or mycrobic stimuli or alternative (M2)
when stimulated by IL-4, IL-13 and IL-33. They perform important functions in
the mechanism of liver damage, in ischemic/reperfusion injury, in alcoholic liver
disease, in nonalcoholic fatty liver disease, in immunotolerance phenomena after
liver transplantation, and in endotoxin tolerance modulation. In response to the
inflammatory stimulus, they are involved in the activation of HSCs, thus promoting
fibrosis through the release of mediators (TGF-beta and platelet-derived growth
factor).

Hepatic sinusoid stromal cells, hepatic sinusoidal endothelial cells, and stellate
cells are the first liver cells to come into contact with systemic antigens and derived
from the gastrointestinal tract [1, 3, 4].

2.3 Immunotolerance

Another fundamental aspect is its function as a tolerogenic immunosuppressive
organ toward the molecules absorbed by the intestine and therefore, at the same
time, the tumor cells and infectious agents. The liver contains numerous immune
system cells, both adaptive and innate, specialized in the recognition and capture
of infectious agents with the recruitment of inflammatory and leukocyte cells and
the presentation of antigens to lymphocytes in the bloodstream. However, this
mechanism must be finely controlled so that the immune response is not imple-
mented toward non-pathogenic molecules such as those of the host or deriving from
ingested food. It is this balance between activation of the immune response and
its inhibition characterizes the liver as the main organ of the host’s first immune
barrier [5-7].

The idea that the immune system plays an important role in the development of
neoplastic pathology is dated and has been controversial for years; however, several
studies on transplants have expanded knowledge about tolerance since the ability to
induce tolerance toward the transplanted organ is essential for the survival of the
graft.

While it is clear that through the oral route and the gastrointestinal system
tolerance can be induced through the local activation of the gastrointestinal immune
system, it is, however, shown that much of the induction of the tolerance process
takes place in the liver. In particular, survival of the graft in liver transplantation has
been demonstrated in subjects without kinship ties of some animal species without
immunosuppression and still in some cases in which the expression of a tolerant
phenotype allowed the suspension of immunosuppressive therapy [8, 9].
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The hepatic parenchyma therefore has very important immunological func-
tions and the peculiar ability to induce tolerance: the activation of the liver
immune system, consisting of macrophages, dendritic cells, natural killer, and T
lymphocytes, produces immunological mediators (in particular IL 10, TGF beta,
and others), which, on the one hand, induce localized immunological suppression
aimed at minimizing liver damage, on the other create a tolerant environment for
the colonization of metastatic clones. Both sinusoidal endothelial cells and stellate
cells activated by TGF-beta and PDGF are strongly involved in the maintenance of
local and systemic tolerance phenomena. In addition, the same T lymphocytes made
tolerant are then able to return to the primary tumor and suppress the local defense
systems [6-12].

The involvement of the immune response and immunocompetence in the devel-
opment of neoplastic diseases has been, and still is, a subject of debate, because
many of the tumor antigens are self-antigens for which the immunological response
is weaker and more difficult to measure. However, it is well known that individuals
with a decline in immune defenses related to old age, or undergoing immunosup-
pressive therapies, or suffering from immune system disorders such as chronic
infections or autoimmune diseases have an increased risk for the development of
metaplasia; even the most common and recognized risk factors for cancers such as
smoking, alcohol abuse, advanced age, and poor nutritional status are associated
with more or less pronounced alterations of the immune system and risk of metas-
tasis [13].

2.4 Cancer-derived microvescicles

Cancer-derived microvesicles have recently been identified as responsible for very
important roles at the level of the tumor microenvironment, contributing through
their load to the development of metastases and to the selection of organotropism.
The microvesicles produced by the tumor cells are released into the circulation before
the cancer cells reach metastatic sites.

The information transmitted by them is able to initiate a congenial soil phenom-
enon (as claimed in Paget’s theory) starting processes of angiogenesis, cancer-associ-
ated fibroblasts (CAFs) formation, endothelial cell migration.

The signal mediated by microvesicles allows an exchange of intracellular informa-
tion with the possibility of modulating the migratory and metastatic behavior of more
quiescent cells but also of inducing drug resistance. They are also able to reduce the
immune response by increasing the development of immunosuppressive cell popula-
tions (PD-1 positive nonclassical monocyte) reprogram the cellular metabolism of
neoplastic cells, which is a fundamental step in the extravasation and dissemination
of tumor cells.

In the studies of the last few years, it appears increasingly evident that the target
organs for the development of metastases undergo phenomena that define their
receptivity and mediated by the primary tumor well before the development of
metastases.

At the hepatic level, the extracellular vesicles produced by the neoplastic cells
first interface with the Kupffer cells. The information deriving from the EVs
affects the hepatic stromal cells with the consequent activation of hepatocyte
growth factor, which favors the development of fertile soil for the development of
metastases [14-17].
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3. Metastasis mechanisms, seed and soil theory

The establishment of metastatic colonies requires a complex network of interac-
tions with the microenvironment consisting of extracellular matrix, stromal and
inflammatory cells, vessels.

The first and well-known theory on the mechanisms of development of metastases
dates back more than a century with the beautiful metaphor of Paget in his concept of
seed and soil theory. In a study resulting from the metastatic spread of breast cancer,
he compared the tumor to a plant that spreads its seeds everywhere; however, the
seeds can germinate and grow only where they find the suitable soil.

Subsequently, other scholars have tried to explain the phenomenon by attribut-
ing its origin mainly to anatomical and hemodynamic factors (p.e. J.Edwing). With
current knowledge, this provides only a small piece of the complex phenomenon
of metastatic advancement and organotropism. We know that there are specific
factors of the tumor but also systemic and specific factors of the target organs that
determine the evolution of the neoplastic disease. The study of these phenomena
is extremely current and promising since metastatic cancer continues to support a
very large percentage of deaths and therefore remains an open challenge of fun-
damental importance [18]. Local phenomena, systemic phenomena, and specific
target organ phenomena that are responsible for the advancement and spread of the
disease have been identified. Starting from the local phenomena that are charac-
teristic of the neoplastic and peri-neoplastic tissue (but in reality also involved at
the level of distant organs site of metastases), we consider the metabolic alterations
and the consequent reduction of pH. In fact, it is now a historical acquisition, the
condition for which neoplastic cells use a huge amount of glucose to maintain their
proliferation generating a large amount of lactic acid as a waste product. This in
turn leads to a decrease in pH in the extracellular space with the onset of a condi-
tion of acidosis in the tumor microenvironment. This is known as the Warburg
effect.

If acidosis by itself favors processes such as metastasis, angiogenesis, and immu-
nosuppression, and given the coexistence of areas with different tumor metabolism
(areas closer to the vessels, more oxygenated and farther, more hypoxic), the high
concentration of lactates allows phenomena of metabolic adaptation such as “meta-
bolic symbiosis” and “reverse Warburg effect,” improving the survival of the neoplas-
tic cells [19].

The local immunological response (cancer immunoediting) plays another funda-
mental function in allowing neoplastic progression to metastatic disease and is also
closely linked to local metabolic and hypoxic phenomena. This concept has appeared
of great interest in recent years in view of the therapeutic repercussions that are due
to immunotherapy introduction.

This phenomenon is summarized in three steps: the elimination (the first step)
of the neoplastic cells by the immune system, the balance (the second step), that
is, the moment in which the two systems (neoplasm and organism) are appar-
ently balanced, and finally, the tumor escape when a situation is established in
which the immunological response is overcome [20]. Some chemokines, produced
in response to inflammatory stimuli of the peritumoral zone, attract leukocytes
(polymorphonuclear neutrophils) to the sites of inflammation and play an impor-
tant role in the homing and proliferation of cancer cells, representing an important
component of the phenomenon of escape from the unfavorable environment of
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primitive cancer cells. However, the classic concept of peri-neoplastic inflam-
matory tissue with pro-tumoral activities has undergone conceptual evolutions
with the definition of an immunological threshold beyond which the normally
tumorigenic phenomenon becomes rather beneficial by developing the idea of an
intensification of the local inflammatory stimulus can be exploited in therapeutic
terms [10-12, 21].

4. Liver diseases and hepatocellular carcinoma progression

The process of metastasis is a complex phenomenon that occurs through multiple
steps, from intravasation after the escape from the primary tumor, to the overcoming
of the systems of recognition and cellular destruction, to the invasion and survival
in the blood stream. Cells that manage to overcome these steps have developed a high
capacity for metastasis through accumulation of genetic and epigenetic alterations
including microRNA (miRNA) expression changes.

In HCC, venous metastases develop through dissemination by portal and through
the formation of neoplastic thrombi by neoplastic cells that have acquired the molecu-
lar changes that allow them to survive and invade the venous stream [22].

Hypoxia is common to many tumors. In HCC, hypoxia is present and responsible
of progression and metastatization.

Liver cirrhosis and the rapid growth of the neoplastic nodule determine a reduc-
tion in blood flow with the consequent establishment of a hypoxic state. Both liver
cirrhosis and tumor size (>8 cm) are independent risk factors for development of
portal vein tumor thrombi. PVTT is present in 20-70% of HCC and correlates with
poor prognosis.

Under hypoxia conditions, the expression of 14-3-3( is increased, which induced
hypoxia-induced factor-la (HIF-1a) expression by stabilizing HIF-1a protein. This
resulted in an enhanced EMT response of HCC cells, promoting the formation of
PVTT and HCC metastasis.

Both HIF-1a levels and PVTT formation in HCC are strongly correlated with 14-3-
3¢ expression [23].

During the metastasis process, the biological characteristics of the target
organs are decisive. Generally, the target organs, already in the initial state of the
disease, even before the onset of metastases, have already been affected by factors
deriving from the primary tumor. Furthermore, the metastatic microenvironment
does not depend only on the anatomy and biology of the target organ but also on
the pathophysiological phenomena altered by the products of neoplastic cells or
by preexisting conditions. Numerous studies have evaluated the implications of
a preexisting liver disease or chronic inflammatory condition on the evolution of
the development of metastases with sometimes conflicting results [24-28]. The
coexistence of a preexisting inflammatory activation, the presence of a subver-
sion of the parenchymal structure, an alteration of the extracellular matrix, the
activation of stellate and Kupffer cells, and the condition of oxidative stress that
is created are phenomena that are recognized responsible in the promotion of
metastasis [1, 29-32].

Given its double vascularization with a much higher venous supply, it is mainly a
hypoxic microenvironment [33].

If on the one hand, the frequent metastasis to the liver depends on its peculiar
characteristics of the microcirculation and sinusoidal permeability and on the
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physiologically immunotolerant environment that distinguishes it, on the other hand,
the neoplastic cells to constitute metastatic colonies enter into “metabolic” competi-
tion with normal liver cells precisely because of the hypoxic environment and learn to
“mimic” the metabolic behavior of normal liver cells.

Recent studies have demonstrated the ability of an epigenetic remodeling, which,
through enhancers or super enhancers, can modify the specific transcription program
of circulating tumor cells (specific to the tumor type) by making them acquire a liver-
specific transcription program [34].

The molecular mechanisms that metastatic cells have acquired to obviate the
metabolic problems deriving from the hypoxic environment, that is, different accord-
ing to the tumor type, have also been described.

The activation of intrahepatic cells can modify the metabolic behavior of meta-
static cells. In particular, stellate cells, normally quiescent, when activated in a context
that from poorly inflammatory becomes inflammatory can affect their metabolic
state, proliferation ability, and stem cell characteristics.

Also ketone bodies metabolism, enterohepatic circulation of bile acid, and ammo-
nia metabolism may change the metabolic behavior of cancer cells, since neoplastic
cells are also able to use waste products that hepatocytes cannot use, to generate
energy, thanks to their marked ability to adapt, confirming how their metabolism is
anything but a static phenomenon. These alternative pathways are therefore also able
to determine activation of quiescientious cells [35].

However, it is essential to consider the complexity, bidirectionality, and specificity
of this whole cascade of events. In fact, the systemic repercussions, which occur from
the beginning of the onset of neoplastic pathology, presuppose a two-way commu-
nication between neoplasm and host with the establishment of both protumor and
antitumor pathways; moreover they are patient-specific, dependent on the specific
patient’s background and on the coexistence of different pathophysiological condi-
tions including comorbidities and ongoing therapy; similarly the metastatic potential
of circulating cancer cells is extremely heterogeneous from patient to patient.

4.1Ischemia/reperfusion injury, gut-liver axis, and angiogenesis

Ischemia/reperfusion damage (IRI) is a well-known para-physiological phe-
nomenon that follows hepatic surgical resection and transplantation procedures.
It’s is commonly interpreted as a state of sterile inflammation. After ischemic state
is established, the liver tissue initiates a cascade of events leading to hepatocellular
injury, alteration of liver function, and worsened oncological outcomes in the pres-
ence of cancer [36].

After a time of iatrogenic ischemia induced by clamping the portal peduncle to
limit blood losses or necessary for the packaging of vascular anastomoses, the restora-
tion of perfusion causes a cascade of inflammatory and repair phenomena.

If during the ischemia phase, the cells are subjected to hypoxic stress with a
decrease in pH, ATP depletion, accumulation of intracellular Ca, and activation of
various forms of cellular death, then with the reperfusion phase there is the formation
of reactive oxygen species (ROS), activation of the immunological response, release
of chemokines and inflammatory cytokines, of cell damage mediating molecules
(DAMPs), and activation of hepatic cellular subpopulations.

In this circumstance, through the phenomenon of immune escape and neo-angio-
genesis promoted by the cascade of events resulting from IRI, the risk of recurrence
and disease progression makes its way.
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At the same time, the portal clamping causes a venous congestion of the gastroin-
testinal tract with hypoperfusion and subsequent establishment of mucosal damage
that determines an alteration of permeability with subsequent bacterial translocation.
Ischemia/reperfusion damage and increased intestinal permeability are related to a
risk of recurrence both after transplantation and after liver resection due to the onset
of exacerbated inflammation.

Therefore, the modulation of the inflammatory response and the modulation of
the gut-liver axis prove to be key points on which to act to reduce the oncological risk.

Steatotic livers are more sensitive to damage from ischemia/reperfusion due
to alterations in the microcirculation caused by the accumulation of lipids with a
consequent decrease in the sinusoidal space and because of a lower amount of stored
energy and a greater sensitivity of the cell membrane to lipid peroxidation caused
by ischemia/reperfusion. The same applies to aged livers: are much more sensitive to
ischemia/reperfusion damage [37].

Recently it has been observed that small for size syndrome is also involved as a negative
prognostic factor after liver surgery in terms of risk of recurrence for HCC. It constitutes
a postsurgical complication with hepatic insufficiency and due to its analogy with the
damage induced by the phenomenon of ischemia/reperfusion, it also causes mechanical
damage in the acute phase, in fact, highlighting a correspondence between parenchymal
liver damage and the possibility of implantation of circulating neoplastic cells.

Moreover, it has been seen that these acute-phase phenomena not only favor the
implantation of neoplastic cells for factors related to the other microcirculation and the
inflammatory cascade but also are able to modify the behavior of neoplastic cells favor-
ing their aggressiveness by directly activating cell migration and invasion pathways [37].

Promising strategies to reduce this risk are normothermic or hypothermic oxygen-
ated perfusions aimed at reducing oxidative stress especially when the graft is subop-
timal and is therefore even more sensitive to the cascade of inflammatory phenomena
triggered by IRI.

Changes in iatrogenically induced ischemia during hepatic resection have also
been explored in order to reduce intraoperative bleeding such as selective portal
clamping, maintaining arterial flow, and remote ischemic preconditioning. These
strategies appear to reduce ischemia/reperfusion damage resulting in a positive effect
in terms of the risk of HCC recurrence [38].

4.2 Renin-angiotensin system

The renin-angiotensin system seems to be involved in multiple aspects of the evo-
lution of HCC and in the development of metastases. Overexpressions of components
of this axis in hepatocarcinoma have been highlighted. In addition, its components are
able to promote cell proliferation, angiogenesis, extracellular matrix formation, and
fibrosis progression; they can interact with the m-TOR pathway and inhibit apoptosis.

They promote fibrosis: some components of the renin-angiotensin axis are able to
modulate liver fibrosis through the activation of HSCs and the deposition of extracel-
lular matrix; treatment with Losartan as a pharmacological agent active on angioten-
sin II receptors is able to reduce liver fibrosis.

They stimulate neo-angiogenesis by modulation of growth factors such as VEGF
and TGF-beta, promoting epithelium-mesenchymal transition, inducing the for-
mation of reactive oxygen species (classical pathway) or through the activation of
non-classical TGF-beta/MAPK pathway involvement of apoptotic, metabolic, and cell
proliferation phenomena [39].
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The mechanisms involved are:

* Activation of AT1R promoting cell proliferation, inflammation, angiogenesis,
and extracellular matrix formation while Mas receptor (MasR), other component
of RAS, has a protective role since it inhibits the effects of AT1R.

* Phosphoinositide 3-kinase (PI3K)/AKT/mammalian target of rapamycin (mTOR)
pathway promotes HCC cell proliferation and inhibits apoptosis, and the RAS system
reduces the survival rate of HCC patients by mediating PI3K/AKT/mTOR pathway.

* Ang Il induces vascular endothelial growth factor (VEGF) and transforming
growth factor-p (TGF-f) to promote angiogenesis and aggravate liver fibrosis,
respectively.

4.3 Insulin resistance and diabetes type 2

Insulin resistance and diabetes type 2 are involved in the onset and progression of
hepatocellular carcinoma.

In chronic liver disease generally underlying the onset of HCC, there are conditions
of insulin resistance and type 2 diabetes linked to obesity and dyslipidemia but also
diabetes of hepatic origin caused by HCV; alcohol intake, structural alterations, reduc-
tion in liver mass with consequent reduction of insulin clearance by Kupffer cells and
endothelial cells or by constitution of collateral circles following portal hypertension
with the establishment of shunts and therefore bypassing the hepatic extraction.

All these conditions lead to increased blood insulin levels. An excess of insulin in
blood dictated by resistance to it determines secretion at the hepatic level of insulin-
like growth factor (known to stimulate cellular proliferation and also inhibit apoptosis
within the liver) [40].

A situation of insulin resistance is established following hyperinsulinemia due to
the consequent downregulation of IRs, i.e., reduced receptor affinity, reduced avail-
ability at target, and a reduced efficacy, due to increase in glucagon, growth hormone,
IGF, free fatty acids, and cytokines [41, 42].

Diabetes mellitus (DM) is identified as a negative prognostic indicator in hepato-
cellular carcinoma (HCC) since it has been shown to be associated with significantly
higher incidence of histological macrovascular invasion and a higher rate of distant
metastatic disease [43].

4.4 Cancer stem cells, down- or upregulated pathways, driving genes
and epigenetic modifications

During the inflammatory and regenerative state that determines the development
and progression of hepatocarcinoma, many events take place including the expansion
of stem cells, the modification of the microenvironment as well as the multiple genetic
and epigenetic changes that give the neoplastic cells the ability to survive and prolifer-
ate. Organogenesis and the development of a hepatic neoplasm are similar phenomena.

In both cases, cell proliferation, angiogenesis, and cross talk phenomena with the
microenvironment occur.

Cancer stem cells are tumorigenic and metastatic and are markedly elevated in
chronic liver diseases; hepatocytes, in these conditions have lost part of their pro-
liferative capacity. This causes the expansion of stem cells (ductular reactions). The
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self-renewal, differentiation, proliferation, survival, angiogenesis, and migration of
CSCs in several malignancies are promoted by the Notch signaling pathway.

To obtain tumor regression, eradication of cancer stem cells is considered sufficient.
This has an important implication from the point of view of therapeutic application as
the eradication of cancer stem cells could determine the regression of the neoplasm [44].

The acquisition of changes in the upregulation or downregulation of progression
pathways (EGFR, Ras/Raf/Erk, PI3/Akt/mTOR, JAK, Shp2,..) is a phenomenon that
allows the progression of the disease and that determines the development of resis-
tance or poor efficacy of pharmacological therapies.

This suggests on the one hand the need to identify the type of HCC on the basis of
the expression of these alterations as it results in a prognostic stratification based on
the expected response to therapy, and on the other hand, it offers the possibility of
studying personalized therapeutic combinations aimed at improving the outcome by
acting on the molecular path that determines the response.

The introduction of therapies for advanced HCC not susceptible to surgical
therapy (multikinase inhibitors) has made it possible to expand the therapeutic pos-
sibilities thanks to the discovery of new therapeutic targets but also has shown a great
heterogenicity of response and high levels of resistances that require customization
therapeutic strategies [45].

Tumorigenesis and tumor progression are promoted by genetic and epigenetic
changes. This makes it possible to overcome immunological barriers, to survive
changes in the environment, pH, and metabolism, to acquire the ability to metastasize
and to acquire resistance to therapies.

Alterations that commonly occur in HCC have been highlighted:

* CTNNBI1-related WNT-beta-catenin and most commonly present in HCV-related
liver disease;

* VEGFA and IGF2, which promote neoplastic progression and angiogenesis.
* KRAS, quite infrequent in HCC but closely related to MKI resistance.

Each of these alterations constitutes a possible therapeutic window; the inhibition
of Wnt/B-catenin pathway determines a reduction in the phenomenon of epithelial
mesenchymal transition and increases radiosensitivity.

Several specific molecular targets for antiangiogenic agents are being explored;
sorafenib, exerts antiangiogenic effects through VEGF receptor (VEGFR) and
platelet-derived growth factor receptor (PDGFR) inhibition [46].

4.5miRNA

MicroRNAs are small single-strand non-coding of about 22 nucleotides in length.

MicroRNAs binds to complementary sequences of target mRNA and performs the
posttrascriptional regulatory activity; each miRNA can target hundreds of mRNA.

They are important regulatory molecules in gene expression processes. miRNAs are
involved in physiological and pathological processes and play different roles in carcino-
genesis processes, progression, invasion, metastatization, cell cycle, apoptosis, and drug
resistance. Some miRNAs are involved in modulating epithelial-mesenchymal transition
through downregulation of E-cadherin, enhancing HCC metastasis, and some are involved
in PVTT formation determining high level of TGF beta and favoring immune escape.
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They have a dual role: in HCC some miRNAs are overexpressed, others are down-
regulated, suggesting they can act as oncogenic factor or as tumor suppressor.

microRNAs also play pivotal roles in immune-modulation and antitumor immu-
nity [47-50].

The cross talk between epigenetics and miRNA is important in the molecular
pathogenesis of HCC: some studies demonstrate that epigenetic alteration can silence
miRNAs with tumor suppressor activities.

Restoring the expression of tumor suppressor miRNA could be used for cancer
treatment [51].

The molecular heterogeneity of HCC indeed still represents a critical factor; some
microRNAs are associated with HCC or related to HCC subtypes, suggesting the
potential role of microRNAs for HCC patient stratification terms of diagnosis and
prognosis but also in the allocation of the best therapeutic plan with the potential for
personalized adjuvant therapy; miRNAs are promising tools also as molecular bio-
markers (both tissue and circulating) to predict mestastasis and postsurgical recur-
rence as well as therapeutic targets [52].

From the therapeutic point of view, the possibility to use miRNA looks very
promising: there are studies on the silencing of “oncogenic” miRNAs through the
endovenous administration of antagonists, on miRNA restoration, of those with
onco-suppressive function, through administration by adeno-associated virus or non-
viral miRNA delivery system [52].

5. Conclusions

The treatment of HCC poses a great challenge due to the high incidence, high
mortality rate caused by relapses after treatment. For years many classifications have
followed one another in order to try to standardize the treatment based on the stage
of the disease to obtain the best possible benefit. However, an insufficient definition
of the stratification caused by the heterogeneity of the biological behavior and also of
the patient’s response has always emerged. The absence of biomarkers indicative of
the degree of aggression and the biological features has always placed a major limita-
tion causing “blind spots” at the time of therapeutic choice.

Furthermore, due to the very nature of the disease and the general conditions
of the patient, the diagnosis is often made late or the surgical possibilities are not
feasible. The study and discovery of the steps of carcinogenesis and of the phenomena
involved in the progression of the disease are of great interest and have provided
fundamental elements for the treatment (with the introduction of new therapeutic
substances starting from MK inhibitors to miRNA or immunoterapies).

Thanks to the discovery of pathways and checkpoints, essential steps for the rise
and progression of HCC, many therapeutic strategies have been studied with the aim
of blocking a certain “step” or even reprogramming the aggression and the ability to
metastasize or to modulate the resistance/sensitivity to therapies. The introduction of
biomarkers and diagnostic strategies such as liquid biopsy allows to carry out diagnos-
tic studies in much earlier stages than in the past, overcoming problems of this disease
in terms of seeding risk, inadequacy in describing phenomena of vascular invasion
and biological aggression, or to dynamically monitor neoplastic progression.

The combination of these diagnostic tools and these therapeutic strategies seems
extremely promising; they could substantially change the approach to HCC with early
diagnosis and patient-tailored therapies.
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Chapter 4

Role of Biomarkers in
Hepatocellular Carcinoma
and Their Disease Progression

S.S. Haque, Ravi Bhushan Raman and Mehboobus Salam

Abstract

Hepatocellular carcinoma (HCC) is one of the third leading and common lethal
cancers worldwide. Early detection of tumorigenesis of hepatocellular carcinoma
is through ultrasonography, computerized tomography (CT) scans, and magnetic
resonance imaging (MRI) scans; however, these methods are not up to the mark, so
a search for an efficient biomarker for early diagnosis and treatment of hepatocar-
cinogenesis is important. Proteomic and genomic approaches aid to develop new
promising biomarkers for the diagnosis of HCC at the early stages. These biomarkers
not only help in prognosis but also provide better therapeutic intervention against
HCC. Among the different biomarker candidates, liquid biopsy [including circulating
tumor cells (CTCs) and circulating tumor DNA (ctDNA)] has recently emerged as a
noninvasive detection technique for the characterization of circulating cells, provid-
ing a strong basis and early diagnosis for the individualized treatment of patients.
This review provides the current understanding of HCC biomarkers that predict the
risk of HCC recurrence.

Keywords: hepatocellular carcinoma, biomarkers, diagnosis, prognosis

1. Introduction

Hepatocellular carcinoma (HCC) is the fourth most common type of primary liver
malignancy and is prevalent in almost most parts of the world [1]. Hepatitis B virus or
hepatitis C virus is the most important contributing factor [2]. Liver biopsy is invasive
but still the gold standard for determining the presence of the tumor. However, in
some cases, preoperative biopsy of the tumor samples does not accurately predict
microvascular invasion when compared with the final specimen examination after
liver resection [3, 4]. Due to the risk of needle tract tumor seeding and other limita-
tions, preoperative biopsy is not currently recommended for routine HCC evaluation.
Biomarkers are biological indicator molecules of physiological and disease states. The
detection of HCC in the blood is simple, noninvasive, reliable, and the best choice for
screening of HCC. In the coming year, newly identified biomarkers will be more thor-
oughly evaluated for the diagnosis of HCC (Figure 1). In this review, some promising
biomarkers are discussed.
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Figure 1.
Biomarker for HCC.

As a clinical biomarker, D-dimer is commonly used in HCC because portal vein
thrombosis (PVT) is one of the important complications of HCC. D-dimer is the
end product of fibrin degradation and is produced by fibrinogen, so D-dimerisa
marker of endogenous fibrinolysis and its levels increase with fibrinolysis [5, 6].
Prealbumin (PA) or transthyretin is a homotetrameric protein that has been recently
identified as a biomarker by the liver [7]. In contrast to albumin, prealbumin has a
short biological half-life and reflects recent status [8]. Preoperative prealbumin level
is useful for predicting long-term outcomes in patients undergoing liver resection
for HCC.

The protein biomarker alpha-fetoprotein (AFP) is an important traditional
diagnostic biomarker for hepatocellular carcinoma (HCC) for the past several
decades. It is a 67-kDa glycoprotein that is produced by the liver in early fetal life
when hepatocytes have not yet matured, and in HCC because of the dedifferentiation
of hepatocytes to a more fetal pattern of gene expression. Serum AFP levels of more
than 500 ng/ml are considered to have diagnostic significance; however, these values
are reported only in a small percentage of patients with HCC. Many studies have
reported that elevated serum AFP levels are correlated with increased risks of HCC in
individuals infected with the hepatitis C virus (HCV) [9, 10]. In the practical aspects,
the serum AFP concentrations do not correlate well with the prognostic values of
HCC, such as the size of the tumor, stages, or disease progression, and ethnic vari-
ability may also be reported. Furthermore, in some cases of HCC, AFP elevations are
not apparent at all and lack apparent discriminating power [11]. In HCC, the liver is
damaged by one or more preexisting pathologic conditions, including cirrhosis and
chronic hepatitis resulting from HBV or HCV infection [12], which also exhibited
high serum AFP levels [13]. Three types of glycoforms of AFP have been identified
so far, which are based on the difference in their binding affinities for Lens culinaris
agglutinin (LCA). AFPL1 is a nonbinding fraction and AFP-L2 is a weakly binding
fraction of total AFP. AFP-L3 is associated effectively with LCA [14], which is why it
is a more specific biomarker for HCC. The AFP-L3 fraction has significantly increased
the sensitivity for the early detection of HCC. However, AFP-based diagnostic
approaches are still far from satisfactory results.
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2. Serum autoantibodies

At an early stage of carcinogenesis, a small amount of tumor antigens can be
produced by tumor cells that ultimately generate autoantibodies. These autoantibod-
ies are stable in blood circulation and remain elevated for a long time [15]. IgG-L3%
HCC-derived immunoglobulin G (IgG) and any type of unwanted glycosylations
cause carcinogenesis. The fraction of Lens culinaris agglutinin-binding IgG (IgG-L3)
among total serum IgG (IgG-L3%) increases with tumor load compared to healthy
volunteers and asymptomatic HBV carriers.

3. Emerging serum protein biomarkers

Although traditional biomarkers have certain diagnostic values for HCC, none of
them have been suitable in clinical practice, but there are emerging serum biomark-
ers. For example, aldo-keto reductase family 1 member B10 (AKR1B10) is a novel
secretory protein that is associated with lung, breast, and colorectal cancers but
induced in hepatocellular carcinoma (HCC), and this protein is located on chromo-
some 7q33 [16, 17] and is one of the important diagnostic and prognostic biomark-
ers for HCC [18-20]. AKR1B10 protein is an oncogenic protein that induces tumor
development and progression by the removal of cytotoxic carbonyl compounds
[21-23]. Dickkopf-1 (DKK1) is a 266-amino acid (35-kDa) secreted glycoprotein and
antagonist of the Wnt/beta-catenin pathway signaling pathway discovered in 1998,
which is expressed in a variety of human tumors. It is one of the impaired signaling
pathways in hepatocellular carcinoma (HCC). Its function seems to be contradictory
in the process of tumorigenesis, acting either as an oncogenic promoter of metastasis
or as a tumor suppressor. In many tumors, high expression of Dkk1 may promote
tumor metastasis. However, Dkk1 can inhibit tumor invasion and metastasis [24—26]
and plays an important role in regulating human HCC cell migration, invasion, and
tumor growth [27]. Therefore, novel genetic biomarkers for early diagnosis and
detection are needed.

With the advent of cellular and molecular techniques for a better understanding
of tumor biology, the role of biomarkers related to early detection has attracted a
great deal of research interest resulting in the discovery and utilization of several
novel markers in this disease. Liquid biopsy is one of the potential and noninvasive
procedures that have attracted much attention to identify tumor markers in periph-
eral blood for diagnosis, monitoring, and prognosis of cancer, and overcoming tissue
biopsy limitations. In this procedure, the sampling and analysis of biological samples,
such as blood, urine, saliva, or stool, are done where nucleic acids originating from
all or part of the body can be found including circulating tumor DNA (ctDNA) or
RNA, exosomes, and circulating tumor cells (CTC). Most of the studies are carried
out for mutations of ctDNA to detect minimal residual disease, as diagnostic mark-
ers or response to therapy. For the mapping of genetic alterations in ctDNA either
next-generation sequencing (NGS) or digital PCR are used. Circulating tumoral cells
and tumoral cell-free nucleic acids in peripheral blood could signal the presence of
micrometastasis, and their utility has been explored in HCC diagnosis and prognosis.

Some other circulating RNAs have been explored, but none of them have been
widely recognized as valuable markers of HCC recurrence, probably because none
of them are specific for HCC [28]. In cancer biology, different types of circulating
cellular elements have been identified as tumor markers [29, 30]. One of them is
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circulating tumor cells (CTC), which consist of obtaining a sample in a convenient
and minimally invasive manner at multiple time points over the course of the disease.

4. Circulating tumor cells (CTCs)

Circulating tumor cells (CTCs) are defined as the primary solid tumor cells shed
into blood, bone marrow or lymphatic vessels, or other healthy organs. These cells
have a strong potential for distant metastasis, circulating through the bloodstream,
and traveling to different tissues or organs of the body [31]. This type of tumor devel-
opment process occurs at every stage. Australian doctor Thomas R. Ashworth was the
first to discover CTCs in 1869 in the blood of a breast cancer patient [32]. CTCs are
one of the useful markers for early diagnosis and monitoring of disease relapse. Their
concentration is very low in blood, which limited the studies on CTC. Metastatic cells
struggle to survive in the bloodstream and less than 0.01% of CTCs introduced into
the circulation survive to produce metastases [33]. In recent years, with the advent of
new technology, the separation and enrichment of CTCs have been greatly improved.
In cancer, CTCs have received great attention in trying to estimate the future course
in patients with breast cancer, colon cancer, and prostate cancer.

CTC analysis might provide personalized and effective strategies for clinicians
and researchers because CTCs are sensitive biomarkers that enable early diagnosis,
real-time monitoring, and molecular characterization to facilitate the implementation
of precision medicine. In addition, the different study shows powerful evidence for
the potential clinical value of the CTC assay [34]. However, numerous obstructions
must be overcome before CTC analysis can be applied in the clinic. The CTC detec-
tion methods mentioned above have their own advantages and drawbacks. It is one of
the important tasks to establish a highly sensitive and specific method that provides
the full spectrum of CTCs. Therefore, the standardized method for CTC evaluation
includes sample preparation, enrichment, and detection. In addition, lots of stud-
ies are single-center case-control research, with limited sample sizes. Validation is
sometimes difficult or impossible to achieve. A multicenter prospective study with
sufficient sample size and long follow-up is needed for CTC detection methodolo-
gies, the detection method must be uniform, and large samples can provide powerful
validation for accurate analysis and standard evaluation of the final data. Although
CTC detection is currently used in research, technological advancement will make it
feasible in clinical practice in the near future.

5. Circulating tumor DNA (ctDNA)

Circulating tumor DNA (ctDNA) has attracted extensive attention for its wide appli-
cation in cancer research, and it consists of mutant DNAs or tumor-derived fragmented
DNA released into the circulation by tumor cells and constitute part of circulating
cell-free DNA (cfDNA) in different types of cancer [35], cfDNA levels vary substantially
from <0.01% to >60% of alleles in circulation [36, 37]. ctDNA carries the genetic infor-
mation of the tumor, and it is highly specific and can detect at very low concentrations,
making it suitable for early diagnosis, treatment, and monitoring of tumor progression.
ctDNA is a liquid biopsy to profile the genome of a tumor more comprehensively than
conventional sampling methods. Thus, it is an important tool to provide information for
guiding targeted therapy [38], unveiling drug resistance [39], and monitoring treatment
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response [40]. Analysis of ctDNA helps in the efficient evaluation of disease status and
early detection of recurrence, providing an average of 10-12 months’ lead time for detec-
tion of metastatic recurrence compared to traditional modalities [41]. After resection,
detectable ctDNA could identify cancer patients at high risk of recurrence, [42] while
dynamic ctDNA changes can predict clinical relapse [43]. ctDNA provides information
about specific tumor genes, such as DNA methylation, point mutations, copy number
variations (CNVs), and chromosomal rearrangements. It also provides a unique oppor-
tunity for serially monitoring tumor genomes in a noninvasive, convenient, and accurate
manner. Two different changes are monitored during the detection of ctDNA—quantita-
tive changes and qualitative changes. The first detection method measures the quantity
of ctDNA in circulation, and the second detects tumor-specific genetic aberrations.
Many studies have carried out quantitative changes in cfDNA in the blood of HCC
patients and show that elevated levels of cfDNA may represent an important comple-
mentary tool with potential clinical applications for detection, screening, treatment
monitoring, and predicting metastatic potential [44-51].

Cell-free nucleic acids (cfNA) were first reported in human peripheral blood by
Mandel and Metais in 1948 [52]. However, their studies did not recognize until 30
years later with the discovery of higher concentrations of cell-free DNA (cfDNA) in
serum and plasma from cancer patients compared to healthy individuals. Currently,
cfDNA is supposed to be released by normal cells at an average concentration of
30 ng/ml (0-100 ng/ml) into peripheral blood at the physiological level [53]. The
concentration of cfDNA was accompanied by a decrease in DNase activity because
cfDNA is degraded by peripheral blood deoxyribonuclease activity. Normal cells in
peripheral circulation can also release cfDNA, and this reduces ctDNA concentrations
[54]. cfDNA lysis occurs secondary to the clotting process of blood cells in collection
tubes; thus, several studies have found significantly high cfDNA concentrations in
serum than in plasma [55, 56]. Similarly, the blood specimen collected improperly or
mechanical shearing leads to the destruction of the blood cells, causing the release of
cfDNA into plasma [57]. Until recently, many researchers preferred plasma fraction
over that in serum for cfDNA analysis [58]. Although DNA in the plasma is least
contaminated with blood cells, the amount of DNA in plasma is more or less affected
due to the time interval between analysis and blood collection [59].

A large number of hypermethylated genes, such as developing brain homeobox
protein 2 (DBX2) [60], G-protein-coupled bile acid receptor (TGR5) [61], metallo-
thionein IM (MT1M), metallothionein 1G (MT1G) [62] and I the cyclin kinase
inhibitor (NK4A) [63], were detected as cfDNA from HCC patients and were identi-
fied as biomarkers of vascular invasion. In the process of HCC diagnosis, high degree
of methylation at multiple genes has been shown to play an important role. In addi-
tion, to improve the diagnostic efficiency, the combined detection of the methylation
status of multiple genes may be effective [64].

The presence of cell-free DNA in plasma/serum has been used to reveal tumor-asso-
ciated biomarkers, such as the increased plentiful of cell-free DNA (cfDNA) in cancer
patients or the presence of epigenetic or specific genetic alterations, which have been
discovered in numerous types of cancers, including HCC. Many studies have reported
that the cfDNA is a source of HCC biomarkers in the diagnostic and prognosis of HCC
in clinical settings also; HCC-specific biomarkers should be validated to determine
their association with HCC recurrence. Finally, different micro (mi) RNA signatures in
liver tissue have been associated with HCC [65, 66]. However, the necessity of obtaining
liver tissue samples limits their application preoperatively, and circulating miRNAs are
at present being explored. Several circulating miRNAs have been reported as important
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biomarkers for HCC diagnosis [67], prognosis, and vascular invasion [68, 69]. To date,
there are no data about the association of miRNAs with HCC recurrence, and future
studies are needed to explore the utility of these promising biomarkers.

6. Circulating microRNAs

Circulating microRNAs (miRNAs) were first proposed as potential cancer biomark-
ers in 2008 [70]. Blood miRNAs, which circulate in a highly stable, cell-free form, show
promise as novel potential biomarkers for early detection of HCC. A number of evidence
indicate that these noncoding nucleotide sequences are resistant to RNase degradation,
repeated freeze-thaw cycles, boiling as well as acid/base treatment [71, 72]. The stability
of circulating miRNAs has attracted attention from clinical researchers, who want to
investigate their diagnostic utility for a wide range of diseases including HCC.

Under extreme conditions, their stability and their abundance in sera made
circulating miRNAs as promising biomarkers for cancer pathologies [73, 74]. Serum
miRNAs are not digested by ribonuclease because they are encapsulated in protein
complexes or in membranous microvesicles that transport them in the circulatory sys-
tem [75, 76]. The circulating miRNAs are stable when the samples are stored at —80°C
[77]. Despite the valuable investigation of extracellular miRNAs, the use of miRNAs
as biomarkers of cancer is still regarded as a “work in progress” and mostly confined
to research programs [78]. Continuing technological advancements, however, like
second-generation sequencing, as well as a perceptive of the pathobiological role of
miRNAs, emphasize their future promise as clinical biomarkers [79].

7. Circular RNAs

Circular RNAs (circRNAs) are covalently closed, single-stranded, and stable
RNA molecules [80] that have been evaluated for the diagnosis of various cancers.
They contribute importantly to gastric cancer [81, 82], breast cancer [83], lung
cancer [84, 85], pancreatic cancer [86], and HCC [87]. In a multicenter study, three
circRNAs (hsa_circ_0000976, hsa_circ_0007750, and hsa_circ_0139897) were suc-
cessfully validated in the plasma of the hepatitis B virus-related HCC patients, and
their plasma levels positively correlated with HCC relapse, while after hepatectomy
their levels decreased [87].

8. Conclusion

In the present scenario, no single or biomarker combination is predictable enough
to diagnose a HCC lesion without confirmatory histological or radiological data. None
of the new tumor markers excel the conventional ones in such a way that it has been
widely endorsed in clinical practice. The liquid biopsy is one of the critical parts of
precision medicine, and it is likely to be useful in the near future. However, future
research should develop useful HCC biomarkers for monitoring treatment activity,
detecting early resistance to treatment, and identifying patients who would more
likely benefit from treatment.

We expect that identifying novel cost-effective and high-efficient biomarkers for
the early diagnosis of HCC will be promising.
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Chapter 5
miRNAs in Liver Cancer

Alisa Petkevich, Aleksandr Abramov and Vadim Pospelov

Abstract

miRNAs are small noncoding RNAs, which are involved in epigenetic regulation of
gene expression. Hepatocellular carcinoma (HCC), although not being at the top of
most widespread cancers, nevertheless, remains among cancers with the most lethal
cases. The chapter is dedicated to the epigenetic aspect of HCC development, namely
the role of miRNA in this process. Being small and noncoding RNAs, they have a huge
and significant function in gene regulation. This chapter will briefly cover follow-
ing questions: miRNA biogenesis and function, metabolic and signaling pathways
disrupted in HCC with a significant miRNA involvement, and main miRNAs contrib-
uting to HCC development and their targets.

Keywords: miRNA, hepatocellular carcinoma, target gene, gene expression, miRNA
expression, diagnostic marker

1. Introduction

miRNAs are small noncoding RNAs ~20-25 nt long, which are involved in epigenetic
regulation of gene expression. miRNAs were firstly discovered in 1993, when research
groups led by Victor Ambros and Gary Ruvkun published two side-by-side papers in the
journal Cell, describing the regulatory effects of tiny RNA discovered in Caenorhabditis
elegans. Years later the term “microRNA” (miRNA, miR) was introduced [1]. Nowadays,
more than 2600 miRNAs have been predicted to be encoded by the human genome,
with the ability to modulate more than 15,000 genes [2]. Being small and noncoding
RNAs, they have a huge and significant function in gene regulation and cancer develop-
ment. Liver cancer, although not being at the top of most common cancers, remains
among cancers with high mortality. Hepatocellular carcinoma (HCC) accounts for
approximately 80% of all liver cancers and is a main cause of cancer mortality [3].
Hereinafter, when using the term liver cancer, it is meant to indicate hepatocellular
carcinoma. The most obvious and significant reason for this high mortality rate in HCC
patients is the late diagnosis of HCC. Against this background, every aspect of molecular
pathogenesis becomes a valuable detail, which may aid in understanding HCC devel-
opment. Some of the main miRNAs involved in the development of liver cancer will
be discussed further. Changes in their expression levels were detected in comparable
conditions: mostly in human liver tissue samples or human blood samples (plasma or
serum) by qRT-PCR.
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2. miRNA biogenesis and regulation

Despite the simple structure of a mature miRNA molecule—single-stranded
RNA molecule of 20-25 nt—its biogenesis, like almost any process relating to nucleic
acids, is multistage and multifactorial: It takes place both in the nucleus and in the
cell cytoplasm, involves protein complexes for processing (miRNA maturation), may
be performed via canonical and non-canonical pathways, and includes following
transformations: primary miRNA (pri-miRNA), preliminary miRNA (pre-miRNA),
miRNA duplex, and mature miRNA. Both canonical and non-canonical processing
start in the nucleus.

miRNA processing may occur post- or co-transcriptionally [4]. miRNA biogen-
esis starts in the nucleus and requires RNA polymerase II/III; Drosha (an RNase
I1I-like enzyme) with its cofactor, the RNA binding protein DGCR8 (DiGeorge
Syndrome Critical Region 8), forms a microprocessor complex and functions in the
nucleus, an exportin (frequently Exportin5 in the canonical pathway and Exportinl
in the non-canonical pathway) functioning as the transporter to the cytoplasm.
Dicer, another RNase III-like endonuclease, RISC (RNA-induced silencing complex)
functioning in the cytoplasm with Argonaute (AGO) as a core component. miRNA
biogenesis starts with the processing of RNA polymerase II/III and forming pri-
miRNAs, which are 5’ capped and 3’ polyadenylated, approximately several kilobases
[5, 6]. In the canonical pathway, pri-miRNAs then are processed in the microproces-
sor complex of Drosha and DGCRS. The resulting ~70 nucleotide RNAs with 2 nt
3’ overhang are known as precursor (pre-) miRNAs, which fold into mini-helical
structures [7]. Pre-miRNAs are transported from the nucleus to the cytoplasm with
Exportin 5/RanGTP complex, where they undergo processing with Dicer, which
recognizes the pre-miRNA hairpin and cuts it at the loop end, resulting in the
removal of the terminal loop and creating a ~22 nt RNA duplex [8]. The final step of
the miRNA biogenesis is processing the duplex miRNA into mature single-stranded
miRNA by loading it onto an Argonaute (Ago) protein, which is the core protein in
this final effector complex—RNA-induced silencing complex (RISC). The mature
miRNA may be derived from both the 5’ and 3’ arms of the precursor duplex and are
called the miRNA-5p and -3p, respectively [9].

As for regulation of miRNA expression with some miRNAs having their own
promotors and some being regulated by other gene promotors, besides methylation,
different endogenous factors, and hypoxia, different transcription factors (TF) also
participate in miRNAs expression regulation and this is a double-edged process: TFs
influence miRNA expression and miRNAs may repress TF expression [7, 10]. miRNA,
TFs, and target genes form a complex relationship known as feedback loops (FBLs)
and feed-forward loops (FFLs) [11]. Typically, FBLs occur when a TF activates or
represses a miRNA, which in turn represses the TF; the miRNA and TF each regulate
independent sets of TGs. FFLs are those where a regulator, such as a TF, controls
the expression of a specific TG both directly, through promoting or enhancing its
transcription, and indirectly, through another regulator, such as an miRNA that also
regulates the TG [12].

mRNA and miRNA interaction implies binding of the last to the 3’ untranslated
region (3’ UTR) of mRNA through base-pairing of the seed region of target mRNA,
mainly at position 2-7 from the 5" end of the miRNA; beyond the seed region, the
binding between the whole mature miRNA sequence and the target mRNA is not per-
fectly complementary [13]. However, the interaction of miRNAs with other regions,
including the 5 UTR, coding sequence, and gene promoters, has also been reported.
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In general, there is no direct correlation between miRNA and target mRNA expres-
sion levels. Multiple miRNAs can regulate a single gene/mRNA, and some miRNAs
can target many mRNAs (up to more than 100 mRNAs) and from 1 to 2% of human
transcripts interact with nine or more miRNAs, thus displaying sponge-like activ-
ity [14]. Furthermore, miRNAs have been shown to activate gene expression under
certain conditions [5]. Along with mRNAs differing in their miRNA-binding capacity,
binding activity of some highly expressed miRNAs may be weakened by either a high
target-to-miRNA ratio or the relocation of this miRNA to the nucleus. Some miRNAs
might be expressed at relatively low levels and interact with many mRNAs and,
oppositely, some miRNAs might be expressed at a very high level and interact with
only a few mRNAs [15].

Considering all of the above, it makes identifying the specific miRNA-target
gene or transcription factor-target gene interactions difficult, and possibly
unwarranted [12].

3. miRNA in liver functions

Apparently, miRNAs are involved in all processes underlying normal liver
functioning, so main pathologic processes, such as nonalcoholic fatty liver disease
(NAFLD), fibrosis at the background of various diseases, and cancer are associated
with significant changes in miRNA expression profiles, although these changes are
not always associated with target mRNA expression changes and the mechanism of
miRNA participation in these processes is not clear. A significant role of some miR-
NAs was shown for main liver functions such as lipid metabolism and all the steps of
glucose metabolism, including lipogenesis.

3.1 miRNAs and the regulation of lipid metabolism

Pivotal role of miR-34a in PPARa (the peroxisome proliferator-activated receptor
alpha) pathway, which is a direct target of miR-34a and a master regulator of lipid
metabolism, was shown in cultured cells transfected with miR-34a inhibitor and
simultaneously consequences of miR-34a inhibition were shown in C57BL/6 mice
injected with the miR-34a inhibitor [16]. The upregulation of miR-34a resulted in
the downregulation of hepatic PPARa and SIRT1 (silent mating type information
regulation 2 homolog 1), silencing miR-34a led to an initially increased expression
of PPARa, SIRT1, and PPAR«’s downstream genes, and activation of the central
metabolic sensor AMPK was also increased. In the mouse model, the miR-34a inhibi-
tor suppressed lipid accumulation and improved the degree of steatosis, which is
assumed to be regular as far as its level was significantly upregulated in liver tissues of
high-fat diet-fed mice [17].

miR-122 is among those playing a crucial role in lipid metabolism in the liver:
miR-122 expression in mice liver was increased by free fatty acids (FFAs) via activat-
ing the retinoic acid-related orphan receptor-alpha, inducing secretion of miR-122 to
blood, entering muscle and adipose tissues of mice, reducing mRNA levels of genes
involved in triglyceride synthesis, mainly, Agpatl and Dgatl. It also led to the attenu-
ated triglyceride synthesis and elevated p-oxidation pathway [18]. Before it was shown
that cholesterol biosynthesis genes would be affected by miR-122, plasma cholesterol
levels were reduced in antagomir-122-treated mice, thus illustrating attenuation of the
cholesterol biosynthesis when silencing hepatic miR-122 [19]. There are another data,
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also proving the meaning of miR-122 in lipid metabolism, its inhibition in normal mice
resulted in reduced plasma cholesterol levels, increased hepatic fatty-acid oxidation,
and a decrease in hepatic fatty-acid and cholesterol synthesis rates. Simultaneously,
miR-122 inhibition in a diet-induced obesity mouse model also resulted in decreased
plasma cholesterol levels and a significant improvement in liver steatosis, accompa-
nied by reductions in several lipogenic genes [20]. An increase in miR-122 expression
in obese subjects may appear to be the compensated mechanism to maintain lipid
metabolism. Besides miRNAs, hepatic lipid accumulation recruits inflammatory
response, impairing some signaling pathways involved in lipid metabolism, including
the AMPK signaling pathway, the role of miR-122 in energy metabolism in the liver,
skeletal muscle, and adipose tissues requires more evidence to evaluate [21].

Among other miRNAs, possibly acting as modulators of lipid and cholesterol levels
in the maintenance of cholesterol and fatty acid metabolism, are miR-33, miR-103,
miR-104, and miR-307 [22, 23]. Obviously, some miRNAs may be involved in both lipid
and glucose metabolisms, as far as one miRNA may have multiple mRNA targets. One of
these miRNAs is miR-33a and miR-33b, intronic miRNAs located within the sterol regu-
latory element-binding protein (SREBP) genes, working in concert with its host gene to
ensure a fine-tuned regulation of lipid and glucose homeostasis. miR33b also cooperates
with SREBP1, having an impact on key regulatory enzymes of hepatic gluconeogenesis
glucose metabolism—phosphoenolpyruvate carboxykinase (PCK1) and glucose-6-phos-
phatase (G6PC). Overexpression of miR-33b in human hepatic cells leads to a significant
reduction of glucose production via inhibition of PCK1 and G6PC expression [24].

miR-206 was shown as a potent lipid and glucose production inhibitor by simulta-
neously facilitating insulin signaling and impairing hepatic lipogenesis due to pro-
moting phosphorylation of INSR (insulin receptor) and impaired hepatic lipogenesis
by inhibiting Srebpl (sterol regulatory element-binding transcription factor
1) transcription and inhibition of PTPN1 (protein tyrosine phosphatase, non-recep-
tor type 1) via interaction with its 3’ untranslated region and following degradation.
miR-206 reduced lipid and glucose production in human hepatocytes and livers of
dietary obese mice [25].

3.2 miRNAs and insulin signaling

miR-103 and miR-107 were the first two miRNAs shown to regulate insulin sensi-
tivity in liver and adipose tissue in mice: Their overexpression in these mouse models
led to downregulation of caveolin-1 expression, a component of caveolae lipid raft
required for insulin receptor signaling. miR-802 was also shown to be involved in the
regulation of insulin sensitivity and glucose transport: elevated miR-802 decreased
expression of HNF1p while increasing expression of the insulin suppressors, SOCS1
and SOCS3. Increased expression of both SOCS1 and SOCS2, in turn, desensitizes
insulin signaling, resulting in increased hepatic glucose production in these mouse
models [26]. It is worth noting that miR-23a was first reported as a regulator of
gluconeogenesis through direct binding at the 3’-UTRs of both G6Pase and PGC-1«
mRNAs, and later its expression was found to be elevated in hepatocytes of hepato-
cellular carcinoma mice where gluconeogenesis is attenuated [27].

3.3 Circular RNAs

In general, when discussing miRNA functions and interactions, it should be
noted, besides its elusive relations with mRNA, that they are not limited to mRNA
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and involve other RNAs as well, that may influence its activity and function, for
example, circRNAs have been validated as microRNA (miRNA) sponges, which have
complementary sequences binding to their target miRNAs, thereby inhibiting the
function of those miRNAs and abolishing the inhibition of target gene expression
[27]. Circ-0000092 with such miRNA sponging activity and miR-338-3p as a target
miRNA was shown to be elevated in HCC tissue (40 patients, RT-qPCR, GAPDH)
and cell lines, while miR-338-3p was shown to be decreased (40 patients, RT-qPCR,
U6 as an internal control) [28]. Simultaneously, miRNA-338-3p target, HN1, shown
to be overexpressed by Liu et al. in liver cancer and known to be involved in metas-
tasis and invasion development in breast and prostate cancer partly due to negative
impact on the b-catenin/E-cadherin interaction, was shown to be elevated along
with circ-0000092 [29]. These data along with the effects of delivery of a series of
mimic, inhibitor, or siRNA plasmids into HCC cells on cell proliferation, migration,
invasion, and angiogenesis iz vitro may allow to assume that circ-0000092, absorbing
miRNA-338-3p and positively influencing HN1 expression, and promote cancer cell
proliferation and invasion. A possible mechanism for maintaining CSC (cancer stem
cell) self-renewal with HN1 involvement is enhancing of oncogenic factor MYC, and
the LEPR-STAT3 pathway [29]. Another circRNA with specific sponging activity for
miRNA-338-3p is circMAT2Bm, which also negatively influences miRNA-338-3p and,
as aresult, positively one of its targets—PKM?2, which encodes one of the key enzymes
in the process of glycolysis [30]. CircASAP1 in liver cancer acts as a competing
endogenous RNA for miRNA-326 and miRNA-532-5p, which play a tumor suppressor
role in liver cancer, regulating MAPK1 and CSF1. CircUHRF1, which is predominantly
secreted into plasma in exosomes by HCC cells, inhibits the activity of miRNA-449,
upregulating the expression of TIM3 and inhibiting NK cell function. The expression
of circUHRF1 is higher in HCC tissues than in corresponding adjacent nontumor
tissues [31]. There are other circRNAs, whose expression level is decreased in HCC
tissues compared with noncancerous tissues, and that were shown to have miRNAs
among their targets, such as circTRIM33-12 and miRNA-191, circHIAT1 and miRNA-
3171, circLARP4 and miRNA-761, and circMTO1 and miRNAO. Decreased expression
of these circRNAs in HCC resulted in elevated expression level of the corresponding
miRNAs and sustaining of proliferation, invasion, and metastasis of cancer cells [31].

4. miRNA expression patterns in HCC

It is evident that most of the processes taking place in the liver in normal condition
require different miRNAs and assumably healthy hepatocyte should have its “nor-
mal” miRNA profile with wide ranges, which make it possible to suggest—there are
strong pieces of evidence that will be discussed further—those different pathologic
processes, forming the diseases, are accompanied with different changes in miRNA
expression levels. With regard to hepatocellular carcinoma, it could be speculated
that in the very initial stages, particularly at preclinical stages when it is favorable for
cancer background but still no clinical manifestation of cancer, liver cancer may have
different miRNA expression profiles within the same cancer type. Further will be
discussed the liver cancer development and partly the background of viral hepatitis B,
viral hepatitis C, nonalcoholic fatty liver disease (NAFLD), and alcohol-related liver
disease (ARLD).

miRNAs along with other nucleic acids have a significant impact on cancer
development, where they may have both the role of cancer promotion and cancer

69



Liver Cancer - Genesis, Progression and Metastasis

suppression; therefore, miRNAs with increased expression in tumors are thought to
function as oncogenes and are termed as oncomirs. On the contrary, miRNAs with
decreased expression in cancer cells are considered tumor suppressor genes, presum-
ably preventing tumor development by negatively inhibiting oncogenes and/or genes
that control cell differentiation or apoptosis [32]. miRNAs are known to be involved

in most signaling pathways, and in the liver cancer development, the same signaling
pathways are involved, like in most other cancer types, such as TGF-p, Wnt/B-catenin,
Hh, Notch, EGF, HGF, VEFG, JAK/STAT, Hippo, and HIF, which lead to uncontrolled
cell division and metastasis [32].

Main miRNAs, involved in TGF-p regulation, are miR-200, miR-21, miR-211,
miR-17/92, miR-106b/25, and miR-182 [33]. miR-200 and miR-21 are one of the main
players among noncoding RNAs in interaction with TGF- signaling in the process of
EMT. miR-200 forming a double-negative feedback loop with ZEB factors (zinc finger
E-box-binding homeobox) plays a significant role in EMT (epithelial-mesenchymal
transition): miR-200 is downregulated because of reversible DNA methylation of the
miR-200 loci as a result of prolonged autocrine TGF-p signaling, driving a sustained
ZEB expression, and thus maintaining a stable mesenchymal phenotype. miR-200
is known to interact with both ZEB factors—(ZEB1; also known as deltaEF1) and
SIP1 (also known as ZEB2) [34]. miR-200a is responsible for significant inhibition of
cell proliferation and colony formation rate in HCCLM3 and HepG2 cell lines, while
knocking out miR-200a restores the rate of proliferation and colony formation of
cancer cells [35]. miRNA expression levels of miR-200 family tend to be decreased in
individuals with liver cancer (plasma and tissue), compared with healthy individuals,
and have a prognostic value for patients with HCC: microRNA-200a and miR-200c
were independent prognostic factors for hepatocellular carcinoma and induced cell
cycle arrest by targeting CDK6 or MAD2L1, respectively [36]. Opposite to miR-200
family, expression of miR-21 is induced in response to TGF-f signaling and is associ-
ated with tumor invasion and chemoresistance in vitro. Besides this, Wang Z et al.
mention, indicating this is unpublished data, that Notch-1 could be one of miR-200b
targets because overexpression of miR-200b significantly inhibited Notch-1 expres-
sion [37]. Moreover, miR-21 is able to directly interact with TGF-beta receptors:
Mishra S. et al. revealed that miR-21 suppresses a tumor-suppressor gene TGFBR2
(transforming growth factor-beta receptor II) levels by binding to its 3 0-UTR, hence
inhibiting the tumor-suppressive activity of TGFp pathway [38]. Reported target
genes for miR-21 in HCC are the following: FASLG, PTEN, HBP1, IL-12, RECK, and
TIMP-3; some of these genes were shown simultaneously to be miR-21 targets in other
liver diseases, such as ALD (FASLG), NAFLD (HBP1), and liver fibrosis (TIMP3)
[39]. There are plenty of data showing an increase in miR-21 expression level in the
background of liver cancer development or the chronic liver diseases, which are the
risk factors for liver cancer development.

Members of the miR-17-92 and the miR-106b-25 clusters have been implicated
in the progression of liver fibrosis through the influence on the expression of TGF-p
receptor II (TGF-PRII), having opposite effects on this expression. miR-19b has been
shown to play an inhibitory role in hepatic stem cell-mediated fibrogenesis and to be
decreased in fibrotic rats and human livers. Overexpression of miR-19b inhibited the
expression of TGF-BRII, which in turn inhibited SMAD3 expression and, as a result,
reduced type-1 collagen production. Unlike miR-19b, miR-93 and miR-106b were
observed to be consistently upregulated during the development of cirrhosis, and
miR-106b along with miR-181was shown to have a diagnostic value for liver cirrhosis
irrespective of the etiology [40].
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miR-211, which is known to be involved in TGF-p interaction in prostate cancer
cells, was shown to be involved in WNT-f signaling regulation via SATB2. In pros-
tate cancer cells, increased expression of miR-211 inhibited expression of TGF-f1,
TGF-p2, smad2, smad3, phosphorylated smad2, and smad3, and stem cell markers
and in vitro resulted in reductions in the proliferation, invasion, colony-forming
ability, sphere-forming ability, and stemness of prostate cancer stem cells, i vivo in
decreased tumor growth, and cell apoptosis [41]. In HCC cells, miR-211 is supposed
to suppress cancer cell proliferation via WNT-p and SATB2 downregulation. 3’-UTR
of SATB2 was shown to be the direct target of miR-211, it contains a conserved target
site for miR-211, and in vitro miR-211 mimics repressed the luciferase activity of the
luciferase gene with inserted 3’-UTR of SATB2 in the pGL3-control vector. miR-211
expression in HCC tissues and cells is inversely correlated with SATB2, when in HCC
tissues miR-211 expression was decreased, SATB2 expression was upregulated.

MiR-125b is known to interact with the Hh pathway, which is a well-known
factor regulating liver reconstitution. miR-125b, produced by CP-MSCs (chorionic
platelet-derived mesenchymal stem cells), attenuates Hh activation partly due to Smo
expression inhibition and the consequence of this regulation is the promotion of the
regression of fibrosis, contributing to liver regeneration [42]. It was demonstrated
that another target of miR-125b in HCC cells is LIN28B, and simultaneously miR-
125b may increase p21Cipl/Waf1 expression and arrest cell cycle at G; to S transition,
which may contribute to suppression of HCC cell migration, invasion, and growth
in vitro and in vivo [43]. With regard to this data, Liu W. et al. demonstrated that the
expression level of serum exosomal miR-125b in patients with HCC (158 samples,
gRT-PCR, normalization normalized to caenorhabditis elegans miRNA (Cel-
miR-39)) was decreased in comparison with the expression level of serum exosomal
miR-125b in patients with chronic hepatitis B (n=30) and liver cirrhosis (n=30).
Moreover, the exosomal serum miR-125b level was shown to have a prognostic value
for HCC patients: It predicted the recurrence and survival of HCC patients with an
area under the ROC curve of 0.739 (83.0% sensitivity and 67.9% specificity) and
0.702 (82.5% sensitivity and 53.4% specificity) [44]. Moreover, inhibition of miR-
125b suppressed the expression of profibrogenic genes in culture-activated primary
HSCs and reduced the basal and transforming growth factor p (TGF-f)-induced
alpha-smooth muscle actin (a-SMA) expression and cell contraction of the immor-
talized HSC cell line [45].

miRNA-199a-3p, being one of the putative therapeutic tools in liver cancer, may
perform its anticancer effect through involvement in NOTCH signaling. miRNA-
199a-3p is downregulated in liver cancer tissues and most liver cancer cell lines;
in liver cancer cell lines (MHCC97H, Hep3B, SMMC-7721, Huh7, and HepG2), its
expression was significantly lower than in normal liver cell lines; simultaneously,
mRNA YAP1 expression was significantly higher than in normal liver cell lines. It was
shown that miRNA-199a-3p targets YAP1, downregulates Jagged1, and suppresses
the Notch signaling, which results in HCC cell proliferation inhibition and apoptosis
promotion [46]. In a mouse model with induced HCC treatment with miRNA-199a-3p
showed regression of hepatocellular carcinoma with the restoration of normal archi-
tecture on histopathological examination of liver specimens [47].

In liver cancer, HGF, ERBB3, and NF-«kB form a positive feedback loop: higher
expression of ERBB3 makes liver cancer cells more sensitive to HGF stimulation;
moreover, HGF enhances ERBB3 expression by NF-kB transcriptional activity.
miR-17-5p and miR-20a-5p in liver cancer cell lines and mice xenograft models were
shown to suppress liver cancer cell proliferation after hepatectomy via blocking

71



Liver Cancer - Genesis, Progression and Metastasis

HGF, ERBB3, and NF-kB positive feedback loop. HCC patients with lower levels of
miR-17-5p and miR-20a-5p or higher levels of ERBB3 had significantly shorter OS
and PFS survivals after surgical resection [48]. Simultaneous deregulation of VEFG
and miRNA expression was shown in tissue samples of patients with liver cirrho-
sis, while VEGF did not show a significant difference in expression level in HCC
samples compared to control (non-cancer and non-cirrhotic) samples. Expression
level of VEGF was 12.97-fold higher in cirrhotic patients compared to liver cancer
samples; concurrently, miR-206 and miR-637 (RT-qPCR, U6, RNU44, and RNU48
were used as reference genes) were down-expressed in LC samples. miR-637 was
downregulated in HCC samples too [49]. Before it was shown that in HCC cells,
miR-637 is responsible for suppressing autocrine leukemia inhibitory factor (LIF)
expression and exogenous LIF-triggered activation of the transcription factor Stat3,
which regulates several growth factors, including the VEGFA gene [50]. miR-146a
indirectly influences VEGF expression in HCC cells through upregulating APC,
which inhibits B-catenin accumulation in nucleus, and downregulating NF-«xB p65
by targeting HAb18G [51]. An increase in expression of mRNA Jak2 and Stat3 along
with reduced expression of miRNA-409 and reduction of Jak2 and Stat3 protein in
response to miRNA-409 overexpression in liver cancer cells may allow to assume
miRNA-409 in liver cancer playing an antitumor function through interaction with
Jak2 and Stat3. Increased expression of miRNA-409 in liver cancer cells led to a
decrease in cell viability and increased apoptosis. This miRNA expression level was
significantly decreased in liver cancer tissues compared with paracancerous and
normal liver tissues and was negatively correlated with tumor stage, tumor size, and
overall survival time of patients with liver cancer [52]. Another miRNA, which is
putatively involved in interaction with Jak2 and Stat3 in liver cancer, is miRNA-543,
whose expression level was also shown to be decreased in liver cancer tissues. Like
miRNA-409, it has a protective role in liver cancer and OS in patients with liver can-
cer and increased miRNA-543 is longer than in patients with decreased miRNA-543.
Inhibition of miRNA-543 expression resulted in liver cancer cells with exactly the
same consequences like inhibition of miRNA-409: increased cancer cell proliferation
and decreased apoptosis. It also activated the protein expression of phosphorylated
JAK2, phosphorylated STAT3, c-Myc, and B-cell lymphoma 2 (Bcl-2) in liver cancer
cells [53]. miRNA-3662, which downregulated in HCC tissues and cell lines, may

be involved in reprogramming cancer cells’ glucose metabolism and forming of
Warburg effect while having hypoxia-inducible factor-1a (HIF-1a) as one of the
direct targets. Gain-of-function and loss-of-function assays showed that miR-3662
dampened glycolysis by reducing lactate production, glucose consumption, cellular
glucose-6-phosphate level, ATP generation, and extracellular acidification rate,

and increasing oxygen consumption rate in HCC cells [54]. Another putative target
of miRNA-3662 in HCC cells, which allows its regulation of glucose metabolism,

is hexokinase 2 (HK2). miR-3662 expression was decreased in liver cancer tissues
and cells, while overexpression of miR-3662 or knockdown of HK2 inhibited cell
proliferation, invasion, and glucose metabolism in cancer liver cells, which could be
reversed by upregulating HK2 [55].

Taking into account the ambiguous relation between miRNA and mRNA expres-
sion levels and other factors, including circRNAs and proteins, associated with
miRNA biogenesis and those involved in miRNA and mRNA interactions, prediction
of changes in miRNA expression levels in any cancer, including liver cancer, becomes
not that obvious task.
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5. miRNAs and cancer cell metabolism

Along with changes on the genetic level, metabolic changes accompany cancer
development in order to provide cells functioning in changing conditions, mainly
hypoxia and glucose insufficiency due to intensive cell proliferation and clonal
expansion and lagging in blood vessel formation. One of the main such metabolic
reorganizations is Warburg effect, firstly reported in rat liver carcinoma in the
1920s and defined as an increase in the rate of glucose uptake and preferential
production of lactate even in the presence of oxygen [56]. Main miRNAs, which
are involved in Warburg effect realization in HCC cells, are miR-1, miR-122, and
miR-338-3p [57]. The expression of the miR-1 targets G6PD and is mediated by
NRF2, which, besides activating the transcription of genes encoding glycolytic
enzymes, inhibits the conversion of pyruvate to acetyl-CoA by directly activating
pyruvate dehydrogenase kinase 1 (PDK1) and leads to inhibition of tricarboxylic
acid (TCA) cycle, promoting Warburg effect [58]. At the background of these
interactions, it may appear to be regular that a higher expression of miR-1 showed
a significant positive prognostic meaning for patients with HCC: Individuals with
higher miR-1 serum levels showed longer OS than those with lower miR-1 serum
concentrations (195 sera of HCC patients and 54 patients with liver cirrhosis; HR
0.451, 95% CI 0.228-0.856, P = 0.015). At the same time, serum miR-1 and miR-
122 concentrations did not differ significantly between patients with HCC and
liver cirrhosis [58].

miR-122 is another element of the processes that are assumed to restrain
Warburg effect promotion, as far as among its main targets are Agpat 1 and Dgat 1
mRNAs, involved in triglyceride synthesis. One of the most important direct targets
of miR-122 in HCC cells is PKM2, which is the most abundant pyruvate kinase
iso-enzyme in liver tumors and a co-activator of several transcription factors, such
as HIF-1a, p-catenin/c-Myc, NF-xB, and STAT3. Once in the nucleus, PKM2 can
promote the transcription of target genes, such as HIF-1a targeted expression of
GLUTs, PKM2, LDH-A, and VEGF-A, leading to the promotion of growth, positive
feedback regulated glycolysis, and angiogenesis in cancer cells [59], and all these
allow miR-122 to promote a decrease in lactate production and increase in oxygen
consumption, thus reversing oxygen-independent glycolytic metabolism. Along
with this, Yang G. et al. showed that miR-122 is downregulated in tissue samples
from patients with HCC and also participates in ADAM17 regulation, which makes
upregulation of miR-122 to inhibit proliferation of HCC cells iz vitro [60]. In gen-
eral, miR-122 is putatively one of the first examples of a tissue-specific miRNA and
is highly expressed in the liver, where it constitutes 70% of the total miRNA pool
[61]. Moreover, miR-122 has a prognostic role in HCC patients, and its downregula-
tion is associated with poor prognosis: The overall survival time of the patients
with low and high miR-122 expression in HCC was 30.3+8.0 and 83.7+10.3 months,
respectively (P<0.001, tissue samples from 64 HCC patients and 28 matched non-
neoplastic surrounding liver tissues) [62].

miR-338-3p has the same impact on Warburg effect in cancer liver cells such as
miR-1 and miR-122, inhibiting it through decreasing expression of liver and red blood
cell pyruvate kinase isoform (PKLR). miR-338-3p may be inactivated in HCC due to
upregulation of circMAT2B, sequestering miR-338-3p due to its sponging activity,
and disabling the regulation of its target gene PKM2 leading to increased prolifera-
tion, invasion, spheroid formation, and organoid dimensions, especially in hypoxic
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conditions [59]. Expression of miR-338-3p in tissue samples from patients with HCC
was also shown to be decreased [33].

miR-23 was shown to be involved in gluconeogenesis regulation in liver cancer
developed in the mouse model. Reduction in serum glucose in tumor-bearing mice
correlated with a reduction in the expressions of G6pc, Pepck, and Fbpl encoding the
key gluconeogenic enzymes glucose-6-phosphatase, phosphoenolpyruvate carboxyki-
nase, fructose-1,6-phosphatase, respectively, and the transcription factor Pge-1a
along with upregulation of miR-23a expression. mRNA levels of these genes were
reduced to ~#80% in the majority of primary human HCC tissue samples compared
with matching peritumoral liver samples and miR-23a was also upregulated in human
liver cancer samples. Moreover, PGC-1a and G6PC expression negatively correlated
with miR-23a expression in human HCCs [63]. miR-23a has a significant diagnostic
value as far as it may distinguish cirrhotic liver samples from cancer liver samples,
being higher in the HCC group than cirrhotic. miR-23a was significantly higher in
HCC patients with focal lesion size equal or more than 5 cm, patients with multiple
focal lesions, and Okuda stage III. At cutoff value > 210, miR-23a showed accuracy of
79.3% to diagnose HCC patients with sensitivity of 89.47% and specificity of about
64.91% ((57 patients with HCC, 57 patients with liver cirrhosis (LC), and 57 healthy
subjects as control group) and serum alpha-fetoprotein at cut off level > 200 ng/mL
had 73.68% sensitivity and 52.63% specificity for diagnosis of HCC [64].

6. Differential expression of miRNAs in chronic liver disease

Pathological states in some cases underlying liver cancer development are also
accompanied by changes in miRNA expression levels such as hepatitis B virus
infection, hepatitis C virus infection, nonalcoholic fatty liver disease (NAFLD),
and alcoholic liver disease. One of miRNAs, which is associated with hepatitis
virus, is miR-23 [31]. Other miRNAs also may differentiate HCC samples at the
background of viral hepatitis from others, such as miR-17-92. Together with
miR-21, its expression level was increased in hepatitis B virus-positive human and
woodchuck HCC samples. Possibly, hepatitis B virus X and miR-17-92 share com-
mon target gene, which is c-myc, which is activated by virus and is known to be the
instrument of carcinogenesis promotion of miR-17-92 [65]. Unlike HCV infection,
HBV is known to induce HCC development gapping cirrhosis stage, thus making
molecular predictors of cancer in this case especially required. Besides miR-122
and miR-17-92, other miRNAs, involved in HBV pathogenesis following HCC
development, are miR-184, miR-185, miR-196a, miR-199a-3p, miR-210, miR-217,
and miR-34a, which are involved in HBV transcription process. The expression of
the last is inhibited by HBV X protein (HBx) via p53 stimulation in hepatocytes,
upregulating a macrophage-derived chemokine (CCL22), participating in regulatory
T cells stimulation and effector T cells suppression, which results in increasing HBV
genome transcription [66, 67]. Another miRNA, whose expression changes in HBV
infection due to HBx, is miR-155. Upregulation of miR-155 leads to a reduction in
the suppressor of cytokine signaling-1 (SOCS1) expression, increasing JAK/STAT
signaling and suppressing HBV infection mediated by the induction of interferon
(IFN) signaling [68]. Some of these miRNAs, which are involved in HBV transcrip-
tion process, are also involved in the regulation of signaling pathways, disrupted
in the cancer development. Among putative targets of miRNA-199a-3p are mTOR,
c-Met, HIF-1a, CD44, ROCK1, and Axl, so this miRNA, being downregulated in
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liver cancer samples, may inhibit cell proliferation, migration, and invasion [69].
miRNA-184 may function as an anti-apoptotic factor in liver cancer, and INPPL1 was
identified as one of its targets. Through inhibition of the activities of caspases 3/7
and INPPL1 loss, it promotes cancer cell proliferation [70]. Similar function in HCC
development through another target may play miRNA-196a. One of its direct targets
is FOXO1, whose inhibition caused by miRNA-196a overexpression resulted in liver
cancer cell migration and invasion iz vive [71]. miRNA-210 is known to be over-
expressed in liver cancer samples and in HBV-associated liver cirrhosis; moreover,
its expression was significantly higher in HepG2.2.15 cells than that in HepG2 cells.
EGR3 was shown to be the target of miRNA-210, contrary to miRNA-210 the expres-
sion of EGR3 was downregulated in HBV-associated liver cirrhosis and liver cancer.
In general, its role, like the role of miRNA-196a and miRNA-184, may be in prolif-
eration promotion, and it is hard to assume whether the described mechanism with
involvement in EGR3 regulation is specific for HBV-associated liver cancer, as far as
EGR3 is known to be decreased in other cancers, like in head and neck cancers and
gastric cancer [72]. miRNA-210 was also shown to be involved in bile acid-induced
cholestatic liver injury through its direct target MLL4 (the histone methyltransferase
mixed-lineage leukemia-4). miRNA-210 was the most highly elevated miR in mice
with elevated hepatic BA levels and its expression was increased in patients with pri-
mary biliary cholangitis/cirrhosis (PBC) [73]. Opposite to the mentioned miRNAs,
miRNA-217 inhibits liver cancer cell proliferation via targeting NAT2; moreover, its
overexpression contributed to steatosis in hepatocytes as well as inflammation in
mice, acting as a critical regulator in ethanol-induced hepatic inflammation [74].
miRNA-185 was shown to be involved in cholesterol metabolism in mouse model,
and animals with knockout of this miRNA developed worsened hepatic steatosis
upon high-fat high-cholesterol Western diet feeding with accumulation of triglyc-
eride and cholesterol in the liver and developed hypercholesterolemia upon Western
diet feeding. Treatment with miRNA-185 showed an improved accumulation of
lipids in high-fat diet mouse model and insulin sensitivity via upregulation of the
insulin-receptor substrate-2 [75, 76].

In case of HCV infection, there are miRNAs, which not just regulate expression
of the genes, involved in virus replication, but are able to directly target the viral
genome. Among these miRNAs are miR-196, miR-448, and miR-122, which stabilize
the 5" and 3’ UTRs of the HCV genome, so inhibition of this miRNA dramatically
reduces the replication of HCV RNA [77, 78]. miRNAs, involved in viral replication
via reducing tumor suppressor deleted in liver cancer 1 (DLC-1) and cell entry via the
PI3K/AKT signaling pathway, are miR-141 and miR-491, respectively [76].

When it concerns alcoholic liver disease, miRNA expression profile changes
especially due to increase in expression of inflammation-related miRNAs, such as
miR-132, miR-155, miR-146, and miR-21, which influence alcohol/lipopolysaccharide
(LPS)/TLR4 pathways, transmitting proinflammatory stimuli via a mitogen-acti-
vated protein kinases (MAPKs) or TIR domain-containing adaptor-inducing IFN-f
(TRIF) [79, 80]. The imbalance between expression of let-7 and LIN28/28B has the
crucial consequences, as far as regular alcohol overdose consumption diminishes let-7
expression, and loss of let-7 induces transformation of hepatic stellate cells (HSC)
to mesenchymal phenotype, enhancing liver injury via inhibiting LIN28B, and thus
promoting oncogenesis [81]. One of mechanisms underlying fibrosis formation in
response to alcohol consumption is miR-34a, and its upregulation causes deregulation
of its direct targets such as caspase-2, SIRT1, and matrix metallopeptidase (MMP) 1
and MMP?2 [82].
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Another risk factor for HCC development is NAFLD. It was revealed that miR-
34a and miR-122 identified in blood serum are potential markers for discriminating
NAFLD patients from healthy controls with an area under the curve (AUC) values
of 0.781 and 0.858, respectively, along with miR-21, miR-125b, and miR-375 did not
show significant difference in level expression between NAFLD patients and healthy
controls. Serum levels of miR-34a and miR-122 were found to be significantly higher
among NAFLD patients and were positively correlated with VLDL-C and triglyceride
levels [83]. The other study showed the same tendency for miRNA-34a and miRNA-
122, and also found a significant difference in level expression of following miRNA:
miR-21and miR-451. Moreover, the serum level of miR-122 was correlated with the
severity of liver steatosis; however, in the previous study, the expression levels of
miR-34a and miR-122 did not correlate with the histological features of NAFLD [83].
There is at least one common signaling pathway, involving both miRNA-34a and
miRNA-122, which is AMPK [21, 82]. It should be admitted that along with being
possibly involved in the regulation of the same targets, miRNA-122 and miRNA-34
definitely should have similar effects as far as miRNA-122 expression is decreased in
cancers including liver cancer, and miRNA-34 expression is decreased in liver cancer
while being elevated in chronic hepatitis C patients. Targets and mechanisms of
miRNA-34 involvement in the liver cancer development are known in less details than
miRNA-122. It is supposed, that through involvement in the Sirt1/p53 pathway regula-
tion, miRNA-34 promotes liver fibrosis in patients with HCV [84]. It is possible to
speculate that with loss of the benign liver cells phenotype, malignant liver cells lose
possibility of normal miRNA-34 expression as far as miRNA-34 expression is signifi-
cantly decreased in liver cancer cells. One of the possible mechanisms of miRNA-34
involvement in the liver cancer development is glucose metabolism, in which LDHA,
which is the target gene of miRNA-34, participates in glucose metabolism reprogram-
ing with its switch to the increased glycolysis [85]. In its turn, miRNA-122 is also
indirectly involved in glucose metabolism, having Igf1R as one of its targets [63]. The
other putative intersection of these two miRNAs is p53 pathway, as far as both partici-
pate in its regulation. miRNA-34 in the context of HCV fibrosis via Sirt1 regulation
and miRNA-122 through cyclin G1, which results in increased p53 protein stability
activity and reduction in invasion capabilities of HCC cells with elevated miRNA-122
expression [86]. Another miRNA-132, which possibly shares with miRNA-34 SIRT1
as a common target, is miRNA-132. This miRNA is elevated in the response to alcohol
consumption, while iz vivo and in vitro studies suggest miR-132 targets SIRT1, being
increased in HCC cells and associated with unfavorable survival in HCC patients [87].

With the cancer development, differences in miRNA expression profiles smooth
out as far as cancer cell phenotype and functions despite its different background
development including such common features as promoted proliferation, disrupted
apoptosis, and increased migratory and invasion capabilities. miRNA expression
during the process of malignization changes in conformity with these demands, so
far miRNA-34, being elevated in HCV liver cirrhosis, is decreased in the liver cancer
cells. Obviously, all changes in miRNA expression during cancer development tend
to upregulation of oncogenic miRNAs and downregulation of tumor suppressor
miRNAs, and with evolution of the stage of the tumor differences in miRNA expres-
sion associated with different background liver disease level out. However, different
miRNAs may be involved in the same signaling pathways or share common target
genes, which is allowed by the sequence and molecular nature of miRNA—mRNA
interaction—and indirect influence of miRNA on the expression levels of the genes,
which are not its direct targets.
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7. Differential expression of miRNAs in HCC

Concerning signaling pathways disrupted in HCC, almost all these pathways the
regulation is double-sided: miRNA may regulate the expression of the genes and
genes may regulate the expression of miRNAs. For example, TGF-f signaling may
modulate miRNA expression level via canonical pathway, which is Smad-dependent
requiring co-Smad Smad4, and non-canonical pathway, such as Smad4-independent.
The Smad binding element found in the promoters of TGF-$/BMP-regulated genes
contains a conserved sequence similar to the pre-miRNAs of TGF-p/BMP-regulated
miRNAs, which is CAGAC [88]. miRNAs, containing this RNA-Smad binding ele-
ment (R-SBE), are following: miR-105, miR-199a, miR-215, miR-421, and miR-529
[34]. The miRNAs upregulated by TGF-p signaling include miR-21, the miR-181
family, miR-10b, the miR-17/92 cluster, miR-155, miR-192, the miR-23/24/27 cluster,
miR-216/217, miR-494, and miR-182. The miRNAs downregulated by TGF-p signal-
ing include the miR-200 family, miR-203, let-7, miR-34a, and miR-584 [34]. Many
miRNAs targeting different substrates of TGF-p pathway are frequently oncogenic,
such as miR-200, having impact on the expression of TGF-p ligands and TGF-f
receptors type I and II, miR-21, miR0211, miR-17/92, and miR-106b/206, mainly
participating in regulation of expression TGF-f receptors type I and IT and miR-182,
involved in the regulation of R-Smad, co-Smad (I-Smad), and Smad?7, and it modu-
lates a negative feedback loop of TGF-p signaling as Smad?7 is also induced by TGF-p.
Besides TGF-p receptors type I and II, miR-17/92 and miR-106b/205 participate in
the regulation of downstream targets of TGF-p pathway [34].

miR-141 and miR-200a expression levels were shown to be decreased and serum
samples from patients with liver cancer (blood samples were taken from 30 patients
with liver cancer and from 30 normal subjects, RNU6 or GAPDH as internal controls).
The sensitivity and specificity of the investigated miRNAs for diagnosing tumor
invasion in liver cancer and comparing metastasis of patients with liver cancer were
higher in combination of miR-141 and miR-200a rather than alone, although the dif-
ference between AUC values in both cases—combination and one miR regimen—had
no significant changes. The possible mechanism of cancer processes modulation was
explained with E-cadherin and vimentin inhibition due to STAT4 inhibition, which
was firstly reported as a target gene for these miRNAs [89, 90]. The study of Dhayat
etal. also showed a significant negative correlation of miR-200a and miR-200b to the
expression of the mesenchymal markers Vimentin and ZEB-1 and a significant posi-
tive correlation to the epithelial marker E-cadherin. Moreover, in this study, miR-200
family was significantly downregulated in HCC samples compared to liver cirrhosis
and was shown to be able to distinguish between cirrhotic and HCC tissue [90].

miR-211-5p was significantly downregulated in patients with HCC (30 pairs of
HCC tissues and matched adjacent tumor-free tissues, qRT-PCR, RNU6 (miRNA)
as an endogenous control), although miR-211-5p expression in liver cancer samples
was not significantly different from adjacent normal samples based on TCGA
cohorts, it was considerably downregulated in 30 pairs of HCC tissues compared
with matched adjacent tumor-free tissues from patients in clinics or real-world
cohorts. It was also shown that miR-211-5p may have a prognostic role for HCC
patients: Patients with a decreased expression of miR-211-5p had poor overall
survival [91]. In another study, miR-211-5p was found to be decreased in 33 out of
40 HCC tissue samples compared with the corresponding non-tumor tissues; more-
over, tissues from lymph node metastases also expressed lower levels of miR-211
compared with primary HCC tissues and the adjacent normal tissue (QRT-PCR, the
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endogenous U6 snRNA or GAPDH as the internal control) [68]. Among miR-211-5p
targets are STAB2, SPARC, ZEB2, and ACSL4, negatively regulating these genes,
miR-211-5p participates in the suppression of cell proliferation, migration, and
invasion in HCC tissues [92].

In contrast, miR-17/92 expression levels were shown to be highly expressed in
HCC tissues compared to the non-tumor liver tissues (94 cases of HCC, 5 cases
of cancer adjacent to normal hepatic tissue, and 5 cases of normal liver tissue; U6
small nuclear 2 (U6b) as an internal control, RT-PCR). In this study, it was shown
that expression of miR-17-92 was negatively correlated with several target genes,
including CREBL2, PRRG1, and NTN4, when analyzing the miRNA and mRNA
sequencing data from the 312 hepatocellular cancer patients available from the
TCGA database [68].

Expression level of miR-182-5p was also elevated in HCC tissues and its high
expression level correlated with poor prognosis such as early recurrence in patients
who underwent curative surgery (tissue samples from 119 patients; RT-PCR, U6
snRNA was probed as a loading control; the disease-free survival was calculated from
the date of resection to the date of tumor recurrence). Promotion of HCC prolifera-
tion by miR-182-5p is partly possible due to the ability of the last to directly target
3’-UTR of FOXO3a and thus inhibits FOXO3a expression, activating AKT/FOXO3a
pathway. MiR-182-5p interacts with 3°-UTR of FOXO3a by binding to the 72-79 site,
but not the 914-921 site in the 3’-UTR of FOXO3a [93].

However, in almost all these pathways the regulation is double-sided: miRNA
may regulate the expression of the genes, and genes may regulate the expres-
sion of miRNAs. TGF- signaling may modulate miRNA expression level via the
canonical pathway, which is Smad-dependent requiring co-Smad Smad4, and
non-canonical pathway, such as Smad4-independent. The Smad binding element
found in the promoters of TGF-p/BMP-regulated genes contains a conserved
sequence similar to the pre-miRNAs of TGF-p/BMP-regulated miRNAs, which is
CAGAC [34]. miRNAs, containing this RNA-Smad binding element (R-SBE), are
following: miR-105, miR-199a, miR-215, miR-421, and miR-529 [34]. The miRNAs
upregulated by TGF-p signaling include miR-21, the miR-181 family, miR-10b,
the miR-17/92 cluster, miR-155, miR-192, the miR-23/24/27 cluster, miR-216/217,
miR-494, and miR-182. The miRNAs downregulated by TGF-f signaling include
the miR-200 family, miR-203, let-7, miR-34a, and miR-584 [34]. Many miRNAs
targeting different substrates of TGF-f pathway are frequently oncogenic, such
as miR-200, having an impact on the expression of TGF-p ligands and TGF-p
receptors type I and II, miR-21, miR0211, miR-17/92, and miR-106b/206, mainly
participating in regulation of expression TGF-p receptors type I and II and miR-
182, involved in regulation of R-Smad and co-Smad (I-Smad) and Smad?7, and it
modulates a negative feedback loop of TGF-p signaling as Smad7 is also induced
by TGF-p. Besides TGF-p receptors type I and II, miR-17/92 and miR-106b/205
participate in regulation of downstream targets of TGF-p pathway [34].

It may seem interesting that almost none of these miRNAs were included in the list
of miRNAs, implying HCC signature based on TCGA database, which consists of 540
miRNA expression profiles from 348 HCC patients, of whom 248 had early-stage and
90 had advanced-stage HCC. SVM-HCC, based on an SVM29 incorporating the feature
selection algorithm IBCGAa proposed method, used a feature selection algorithm
(IBCGA) to select a significant miRNA signature associated with early and advanced
stages of HCC. This signature contains 23 miRNAs: in order of decreasing MED (Main
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Effect Difference) scores, miR-550a, miR-549, miR-518b, miR-512, miR-1179, miR-
574, miR-424, miR-4286, let-7i, miR-320a, miR-17, miR-299, miR-3651, miR-2277,
miR-621, miR-181c, miR-539, miR-106b, miR-1269, miR-139, miR-152, miR-2355, and
miR-150. Moreover, the significance of 10 top-ranked miRNAs in distinguishing HCC
tissue samples from normal tissue samples and their prognostic values were proved on
different datasets [94]. For some of these miRNAs with the highest MED scores, there
are known targets in the context of liver cancer development. Among direct targets of
miRNA-320a, there are f-catenin, c-myc, cyclin D1, and dickkopf-1; functional studies
have shown a significantly decreased capability of cell proliferation and GO/G1 growth
arrest in vitro when miRNA-320 is overexpressed [95]. miRNA-424 demonstrated a
strong prognostic value in liver cancer: Its expression level in HCC tissues was associ-
ated with a relapse after liver transplantation. The study involved samples from 121
patients, the median follow-up duration was 25.12 months, U6 snRNA was used as the
endogenous control [96]. In liver cancer cell lines, it was shown that miRNA-574-3p
has an ADAM?28 as a direct target and binds 3’-untranslated region of the ADAM28
mRNA leading to reduced cell proliferation and migration and promoted cell apoptosis
[97]. Like miRNA-200 and miRNA-211-5p, which are mentioned above in the context
of HCC development and which are not listed in this miRNA list, miRNA-1179 directly
interacts with zinc-finger E-box-binding homeobox 2 (ZEB2) and has antitumor
function, leading to attenuated proliferation and migration of HCC cells. Its expression
was decreased in HCC tissues compared with corresponding noncancerous tissues (40
paired HCC samples with matched normal tissues, U6 were used as internal reference)
[98]. miRNA-550a plays a controversial role in HCC development, promoting HCC cell
migration and invasion, and cytoplasmic polyadenylation element-binding protein 4
(CPEB4) is one of its potential targets, which is commonly decreased in liver cancer.
The function of CPEB4, which is from the gene family CPEB involved in regulation of
translation by controlling the polyadenylation of target genes, is yet to be elucidated.
There are contradictional data of its function in cancer development: In pancreatic
ductal cancer and neuroblastoma, its expression is upregulated, driving the growth
and invasion of cancer cells. In HCC, it was shown that CPEB4 siRNA could promote
the migration and invasion of HCC cells. This contradiction may be explained by
different downstream targets regulated by CPEB4 in different cells because CPEB4
along with involvement in polyadenylation can control the translation by binding to
the CPE sequence in 3’ UTR of the corresponding genes [99]. miRNA-512 may play
one of the crucial roles in HCC progression, being significantly upregulated in human
HCC samples and HCC cell lines. Along with miRNA-519, it targets tumor suppressors
MAP3K2 and MAP2K4, and the integration of these two miRNAs into the AJCC staging
system significantly improved the accuracy of the prediction of HCC recurrence [100].
Some of these miRNAs, such as miRNA-518b, miRNA-549, miRNA-2277, and miRNA-
2355, are rarely mentioned in the context of liver cancer development, and their role in
this process is yet to be elucidated.

This emphasizes the importance of working with customized algorithms and
validated big datasets, when many of the aspects of the process you are studying—
like miRNA involvement in carcinogenesis—stay unclear, making identification of
the most promising diagnostic and/or prognostic and/or therapeutic molecules via
analyzing only mRNA-miRNA interactions or miRNAs in signaling or metabolic
pathways not very effective.

In Table 1, there are listed miRNAs, whose expression levels are changed in the
HCC development in order of mention in the text.

79



Liver Cancer - Genesis, Progression and Metastasis

No. miRNA Decreased Possible targets Effects of overexpression References
or
increased
compared
with
normal
tissue
1 miRNA- Decreased ZEB1, ZEB2, TGF-$ Inhibition of cell [34, 35]
200a proliferation and colony
formation rate
2 miRNA- Increased TGFBR2 FASLG, Promotion of tumor [37,39]
21 PTEN, HBP1, IL-12, invasion and metastasis
RECK, and TIMP-3
3 miR-211 Decreased WNT-B signaling Inhibition of cancer cells [41]
regulation via SATB2 proliferation
4 miR- Decreased Hh Arrest cell cycleat Gy to S [43, 44]
125b transition
5 miRNA- Decreased NOTCH, YAP1 Inhibition of HCC cell [46]
199a-3p proliferation and induction
of HCC cell apoptosis
6 miRNA- Decreased ERBB3 Inhibition of cancer cell [48]
17-5p proliferation
7 miRNA- Decreased Autocrine leukemia Inhibition of cancer [50]
637 inhibitory factor proliferation
(LIF), Stat3
8 miRNA- Decreased Jak2, STAT3 Decreased cancer cell [52]
409 viability and increased
apoptosis
9 miRNA- Decreased Jak2, Stat3 Decreased cancer cell [53]
543 viability and increased
apoptosis
10 miRNA- Decreased HIF-1a, HK2 Glucose metabolism [54, 55]
3662 transformation to
Warburg effect, decreased
glycolysis
11 miRNA- Decreased Agpat 1, Dgatl, Inhibition of cancer cells [59, 60]
122 PKM2, ADAM17 proliferation
12 miRNA- Decreased PKLR Inhibition of Warburg [30, 33]
338-3p effect
13 miRNA- Increased Gépc, Pepck, and Increased gluconeogenesis [63]
23 Fbpl
14 miRNA- Increased INPPL1 Promoting cancer cells [70]
184 proliferation
15 miRNA- Increased FOXO1 Promotion of liver cancer [71]
196a cell migration and invasion
16 miRNA- Increased EGR3, MLL4 Promotion of liver cancer [72,73]
210 cell proliferation
17 miRNA- Decreased NAT2 Inhibition of cancer cell [74]
217 proliferation
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No. miRNA Decreased Possible targets Effects of overexpression References
or
increased
compared
with
normal
tissue
18 miRNA- Decreased AMPK, Sirt1/p53, Inhibition of [85]
34 LDHA gluconeogenesis
19 miRNA- Decreased AMPK, Cyclin G1 Promotion of cancer cells [86]
122 proliferation
20 miRNA- Increased SIRT1 Promotion of cancer cell [87]
132 proliferation
21 miRNA- Decreased STAT4 Promotion of cancer cell [89]
141 proliferation
22 miRNA- Increased CREBL2, PRRG1, Promotion of cancer cell [68]
17/92 NTN4 proliferation and invasion
23 miRNA- Increased FOXO3a Promotion of cancer cell [93]
182-5p proliferation and invasion
24 miRNA- Decreased p-catenin, c-myc, Decreased capability of [95]
320a cyclin D1and cell proliferation and GO/
dickkopf-1 G1 growth arrest
25 miRNA- Decreased ADAM28 Reduced cancer cell [97]
574-3p proliferation and
migration
26 miRNA- Decreased ZEB2 Reduced cancer cell [98]
1179 proliferation and
migration
27 miRNA- Increased CPEB4 Promotion of cancer cell [99]
550a proliferation
28 miRNA- Increased MAP3K2, MAP2K4 Increased cancer cell [100]
512 proliferation rate and
migration capability
Table 1.

miRNAs in liver cancer development.

8. Conclusion

miRNAs play a pivotal role in liver cancer development; presumably in the early
stages of HCC development, its multiple miRNA expression profiles may be distin-
guished depending on the etiological factor, such as HBV, HCV, NAFLD, or ALD.

miRNAs are biomarkers with a huge potency as far as they are small, stable, and pro-
tected from RNases via protein binding or exosome membrane and their expression
level change at the background of metabolism and signaling pathways modification
during malignancy in the liver. Biogenesis of miRNA and its interaction with mRNA
are not clear and involve different proteins and other noncoding miRNAs, which
make it difficult to predict miRNAs expression level change in the specific cancer
type and require special algorithm and big data sets. It should be noted that changes
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in expression levels of almost all miRNAs listed above are not specific to liver cancer
and are identified in prostate cancer, gastric cancer, colon cancer, and other cancer
types. In this context, a multiple miRNA panel is a promising option for diagnostic
purposes.
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Chapter 6

Emerging Immunotherapy: Liver
Cancer Microenvironment for
Treatment

Shihai Liu

Abstract

Hepatocellular carcinoma (HCC) is a highly prevalent primary liver carcinoma
and the main cause of deaths (linked with cancer) across the globe. Despite advance-
ments in prevention strategies, testing, and technological advances in diagnosis and
treatment, the occurrence and fatality rate of HCC continue to rise. In recent decades,
the approval of immune checkpoint inhibitors (ICIs) has transformed palliative
treatment for liver cancer. However, the majority of patients with liver cancer do not
respond to these treatments. Herein, we elaborated the microenvironment of the liver
cancer and candidate immunotherapies based on activating the antitumor activity of
myeloid, NK and T cells, chimeric antigen receptors-T or -NK cells, vaccines, onco-
lytic viruses, and combination therapies, as well as the challenges and opportunities
of immunotherapies in liver cancer. This review also explores the rationale, molecular
foundation, and supporting preclinical evidence for immunotherapies in HCC, avail-
able clinical evidence, and current immunotherapeutic clinical studies.

Keywords: hepatocellular carcinoma, tumor-immune microenvironment,
locoregional treatment, liver cirrhosis, systemic treatment

1. Introduction

Hepatocellular carcinoma (HCC) is the prevalent primary liver carcinoma and the
largest cause of cancer-associated deaths across the globe. HCC accounts for ~90% of
cases. Hepatitis B and C virus infections, liver flukes in endemic areas, excessive intake
of alcohol, cigarettes, elevated level of body fat, and aflatoxins are all significant risk
factors for developing HCC. The tumor burden, liver functioning, comorbidities, and
health condition of a patient influence treatment options for HCC. HCC treatments
have changed dramatically over the past four decades. Surgical or organ transplanta-
tion is the first-line treatment for tumors less than 5 cm in diameter. However, the
treatment of large HCCs (those greater than 10 cm) is disputed, with considerable
heterogeneity in various treatment regimens in different locations [1]. Additionally,
radiofrequency ablation (RFA) and transarterial chemoembolization (TACE) are the
local modalities utilized for early and intermediate-stage HCC, accordingly [2, 3].
Systemic treatments for advanced-stage HCC were found controversial prior to 2008
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because of their ineffectiveness and poor patient tolerability. Moreover, systemic treat-
ments for liver cancers have made little progress in the last decade.

Immuno-oncology has revolutionized cancer treatment, particularly liver cancer,
over the last decade. The antitumor immune response combines innate and adaptive
immune system elements [4]. Tumors, on the other hand, can harness this response
and use it to evade the immune system in a variety of ways, including maintaining an
immunosuppressive milieu or inducing cytotoxic cell malfunctions. An immunosup-
pressive tumor immune microenvironment (TIME) is marked by the existence of
regulatory T cells (Treg), immunosuppressive myeloid cells including tumor-associ-
ated macrophages (TAMs), and inhibitory B cells [5]. Immune checkpoint activation,
which includes coinhibitory substances, prevents effector cell activation and is crucial
for tumor immune evasion [6]. Cancer treatment has been transformed by the devel-
opment of immune checkpoint inhibitor (ICI)-based therapy, which hasled to long-
term responses and improved survival in a wide spectrum of cancers. However, ICIs
have not been very effective against many solid tumors. Checkpoint proteins expressed
by immune cells or tumor cells serve as targets for ICI monoclonal antibodies (mAbs),
which elicit a robust immunological response from cytotoxic T lymphocytes (CTLs)
[7]. Moreover, ICI therapy has shown to be effective in a subset of patients with a range
of cancers, including HCC. Anti-PDL1 antibody atezolizumab and the VEGF neutral-
izing antibody bevacizumab are now the standard therapies for HCC [8]. Herein,
we explored the rationale, molecular basis, and underlying preclinical evidence for
immunotherapies in HCC, along with existing immunological clinical research.

2. Overview of immune components
2.1 Immune cells

The liver is a key immunological organ that receives antigen-rich blood from the
gut via the portal vein. Cancer immunosurveillance and control rely heavily on the
innate and adaptive immune systems. The conflicting actions of antitumor effec-
tors and their suppressors in the TME determine immune activation or evasion, as
shown in (Figure 1). Through highly conserved cytokine and chemokine-activated
inflammatory reactions, adaptive and innate immune cells patrol the liver sinusoids
to eliminate invading pathogens and endotoxins. The uninflamed liver generates a
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Figure 1.
Homeostasis and immune cell composition of the liver.
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tolerogenic milieu that suppresses both innate and adaptive immunity in order to
maintain homeostasis and prevent chronic inflammation and tissue damage. The
immune cell composition of the TME has a huge impact on HCC that can affect tumor
initiation, progression, and therapeutic response. During hepatocarcinogenesis,
several molecular processes cause distinct immune cell subsets to respond in ways
that either cause inflammation or limit antitumor immunity. Herein, the immune

cell landscape of HCC is discussed, with an emphasis on the role of innate immune
cells and innate-like T cells in HCC, which may lead to the development of candidate
immunotherapies that target the underlined cells.

2.2 Cytokines

HCC’s genesis and progression have been linked to inflammation. TNF-a, a key
inflammatory mediator, had previously been identified as a possible therapeutic
target in a variety of malignancies. Furthermore, TNF-q, interleukin (IL)-1, and IL-6
levels in HCC patients’ serum were found to be considerably greater than in healthy
controls. CXCL5 and CCL15, which are produced by tumor cells, attract immunosup-
pressive neutrophils and monocytes, respectively, while CXCL13, which is produced
by hepatic stellate cells, attracts B cells, which differentiate into protumor IgA-
producing plasma cells in the context of NASH-associated HCC. IL-2, IFNy, CXCL10,
and CXCLY, on the other hand, recruit lymphocytes to mount an antitumor immune
reaction. As a result, the immunological composition and response are determined
by the balance of these stimuli. T helper 17 (Th17) cells generate the cytokine
IL-17, which has been linked to the development and progression of inflammatory
disorders. These findings have ramifications for patients who are undergoing immu-
notherapy. Activation of the IFN-y signaling system predicts a favorable response to
ICIs, according to the findings of two trials in patients with HCC. In HCC, the tumor
microenvironment (TME) has a significant impact on cytokine production.

2.3 Signaling cascades lead to immune evasion

HCC’s immune microenvironment can be influenced by tumor intrinsic signal-
ing pathways. Wnt ligands produced by HCC cells induce M2 polarization of TAMs,
which results in tumor development, metastasis, and immunosuppression in HCC.
p-Catenin signaling also inhibits MHC-independent immune responses facilitated by
NK cells through decreased expression of NKG2D ligands on HCC cells. By reversing
NK cell depletion or TGF- p1 reversing NK cell depletion, blocking the CD96 associa-
tion restores NK cell immunity to tumors, implying that CD96 may considerably
contribute to HCC. MYC may suppress PD-L1 expression in HCC, which suggested
that treating HCC with a combination therapy targeting MYC and the PD-L1/PD-1
cascade could be beneficial. HCC is linked to TP53 gene mutations and immune cell
heterogeneity, with TP53 mutations reported in roughly 40% of all HCCs. The TP53
mutation-associated immunotype is critical for better clinical outcomes and may have
important implications for postoperative tailored follow-up and therapeutic decision-
making. Furthermore, ARID1A mutations, which are a common driving factor in
HCC, have a considerable contribution to antitumor immunity: they stimulate a
positive response by suppressing mismatch repair, leading to an elevated TMB, and
also reduce IFNy signaling by lowering chromatin availability. In co-cultured CD4+
T cells, MDSC suppresses the immune system by generating CD4+ CD25+ Foxp3+
regulatory T cells. The IL6-STAT3-PDL1 signaling cascade is used by HCC-CAFs to
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control neutrophil survival, stimulation, and function in HCC. Finally, T cell fatigue
is caused by the upregulation of immunological checkpoint molecules such as PD-1,
PDL1, CTLA4, LAG3, and TIM3 in HCC cells. PDL1 overexpression in Kupffer cells
and leukocytes is also caused by prolonged HBV infection, which can boost the
protein’s level and enhance immunosuppression in HCCs of this etiology.

2.4 Virus associated with HCC

HCC is the main cause of death in cirrhotic patients, with HCV or HBV infection
accounting for the majority of cases, especially in developing countries. HBV is a
hepatotropic virus that causes liver inflammation. While another established risk fac-
tor for severe liver disease is HCV, a Flaviviridae virus. Long-term infection with HBV
or HCV causes an inflammatory reaction in the liver that can develop into cirrhosis
and, ultimately, HCC.

HBV and HCV-induced immune responses might be either procarcinogenic or
anticarcinogenic. Platelets generate components that induce a necroinflammatory
infiltration, i.e., virus-specific CD8 + T cells, which drive HCC development and
can be slowed down with antiplatelet medications. An effective HBV-specific T cell
response, on the other hand, can aid in the control of HCC cells displaying HBV
epitopes, as clinically demonstrated by tumor regressions accomplished with adoptive
T cells genetically modified to produce TCRs targeting such epitopes. Despite this,
persistent HBV infection causes multiple changes in the hepatic immune infiltrate,
which promote a tolerogenic milieu, limiting effective antitumor immunity. B reg
cells are a primary source of IL-10, an immunosuppressive cytokine that is increased
during HBV flares. Furthermore, HBV-specific T cells are susceptible to BIM-induced
apoptotic process and TRAIL + NKG2D + NK cell deletion. Chronic HBV infection
also increases the production of inhibitory immunological checkpoint proteins on
virus-specific T cells, mainly in the liver, restricting any T cells capable of attacking
HCC cells. In patients with HBV-associated HCC, the presence of elevated suppres-
sive PD-1 T reg cells is linked with worse survival outcomes, although CD8+ tissue-
resident memory T cells are correlated with a better outcome.

HCV has a single polyprotein genome, which is translated into structural as well as
nonstructural proteins. These HCV proteins are targets for the host’s innate and adap-
tive immune systems. The principal pattern recognition receptors that identify HCV
PAMPs are RIG-I-like receptors and Toll-like receptors. The correlation stimulates a
cascade of antiviral cytokines, including interferons. Perforin, as well as granzyme B,
is secreted by CD8 + T cells and NK cells while interferon-gamma (IFN-y) secreted by
CD8 + T cells and NK cells causes noncytolytic HCV clearance. Moreover, the host-
HCYV interactions could make developing an HCV vaccine challenging. It is hard to
neutralize a virus that typically has so many mutations in its E1 and E2 proteins, and
attempts to do so clear the most abundant variants and leave replicative space for the
expansion and continued replication of other quasispecies.

Understanding how virus-related HCCs regulate their metabolism could open
up new avenues for immunotherapy. By decreasing arginine, granulocytic MDSCs
accumulate in HBV-infected livers and can suppress HBV-specific T cells. High
expression of the esterification enzyme sterol Oacyltransferase 1 (SOAT1) disrupts
lipid homeostasis, promoting proliferative and migratory potential of the tumor cell
in a subset of HBV-associated HCCs while reducing the activity of HBV/HCC-specific
tumor-infiltrating lymphocytes.
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2.5 Nonviral HCC

Hepatic steatosis and chronic necroinflammation in the liver can result from
persistent alcohol exposure or high-calorie diets combined with a sedentary lifestyle,
leading to HCC, which could be fatal. Moreover, NASH-induced inflammation is
more frequently linked with diffuse inflammatory infiltrates.

New developments regarding the cellular and molecular cascades that drive NASH
and the NASH-HCC transition have emerged in recent years. It has been revealed that
platelets drive NASH and the NASH-HCC transition by fostering the first inflam-
matory reactions in the context of steatosis. Platelets interact with Kupffer cells and
inflammatory monocytes through the platelet-specific glycoprotein Iba (GPIba).

In rodents, and possibly also in humans, preventive and therapeutic antiplatelet
treatment lowers the development of NASH and NASH-associated HCC. The study
revealed that the usage of low-dose aspirin is linked with a considerably decreased
risk of HCC and liver-associated death. NASH-related liver cancer is caused by a
variety of immunological mechanisms. NKT cells mediate lipid uptake via LTBR
activation on hepatocytes, and metabolic stimulation of intrahepatic CD8 + T cells
and NKT cells, for example, has been demonstrated to induce NASH and HCC via
hepatocyte cross talk. NKT cells primarily cause steatosis via secreted LIGHT, while
CD8+ and NKT cells cooperatively induce liver damage. The metabolic machinery in
hepatocytes is downregulated as a result of this cross talk, which involves direct inter-
action between immune cells and hepatocytes via Fas and release of porforins and
granzymes as well as indirect communication via secreted substances (e.g., cytokines,
chemokines), resulting in increased metabolic, endoplasmic reticulum, and mito-
chondrial stress. Surprisingly, human NASH has been found to have a considerable
elevation in the number of intrahepatic CD8 + PD1 + T cells. As previously stated,
metabolic imbalance triggers autoaggression in these CD8 + PD1 + T cells, culminat-
ing in MHC I independent cytotoxicity against hepatocytes and necroinflammation.
This autoaggressive behavior of CD8 + PD1 + T cells has implications for patients
receiving ICIs for NASH-associated HCC: nonviral HCCs, particularly NASH-
associated HCCs, are less susceptible to these drugs than viral HCCs. This discrepancy
has been linked to the autoaggressive intratumoral CD8 + PD1 + T cells losing their
tumor surveillance function, resulting in a protumorigenic milieu.

Alcohol consumption is responsible for up to 30% of all HCC cases worldwide.
The mucosal damage caused by alcohol might result in an impaired intestinal bar-
rier function, enabling toxins of gut-inhabiting bacteria such as endotoxins to enter
the systemic circulation and to contribute to liver injury after alcohol consumption.
Alcohol increases gut permeability, allowing immunomodulatory microbiota-derived
PAMPs such as LPS to enter the liver and decrease hepatic immune reactions, pre-
sumably through effects on resident macrophages. NASH is linked to an increase
in protumorigenic, immunosuppressive granulocytic MDSCs in the liver, as well as
a decrease in T cell migration to the liver. Furthermore, the neutrophils in the liver
parenchyma are a hallmark of alcoholic hepatitis, which is thought to influence the
hepatic immune landscape.

2.6 The modulatory of the microbiota

Dysbiosis has been seen in various phases of chronic liver injury, including
HCC, according to several investigations. The gut microbiota increases HCC
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development in the setting of chronic liver injury, presumably via microbial
metabolites or PAMPs, according to in vivo studies using a mouse model. Through
the primary to the secondary conversion of luminal bile acids, the microbiota of
the stomach can reduce immunosurveillance and accelerate the progression of
HCC. Furthermore, metabolized bile acids (deoxycholic acid, a secondary bile
acid) have been demonstrated to cause senescence in hepatic stellate cells, leading
to the production of numerous cytokines such as transforming growth factor-f1,
angiotensin II, leptin) that enhance the progression of HCC. The relevance of the
gut microbiota in influencing systemic immunity, including immunotherapeu-

tic reactions and chemotherapy-induced immunological effects, is now widely
recognized. The antigenic epitope tail length tape measure protein 1 (TMP1) in
the genome of bacteriophage Enterococcus hirae had high similarity with the
proteasome subunit beta type-4 (PSMB4) tumor antigen. They activated CD8+ T
cells simultaneously and improved the efficacy of PD-1 blockade therapy. It has
been demonstrated that the antigen epitope SVYRYYGL (SVY) expressed in the
commensal bacterium Bifidobacterium breve was similar to the tumor-expressed
antigen epitope SIYRYYGL (SIY), resulting in SVY-specific T cells recognizing SIY
and inhibiting tumor growth. However, further research on the impacts on hepatic
immunity is still needed.

2.7 HCC immune classification

Few studies have attempted to classify HCC according to its immunological status.
The “Inflammatory” and “Lymphocyte Depleted” clusters were found prominent in
HCCs, according to a pancancer analysis based on clustering of immune-associated
gene expression profiles. Using a transcriptome deconvolution technique, the first
thorough immune categorization of HCC was published in 2017, which found an
“Immune” class (which accounts for 25% of HCCs). Immune tumors have an elevated
level of immune infiltration, enhanced PD-1/PDL1 signaling, and signature enrich-
ment that mimics the response to ICIs in other solid tumor types.

More recently, a modification of this classification established an “Inflamed”
class of HCC, which accounts for about 30-35% of tumors, expanding the previ-
ously documented immune class with an additional subset of tumors labeled as an
“Immune-like” subclass. This novel subclass is distinguished by the presence of
CTNNB1 mutations and significant activation of interferon signaling and immu-
nological activation. T-cell-inflamed tumors are characterized by type I interferon
(IFN) activation, immune potentiating chemokines, antigen presentation, cyto-
toxic effector molecules, and activated CD8+ T cells. The inflamed tumor micro-
environment is additionally characterized by IFN-induced inhibitory pathways
such as programmed death-ligand 1 (PD-L1) and indoleamine-2, 3 dioxygenase
and higher proportions of FOXP3+ regulatory T cells. Patients with HCC have a
higher proportion of inflamed tumors, and those patients who responded to anti-
PD-1/PDL1 antibodies were shown to be enriched in the inflamed class. In the
“Noninflamed” class of HCCs, two subclasses have been evaluated based on the
mechanisms of immune escape: (1) an “Intermediate” class with TP53 mutations,
elevated levels of chromosomal instability, and frequent deletions in subcyto-
bands harboring genes linked with interferon signaling or antigen presentation;
and (2) an “Excluded” class with CTNNB1 mutations and immune desertification
features.
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3. Landscape of immunotherapy for HCC
3.1 Immunotherapy for early-stage HCC

Early-stage (BCLC 0 and BCLCA) HCC patients can benefit from treatments such
as surgery, liver transplantation, and radiofrequency ablation (RFA) [9]. However,
recurrence after liver surgery is prevalent and closely linked to poor overall survival,
with recurrence rates of up to 50% and 70% following 2 and 5 years, accordingly
[1]. Recurrence is linked to the manifestation of thrombocytopenia, cirrhosis, and
satellite lesions [10]. Furthermore, various immunological variables were found
with relatively poor resection effects. High PD-L1 expression is linked to an elevated
level of immunosuppressive molecules including regulatory T-cells (also known as
Tregs) and myeloid-derived suppressor cells (MDSCs) as well as the attenuation of
cytotoxic elements such as interferony [11-14]. High CD3+ and CD8+ T cell density
in the tumor core and margin, as well as related immune scores, which are based
on the number of CD3+ and CD8+ lymphocytes in the intratumor (from the tumor
core to the periphery), are linked to a much lower probability of HCC recurrence
postsurgical treatment [15, 16]. For patients with unresectable HCC or HCC with
end-stage liver disease, liver transplantation is an alternate and possibly ideal thera-
peutic option. However, only a small percentage of HCC patients match the transplant
criteria, and the restricted number of transplant centers makes liver transplantation
an unrealistic option for many patients due to the chronic shortage of donor organs.
Hence, it is needed to combine adjuvant and neoadjuvant immunotherapy to elevate
the likelihood of cure post HCC surgery.

3.1.1 Adjuvant treatment

Post resection, numerous adjuvant therapies were undertaken in the hopes of
enhancing survival, but none of them was found successful. Systemic treatment has
relied heavily on sorafenib over the previous decade, making it the only medicine
approved for first-line treatment since 2017. Currently, the approval of lenvatinib
has been accepted in the practice of first-line setting [17]. T lymphocytes that have
been grown ex vivo with cytokines make up CIK cells. In an open-label, phase-3 trial
involving 230 patients (associated with HCC) who experienced surgical resection,
patients who got CIK lived 44 months longer than those who received placebo (HR,
0.63; 95% CI 0.43-0.94; p = 0.010). However, despite these recent advancements, no
adjuvant therapy has consistently proven effective.

3.1.2 Neoadjuvant therapy

Neoadjuvant therapy is a treatment strategy applied prior to the primary cancer
treatment to enhance the rate of success for the primary treatment. In neoadjuvant
therapy, ICIs can take advantage of the elevated levels of tumor antigens present in
the primary tumor to enhance the proliferative potential of tumor-specific T lympho-
cyte clones already existing in the TME [18]. Mice administered neoadjuvant Tregs
level was reduced due to diphtheria toxin fragments. While anti-CD25 lived consider-
ably longer (250 days) than control mice (100 days) in preclinical models of triple-
negative breast cancer [19]. A limited time interval between the first administration
of neoadjuvant immunotherapy and primary tumor excision was found essential for
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maximum efficacy in a second trial, whereas a greater time interval abolished thera-
peutic efficacy in the neoadjuvant context. The viability of neoadjuvant cabozantinib
with nivolumab in HCC was investigated in a single-arm phase 1b study [18]. The trial
included 15 unresectable patients, 12 of whom had successful margin-negative resec-
tion after neoadjuvant cabozantinib and nivolumab therapy. Furthermore, responders
showed enrichment of CD138+ plasma cells and a specific spatial rearrangement of B
cells, with B cells in close proximity to other B cells, indicating that this combination
modulated the TIME. These findings point to the need for a B-cell orchestration of
antitumor immune responses. Immunotherapy is also being researched as a neoadju-
vant treatment for liver transplantation. In HCC patients that meet the Milan criteria,
the combination of lenvatinib and pembrolizumab is being tested in PLENTY202001
before liver transplantation. The usage of ICls in the transplant scenario poses consid-
erable safety concerns, as it can result in allograft rejection, which can be deadly [20].
As aresult, solid organ patients are routinely excluded from clinical trials employing
ICIs. The PLENTY202001 is an outlier in this regard, as it will collect extremely valu-
able safety data.

3.2 Intermediate HCC immunotherapy

TACE is the gold standard of therapy for intermediate-stage BCLC-HCC (B). This
immunotherapy significantly improves OS [21]. In addition, TACE seems to influence
the immunological response of tumors [22-24]. TACE can improve both the antitumor
immune response and the pro-inflammatory tumor response by lowering Tregs and
fatigued effector T-cells in the tumor core [23]. HCC patients (n = 32) who were not
eligible for liver surgical resection or transplantation were evaluated for the efficacy and
safety of tremelimumab (anti-CTLA-4) with ablation [25]. Tremelimumab was given to
patients every 4 weeks for six doses. They had TACE (subtotal radiofrequency ablation)
on day 36. Five of the 19 evaluable patients had an established partial response, and the
median OS was 19.4 months. Six-week tumor biopsies revealed an increase in CD8+
T cells in those individuals who had a therapeutic benefit. Hence, the combination of
locoregional plus immunotherapy for HCC at the intermediate stage is mechanistically
justified. Because it enrolled patients with unresectable HCC. Furthermore, The IMbrave
150 trial revealed information regarding HCC-associated patients at an intermediate
stage [8]. The ABC-HCC study proposes a novel type of primary endpoint called time-
to-failure of treatment strategy, which assesses the time until the investigator discontin-
ues either treatment strategy (systemic therapy or TACE) due to failure [26].

3.3 Immunotherapy for advanced-stage HCC

Immunotherapy has been shown to be effective in the treatment of advanced HCC.
ICIs, particularly those that target PD-1 or PD-L1, are the most commonly used drugs.
They’ve been studied in big clinical studies both individually and in combination, and
they have now become an important aspect of HCC treatment. Furthermore, new
immunotherapies, including adoptive cell therapy with considerable improvement in
ICT’s therapeutic efficacy against HCC.

3.3.1 Monotherapies with ICIs

A monoclonal antibody, i.e., nivolumab, targeting PD-1, was originally investi-
gated in HCC in phase I/II CheckMate 040 investigation, which comprised 262 HCC
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patients with a previous history of sorafenib treatment. Nivolumab had a median
response length of 73.87 weeks (95% confidence interval (CI) 6-24) and an ORR of
14 percent by RECIST 1.1 (18% by mRECIST) [27]. The study found a median OS

of 15.6 months and a safety profile that was similar to prior nivolumab trials. Asa
result, the FDA granted nivolumab expedited approval for patients with advanced-
stage HCC who had previously received sorafenib treatment. In the CheckMate 459
research, nivolumab was compared with sorafenib as a first-line treatment in patients
with advanced HCC who had not previously undergone systemic treatment.

In HCC patients (with a previous history of sorafenib treatment) after intoler-
able toxicity or rejection of sorafenib, the trial-22 (phase 1/2) found a median OS of
65.6 months (95% CI 7.7-24.6) and a median PFS of 8.69 months (95% CI 1.8-5.4)
with an acceptable safety profile for tremelimumab monotherapy. Tremelimumab
plus durvalumab (anti-PD-L1), on the other hand, had a better overall benefit-risk
ratio [28]. Furthermore, early growth of Ki67+ CD8 + T cells was linked to response
to either the single treatment or the combination. This is the final trial that potentially
leads to global regulatory clearance for a single drug checkpoint inhibitor. The focus
and expectations have shifted to combination therapies in general.

3.3.2 Dual therapeutic strategy using ICIs and anti-VEGF antibodies

Based on the positive results of the IMbravel50 phase-3 trial 8, the combination of a
PD1/PD-L1 inhibitor and a VEGF blocker has become a new strategy to treat advanced
HCC [8]. The IMbravel50 experiment resulted in the approval of atezolizumab plus bev-
acizumab as first-line treatment for unresectable HCC in the United States and Europe,
replacing the TKIs sorafenib and lenvatinib. Inhibition of PD-L1, which increases the
immune response (especially T-effector cells), and inhibition of VEGF, which stimulates
T-cell infiltration in the tumor microenvironment and overcomes VEGF-mediated
immunosuppression, is thought to have synergistic antitumor efficacy [29].

The ORIENT-32 phase 2/3 trial compared sintilimab (anti-PD1) and IBI305 (a beva-
cizumab biosimilar) to sorafenib in systemic treatment-naive Chinese patients, similar
to the IMbravel50 trial (NCT03794440). In comparison to sorafenib, sintilimab/IBI305
exhibited an elevated median OS and PFS (median OS: not attained vs. 10.4 months;
median PFS: 41.2 weeks vs. 12.17 weeks) with acceptable tolerability of [30].

3.3.3 Combination therapies of PD-1and CTLA-4 inhibitors

Immune checkpoint inhibitor therapy for cancer patients has undoubtedly been a
big achievement in oncology in recent years, and it represents a huge stride forward
as anovel type of immunotherapy in cancer treatment. The combined ICls includ-
ing (anti-CTLA-4, and anti-PD-1/L1) are currently being investigated in advanced
HCC. The CheckMate 040 trial, which evaluated nivolumab with ipilimumab in 148
patients with advanced HCC who had developed resistance to sorafenib, yielded
the first clinical data [31]. The underlined therapy has been approved by the FDA
post successful results of the trials. Moreover, systemic steroids are needed to treat
adverse events.

3.3.4 Combination therapies of the checkpoint and multi-kinase inhibitors

Anti-VEGF antibodies can be replaced with ICIs and TKIs to inhibit VEGF.
Currently, several such combinations are being investigated. As a secondary outcome
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measure, cabinozantinib monotherapy is compared with sorafenib. In a phase 1b trial
involving 104 patients with unresectable HCC, the combination of lenvatinib with
pembrolizumab was found to have potential anticancer efficacy [32].

Finally, camrelizumab (SHR1210, anti-PD-1) and apatinib (rivoceranib, a TKI
inhibits VEGFR2) were tested in the clinic. An ORR of 50% was observed in a phase 1
investigation of individuals with advanced HCC [33]. The combination therapies are
being evaluated as a first-line treatment for patients with advanced HCC in the phase
3 clinical trial.

3.3.5 Systemic treatment beyond ICIs

The most common method of cancer immunotherapy is the attenuation of the
immunological checkpoints PD1/PD-L1 and CTLA-4. LAG-3 is an alternative immu-
nological checkpoint that suppresses T-cell function, indicating T-cell depletion. In
phase 2 RELATIVITY-073 trial in advanced, ICI-naive HCC post-progression on prior
TKI therapy, relatlimab, an antibody that blocks LAG-3, is being tested in combina-
tion with nivolumab. Additionally, a growing number of novel immunotherapeutic
methods are being investigated. Where today’s ICIs fail, such interventions could be
effective. Adoptive transfer of NK or T cells to increase tumor infiltration, for exam-
ple, could benefit patients whose tumors arent infiltrated by effector immune cells.

Besides classic checkpoint inhibition, the majority of immunotherapies are still in
the preclinical or early clinical stages, and these include allogeneic NK cells, CAR-T, as
well as oncolytic viruses [34]. CAR-T cells targeting GPC3 are currently being studied
in phase 1 trials. Moreover, autologous T cells expressing improved TCRs specific for
AFP (AFP ¢332 T) are being tested in HLA-A2-positive people with advanced HCC in
the first phase 1 experiment targeting AFP. Pexastimogene devacirepvec (Pexa-Vec)
failed in the TRAVERSE phase 2b trial and the PHOCUS trial as a second-line mono-
therapy in advanced HCC [35, 36]. Pexa-Vec and nivolumab are currently being tested
in a phase 1/2a experiment. Novel immunotherapeutic techniques have the potential
to provide immunotherapy benefits to a larger number of patients. However, it is not
yet obvious which approaches will enhance or even replace current systemic thera-
peutic strategies.

4. Other HCC immunotherapies
4.1 Adoptive cell therapy (ACT)

In ACT combined with effector cells, lymphocytes are activated and/or ampli-
fied ex vivo before being reintroduced into the patients. Redirected peripheral blood
T cells, TILs, CIK cells, NK cells, and lymphokine-activated killer cells (LAKs) are
among the cell types that are used in this procedure. T-lymphocytes in the peripheral
circulation have been genetically recoded to preferentially target tumor cells. The two
basic techniques are chimeric antigen receptors (CARs) and transgenic tumor anti-
gen-specific TCRs. CIK, TIL, and LAK therapies are not affected by the cancer-asso-
ciated genes. Except in LAK, CIK, and CAR T cells, MHC-specific antitumor activity
has been found in TIL and TCR-redirected cells. Usually, adoptive transplant cells are
preconditioned with fludarabine and cyclophosphamide to promote lymphodepletion
and enhance in vivo growth. Patients receiving LAK, CIK, or TIL treatment are often
given IL-2 to assist the transferred cells’ proliferation in vivo.
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Because of the technology’s apparent complexity and absence of efficiency, the
first attempts to use ACT to treat HCC never got to the clinical stage. The fact that
LAK cells poorly develop ex-vivo and have a poor cytolytic impact in melanoma
patients serves as an example of the intricacy of this system. HCC recurrence was
reduced by using LAK cells as an additive following resection to reduce the risk
of HCC recurrence. However, this had not improved survival. However, CIK cells
are more cytotoxic and proliferative when compared with LAK cells. NKT cells
principally contribute to the antitumor effect of this diverse population. In 2015, a
multicenter, randomized phase III trial involving 226 patients demonstrated that
combination immunotherapy with CIK cells increased PFS and OS of HCC patients
following percutaneous ablation or curative surgical resection relative to the patients
who did not receive combination therapy. Considering the underlined outcomes, the
majority of institutions do not use ACT as adjuvant therapy, most likely due to a lack
of in-house cell therapy facilities. From tumor samples (fresh), TILs were obtained
followed by selecting the tumor-reactive growing cells on the basis of their autologous
cell recognition. Next, these cells were amplified to produce many active cells. The
effectiveness of combined TIL treatment was indicated in a Phase-I study with indi-
viduals who had HCC7. TILs were given to 15 of 17 patients, with doses up to 3 x 10 [9]
cells administered with the least side effects. The major challenges for clinical usage
are obtaining sufficient T-cells that are selective for tumor neoepitopes and shorten-
ing the underlined procedure.

NK cells have a wide spectrum of receptors that allow them to identify tumor cells
even without prior sensitization or the acquisition of receptor reconfiguration. For
clinical usage, their inability to grow in vitro may be overcome. Phase II clinical trials
are now using allogeneic NK cells to treat patients who have an increased risk of HCC
recurrence following surgery or TACE.

In the treatment of hematologic malignancies (such as leukemia, multiple
myeloma, and lymphoma), CAR T cell therapy has shown significant promise;
however, its use in solid tumors is still under investigation. CAR T cells express trans-
membrane, intracellular signaling domains, and antigen-recognition domains that
are common features of CAR T cells. One-chain variable fragments produced from
the variable heavy and light chains of monoclonal antibodies selective for certain
tumor cell targets, which can be tumor antigens, usually make up the extracellular
antigen-recognition domains. In HCC, GPC3 has emerged as the most specific and
appealing target. The efficacy of orthotopic and patient-derived xenografts has been
demonstrated in various animal models. One of the most serious issues with CAR T
cells is off-target toxicity. This occurs when the expression of the targeting molecule is
in non-tumor tissues.

According to several studies, AFP is often overexpressed in HCC. Due to its
intracellular expression and secretion, TCR-based therapy is relatively more effective
when compared with CAR-based therapies. In patients associated with HCC, four
HLA-A2-restricted AFP epitopes were identified. TP53 hotspot mutations, which
are common in HCC and HBV antigens, are two more possible targets for T-cells
(TCR-engineered).

4.2 Therapeutic vaccines

The key stimulus for using cancer vaccines is to induce tumor-specific reactions
with higher efficacy. The underlined impact can be obtained by de novo priming
T-cells against antigens produced by tumor cells that do not generate a spontaneous
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response and further enhancing the remaining reactions or expanding the repertoire
and breadth of tumor-specific responses. Vaccinations were once thought to be a
stand-alone treatment. However, it is now obvious that they should be used in combi-
nation with ICIs or ACT. Combinations of ICIs could block these variables, making it
easier for antitumor lymphocytes to accomplish their activities.

In situ therapeutic vaccines act by activating tumor-infiltrating APCs, which
absorb and display endogenous TAAs. Classic tumor vaccines, on the other hand,
rely on the exogenous delivery of antigens or antigen-pulsed DCs. Cancer antigens
should be immunogenic enough to overcome the tolerance induced by multiple self-
molecules appearing on tumor cells, while also conferring selectivity for tumor cells
and blocking the response of non-tumor cells. Antigen identity is uncertain in tumor
lysate, which comprises self-molecules that could not confirm the accurate view of
relevant TAA. Using tumor cell lysates as a treatment for HCC in a number of trials
did not lead to consistent results.

TAAs including GPC-3, AFP, and telomerase have been addressed as HCC peptide
vaccines (antigens specific). HCC patients have revealed spontaneous T-cell responses
to the above antigens, suggesting that they are immunogenic in some way. In the major-
ity of cases, T-cell sensitivity to their corresponding antigen is unclear. Hardly a few
telomerase and GPC-3-targeting techniques have progressed to clinical evaluations, and
none of them has yielded clinically relevant data that could serve as an active pharma-
ceutical candidate. One of the problems with the approach of therapeutic vaccination is
tumor phenotypic heterogeneity and the real possibility that despite best efforts, some
tumor cells will simply not be targeted by the vaccine, even if the vaccine is multivalent.

The identification of real tumor-specific antigens should be used to develop more
immunogenic vaccinations. HLA peptidomics approaches are the first option that can
be used to identify peptides that utilize peptides and serve as a unique immunologi-
cal signature that CTLs may identify. On the basis of this method, a vaccine clinical
evaluation has completed recruitment in HCC.

The use of neoantigens is a second approach. Their detection is based on a com-
plicated pathway that involves analyzing mutations in tumor cells in comparison
with wild-type cells. This method is utilized to investigate mutant gene expression
as well as immune-associated factors including epitope process ability and HLA
molecule interaction. Furthermore, the method has been used to anticipate signifi-
cantly immunogenic neoantigens with antitumor potential as vaccines in different
tumors, including glioblastoma and melanoma. There is a need for extensive studies
to clinically evaluate HCC. Only a limited number of studies have been reported that
relate the existence of mutations to specific immune responses. According to the
results obtained from our ongoing research, mutations observed in HCC patients may
generate peptides with stronger HLA-interacting potential when compared with non-
mutated wild-type sequences. This research is still being conducted by our group.

It has been shown that these peptides stimulate T-cells to recognize only the mutant
sequence and not the wild type in HLA-transgenic mice, implying that the method
could possibly be used as a vaccination for HCC.

5. Locoregional therapies

The immune system has developed to deal with microbial infections as well as
severe tissue injuries. These situations are recognized by interconnected innate
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receptors, the function of which determines whether or not an adaptive immune
response is produced and progresses. Furthermore, these activities may influence
whether tumor antigens trigger immunization, tolerance, or not. As a result, hard
efforts have been made over the years in order to develop cancerous tissue that seems
like diseased or stressed tissue, which might encourage cytotoxic immunity’s adaptive
response. Immune cell death and the use of PAMPs are two important concepts to
look into in this context.

Immunogenic cell death (ICD) occurs when cells secrete or synthesize alarmins, a
group of proteins that signal and stimulate APCs, i.e., DCs. ICD is linked to ER stress,
necroptosis or necrosis, the secretion of mitochondrial and nuclear substances, and
the activation of the Type-I IFNs. Moreover, chemo and radiotherapies, as well as
other physical stimuli, activate cell and tissue damage and enhance immunity against
tumor progression.

The immune system is activated by entities other than viruses, bacteria, and other
prokaryotic entities. This reactivity allows drugs such as inflammasome agonists,
Toll-like receptor (TLR) agonists, MDAS or RIGI agonists, and cGAS—STING ago-
nists to be delivered locally, stimulating localized immunity. These substances are
usually synthetic analogs or obtained from microbial products, and when adminis-
tered systemically, cause systemic inflammation and sepsis-like cytokine secretion
syndromes. They may be more potent in triggering an immunological response with
fewer adverse effects when administered intratumorally. Microorganisms can boost
antitumor immunity without using their immune-stimulating substances. Therefore,
Bacillus Calmette-Guérin vaccine is used for the local treatment of superficial bladder
carcinoma. Oncolytic virotherapy is an effective therapeutic technique against cancer
progression. This technique employs viruses that proliferate specifically in cancerous
cells in order to kill them, with promising results in HCC. But instead of the cyto-
pathic effects of the viruses, it has become clear that most of the therapeutic benefits
of virotherapy come from boosting immune responses that target tumor antigens.
Also, spores of anerobic bacteria have been used to amplify immune responses against
tumors, since they only germinate in hypoxic environments, which occur in tumor
nodules. This is why some bacterial infections trigger immune stimulation that in turn
target tumor cells.

Locoregional methods are highly recommended for the treatment of individuals
with unresectable HCC. Catheter-based procedures (yttrium-90 irradiation and
transarterial chemoembolization) and locoregional ablative treatments, either chemi-
cal (percutaneous ethanol injection) or thermal (thermal ablation), are examples of
image-guided therapies (laser, microwave, and radiofrequency ablation, and cryoab-
lation) [4]. HCC is favorable for local therapies that can trigger ICD or local delivery
of PAMPs due to its easy availability to tumor-affected regions. Notably, multiple
locoregional therapies can be used independently or in combination with systemic
immunotherapies, to obtain an elevated level of immune activation. Following RFA,
immunological responses are activated, and T-cells infiltrate the tumor. In patients
with advanced HCC receiving tremelimumab, partial tumor ablation with RFA or
TACE achieved a 26% and 89% response rate and disease control rate, respectively.
Furthermore, 45% of stabilizations last longer than 26.07 weeks and have an OS of
53.45 weeks [22]. As a result of these encouraging findings, clinical trials involving the
use of ICIs, whether alone or combined with other ICIs or bevacizumab, in accor-
dance with chemo, radioembolization, or post-complete percutaneous or surgical
ablation, have given considerable support.
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6. Reactions and resistivity

It is critical to developing pretreatment baseline levels of T-cell infiltration and
stimulation when evaluating response to checkpoint inhibition in different carci-
nomas. While the influence of CD4+ and CD8 + T-cell infiltration on survival post
advanced HCC treatment using second-line PD1 inhibitors has been observed in the
form of poor interactions and trends. The underlined results show that the impact
is not as significant as originally assumed. According to the immunohistochemistry
results, about 20% of advanced HCC tumors express PDL1. Tumor responses were
reported in the CheckMate 040 trial independent of PDL1 expression. However,
response rates were higher in patients with a minimum of 1% of tumor cells expressing
PDL1. PDL1 expression in stromal immune cells as well as in tumor cells was elevated
in pembrolizumab-treated patients who obtained objective remission. However,
according to the obtained results, the responses were observed even in the absence of
expression in both types of cells. In naive patients associated with PDL1-positive HCC,
median OS was 70 weeks and 37.3 weeks (HR 0.80), accordingly. In the case of PDL1-
negative HCC patients, after sorafenib and nivolumab treatment, the median OS was
72.6 weeks and 66 weeks (HR 0.84), respectively. Furthermore, a trend toward better
OS with nivolumab monotherapy was observed in patients with increased tumor
infiltration via CD3 + or CD8 + cells. In addition, various signatures of inflammatory
genes (such as COX-2) were linked to an elevated response rate and OS. The underlined
gene signatures were linked to inflammatory activities, cytolytic genes, IFN-associated
genes, exhaustion markers, NK cell markers, and antigen presentation. In this view,
these findings reveal an elevated level and activity of T cells and NK cells that utilize
cytolysis and IFNy as their primary antitumor effector mechanisms. In this study, the
most complicated transcriptome classification, which includes a huge set of genes, was
not found to be predictive of response. However, in the current evaluation, the number
of patients for whom small data of RNA sequencing were existing, as large sample data
could provide more definitive outcomes (positive or negative). Integrating genomics
and transcriptomics into immunotherapy effectiveness will include comprehensive
integrative analysis as well as obtaining biopsy samples before and during therapy.

Patients with objective remissions demonstrated potent CD3 + and CD8 + infiltra-
tion as compared with non-responders in paired HCC biopsy samples taken prior to
and post two doses of tremelimumab. In the case of the combinations, objective HCC
remissions were achieved regardless of PDL1 expression in nivolumab + ipilimumab
treated cancerous cells. A single biomarker is insufficiently sensitive to provide timely
clinical data. However, thorough immunohistological, mutational, and transcriptomic
evaluations are required, as integrated multifactorial indices may be able to determine
subgroups of individuals who would take advantage of ICI treatment. The signifi-
cance of matching biopsies prior to and following treatment cannot be emphasized,
since diagnostic biopsies for HCC are rarely taken.

The question of whether we are dealing with synergistic effects or just an additive
impact arises when evaluating the enhanced combination of ICI therapeutic efficacy.
Complementary analysis from major clinical studies is still lacking. Nevertheless, a
subgroup analysis has reported a correlation between durvalumab, tremelimumab, or
both in combinations. Furthermore, on day 15 after therapy began, an elevated level
of proliferating Ki67 + CD8 + T cells among blood mononuclear cells was observed.

In particular, in comparison with durvalumab, tremelimumab monotherapies, or the
combined effect of a routine low dosage of tremelimumab with a similar dosage of
durvalumab, the elevation in the underlined population of peripheral effector T-cells
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was found optimum for responders to an elevated priming dosage of durvalumab plus
tremelimumab. The underlined combined therapies obtained the highest OS. It could
be helpful to use biomarkers that are easily available to help design new combinations
of therapies and to compare data between combinations. Significant TME changes
were found in animal models with VEGFR blockade. The blockage of VEGFR improves
PD1 inhibitory activity. According to multiple reported studies on mouse models,
combined VEGFR and PD1 inhibition decreases M2-polarized macrophages and T-reg
cells, enhances HCC cells and PDL1 expression in TAMs, and enhances normalized
vasculature development triggered by CD4 + cells. Notably, effectiveness was achieved
with a low dosage of anti-angiogenics (vascular normalizing rather than anti-vascu-
lar), offering a promising path of research into minimizing the associated toxicities.
The development of ADAs (anti-drug antibodies) that can affect the elimina-
tion of these drugs or neutralize their effectiveness is another viable cause of tumor
resistance. The estimated prevalence of ADAs during monotherapies with anti-
CTLA4 (ipilimumab), anti-PD1 (cemiplimab, nivolumab, and pembrolizumab), and
anti-PDL1 (durvalumab and avelumab) agents is low, ranging from 0 to 12.7% in all
tumor types. While no relevant impact of ADAs on efficiency has been noticed for
nivoluma. ADAs, on the other hand, were found in up to 36% of NSCLC patients who
had received atezolizumab and had a negative impact on systemic exposure to the
drug as well as antitumor effectiveness. In the case of HCC, effectiveness (impact on
OS) was poorer in the 20% of patients (ADA-positive by week 6) treated with bevaci-
zumab and atezolizumab in a subanalysis of the IMbrave150 study. PD-L1 and CTLA4
are only two molecules that are involved in T cell exhaustion. There are many others
on the surface of tumor cells that could compensate. Also, CTLs may have a hard time
penetrating solid tumors, especially those that are encased in a fibrous capsule. This
may also limit the effects of immunotherapy.

7. Management of immunotherapy toxicities
7.1 Immune-associated side effects

Immune checkpoints or coinhibitory receptors including CTLA-4 and PD-1 control
T cell reactions and are efficient therapeutic targets [37, 38]. One of the drawbacks of the
underlined advancements in the development of a novel spectrum of immune-related
adverse events (irAEs), which are frequently distinct from the conventional toxicities
associated with chemotherapy. Due to the rising use of ICIs in oncology, clinicians will
progressively encounter both frequent and rare irAEs; hence, it is needed to increase
attention regarding the clinical manifestation, evaluation, and managing these toxicities.

Unlike anti-CTLA-4-related adverse events, the risk of irAEs caused by PD-1/
PD-L1 inhibition is independent of dosage [39, 40]. The skin and gastrointestinal tract
were the most commonly affected organ systems by anti-CTLA4 and PD-1/PD-L1
inhibitors, whereas the liver and the endocrine system were less frequently damaged
[39, 40]. However, ipilimumab was found to be linked with a considerably elevated
incidence of rash and colitis than anti-PD-1/PD-L1 medicines [41].

7.2irAEs management

Since irAEs are linked with a large array of aggravating conditions in the HCC,
hepatologists face numerous hurdles while detecting and treating them. First,
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liver cirrhosis causes immunological dysfunction, which worsens over time [42].
Consequently, the immunological homeostasis linked with the liver in these patients
is substantially damaged. Second, cirrhosis-related hepatic and extrahepatic
consequences may overlap with or intensify symptoms mediated by irAEs [43].
Consequently, prior to ICI therapy, HCC patients should be carefully selected and
evaluated [43].

Furthermore, the underlined approaches should be utilized for managing irAEs.
First, strict surveillance is required, with weekly clinical controls, based on the inten-
sity of the incidents. This is especially critical in patients with liver cirrhosis because
distinguishing between problems (linked with cirrhosis) and irAEs can be difficult,
and prematurely terminating a considerable antitumor therapy or initiating steroid
therapy in cirrhotic patients might have serious implications [43].

Depending on the nature and severity of irAEs, it may be required to temporarily
stop or permanently discontinue ICI therapy. With the exception of PD-1/PD-L1-
driven rash, nephritis, adrenal insufficiency, and hypothyroidism, which recover after
1 month of treatment, permanent termination of ICI therapy should be addressed for
irAEs of grade > 3 [43]. There is a considerable risk of recurrence of irAEs when ICI
medication is restarted after it has been discontinued: Twenty-five percent (22 of 40)
of the 93 patients with irAEs of grade > 2 who were treated with anti-PD-1/PD-L1
drugs had a recurrence of irAEs post-termination [44]. While recurrence of irAEs
was linked with a more rapid onset of the early irAE, the frequency of the recurring
irAEs did not vary [44]. TKIs used for HCC include sorafenib, lenvatinib, regorafenib
and cabozantinib, all of which are associated with skin toxicity. However, the type
of adverse effect and time course can help distinguish between ICI- and TKI-related
events. For TKIs, the onset of rash is usually within weeks of starting and palmar-
plantar erythema is the most common AE, reported in 52% and 27% of patients
receiving sorafenib and lenvatinib, respectively. 29 This compares with around 2%
for PD1 inhibitors. Additionally, the relatively short half-life of TKIs results in rapid
resolution of skin toxicity over the course of days, which contrasts with the weeks or
months that may be required for ICI-related toxicity to resolve.

Glucocorticoids may be prescribed for irAEs of grade > 2 (0.5-2 mg/kg/day
prednisone PO or IV, depending on the kind and intensity of the irAEs). Topical, oral,
and intravenous glucocorticoids, as well as oral or topical antihistamines, are used
to treat cutaneous irAEs, which range from simple rash or itch to less common but
more serious illnesses such as Stevens-Johnson syndrome (SJS) [43]. Stevens-Johnson
syndrome (S]S) is a form of severe adverse drug reactions and is characterized by
epidermal necrolysis. The disease has the unique expression of blisters on the skin
and the affection of mucous membranes in the mouth, nose, eyes, and genitals. SJS is
characterized by a large area of skin and mucosal epithelial cell shedding and typical
performance on the oropharynx, eyes, urogenitals, and anal mucosa. SJS has less than
10% of body surface area involvement. Steroids should be continued for at least 3 days
before being reduced over 1-4 weeks [21, 45]. It should be noted that steroids are only
beneficial in non-viral-associated chronic liver disease. If viruses are involved (HBV,
HCV), steroids will simply permit virus replication to increase, and when steroids are
withdrawn, a severe exacerbation of chronic liver disease may be seen.

Differential diagnosis is required for gastrointestinal irAEs, notably colitis and/
or diarrhea, to rule out infectious illnesses and medication adverse effects [43]. For
grades 2 and > 3, glucocorticoids should be started, and hospitalization with sigmoid-
oscopy/colonoscopy should be considered. Moreover, immunosuppressive medication
should be added early in the case of glucocorticoid failure [43, 46]. Depending on the
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steroid reaction and the severity of clinical presentation, discontinuation should be
done over 2-8 weeks [21, 45].

Immune-related hepatitis is particularly difficult to diagnose and treat in indi-
viduals with HCC who are receiving ICI therapy [43]. However, early contact with
an experienced hepatologist is thus strongly advised. Intrahepatic growth of the
tumor, HBV/HCV flares, and adverse events linked with hepatotoxic medication,
ascites, cholestasis, and CMV reactivation should all be ruled out before a diagnosis of
immune-associated hepatitis is made. A liver biopsy should also be conducted prior to
the administration of steroids [43].

Pneumonitis is an irAE that can be life-threatening. Hence, a prompt and
extensive differential diagnosis should be conducted with suspected pneumonitis,
including the exclusion of portopulmonary hypertension, viral etiologies, and hepa-
topulmonary syndrome [43]. Steroids should be started for grade 2 and discontinued
over a period of 4-6 weeks [21]. Post glucocorticoid failure, infliximab (which is
inflammatory by inhibiting TNFa) or mycophenolate mofetil (an immunosuppressive
compound that inhibits inosine monophosphate dehydrogenase) may be admin-
istered [43]. It should be noted that therapeutic approaches involving prolonged
immunosuppression increase the risk for selected infectious diseases and tumor types
that usually never develop in the presence of intact immune surveillance.

8. Future directions

The licensing of the initial ICIs in advanced HCC and their clinical efficacy have
revolutionized the concept of cancer immunotherapy. However, this field still has to
address three major questions: Is immunotherapy beneficial in the preclinical stage?
If so, it will reduce the risk of disease progression to cancer. In addition to PD-1/
PD-L1/CTLA-4 suppression, which immunological treatments have antitumor effects
in HCC? Which therapy options exist for patients not responding to the presently
approved ICIs? Perhaps immunomodulation with histone deacetylase inhibitors
(HDAC:i) in combination with ICI would permit a sustained antitumor response with
reduced risk of adverse effects.

In response to the first question, various clinical studies in the initial and interme-
diate stages have reported the use of ICIs. It’s uncertain whether checkpoint inhibitor
exhibit regimens are a TACE alternative. As an alternative, the RENOTACE and ABC-
HCC trials will test atezolizumab with bevacizumab and regorafenib plus nivolumab.
Patients above the up-to-seven criteria, i.e., the subgroup with a relatively great tumor
burden at an advanced stage, were recruited for RENOTACE, whereas patients with
the whole spectrum of intermediate stages of disease were targeted for ABC-HCC. In
addition, the initial trials examining ICIs for neoadjuvant approaches are currently
in progress. The underlined collection of trials will look at the safety and efficacy of
immunotherapy in the initial and intermediate stages from a variety of perspectives,
providing high-quality data that will be useful in understanding the contribution of
ICls in the underlined situations.

To address the second question, there are a number of treatments that are currently
being evaluated in clinical trials, which include the use of oncolytic viruses, CAR T/
NK cells, and LAG-3 checkpoint inhibitors. These treatments might help patients with
established ICIs who are unresponsive or have failed to respond to the treatment.

The third question may also be addressed by the above new immunotherapeutic
strategies. A subset of patients, particularly those with an immunological desert TME,
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is likely to take advantage less of immunotherapy. Although immunotherapy has
made tremendous advances. It should not be overlooked when considering treatment
options for patients who may benefit from existing and future specialized therapies.
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Keypoints

Based on the outcomes of recent clinical trials, it appears that a single agent may
not be sufficient for treating HCC; consequently, combination therapy characterizes
an important area of research for the systemic treatment of advanced HCC. Moreover,
ICIs are now being considered as part of HCC treatments, and their use in combina-
tion with molecular targeted therapy is shown to be an effective way to boost the
immune system’ response. The combined therapy of atezolizumab/bevacizumab is
the first-line treatment to receive regulatory approval.

Immune checkpoint inhibitors (ICIs) may potentially be effective at earlier stages
of illness. Combination therapies are being investigated in the intermediate stage in
combination with or in place of transarterial chemotherapy, which is currently the
standard of care. ICIs are also being explored as adjuvant and neoadjuvant therapy in
the setting of early and very early surgery or ablation.

New research reveals that the control of the commensal gut microbiome and
hepatic antitumor immunity are linked. Moreover, ICIs have been linked to immune-
related side effects. In HCC clinical studies, however, the prevalence of grade 3/4
incidents was moderate. Therefore, ICIs are largely considered to be a choice in
advanced HCC patients.
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Chapter7

Mechanisms of
Hepatocarcinogenesis Development
in an Acidic Microenvironment

Cheng Jin, You-Yi Liu and Bo-Shi Wang

Abstract

Liver cancer represents one of the most common solid tumors globally. Despite
curative improvements made in liver cancer therapy these years, the 5-year survival
rate of liver cancer remains poor. Understanding the mechanisms involved in the
initiation and progression of liver cancer is essential for optimizing therapeutic strat-
egies. In recent years, it has been discovered that the acidic tumor microenvironment
attributed to increased glycolysis, and hypoxia contributes to liver cancer progression
through promoting cancer cell proliferation, metabolic adaptation, and migration and
invasion. In this paper, research advances in the mechanisms of hepatocarcinogenesis
development under an acidic microenvironment are reviewed.

Keywords: liver cancer, hepatocarcinogenesis, mechanism, acidic tumor
microenvironment

1. Introduction

Liver cancer is the sixth most frequently identified cancer and the third most
common cause of cancer death worldwide [1]. As the early diagnosis of liver cancer is
difficult, most patients are diagnosed at advanced stages and even accompanied with
tumor metastasis. It is critical to fully understand the molecular mechanisms of liver
cancer metastasis, which would be helpful to improve the early diagnosis, treatment,
and prognosis of liver cancer patients [2]. It has been reported that abnormal blood
perfusion and hypoxia, coupled with a glycolytic phenotype, generate acidic micro-
environment, which promotes cancer cell proliferation, metabolic adaptation, and
migration and invasion, playing an important role in tumor development and pro-
gression. However, the molecular mechanisms that coordinate the formation of the
acidic microenvironment in liver cancer remain to be adequately studied [3]. Given
that the tumor treatment strategies targeting acidic microenvironment contribute
to the management of many tumors types [4], the study of key molecular elements
affecting the acidic microenvironment is of great importance for the diagnosis and
intervention of liver cancer. This paper reviews the relevant research mechanisms of
hepatocarcinogenesis and development under the acidic microenvironment, aiming
to provide novel insight for further research studies.
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2. Development of the tumor acidic microenvironment

The acidic microenvironment is mainly produced by tumor energy metabolism
and hypoxia in solid tumors. Stephen Paget proposed the “seed and soil” hypothesis,
stating that metastasizing cancer cells “seed” only in certain especially hospitable
tissues, akin to seeding in “fertile soil” [5]. Since then, subsequent studies have revealed
several classes of metastasis causes, including the tumor acidic microenvironment. In
the 1920s, Otto Warburg first described a phenomenon that cancer cells displayed an
altered metabolism, attaining energy through glycolysis at disproportionately high
rates even under hypoxic conditions (Figure 1) [6]. Glucose is converted into lactic acid
through glycolysis. Nevertheless, energy can still be obtained through the glutaminoly-
sis pathway instead of glycolysis. From both pathways, high amounts of lactic acid are
generated and subsequently discharged into the extracellular space between cancer cells
[7, 8]. Some key transporters and enzymes, including ras, src, p53, glut, etc., are regu-
lated in cancer cells to ensure that the impact of expanded H* is removed. These changes
enhance the rate of glucose uptake to support the rapid proliferation of tumor cells [4].

Hypoxia-inducible factors cannot be effectively degraded by enzymes under
hypoxic conditions that are mainly caused by the rapid proliferation of tumor cells,
resulting in stable and sustained expression in tumor cells [9]. The proliferation, inva-
sion, migration, and energy metabolism of tumor cells are affected by these changes.

2.1 Energy metabolism
Normal cells consume oxygen for energy production. Liver cancer aerobic glycoly-

sis, otherwise known as the Warburg effect, to produce energy [10]. The end products
of aerobic glycolysis contribute to the establishment of the acidic microenvironment.

N « F——>-H0 + 13T
FADH.——H( + 13ATP
Clucose——»Lacticarid + AT

Figure 1.
Energy metabolism in acidic microenvironment.
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In the acidic microenvironment, liver cancer cells regulate aerobic glycolysis by
activating AMP-activated protein kinase (AMPK), PI3K/activity, and other related
pathways, resulting in the increased expression of related proteins and enzymes,
including glucose transporter, hexokinase, fructose-6-phosphate kinase, pyruvate
kinase, and so on (Figure 2) [11]. As a carrier responsible for glucose transportation
across the cell membrane, glucose transporter (GLUT) promotes higher glucose
uptake in liver cancer cells [12]. Hexokinase, fructose-6-phosphate kinase, and pyru-
vate kinase are key enzymes of glycolysis. Relevant studies have shown that inhibition
of the glucose transporter, hexokinase, and pyruvate kinase can attenuate the glucose
metabolism of liver cancer cells, affecting the occurrence and development of liver
cancer [13-16]. Upregulation of the activation ratio of phosphofructokinase [17]
facilitates the adaptation of liver cancer cells to the microenvironment and accelerates
the proliferation and growth of liver cancer cells. The energy needed for the prolifera-
tion of liver cancer cells is provided by these changes, and the same with the material
basis required for establishment of the acidic microenvironment. By adopting a
pattern of energy metabolism that is different from normal cells, the internal and
external microenvironment of liver cancer cells is changed, improving their survival
advantage. From this perspective, inhibiting the activity of glycolysis-related prote-
ases in liver cancer cells may be an effective way to treat liver cancer.

Figure 2.
Various enzgymes velated to glucose metabolism in acidic microenvivonment.
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2.2 Hypoxia

Hypoxia is a key feature of liver cancer, in which hypoxia-inducible factors (HIFs)
play a key role [18, 19]. As the most studied hypoxia factor in liver cancer, the adaptive
response of cells to the hypoxic microenvironment can be mediated by HIF-1, which
is composed of HIF-1a and HIF-1p, as heterodimers that are expressed stably only in
an anoxic environment but degraded rapidly in a normoxic environment [20, 21]. A
variety of genes (such as Ras, C-MYC, p53, AMPK, etc.) and signaling pathways (such
as PKB/Akt, PI3K, mTOR, etc.) can be transcriptionally regulated by HIF-1 and regu-
late the energy production of cancer cells to maintain their proliferation and survival
[22]. It has been reported [23-26] that lactic acid production from of liver cancer cells
can be amplified by HIF-1, which results in altering the activity of enzymes associated
with glycolysis that lead to microenvironment acidification of liver cancer tissues.
This inhibition can affect the growth and proliferation of liver cancer by regulating
the energy metabolism. In addition, it has also been reported that liver cancer cells
and tissues can upregulate the expression of HIF-1 and vascular endothelial growth
factor (VEGF) during hypoxia [27-29]. VEGF is central for neovascularization of
expanding tumor nodules.

3. Maintenance of tumor acidic microenvironment

The production of lactic acid causes the tumor microenvironment to be low in pH.
Tumor cells excrete H" and acid metabolites into the extracellular environment to
avoid intracellular acidosis (Figure 3). To achieve this goal, tumor cells use transport-
ers that mainly include vacuolar-H*ATPase (V-ATPase), Na*/H"* exchanger (NHE),
monocarboxylic acid transporters (MCTs), bicarbonate transporters, and hydrochloric
acid transporters to expel intracellular H". In addition, the carbonic anhydrases (CAs)
can be used to regulate pH by catalyzing the reversible hydration of CO, to form
bicarbonate and a proton in aqueous solutions. The reduction of extracellular pH is
sensed by other complex mechanisms that include G-protein-coupled receptors, T-cell
death-related gene 8 (TDAGS), acid-sensitive ion channels (ASICs), and the transient
receptor potential channels, vanillin subfamily 1(TRPV1), to regulate the tumor
microenvironment [30]. We can understand the occurrence and development of liver
cancer and provide favorable conditions for targeted therapy of liver cancer by study-
ing these transporters and complex pH-sensing molecular mechanisms in liver cancer.

3.1 Study on the mechanism of intracellular pH regulation of liver cancer in an
acidic microenvironment

3.1.1 Vacuolar H*-ATPase (V-ATPase)

Vacuolar H"-adenosine triphosphatase (V-ATPase) is ubiquitously expressed in
eukaryotic cells [31], being situated not only in the membranes of many organelles
but also in the plasma membrane [32]. Studies have demonstrated that V-ATPase is
functionally expressed in some human tumor cell lines and plays an important role
in the regulation of tumor acidic microenvironment [33-35]. V-ATPase has multiple
subunits, and the C subunit of V-ATPase, ATP6L, is the most thoroughly studied.

Xu et al. [36] showed that the expression of ATP6L, the C subunit of V-ATPase, was
elevated on the plasma membrane of liver cancer cells. As it indiscriminately inhibits
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Figure 3.
Molecular mechanism of transport in acidic microenvironment.

V-ATPase in both mammals and non-mammals, palomycin was used to inhibit
V-ATPase, thereby reducing the acid load and pH of liver cancer cells. Further, in an
orthotopic xenograft model, the growth of liver cancer cells was delayed [37]. Tang
et al. [38] showed that the protein expressed by LASS2 can bind to ATP6L and can
inhibit the transmembrane transport of H" by V-ATPase proton pump. In this case,
the mitochondrial apoptosis pathway is activated by increasing the concentration of
hydrogen ions in the cell to induce apoptosis and inhibit the growth of tumor cells.
These results imply that the expression of V-ATPase is increased in liver cancer cells
and involved in the regulation of intracellular pH, while the growth of liver cancer
cells can be effectively delayed by its corresponding inhibition.

3.1.2 Na*/H" exchangers (NHEs)

Na'/H" exchangers (NHEs) are a family of membrane proteins that contribute
to exchanging one intracellular proton for one extracellular sodium. The family of
NHEs consists of nine known members, NHE1-9. Each isoform represents a different
gene product that has unique tissue expression, membrane localization, physiological
effects, pathological regulation, and sensitivity to drug inhibitors [39]. NHE1 was
the first to be discovered and is often referred to as the “housekeeping” isoform of
the NHE family [40]. The NHE protein is activated by increased intracellular H*, can
achieve a one-to-one exchange between intracellular H* and extracellular Na*, and
excess Na' can be regulated by Na*/K*-ATPase in cells, which is a key ingredient in
preventing cellular acidosis [40]. Enhanced glycolysis increases the amount of H* in
cancer cells, by which the NHE protein is effectively activated. Yang et al. [41] showed
that the expression of NHE1 was increased in liver cancer and in cells and closely
related to tumor size, venous invasion, and tumor stage. Kim et al. [42] showed that
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curcumin combined with GR was used to inhibit NHE1 expression in liver cancer
cells characterized by low pH. In addition, Li et al. [43] showed that the growth and
metastasis of liver cancer cells can be inhibited by Ginsenoside (Rg3), which blocks
the EGF-EGFR-ERK1/2-HIF pathway by decreasing the expression of NHE1. As these
results imply that NHE1 is involved in regulating intracellular pH and is upregulated
in liver cancer cells, inhibition of it can effectively delay tumor cell growth and metas-
tasis. Further study of NHE1 may effectively inhibit the progression of liver cancer.
However, the role of other subtypes of NHEs in liver cancer is unclear and needs to be
further studied.

3.1.3 Monocarboxylic acid transporters (MCTs)

MCTs belong to the SLC16 gene family and consist of 14 members, in which
MCT1, MCT?2, and MCT#4 can act as proton transporters to participate in the trans-
port of pyruvate and lactate [44]. In the process of glycolysis a lot of lactic acid is
produced by tumor cells that require large amounts of monocarboxylic acid trans-
porters to pump these acids out of the cell to regulate pH and maintain homeostasis
in the tumor cell environment, which prevents cell apoptosis caused by lactic acid
accumulation [45]. The distribution of MCTs in tissues is determined by the physi-
ological requirements of lactate metabolism (Figure 4). In general, because it has a
high affinity for lactic acid, MCT1 and MCT4, which are expressed in most tissues,
are mainly responsible for the transport of lactic acid inside cells. However, glucose
metabolism determines the level of MCT?2 expression, where its affinity for pyruvate
is much higher than other MCTs molecules, and intracellular pyruvate transport
is mainly completed by it. In some literature reports, MCT1 and MCT4 are highly
expressed in liver cancer, and the high expression of it was significantly correlated
with the malignant phenotype and prognosis of the tumor, but MCT?2 expression is
low in hepatocellular carcinoma [46, 47]. Chen et al. found that the expression of
MCT4 was positively correlated with the expression of GLUT1 and speculated that

" ACIALICATION )

Figure 4.
Related mechanism of MCT in acidic microenvironment.
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there was a positive feedback loop between the growth of HCC and the upregulation
of MCT4/GLUT1 [48]. As an antitumor drug, lonidamine effectively inhibits MCTs,
and it can impair the proliferation, metastasis, and invasion of liver cancer cells by
reducing glycolysis [49]. These results imply that the specific molecular mechanism
of MCTs involvement in the development of liver cancer may be related to MCTs
mediating the shuttle of lactate and pyruvate in and out of liver cancer cells, which
prevents lactic acid from accumulating in the liver cancer microenvironment and
pyruvate from being transported extracellular that inhibits the proliferation and sur-
vival of HCC cells. However, the specific molecular pathways and related mechanisms
remain unclear and need to be further studied.

3.1.4 Carbonic anhydrases (Cas)

Tumor tissues are often exposed to low oxygen that can activate CAs by which
H,0 and CO, are reversibly converted to HCO; so that the chemical reaction can
maintain the normal pH of the cell. CAs can be divided into four categories accord-
ing to their distribution location (cell and subcellular) [50], namely cytoplasmic
type (CAL II, III, VII, XIII), mitochondrial type (cava, VB), secretory type (CAVI),
and membrane-related type (CAIX, XII, XIV, XV). Among them, CAII and CAXII
are the most studied in liver cancer. Xing et al. [51] showed that the expression of
carbonic anhydrase II (CAII) was significantly upregulated in liver cancer compared
with serum CAII concentrations in the normal population and among patients
with non-recurrent liver cancer. Further investigating the molecular mechanisms
involved suggests that Call increases the migration and invasion of liver cancer cells
by activating the epithelial-mesenchymal transition (EMT) pathway. Finkelmeier
et al. [52] showed that the serum CAXII level was significantly increased in patients
with advanced liver cancer (BCLC and ALBI scores). Zeng et al. [53] showed that the
high expression of CAXII was associated with poor prognosis in patients with liver
cancer. UDA et al. [54] showed that the changes in intracellular pH can be caused
by knocking out CAII, which inhibits the progression of liver cancer. Han et al. [55]
showed that the proliferation of liver cancer can be inhibited by tiliroside by blocking
CAXII. These findings suggest that CAXII may also be a prognostic indicator of poor
prognosis in patients with liver cancer. The molecular mechanisms of CAII and CAXII
affecting the progression of liver cancer need to be further explored, and the specific
roles of other subtypes of CAs in the progression of liver cancer need to be further
determined. However, according to current studies, CAIl and CAXII may be potential
treatment targets sites for liver cancer.

3.2 Study on the mechanism of extracellular pH regulation of liver cancer in an
acidic microenvironment

3.2.1 Acid sensing ion channels (ASICs)

Changes in extracellular pH can be sensed by acid-sensitive ion channels (ASICs).
Six ASICs subunits are encoded by four genes have been cloned, which comprise
ASICl1a, 1B, 2A, 2B, 3, and 4 [56]. A large number of crucial biological functions,
such as inflammation, ischemia, and tissue acidification of tumors, are represented
in ASICs. ASICla is of particular interest as one of its six subunits that play an impor-
tant physiological and pathological role from mediating Ca*"influx [57]. Our team
has been working on ASIC1a for many years since it is involved in the proliferation,
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invasion, and metastasis of liver cancer. When liver cancer tissues were in a pH 6.5
microenvironment, the expression of ASICla in liver cancer tissues was significantly
higher than that in adjacent non-tumor tissues in previous studies [3]. ASICla pro-
tects against phosphorylation and ubiquitination of p-catenin and promotes p-catenin
nuclear aggregation to stimulate the proliferation of HCC cells. ASICla can promote
invasion and migration of liver cancer as demonstrated by cell scratch and trans-well
assay data [58]. Downstream differentially expressed genes of ASICla were mainly
concentrated in the transcription factor AP-1 in the MAPK-related signaling pathways
[59]. These findings suggest that intracellular Ca** concentrations and changes in
downstream AP-1 expression can be increased by ASIC1a to affect the migration and
invasion of liver cancer. Thus, ASIC1a is an effective target for the treatment of liver
cancer, and a precise study of the relevant mechanisms may provide a new diagnostic
method or target.

3.2.2 Transient veceptor potential channels vanillin subfamily 1 (TRPV1)

TRPV1 channel, which is a cation channel with high selectivity for Ca*, is acti-
vated by excessive extracellular H' in the absence of other stimuli [60]. Miao et al.
[61] demonstrated that the high expression of TRPV1 in liver cancer patients with
disease-free survival rate was significantly better than low TRPV1 expression from
the variable analysis. In in vivo and in vitro experiments with dimethylnitrosamine
(DEN)-induced gene models, combined with bioinformatics analysis of mouse and
human liver cancer samples, were used to further study the molecular mechanism and
related role of TRPV1 in liver cancer. The results showed that the liver microenviron-
ment can be altered and the development of liver cancer be promoted from knockout
of TRPV1 [62]. Some published papers have proved showed that TRPV1 can be acti-
vated by cannabinoid and capsaicin that may lead to apoptosis of liver cancer cells,
which indicates that TRPV1 perhaps can be used as a therapeutic site and prognostic
molecule for liver cancer [63].

4. Tumor acidic microenvironment and the progress of liver cancer

The complex molecular mechanisms that generate an acidic microenvironment
of liver cancer also affect autophagy [64] as well as the role of exosomes [65] in the
occurrence and development of liver cancer. and Liver cancer cells also demonstrate
immune escape, thereby developing the ability to migrate and metastasize [4].

4.1 The acidic tumor microenvironment promotes invasion and metastasis of
liver cancer

Although the acidic tumor microenvironment has been shown to promote cancer
metastasis, its potential regulatory mechanism remains unclear. In recent years, it
has been confirmed that exosomes play an increasingly important role in promoting
the invasion and metastasis of liver cancer in the acidic microenvironment [66, 67].
Exosomes are membrane vesicles that are 30-100 nm in size and are released by
various cell types into the extracellular environment. Although initially considered
as “garbage transporters” from parental cells, exosomes are now recognized as a new
category of intercellular communicators. Cells constitutively sort envelope proteins
and RNAs into exosomes, a process that can be stimulated by a variety of pathologic
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stimuli [68]. Tian et al’s results showed that acidic microenvironment increased
liver cancer cell-derived exosomal miR-21 and miR-10b levels, which could promote
migration and invasion of recipient liver cancer cells cultured under normal condi-
tions both in vivo and in vitro [69]. It has also been reported that exosomes can pro-
mote the progression and metastasis of liver cancer through epithelial-mesenchymal
transition (EMT), which is a process in which cells gradually lose the morphological
characteristics of epithelial cells and transform into mesenchymal types, which

is often related to tumor invasion and metastasis [70]. Xia et al. proved that the
expression of receptor tyrosine kinase-like orphan receptor 1 was upregulated in the
acidic microenvironment, which led to the metastasis and invasion of liver cancer by
promoting EMT [71]. It is proposed that the acidic microenvironment can promote
the invasion and metastasis of liver cancer through exosomes. On the other hand,
Takahashi et al. confirm that exosomes can regulate HIF-1 by transporting lincror-a
expression levels in response to hypoxic conditions [72]. Further, the acidification

of the liver cancer microenvironment is increased by hypoxia, while angiogenesis is
promoted in response to the stress created by hypoxia [73-75]. Jin et al. showed that
hepatic stellate cells are activated by an acidic tumor microenvironment and subse-
quently promote liver cancer metastasis via osteopontin [76], which indicates that the
invasion and metastasis of liver cancer are regulated by the acidic microenvironment.
In general, exosomes may alter cell matrix and promote epithelial mesenchymal
transformation of hepatocellular carcinoma cells through their role as intercellular
transporters and enhance the invasion and metastasis of liver cancer by influencing
the acidification of HIF-1 microenvironment. The invasion and metastasis of liver
cancer are influenced by an acidic microenvironment, on which further study may
find an effective method to inhibit metastasis and invasion of liver cancer.

4.2 Tumor acidic microenvironment and immune escape

Tumor immunity is emerging as a crucial factor in cancer control and treatment.
Spontaneous immune responses arising in cancer patients have been proved to condi-
tion disease course and positively impact prognosis [77]. If tumor cells have intrinsic
antigenicity, which means that they cannot avoid being recognized by specific
immune cell subsets, they do learn quite quickly how to escape immune recogni-
tion. Developing sophisticated mechanisms to shut down immunological responses,
cancer cells not only survive in an immune competent host, but they proliferate,
progress locally and disseminate systemically, often overcoming the control attempts
of immune defense [78]. In fact, innate and adaptive immune cells are highly sensi-
tive to the hypoxic microenvironment characterized by most solid cancers. Studies
have demonstrated that hypoxia induces the expression of a range of chemokines
and cytokines, such as TGF-p, IL-8, CCL26, and so on, regulating the recruitment
and polarization of macrophages and neutrophils and aggravating immunosuppres-
sion and evasion [79]. The increase of lactic acid caused by hypoxia can reduce T cell
metabolism and affect T cell differentiation and function [80-85], by which NK cells
can be inhibited and thus reduce NK cell production of IFN [86]. The tumor micro-
environment can be further acidified by neutrophils by releasing an H*-pump ATPase
that block NK and T cell activity, neutrophil apoptosis of which can be delayed,
the inflammatory response of neutrophils be maintained, and can also stimulate
the release of TGF by tumor cells and some immune cells [87, 88]. It has also been
reported that the immune checkpoint can be upregulated hypoxia in TME and tumor
immune escape be promoted [89]. These studies suggest that immune escape from
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solid tumors may be influenced by the acidic microenvironment, thereby promoting
tumor proliferation and metastasis. However, less research has been done on immune
escape in the acidic microenvironment of liver cancer. The impact of immune escape
on liver cancer in an acidic microenvironment may have great potential in the treat-
ment of liver cancer.

4.3 Tumor acidic microenvironment and autophagy

Autophagy is a process wherein the double membrane is shed from the rough sur-
face endoplasmic reticulum of the ribosomal area and forms an autophagosome, which
can envelop part of the cytoplasm and cell organelle protein composition and merge
with a lysosome to form an autolysosome, which eventually degrades the autophago-
some contents [90]. The process produces the energy or material a cancer cell needs to
survive. Many studies have shown that autophagy plays an important role in normal
cell maintenance and in tumorigenesis, drug resistance, and other pathophysiological
processes [91-93]. The increased autophagy in solid tumors is an adaptive behavior
in response to the harsh microenvironment [94]. Fan et al. had demonstrated that
activating autophagy in liver cancer cells could increase glucose consumption and
lactate production; Conversely, inhibition of autophagy resulted in reduced glucose
consumption and lactate production. Further studies demonstrated that adding up
regulates MCT1 expression and activates Wnt/p-Catenin signaling that could enhance
glucose uptake and lactate production, so as to promote the metastasis and invasion
of liver cancer [95]. Lin et al. provided evidence that autophagy modulates the level of
glycolysis through ubiquitin-mediated selective degradation of HK2 [96]. Wang et al.
study demonstrated that acidic TME confers liver cancer cells anoikis resistance via
downregulation of miR-3663-3p and finally drives liver cancer metastasis [97]. These
results suggest that autophagy is closely related to the occurrence and development of
liver cancer. The invasion and metastasis of liver cancer are regulated by this adapta-
tion to the environment. Further study of the mechanism of autophagy in an acidic
microenvironment may be an effective way to treat liver cancer.

5. Perspectives of liver cancer therapy from tumor acidic
microenvironment

The treatment of liver cancer is usually based on surgical treatment, of which
early liver cancer can usually be resected, but systemic treatment of advanced liver
cancer usually requires sorafenib in addition to local ablation, transcatheter che-
moembolization, or external irradiation [98]. Multi-target tyrosine kinase inhibitor
(TKI) Sorafenib has shown anti-angiogenesis and anti-proliferation effects in patients
with advanced liver cancer and can inhibit tumor cell proliferation by inhibiting
raf-1, B-Raf, and kinase activities in Ras/Raf/MEK/ERK signaling pathways, thus
being used as an adjunctive therapy for advanced liver cancer [99, 100]. However,
only approximately 30% of patients can benefit from sorafenib, and this population
usually acquires drug resistance within 6 months [101]. Sorafenib inhibits the pro-
liferation of liver cancer by anti-angiogenesis mainly by inhibiting the synthesis of
hypoxia-inducible factor 1 (HIF-1), leading to the decrease of VEGF expression and
tumor angiogenesis in liver cancer [102, 103]. A study by Liang et al. reported that
hypoxia induced by continued sorafenib treatment conferred sorafenib resistance in
liver cancer via HIF-1 and NF-kB activation [104]. Liver cancer glycolysis is promoted
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by this reverse-activated HIF-1, which further exacerbates the acidification of the
microenvironment. It has also been reported that the structure and charge of drugs
can be altered by acidic TME, which reduces their uptake by tumor cells and affects
the delivery and efficacy of anticancer drugs as well as chemotherapy and radio-
therapy [105, 106]. Therefore, the occurrence of sorafenib drug resistance may be
caused, on the one hand, by the continuous treatment of hypoxia, which changes the
expression of HIF-1 and increases drug resistance; but on the other hand, the change
of HIF-1 aggravates the acidification of microenvironment, changes the physical and
chemical properties of sorafenib to a certain extent, reduces the lethality of liver can-
cer, and aggravates the drug resistance of liver cancer. It has also been reported that
changes in the microenvironment lead to increased resistance of gastric cancer cells to
5-fluorouracil and carboplatin [107]. Therefore, changes in the microenvironment are
very important for the occurrence and development of tumors and drug treatment.

It has been reported that urease can inhibit the development of human breast cancer
and lung cancer by inducing extracellular pH alkalization [108]. Since the activity of
immune cells can be inhibited by the acidification of microenvironment, the occur-
rence and development of tumor can be slowed down by using buffer to neutralize
tumor acidosis and then immunotherapy, which has been reported in the literature

as an effective method [109]. In addition, it has been reported that the progression

of liver cancer can be slowed by inhibiting the activities of glycolic-related enzymes
such as glucose transporter, hexokinase, pyruvate kinase, and 6-phosphofructokinase
[12, 14, 16, 17]. Inhibition of V-ATPase by pavlomycin slowed the growth of liver can-
cer cells [37]. The growth and metastasis of liver cancer cells can be slowed down by
inhibiting NHE1 activity, which can be inhibited by curcumin and GR in combination
[42]. Lonidamine inhibits the proliferation, metastasis, and invasion of liver cancer
cells by effectively inhibiting MCTs and thereby reducing glycolysis [49]. CAXII was
inhibited by Tilroside and slowed down the proliferation of liver cancer [50]. The
molecular mechanisms involved in glycolysis can be inhibited by these drugs, which
inhibit the development of liver cancer. Therefore, the invasion and metastasis of liver
cancer can be inhibited by changing the acidic microenvironment of liver cancer cells.
Further study of the molecular mechanism of the acidic tumor microenvironment is a
promising research direction for the treatment of liver cancer.

6. Conclusion and future perspectives

Acidic microenvironment is a common phenomenon in solid tumors [8]. It has
been proved that microenvironmental acidification is a key step in transforming
solid tumors from noninvasive to invasive [110]. The enhancement of glycolysis of
tumor cells leads to obvious acidification of the tissue microenvironment. As one of
the indispensable members of solid tumors, liver cancer is no exception, and the pH
value of its microenvironment is usually around 6.5 [3]. As shown in Figure 3, the
expression of enzymes mediating glycolysis in liver cancer cells is altered by micro-
environmental acidification, which increases the expression of related proteins and
glycolysis. However, the proliferation of liver cancer cells leads to widespread hypoxia
in which hypoxia factors cannot normally be degraded in liver cancer cells. Glycolysis
is promoted by changes in glycolic-related proteins and hypoxia factors by which
vascular endothelial growth factor can be also promoted to stimulate the formation
of blood vessels and the supply of glucose to liver cancer tissues and further promote
glycolysis of liver cancer cells. Liver cancer cells activate intracellular related acid
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transporters to maintain the internal pH disturbance caused by intracellular acidifi-
cation exacerbated by increased glycolysis. Extracellular H* excretion increases the
extracellular hydrogen ion concentration, which activates extracellular hydrogen ion
receptors such as ASICs, leading to further acidification of the liver cancer microenvi-
ronment. However, hydrogen ions cannot be discharged from cells indefinitely. When
the regulation of hydrogen ions is impaired, TRPV1 will be actively activated in liver
cancer tissue, by which cancer cells will be triggered into automatic apoptosis. On the
other hand (Figure 5), epithelial-mesenchymal transition, invasion, and metastasis
of hepatocellular carcinoma can be enhanced by selected exosomes that exchange
information between hepatocellular carcinomas. Hypoxia-related factors can also
further promote microenvironmental acidification. The activity of immune cells can
be inhibited by an acidic microenvironment that causes the immune escape of liver
cancer cells and facilitates the invasion and metastasis of liver cancer differently. The
optimal pH value of the drug is changed by the acidification of the microenvironment
that causes the tumors to develop drug resistance, which antitumor drugs generally
have the right microenvironment to maximize their effects. Growth, proliferation,
invasion, and metastasis of liver cancer are promoted by multiple molecular interac-
tions implying that the liver cancer organization has accurate regulations and effec-
tive control and management.

However, the specific mechanism of the related molecules and their exact role in
the development of liver cancer need to be understood in the acidic microenviron-
ment (1) Whether there are differences in the activities of various molecular protein
subtypes induced by the acidic microenvironment of liver cancer remains to be
shown. Whether these proteins have been mutated in the acidic microenvironment of
liver cancer cells, and if so, whether these mutations can promote the occurrence and
development of liver cancer requires further investigation. (2) Related experiments

Acidic microemmignment NorSilliiigtoenyironment EMT

530

Epithelial Partial Mesenchymal

Wy

Exosomes

Figure 5.
Mechanism diagram of molecular changes in liver cancer tissue under acidic microenvironment.
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have proved that drugs that inhibit the acidic microenvironment of hepatocellular
carcinoma can inhibit the invasion and metastasis. Whether these drugs can be used
clinically to inhibit metastasis and invasion of liver cancer will be the focus of future
studies. (3) In the acidic microenvironment, the expression levels of these diagnostic
molecules that include alpha-fetoprotein Lens Culinaris agglutin-3 (AFP-L3), alpha-
fetoprotein (AFP), Des-y-carboxy Prothrombin (DCP), and other molecules related
to the diagnosis of liver cancer have not been reported [111]. In the acidic microen-
vironment of liver cancer, the activities of related enzymes that maintain pH were
changed, which has been confirmed by many experiments. Can one or more of these
enzymes be used as a diagnostic basis for early liver cancer?

Although surgical treatment of liver cancer is commonly practiced [112, 113], sur-
gical treatment cannot fundamentally cure liver cancer, after which recurrence and
metastasis rates remain high. This is a major reason why the molecular mechanism
contributing to the occurrence and development of liver cancer is not well understood
[114]. The mechanisms of liver cancer cell microenvironment acidification, and the
identification of key genes that are differentially expressed under those conditions,
may provide a new theoretical basis and molecular targets for the development of
drugs that will treat liver cancer.
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