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Abstract

Hepatocellular carcinoma (HCC), as the most prevalent liver malignancy, is annually
diagnosed in more than half a million people worldwide. HCC is strongly associated
with hepatitis B and C viral infections as well as alcohol abuse. Obesity and nonal-
coholic fatty liver disease (NAFLD) also significantly enhance the risk of liver can-
cer. Despite recent improvements in therapeutic approaches, patients diagnosed in
advanced stages show poor prognosis. Accumulating evidence provides support for
the regulatory role of non-coding RNAs (ncRNAs) in cancer. There are a variety of
reports indicating the regulatory role of microRNAs (miRNAs) in different stages of
HCC. Long non-coding RNAs (LncRNAs) exert their effects by sponging miRNAs and
controlling the expression of miRNA-targeted genes. Circular RNAs (circRNAs) per-
form their biological functions by acting as transcriptional regulators, miRNA sponges
and protein templates. Diverse studies have illustrated that dysregulation of compet-
ing endogenous RNA networks (ceRNETSs) is remarkably correlated with HCC-causing
diseases such as chronic viral infections, nonalcoholic steatohepatitis and liver fibro-
sis/cirrhosis. The aim of the current article was to provide an overview of the role
and molecular mechanisms underlying the function of ceRNETs that modulate the
characteristics of HCC such as uncontrolled cell proliferation, resistance to cell death,
metabolic reprogramming, immune escape, angiogenesis and metastasis. The current
knowledge highlights the potential of these regulatory RNA molecules as novel diag-

nostic biomarkers and therapeutic targets in HCC.

Abbreviations: 5mC, oxidize 5-methylcytosine; 5hmC, 5-hydroxymethylcytosine; APC, adenomatous polyposis coli; CCA, cholangiocarcinoma; ceRNA, competing endogenous RNA;
circRNA, circular RNAs; DLGAP1-AS1, IncRNA DLGAP1 antisense 1; DUXAP8, double-homeobox A pseudogene 8; EMT, epithelial-mesenchymal transition; ERA, estrogen receptor
alpha; FOXA1, FORKHEAD box Al; FOXM1, forkhead box protein M1; FUS, fused in sarcoma; GSN, gelsolin; HBC, hepatitis C; HBV, hepatitis B; HCC, hepatocellular carcinoma;
LINC00160, long non-coding RNA 00160; LncRNA, long ncRNA; MALAT1, metastasis-associated lung adenocarcinoma transcript 1; MET, mesenchymal-to-epithelial transition; miRNA,
MicroRNA; MRE, miRNA response element; NAFLD, nonalcoholic fatty liver disease; ncRNA, non-coding RNAs; OLT, orthotopic liver transplantation; PARP, poly (ADP-ribose)
polymerases; PIK3R3, phosphoinositide-3-kinase regulatory subunit 3; piRNA, Piwi-interacting RNA; PPM1F, protein phosphate, Mg2+ /Mn2+-dependent 1F; Rb, retinoblastoma; RBP,
RNA-binding protein; ROCK2, Rho-kinase 2; siRNA, small interfering RNA; SNAP23, synaptosome-associated protein 23; snoRNA, small nucleolar RNA; snRNA, small nuclear RNA;
SOX9, SRY-box transcription factor 9; SOX9-AS1, IncRNA SOX9 antisense RNA 1; TAM, tumour-associated macrophages; TCF-4, T-cell factor-4; TET, ten-eleven translocation; TGF-f,
transforming growth factor-beta; TRAIL, TNF-related apoptosis-inducing ligand; tRNA, transfer RNA; VAMP7, vesicle-associated membrane protein 7; ZEB1, zinc finger E-box-binding
homeobox 1; ZEB2, zinc finger E-box-binding homeobox 2.
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1 | INTRODUCTION

1.1 | Hepatocellular carcinoma

Hepatocellular carcinoma (HCC) accounts for an aggressive primary
form of liver cancer. Annually, over 500,000 new cases of HCC are
diagnosed across the world and its incidence continues to rise.>? It is
an epithelial tumour that originates from stem cells or mature hepat-
ocytes characterized by chemotherapy resistance and poor prog-
nosis.® A multitude of genetic and epigenetic changes contributes
to the multi-step malignant transformation of liver tissue.* Chronic
viral infections of hepatitis B (HBV) and C (HCV), alcoholism and cir-
rhosis are recognized as the most important risk factors for HCC.5
The risk of disease development is also increased in chronic medical
conditions such as diabetes mellitus and obesity. As the liver tissue
plays a crucial role in glucose metabolism, diabetes mellitus can lead
to a variety of liver-associated disorders including chronic hepatitis,
fatty liver, liver failure and cirrhosis.® Orthotopic liver transplanta-
tion (OLT) and surgical resection are known as the most effective
approaches for HCC treatment. However, a high rate of metastasis/
recurrence (~50%-70%) has been observed within five years post-
operation.7 Although sorafenib and regorafenib are used as the first-
and second-line systemic chemotherapy for HCC, concerns about
drug resistance, which leads to a high mortality rate, are rising. Over
the recent decades, a large body of evidence has been obtained
about the role played by genes crucial for cellular processes, such
as cell cycle control, cell growth, apoptosis and migration in HCC
development.g'10 This highlights the necessity of unravelling the
mechanisms underlying HCC progression as well as finding efficient
molecular biomarkers.

1.2 | Non-coding RNAs

Recent advances in transcriptome sequencing have revealed that
less than 3% of human genome encodes exons, while almost 97%
of genome is transcribed into non-coding RNAs (ncRNAs) includ-
ing microRNAs (miRNAs) and long non-coding RNAs (IncRNAs).1%12
NcRNAs are RNA molecules that do not code for proteins and play
key roles in DNA replication, RNA splicing, translation and epige-
netic regulation. Based on transcript length, ncRNAs are divided
into two major categories: those shorter than ~200 nucleotides
are known as short ncRNAs (miRNAs, piRNAs, snoRNAs, snRNAs,
tRNAs) and those longer than ~200 nucleotides are known as long
ncRNAs (IncRNAs, pseudogenes and circRNAs).2**° The regulatory
networks consisting of miRNA, IncRNA and mRNA have received

attention in the study of biological mechanisms involved in cancer

occurrence and progression.’® Now, the competing endogenous
RNA (ceRNA) hypothesis, initially proposed by Salmena et al., is
widely acknowledged by the scientific community.t” According to
this hypothesis, a complex post-transcriptional regulatory network
mediated by miRNAs and sharing one or more miRNA response ele-
ments (MREs), protein-coding RNAs and ncRNAs competes for bind-
ing to miRNAs. This leads to the modulated expression of different
molecules in the network.*® There are mainly two cellular conditions
needed for ceRNA to occur. Firstly, the relative concentration of
ceRNAs and their miRNAs is important. Changes in the ceRNA ex-
pression levels need to be large enough to either overcome or relieve
miRNA repression on competing ceRNAs. This is exemplified by RNA
transcripts switched on or off at the transcriptional level in differ-
ent developmental stages or physiological/pathological conditions.
Secondly, the effectiveness of a ceRNA depends on the number of
miRNAs it can sponge. This in turn depends on the accessibility of
ceRNA to miRNA molecules, which is influenced by its subcellular
localization as well as interaction with RNA-binding proteins.”’

1.3 | MicroRNAs

miRNAs are short RNA strands with 18-23 nucleotides that regulate
critical cellular processes. They are transcribed by RNA polymerase
Il or Il as short RNA hairpin structures which are subsequently pro-
cessed by the nuclear and cytoplasmic RNase IllI-type enzymes.'’
They act post-transcriptionally via complementary base-pairing with
3’-untranslated region (3-UTR) of the target gene, but may also in-
teract with 5-UTR and coding region.zo’22 At least, 60% of human
genes harbour target sites for miRNAs.2> miRNAs exert their effects
through interaction between nucleotides 2-8 at their 5-ends (seed
region) and mRNA target sites, leading to translational repression,
cleavage or mRNA degradation.?* Regarding their function, miR-
NAs are frequently found in oncogenesis-associated genomic re-
gions. Therefore, they can be linked to relevant tumour properties,
such as cell proliferation, apoptosis, differentiation and cell cycle
regulation.?>"?? A growing range of evidence has demonstrated the
contribution of miRNAs to HCC-related cellular processes and their
potential use as prognostic and diagnostic markers.° For instance,
miR-423 has been reported to play roles in HCC such as enhancing

30 contributing to tumorigenesis,31 cell cycle

cellular invasiveness,
control, autophagy regulation,®? promoting cell growth and regu-
lating the G1/S transition by targeting p21Cip1/Waf1.3® In another
case, miR-10b has been reported to exert its oncogenic role in HCC
by targeting the expression of CUB and sushi multiple domains 1
(CSMD1).3* Also, miR-92a has been proposed to contribute to tu-

mour growth in HCC by targeting FBXW?7.5
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1.4 | Longnon-coding RNAs

LncRNAs are RNA molecules with more than 200 nucleotides and
have been known to be involved in tumorigenesis in a variety of can-
cer types.®*~*8 These molecules are transcribed by RNA polymerase
Il from different regions of the target gene including enhancers (en-
hancer RNAs, eRNAs) and promoters (promoter upstream transcript,
PROMPTS) and undergo post-transcriptional processing events in-
volving 5-end capping, 3'-end polyadenylation and splicing.39’40
LncRNAs are mostly located in the cytosol, where they target
mRNAs and down-regulate protein translation.?® They are heteroge-
neous molecules that perform various functions via interacting with
DNA, RNA, proteins, peptides, small weight molecules, miRNAs and
mRNAs (Figure 1). For instance, they regulate chromatin state and
cell cycle, control mRNA stability, silence retrotransposons and com-
petitively sponge miRNAs.*1"44 These regulatory RNAs play leading
roles in the modulation of gene expression at epigenetic, transcrip-
tional and post-transcriptional levels, thereby contributing to a
variety of cellular phenomena such as RNA processing, chromatin
modification, apoptosis and invasion.*> Furthermore, some IncRNAs
have been indicated to be abnormally expressed in human diseases,
providing support for their involvement in pathogenesis. These func-
tions underline the multi-faceted role of IncRNAs in the regulation
of gene expression. Another noteworthy point about IncRNAs is that
they perform their specific functions by interacting with multiple

proteins and hence regulating numerous cellular processes. Studies
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FIGURE 1 Different modes of action of long non-coding RNAs.
(A) LncRNA-double-stranded DNA interaction. (B) LncRNA-protein
interaction. (C) LncRNA-peptide interaction. (D) LncRNA-small-
weight-molecule interaction. (E) LncRNA-mRNA interaction.

(F) LncRNA-miRNA interaction

have demonstrated that IncRNAs can activate post-transcriptional
gene regulation, splicing and translation by binding to proteins.
Therefore, determining possible IncRNA-protein interactions (LPls)

is essential for unravelling IncRNA-related activities.

1.5 | Circular RNA

Circular RNAs (circRNA) are transcript isoforms generated from
precursor mRNAs of protein-coding genes in which back-splicing
between 3’ and 5’ splice sites forms a covalent circular structure.
Compared with linear RNAs, circRNAs have a higher thermal sta-
bility and tissue specificity. Next-generation RNA sequencing and
bioinformatic analyses have revealed that circRNAs constitute a
substantial fraction of eukaryotic transcriptome.“é'50 CircRNAs per-
form various biological functions including miRNA sponging, inter-
action with RNA-binding proteins (RBPs), translation of proteins and
acting as mRNA translation brake. Due to the high structural stabil-
ity of circRNAs, they have an inherent sponging capacity through
which bind to miRNAs and prevent them from sequestering or sup-
pressing their target mRNAs.”*>% For instance, SMARCAS5 and circ-
MTO1 sponge miR-17-3p and miR-181b-5p, respectively, thereby
inhibiting the growth and metastasis of HCC cells.>*

1.6 | Exosomes

Exosomes are small endosomes extracellular vesicles with a size
range of ~40 to 160 nm.>®> Exosomes have gained attention over
the past decade owing to their role as carriers of a wide range of
biomolecules, including lipids, proteins, DNAs, mRNAs, IncRNA and
miRNAs in both physiological and pathological processes. Hence,
they illustrate a novel mode of intercellular communication and play
a principal role in many cellular processes, such as immune response,
signal transduction and antigen presentation. They represent po-
tential use as biomarkers in a variety of cancers including HCC.>¢%’
It has been demonstrated that exosomes can promote the occur-
rence and development of tumours and make a significant contribu-
tion to tumour invasion and metastasis.>® Exosomes can be divided
into tumour and stromal cell secretions based on their origin in the
tumour microenvironment.”® In a recent report, a urinary exosomal
miRNA, miR-532-5p, has been suggested as a predictive biomarker
for biochemical recurrence after radical prostatectomy (RP) in
intermediate-risk prostate cancer patients.’® Han et al® have inves-
tigated the regulatory mechanism of exosomal IncRNA AFAP1-AS1
in trastuzumab resistance of breast cancer. Based on the observa-
tions of this study, IncRNA AFAP1-AS1 confers trastuzumab re-
sistance through packaging into exosomes in breast cancer cells.
AFAP1-AS1 has also been shown to promote an AUF1-mediated
activation of ERBB2 translation, causing increased HER-2 expres-
sion and trastuzumab resistance. Plenty of studies have reported
the association of exosomal IncRNAs with HCC. For instance, Ma

|62

et al®* have proposed a mechanism in which exosomes derived from
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mesenchymal stem cells can transfer miR-15a to HCC cells to inhibit
the cellular proliferation, migration and invasion by negatively regu-
lating SALL4.

2 | COMPETING ENDOGENOUS RNA
NETWORK (CERNA)

Here, we review the roles played by some of the important ceRNA
regulatory networks in different steps of HCC development includ-
ing cell growth and proliferation, metastasis, invasion, angiogenesis,
apoptosis and chemoresistance. Different ceRNA networks and
their mechanisms of action in HCC are summarized in Table 1.

2.1 | LncRNA/miRNA/mRNA networks
2.1.1 | LncRNA LINCO0160/miR-132/
mRNA PIK3R3

Phosphoinositide 3-kinase (PI3K) is a heterodimer consisting of a
SH2-containing regulatory subunit (p85) and a catalytic subunit
(p110) with both subunits expressed in multiple isoforms.®® PI3K
regulatory subunit 3 (PIK3R3) is one of the regulatory subunits of
PI3K that elicits major effects on various cellular phenomena such
as proliferation, differentiation, apoptosis and metabolism. PIK3R3
can also regulate cell cycle by binding directly to retinoblastoma
(Rb) protein through its N-terminal 24 highly fidelity amino acids
(N24).%* Long intergenic non-protein-coding RNA (LINC00160) has
been reported to correlate with chemoresistance of breast cancer
cells by regulating TFF3 through the activity of the transcription
factor C/EBPB.65 miR-132, a member of miR-212/132 cluster, has
been demonstrated to be dysregulated in several malignancies. The
function of this miRNA is complicated. It can act as an oncogene in
squamous cell carcinoma of the tongue or as a tumour suppressor in
osteosarcoma, prostate, ovarian and non-small-cell lung cancers.®®
Moreover, miR-132 has been recognized as a biomarker in colorec-
tal cancer (CRC) and it can inhibit the invasion and metastasis of
CRC by targeting ZEB2.%7 miR-132 has also been found to play some
roles in pancreatic cancer. Down-regulation of this miRNA, through
promoter methylation, can promote the progression and metasta-
sis of pancreatic and prostate cancers.®®%’ There are multiple lines
of reports supporting the role of miR-132 in HCC. miR-132 func-
tions as a tumour suppressor in HCC by directly targeting PIK3R3
and regulating the AKT/mTOR pathway. It can also suppress cell
proliferation, colony formation, migration and invasion, as well as in-
duce apoptosis in HCC cells.®® There is some evidence showing the
relationship between LINC00160 and miR-132 in HCC. It has been
found that miR-132 is down-regulated in HCC compared with nor-
mal adjacent tissues and its overexpression directly targets PIK3R3,
leading to inhibited cell proliferation, invasion and migration of HCC
cells. Furthermore, LINC00160 silencing suppresses the autophagy
of HCC cells by decreasing the expression of PIK3R3 that is achieved

by increasing the expression of miR-132 to inhibit drug resistance in
HCC cells.”®

2.1.2 | LncRNA MCM3AP-AS1/miR-194/
mRNA FOXA1

FORKHEAD box A1 (FOXA1) is a transcription factor, belonging to
the forkhead box gene superfamily, that plays a crucial role in chro-
matin binding of transcription factors and is involved in the devel-
opment of endoderm-derived organs including pancreas, lung, liver
and prostate.”*”2 FOXA1 has been found to be able to bind to the
promoters of more than one hundred genes correlated with the
regulation of cell signalling and cell cycle.”® A range of evidence has
demonstrated that FOXA1 contributes to the development and pro-
gression of diverse types of malignancies including glioma, breast,
stomach, lung, ovarian and oesophageal cancers. The function of
this transcription factor might change based on the specific type of
cancer.”*77 FOXA1 plays a growth inhibitory role, and its expres-
sion is correlated with markers of differentiation in prostate can-
cer.”® Also, it can act as a tumour suppressor in different types of
cancer including breast, endometrium, bladder, liver and pancreas
tumours.”? Similarly, MCM3AP-AS1 is a IncRNA shown to be in-
volved in various types of cancer. In line with this, MCM3AP-AS1/
miR-211/KLF5/AGGF1 axis has been found to regulate angiogenesis
in glioblastoma. Also, the overexpression of MCM3AP-AS1 can pro-
mote lung cancer progression via regulating miR-340-5p/KPNA4
axis.”®8% The expression, clinical significance, functional role and
underlying mechanism of MCM3AP-AS1 have also been investi-
gated in HCC. This IncRNA is up-regulated in HCC, and its expres-
sion level is directly related to the tumour size as well as correlated
with advanced tumour stage and poor prognosis of HCC patients.
MCMS3AP-AS1 silencing has been shown to significantly up-regulate
miR-194-5p expression in HCC cells. In fact, MCM3AP-AS1 acts as a
molecular sponge for miR-194-5p by directly binding to complemen-
tary sequences, leading to increased expression of FOXA1 as a target
of miR-194-5p in HCC cells. Interestingly, FOXA1 restoration is able
to rescue MCM3AP-AS1 knockdown-induced proliferation inhibi-
tion, G1 arrest and apoptosis in HCC cells. These findings support
a link between IncRNA MCM3AP-AS1 and miR-194-5p/FOXA1 as
well as provide evidence for the potential use of MCM3AP-AS1 as a
prognostic biomarker and therapeutic target in Hcc.8t

2.1.3 | LncRNA MALAT1/miR-140/mRNA Aurora-A
Metastasis-associated lung adenocarcinoma transcript 1
(MALAT1) is a IncRNA with known pathogenic roles. The dys-
regulated expression of this IncRNA has been found to be cor-
related with clinical parameters and prognosis in several types
of human cancers including HCC.82 A recent finding has revealed
that MALAT1 is involved in temozolomide-related chemoresist-
ance in glioblastoma through inducing miR-101 expression and
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TABLE 1 Different ceRNA interactions in hepatocellular carcinoma

LncRNA/
CircRNA

LINC00160

MCMB3AP-AS1

MALAT1

AK002107

CASC2

DUXAP8

SOX9-AS1

LINC00662

LINCO1352

LINCO1278

SNHGS8

DLGAP1-AS1

DLGAP1-AS1

DLX6-AS1

ZFPM2-AS1

CircSLC3A2

Status

Up-regulation

Up-regulation

Up-regulation

Up-regulation

Down-regulation

Up-regulation

Up-regulation

Up-regulation

Down-regulation

Up-regulation

Up-regulation

Up-regulation

Up-regulation

Up-regulation

Up-regulation

Up-regulation

miRNA

miR-132

miR-194-5p

miR-140-5p

miR-140-5p

miR-24 and

miR-221

miR-485-5p

miR-5590-3p

miR-15a, miR-16,

and miR-107

miR-135b

miR-1258

miR-149-5P

miR-486-5p

miR-26a/b-5p

miR-15a-5p

miR-139

miR-490-3p

Status

Down-regulation

Down-regulation

Down-regulation

Down-regulation

Up-regulation

Down-regulation

Down-regulation

Down-regulation

Up-regulation

Down-regulation

Down-regulation

Down-regulation

Down-regulation

Down-regulation

Down-regulation

Down-regulation

Deregulated
protein

PIK3R3

FOXA1

Aurora-A

TGFBR1

Caspase -3

and -8

FOXM1

SOX9

WNT3A

APC

Smad2,

Smad3

PPM1F

H3F3B

IL-6

CXCL17

GDF10

PPM1F

Mechanism of action

LINC00160 silencing suppresses the
autophagy of HCC cells by decreasing
the expression of PIK3R3 via promotion
of miR-132 to inhibit drug resistance in
HCC cells

MCMB3AP-AS1 promotes cell proliferation,
colony formation, and cell cycle
progression, and induces apoptosis.

MALAT1 knockdown in sorafenib-resistant
HCC cells increases their sensitivity
to sorafenib treatment by enhancing
Aurora-A expression

AKO002107 up-regulates the expression of
TGFBR1 to promote the proliferation,
colony formation, and invasion of HCC

CASC2 affects TRAIL resistance through
indirectly targeting caspase-3 and
caspase-8

DUXAPS facilitates HCC progression and
resistance to PARP inhibitor via up-
regulating FOXM1

SOX9-AS1 promotes HCC progression and
metastasis through sponging miR-5590-3p

LINC00662 promotes HCC tumour growth
and metastasis by activating Wnt/p-
catenin and up-regulating WNT3A

LINC01352 suppresses tumour via decreasing
the production of APC, and consequently
activating Wnt/p-catenin signalling

LINC01278 down-regulation reduces
migration and invasion of HCC cells
induced by B-catenin and TGF-p1

SNHG8 promotes HCC tumorigenesis and
invasion by up-regulating the expression
of protein phosphatase, Mg2+/Mn2+-
dependent 1F

DLGAP1-AS1 affects the proliferation of HCC
cells by up-regulating H3F3B

DLGAP1-AS1 promotes HCC tumorigenesis
and EMT by involvement of IL-6/JAK2/
STAT3 and Wnt/p-catenin pathways

DLX6-AS1 from HCC-derived exosomes
regulates CXCL17 through competitively
binding to miR-15a-5p to induce
M2 macrophage polarization, hence
promoting HCC migration, invasion and
EMT.

ZFPM2-AS1 promotes HCC cell proliferation
and invasion through regulation of GDF10

CircSLC3A2 promotes cell proliferation
and invasion via up-regulating PPM1F
expression

(Continues)
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Ref.

70

81

86

87

88

96

110

115

117

123

129

132

136

182

139

54
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TABLE 1 (Continued)

LncRNA/

CircRNA Status miRNA Status
CircTRIM33-12 Down-regulated miR-191 Up-regulation
CircGFRA1 Up-regulated miR-498 Down-regulation
CircClé6orf62 Up-regulated miR-138-5p Down-regulation
CircMTO1 Down-regulated miR-9 Up-regulation
CircSMG1.72 Up-regulation miR-141-3p Down-regulation

regulating autophagy-associated chemoresistance in gastric can-
cer via miR-23b-3p sequestration.gg'85 Currently, sorafenib resist-
ance is recognized as one of the primary obstacles of a successful
chemotherapy in metastatic liver cancer. Aurora-A is known as
a tumour-promoting molecule in HCC. It has been revealed that
this IncRNA is involved in promoting sorafenib resistance in HCC
cells and up-regulated MALAT1 expression is strongly associated
with down-regulated miR-140-5p expression, increased Aurora-A
expression and poor outcomes in HCC patients. Additionally,
MALAT1 is able to sponge miR-140-5p. Knockdown of MALAT1
in sorafenib-resistant HCC cells has been shown to increase sensi-
tivity to sorafenib treatment both in vitro and in vivo.8¢ These ob-
servations highlight the important role of MALAT1/miR-140-5p/
Aurora-A axis in sorafenib resistance and reinforce the notion
that MALAT1 can be a prominent therapeutic target to overcome
sorafenib resistance in HCC tumours.®’

2.1.4 | IncRNA AK002107/miR-140/mRNA TGFBR1
MiR-140-5p is a miRNA with dual roles. This miRNA has been
shown to suppress the growth and metastasis of HCC cells by
inhibiting TGFBR1 and FGF9 expression. TGFBR1 has been rec-
ognized as a promoter of cancer cell growth by inducing epithelial-
mesenchymal transition (EMT). The IncRNA AK002107 is involved
in regulating TGFBR1 through the modulation of miR-140-5p,
leading to EMT in HCC. The silencing of this IncRNA inhibits
HCC cell proliferation, colony formation and invasion. Consistent
with these findings, the expression of AKO02107 has been indi-
cated to be up-regulated in HCC compared with corresponding
non-cancerous tissues. The investigation of protein and RNA lev-
els of TGFBR1 following AK002107 knockdown and miR-140-5p
inhibition confirmed that these two regulatory RNA molecules
co-ordinately regulate TGFBR1/EMT pathway in HCC cell lines.

Deregulated

protein Mechanism of action Ref.
TET1 CircTRIM33-12 inhibits HCC cell 143
proliferation, metastasis and immune
evasion by up-regulating TET1
NAP1L3 CircGFRA1 contributes to HCC progression 148
by modulating miR-498/NAP1L3 axis in
HCC
PTK2 CircC16orf62 down-regulation noticeably 155

inhibits the expression level of PTK2
which further mediates AKT/mTOR
signalling activation in HCC.

P21 CircMTO1 inhibits HCC growth by up- 160
regulation of p21 via sponging miR-9

GSN ERa can suppress HCC cell invasion through 166
altering circRNA-SMG1.72/miR-141-3p/
GSN signalling

It has been found that silencing of AKO02107 reduces TGFBR1
expression and vimentin levels and increases E-cadherin levels,
resulting in EMT suppression. To sum up, AKO02107 is markedly
up-regulated in HCC, competitively inhibits miR-140-5p and sub-
sequently increases the expression of TGFBR1. These events fi-
nally promote the proliferation, colony formation and invasion of
HCC cells. AK0O02107/miR-140-5p/TGFBR1/EMT pathway plays a
critical role in tumorigenesis of HCC and offers potential use as a
target for the development of novel diagnostic and therapeutic
approaches against HCC.%”

2.1.5 | LncRNA CASC2/miR-24, miR-221/
mRNA TRAIL

TNF-related apoptosis-inducing ligand (TRAIL), as a member of TNF
superfamily, can induce apoptosis in a variety of cancers includ-
ing prostate, skin, thyroid, colon, kidney, pancreas, central nervous
system, breast and haematological malignancies.®® TRAIL exerts its
cellular effects through interaction with death receptors and the for-
mation of downstream death-inducing signalling complexes, leading
to apoptosis-causing activation of apical caspase-3 and caspase-8. It
has been revealed that TRAIL resistance of HCC is associated with
ncRNA regulation. miR-24 and miR-221 regulate the expression of
caspase-3 and caspase-8, thereby affecting TRAIL resistance.®® The
novel IncRNA susceptibility candidate 2 (CASC2) has been known
to play roles in various human malignancies such as glioma and en-
dometrial cancer.®?? Based on the recent studies, CASC2 functions
as a tumour-suppressive IncRNA through a variety of mechanisms,
for instance, sequestration of oncogenic miRNAs and repression of
Wnt/B-catenin signalling.”® CASC2 is also able to enhance the TRAIL
resistance of HCC via regulating caspase-3 and caspase-8 expres-
sion by acting as a sponge for miR-24 and miR-221. These data lead
us to the conclusion that CASC2 might contribute to enhancing
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TRAIL resistance in HCC and consequently promoting the treatment
efficacy of TRAIL-based therapies.®®

2.1.6 | LncRNA DUXAP8/miR-485/mRNA FOXM1
MiR-485-5p has been reported to act as a tumour suppressor in
some cancers, including ovarian epithelial tumours and oral tongue
squamous cell carcinoma. Some accumulating evidence supports the
expression and role of this miRNA in HCC progression. It has been
indicated that HCC cell proliferation, migration and invasion are sup-
pressed and apoptosis is induced by up-regulation of miR-485-5p
and inhibition of WBP2 protein expression to block the activation of
Whnt/ p-catenin signalling pathway.”* Poly (ADP-ribose) polymerases
(PARP) include a family of related enzymes that catalyse the post-
translational binding of poly (ADP-ribose) to target proteins and play
substantial roles in multiple cellular processes, such as modulation
of chromatin structure, transcription, replication, recombination
and DNA repair. Some PARP inhibitors (PARPis), such as olaparib,
rucaparib and niraparib, have been approved by Food and Drug
Administration (FDA) and the European Medicine Agency for the
treatment of ovarian and breast cancers, particularly those bear-
ing BRCA mutations.”? Forkhead box protein M1 (FOXM1) is a tran-
scription factor of the Forkhead box (Fox) protein superfamily which
shows overexpression in many different cancer types and is a regu-
lator of cancer cell division, aggressiveness and metastasis. FOXM1
activity has been found to boost all hallmarks of cancer, including
enhanced cell proliferation, genome instability, angiogenesis and
suppressed cell senescence.”®?* Double-homeobox A pseudogene
8 (DUXAPS8) is a IncRNA that acts as regulatory factor in many can-
cers. For instance, DUXAP8 has been shown to promote cell growth
in renal carcinoma.”® Also, DUXAP8 expression is up-regulated in
HCC and enhances the proliferation and invasion of HCC cells. The
expression of this INncRNA is correlated with tumours of advanced
grades, tumours with lymph node metastasis and patients with
poor overall survival. DUXAP8 can up-regulate FOXM1 by acting
as a sponge for miR-485-5p and interacting with the RNA-binding
protein fused in sarcoma (FUS). These observations support the no-
tion that targeting DUXAP8 or up-regulating miR-485-5p can inhibit
HCC progression and increase sensitivity to PARPis. Therefore, it is
insightful to assess the role of DUXAP8, miR-485-5p and FOXO1 in
the development of other types of cancer.”®

2.1.7 | LncRNA SOX9-AS1/miR-5590/mRNA SOX9

SRY-box transcription factor 9 (SOX9), as a member of SOX family,
can keeps cells in undifferentiated state during development and
is correlated with many signalling pathways such as NOTCH, trans-
forming growth factor-beta (TGF-p)/Smad and Wnt/p-catenin.?”%®
SOX9 has been reported to be implicated in regulating various cel-
lular processes including proliferation, apoptosis, migration, inva-
sion, chemoresistance, autophagy, angiogenesis, immune escape

and metastasis by controlling the transcription of a multitude of
genes.”1%° Multiple lines of evidence support the suggestion that
SOX9 is involved in the development of diverse types of malignan-
cies such as bladder, brain, colon, cervical, gastric, endometrial, liver,
and head and neck cancers.}®*%? |t has been revealed that SOX9
is up-regulated in HCC and contributes to the proliferation, migra-
tion and invasion of HCC cells. Similarly, the IncRNA SOX9 antisense
RNA 1 (SOX9-AS1) is up-regulated in HCC and underlies HCC pro-
gression and metastasis. SOX9-AS1 can sponge miR-5590-3p, lead-
ing to elevate SOX9 expression, and SOX9 in turn transcriptionally
activates SOX9-AS1. SOX-9AS1 regulates EMT by regulating SOX9
and its known downstream Wnt/p-catenin pathway. In conclusion,
SOX9-AS1/miR-5590-3p/SOX9-positive feedback loop drives tu-
mour growth and metastasis in HCC via Wnt/B-catenin pathway.
These findings highlight the potential of SOX9-AS1 as a prognostic
marker and treatment target in HCC.*°

2.1.8 | LncRNA LINCO0662/miR-15, miR-16 and
miR-107/mRNA WNT3A

Tumour-associated macrophages (TAM) are the major components
of tumour microenvironment that inhibit anti-tumour immunity
and promote tumour progression by expressing cytokines and
chemokines.!! In line with this, TAMs have been indicated to be sig-
nificant components of tumour microenvironment in HCC.M? It has
been found that the tumour cell-derived Wnt ligand stimulates M2 to
transduce the polarization of TAMs through classical Wnt/f-catenin
signalling, which results in immunosuppression as well as blockade
of Wnt secretion in tumour cells and/or activation of Wnt/p-catenin
signalling in TAMs. Thus, TAMs represent a potential tool for HCC
treatment.!®® It has been demonstrated that LINCO0662 is up-
regulated in HCC and promotes HCC progression through both tu-
mour cell- and macrophage-dependent modes. These observations
suggest the potential exploitation of LINC00662 as a prognostic bio-
marker in HCC patients.*'* LINC00662 increases WNT3A expression
and secretion by competitively binding to miR-15a, miR-16 and miR-
107. As a result of WNT3A secretion, LINCO0662 activates Wnt/f-
catenin signalling in an autocrine manner and further promotes
proliferation, cell cycle and invasion, while repressing apoptosis in
HCC cells. By up-regulating WNT3A, LINC 00662 can also activate
Wnt/p-catenin signalling in macrophages in a paracrine manner,
which induces the polarization of M2 macrophages. These findings
provide strong support for the contribution of LINC00662 to HCC
tumour cell growth and metastasis. Therefore, LINCO0662 holds
considerable potential as a prognostic biomarker and therapeutic
target in HCC.**®

2.1.9 | LncRNA LINC01352/miR-135/mRNA APC

Chronic hepatitis B virus (HBV) is responsible for at least
half of HCC cases worldwide, and HBV infection plays a
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central role in hepatocarcinogenesis, particularly HCC.}*® The
IncRNA LINCO01352 has been shown to have a regulatory role in
many cancers and is involved in the initiation and progression of
HBV-related HCC. A recent study has investigated the interaction
between HBx and LINC01352 in HBV-related HCC. They have ex-
hibited that this IncRNA, which is down-regulated by HBx via the
activity of estrogen receptor (ERa), functions as a tumour sup-
pressor and is associated with a better prognosis in HCC patients.
Mechanistically, this IncRNA acts as a sponge for miR-135b, leading
to the decreased production of adenomatous polyposis coli (APC)
and consequently activated Wnt/p-catenin signalling. These lines
of evidence highlight the pathogenesis of HBx in HCC and provide
a basis for the identification of new therapeutic targets for this

malignancy.*’

2110 |
SMAD2, 3

LncRNA LINC01278/miR-1258/mRNA

SMADs, a small family of structurally related proteins, provide a well-
known signalling effector pathway that is initiated by activated TGF-
p receptors. These proteins are signal transducers of TGF-$ family
in organisms ranging from worms to human. In this pathway, TpRI
serine/ threonine kinase phosphorylates Smad2 and Smad3 on ter-
minal serine motif, enabling them to partner with Smad4 and trans-
locate to the nucleus, where they regulate the transcription of target
genes‘“&“"’ Studies have revealed a range of clues on the role of
miR-1258 in diverse types of cancer. It has been indicated that CKS1B
expression is negatively regulated by miR-1258, which causes the
inhibition of cell proliferation, migration and tumorigenicity in CRC
cells, supporting the notion that miR-1258 functions as a tumour sup-
pressor in this malignancy.*?® Another line of evidence has reported
correlation between miR-1258 and E2F1, demonstrating that over-
expression of miR-1258 inhibits breast cancer cell proliferation and
blocks cell cycle in GO/G1 phase, while inducing apoptosis by down-
regulating E2F1.12! miR-1258 is significantly down-regulated in HCC.
The overexpression of this miRNA significantly inhibits the growth,
proliferation and tumorigenicity of liver cancer cells by increasing
cell cycle arrest in GO/G1 phase and eliciting apoptosis.122 More im-
portantly, the stable overexpression of miR-1258 has been found to
suppress cell migration and stemness, as well as enhance the sensi-
tivity of HCC cells to chemotherapy drugs such as doxorubicin. In a
recent report, luciferase assays have revealed the direct binding of
miR-1258 to Smad2 and Smad3, thus attenuating TGF-p/Smad signal-
ling. Also, it has been shown that LINC01278 is a negative regulator
of miR-1258 and LINC01278-mediated HCC metastasis is depend-
ent on miR-1258 expression. Moreover, miR-1258 down-regulation
enhances LINC01278 expression. LINC01278 down-regulation re-
duces migration and invasion of HCC cells induced by p-catenin and
TGF-p1. Taken together, this study has discovered a novel mecha-
nism for B-catenin/TCF-4-LINC01278-miR-1258-Smad2/3 feedback
loop activation in HCC metastasis and provides support for the po-
tential of LINCO1278 as a therapeutic target in HCC.1%®

2.1.11 | LncRNA SNHG8/miR-149/mRNA PPM1F

Small nucleolar RNAs (snoRNAs) are as a class of ncRNAs with
60-300 nucleotides. The IncRNA small nucleolar RNA host genes
(SNHGs) are predominantly found in the nucleolus and most of them
act as guide RNAs for the post-transcriptional modification of ribo-
somal RNAs (rRNAs) and spliceosomal RNAs, and some are involved
in the nucleolytic processing of the original rRNA transcripts.’?* It
has been reported that SNHGs are closely linked to tumour growth
and metastasis. In line with this, SNHG7 has been shown to drive
breast cancer progression by acting as a sponge for miR-381.12%
Moreover, the role of these regulatory RNA molecules has been
demonstrated in the malignant transformation of lung,*?® gastric'?’
and colorectal'?® cancers. The IncRNA SNHG8 sponges miR-149-5p
to promote tumorigenesis and metastasis of HCC. The expression
level of SNHGS is significantly increased in HCC compared with the
adjacent normal tissues, which provides an independent prognostic
factor for tumour recurrence in HCC patients. Additionally, knock-
down of SNHG8 has been shown to inhibit cell proliferation, invasion
and lung metastasis in vitro and in vivo, while overexpression of this
IncRNA reverses these effects. Mechanically, SNHG8 counteracts
the tumour-suppressive effects of miR-149 in HCC cells by acting
as a sponge for miR-149-5P. The expression of phosphatase, Mg2+/
Mn2+-dependent 1F, a target of miR-149, is negatively associated
with miR-149 expression, but positively correlated with SNHG8 ex-
pression in HCC specimens. Based on these results, IncRNA SNHG8
promotes HCC tumorigenesis and invasion via sponging miR-149 and
acts as a prognostic factor of tumour recurrence in HCC patients.

Also, it has potential application as a promising biomarker in HCC.1??

2.1.12 | LncRNA DLGAP1 antisense 1/miR-486/
mRNA H3F3B

DLGAP1 antisense RNA 1 (DLGAP1-AS1) is a IncRNA that is involved
in colorectal cancer.’®® According to recent findings, knockdown
of DLGAP1-AS1 can repress CRC development and enhance sensi-
tivity to 5-fluorouracil (5-FU) by modulating miR-149-5p/TGFB2/
Smad2 signalling pathway in vitro and in vivo. Mechanistically,
DLGAP1-AS1 acts as a sponge for miR-149-5p to regulate its function.
Another study has revealed that DLGAP1-AS1 plays a central role in
gastric cancer in vitro and in vivo by regulating miR-628-5p/AEG-1
axis.®! A recent report has found the contribution of this IncRNA
to cell proliferation in HCC. This study has shown that DLGAP1-AS1
is highly expressed in cancerous compared with normal tissues.
Moreover, its knockdown significantly increases miR-486-5P levels
and suppresses cell proliferation in HCC. The interaction between
miR-486-5p and DLGAP1-AS1 occurs through the sponging mecha-
nism. Also, it has been indicated that high expression of miR-486-5p
leads to reduced cell proliferation and miR-486-5p suppression is
able to offset the impact of DLGAP1-AS1 silencing on HCC cell
proliferation and apoptosis. H3F3B acts as a target of miR-486-5p
and is positively regulated by DLGAP1-AS1 in HCC. Noteworthy,
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up-regulation of DLGAP1-AS1 can partly revive the declined cell
proliferation in response to DLGAP1-AS1 knockdown. In conclu-
sion, these findings provide support for the notion that DLGAP1-AS1
plays an oncogenic part in HCC by acting as a sponge to modulate
miR-486-5p/H3F3B axis and represents huge potential to serve as a
prognostic biomarker and therapeutic target in HCC.**?

2113 |
IL-6

LncRNA DLGAP1-AS1/miR-26a/b/mRNA

Some recent studies have focused on the role of DLGAP1-AS1 in me-
tastasis and attempted to unravel the mechanisms through which
this IncRNA exerts effects on EMT. EMT is an important cellular
programme that occurs during embryogenesis, tissue regeneration,
organ fibrosis and wound healing. EMT is a trans-differentiation
process during which epithelial cells incrementally lose their cob-
blestone epithelial appearance in monolayer cultures to adopt a

spindle-shaped, mesenchymal morphology. EMT is also revers-
ible via a process which is called mesenchymal-to-epithelial transi-
tion (MET). In MET, mesenchymal cells revert back to an epithelial
state.1331%% A large body of accumulating evidence has implied the
fact that cells lose their polarity and cell-cell adhesion to achieve
invasive and migratory properties. Accordingly, EMT is associ-
ated with tumour progression and metastasis.”” Numerous studies
have demonstrated the role of miRNAs in EMT regulation. In line
with this, the regulatory role of miR-1976 has been shown in EMT
and cancer stem cell of breast cancer.!®® DLGAP1-AS1 has been
found to be up-regulated in HCC cells and capable of driving HCC
progression and EMT. This IncRNA sequesters the HCC-inhibitory
miRNAs, miR-26a-5p and miR-26b-5p, by acting as a sponge. This
leads to the enhanced levels of an oncogenic cytokine IL-6 that can
activate JAK2/STAT3 signalling pathway and reciprocally elevate
the transcriptional activity of DLGAP1-AS1, thus forming a positive
feedback loop. Moreover, it has been shown that cancer-promoting
effects of DLGAP1-AS1 in HCC cells can happen through activating

DLGAP1-AS1

|

‘vH3F3B“ } CDK8

‘ Wnt/g-catenin ‘

iR-26a/b-5

]‘ LRP6 {

Cell proliferation 1

Epithelial-mesenchymal transition and

((MiR-262-5p )

( miR-26b-5p )

A 4

\ IL-6 \

\ 4

Transcriptional activity

| JAK2ISTAT3 \

1

tumorigenesis

FIGURE 2 Molecular mechanism of relation between miR-26a-5p, miR-26b-5p and DLGAP1-AS1: DLGAP1-AS1, by acting as sponge

for miR-26a-5p and miR-26b-5p, enhances the levels of an oncogenic cytokine IL-6 that can activate JAK2/STAT3 signalling pathway and
reciprocally elevate the transcriptional activity of DLGAP1-AS1, thus forming a positive feedback loop. DLGAP1-AS1 can also activate Wnt/
B-catenin pathway by positively regulating CDK8 and LRP6, downstream genes of miR-26a/b-5p. In this manner, DLGAP1-AS1 contributes
to HCC tumorigenesis and EMT by sponging miR-26a-5p and miR-26b-5p. On the contrary, DLGAP1-AS1 knockdown significantly increases
miR-486-5P levels and suppresses cell proliferation in HCC. The high expression of miR-486-5p leads to reduced cell proliferation, and miR-
486-5p suppression is able to offset the impact of DLGAP1-AS1 silencing on HCC cell proliferation and apoptosis. H3F3B acts as a target
of miR-486-5p and is positively regulated by DLGAP1-AS1 in HCC. The up-regulation of DLGAP1-AS1 can partly revive the declined cell

proliferation in response to DLGAP1-AS1 knockdown
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Wnt/p-catenin pathway by positively regulating CDK8 and LRP4,
downstream genes of miR-26a/b-5p. Based on this, DLGAP1-AS1
contributes to HCC tumorigenesis and EMT by sponging miR-26a-5p
and miR-26b-5p. IL-6/JAK2/STAT3 and Wnt/p-catenin pathways
play crucial roles in mediating the oncogenic function of DLGAP1-
AS1 (Figure 2). These lines of evidence suggest the potential of
DLGAP1-AS1 for HCC treatment.'®

2.1.14 | LncRNA ZFPM2-AS1/miR-139/
mRNA GDF10

GDF10 is a member of transforming growth factor-beta (TGF-p)
superfamily that plays an important role in cell proliferation and
differentiation. It is also known as BMP-3B due to its close rela-
tionship with bone morphogenetic protein-3 (BMP3), another

137 miR-139 mainly functions

member of the TGF-p superfamily.
as a tumour suppressor in HCC. It can suppress the proliferation,
migration and invasion of HCC cells and induce HCC cell apopto-
sis via down-regulating a number of target genes, such as T-cell
factor-4 (TCF-4), Rho-kinase 2 (ROCK?2), zinc finger E-box-binding
homeobox 1(ZEB1) and 2 (ZEB2).®® The IncRNA ZFPM2-AS1 is
up-regulated in HCC. Silencing of ZFPM2-AS1 inhibits cell pro-
liferation, migration and invasion and promotes cell apoptosis in
vitro. Mechanistically, IncRNA ZFPM2-AS1 can bind to miR-139 as
a ceRNA and release the binding of miR-139 to GDF10, hence regu-
lating the expression of GDF10 at the post-transcriptional level. In
conclusion, INcRNA ZFPM2-AS1 can act as an oncogene to induce
HCC cell proliferation, invasion and metastasis, and the mechanism
is mediated by ZFPM2-AS1/miR-139/GDF10 axis. It has been sug-
gested that ZFPM2-AS1 can serve as a prognostic biomarker for
HCC patients.139

2.2 | Circular RNA/miRNA/mRNA networks

2.21 | CircRNATRIM33-12/miR-191/mRNA TET1

DNA demethylation is a highly regulated process that is mediated by
the ten-eleven translocation (TET) family of dioxygenases. The TET
enzymes (including TET1, TET2 and TET3) oxidize 5-methylcytosine
(5mC) into 5-hydroxymethylcytosine (5hmC) to initiate the process
of DNA demethylation.2*®*! |t has been reported that 5hmC/TET1
expression is correlated with HCC progression. This indicates that
DNA methylation/demethylation may be regulated by the TET fam-
ily of methylcytosine dioxygenases.142 Zhang et al analysed the role
of tripartite motif-containing 33 (TRIM33)-derived circRNAs and
their effects on miR-191 in HCC. They reported that the expres-
sion levels of circ-TRIM33-12 were remarkably decreased in HCC
tissues compared with adjacent normal ones. Also, they found that
circ-TRIM33-12 functionally and mechanistically inhibits HCC me-
tastasis, proliferation and immune evasion by sponging miR-191 and
up-regulating TET1 expression, highlighting its tumour-suppressive

role in HCC progression. Hence, circ-TRIM33-12 can serve as a ther-

apeutic target for HCC patients.143

2.2.2 | CircRNA GFRA1/miR-498/mRNA NAP1L3
The nucleosome assembly proteins (NAP) represent a family of
evolutionarily conserved histone chaperones consisting of five
members in mammals. They were first recognized in mammalian
cells and play crucial roles in maintaining cell viability, particularly
in the formation and maintenance of the nervous system.** miR-
498 has been indicated to be abnormally expressed in several types
of human cancers. For instance, miR-498 is down-regulated in colo-
rectal,**® ovarian'*® and oesophageal cancer.!*” CircRNA GFRA1
is dysregulated in many cancers and acts as predictive marker for
various types of malignancies. It has shown that circGFRA1 expres-
sion is significantly increased in HCC tissues and cells. The expres-
sion of circGFRA1 is negatively correlated with the expression of
miR-498, but a positive correlation has been found between circG-
FRA1 and NAP1L3 expression in HCC tissues. Moreover, silencing
circGFRA1 has been demonstrated to inhibit the growth and inva-
sion of HCC. Mechanistically, circGFRA1 might exert its effects by
sponging miR-498. miR-498 overexpression or NAP1L3 inhibition
can abrogate the oncogene role of circGFRA1 in HCC. In conclusion,
findings show that circGFRA1 can contribute to HCC progression by
modulating the miR-498/NAP1L3 axis in HCC.148

2.2.3 | CircRNA Cl16orf62/miR-138-5p/
mRNA PTK2

Protein tyrosine kinase 2 (PTK2) is a member of the non-receptor
protein tyrosine kinase family that regulates cell survival, prolifer-
ation, migration, invasion and adhesion via scaffolding and kinase
activity. PTK2 expression has been explored in several human epi-
thelial malignancies including breast, ovarian, colorectal and lung
cancers. X710 pTK2 is overexpressed in HCC and its overexpres-
sion is correlated with expression of liver cancer stem cell (CSC)
genes, recurrence and poor patient survival. PTK2 functionally
stimulates the Wnt/p-catenin pathway by increasing the number
of CSC subpopulations in HCC. In this manner, PTK2 enhances tu-
morigenicity and sorafenib resistance in HCC.}*! The AKT serine/
threonine kinase is an oncogenic protein that regulates cell survival,
proliferation, growth, apoptosis and glycogen metabolism. It has
been indicated that overexpression of phosphorylated AKT can be
considered as a therapeutic target for treating malignant tumours
such as breast cancer.}®?> AKT pathway plays an important role in
the regulation of several processes involved in the development
and progression of HCC; such as controlling growth, proliferation
and survival of tumour cells.*>® miR-138-5 has been reported to
act as a tumour suppressor in several types of human cancers.r>*
The function and molecular mechanism of circCl6orf62 have
been investigated in HCC. CircCl6orf62 has been shown to be
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significantly up-regulated in HCC. It can promote proliferation,
metastasis and aerobic glycolysis in HCC. CircC160rf62 has been
demonstrated to act as a molecular sponge for miR-138-5p and
is a competitive endogenous RNA for PTK2, promoting AKT/
mTOR pathway activation. Hence, circCléorf62 functions as an
oncogene in HCC progression and behaves as a competitive en-
dogenous RNA for miR-138-5p binding, thus activating the AKT/
mTOR pathway. Based on these findings, circC160rf62 is an onco-
gene that acts through miR-138-5p/PTK2/Akt axis in HCC cells.
This shows the potential of circCl6orf62 as a therapeutic target
in HCC patients.*>

2.2.4 | CircRNA MTO1/miR-9/mRNA p21

One of the main engines that drives cellular transformation is the
loss of proper control of the mammalian cell cycle. p21, a well-
established cyclin-dependent kinase (cdk) inhibitor, was found to
function as a cell cycle inhibitor and anti-proliferative effector
in normal cells and is dysregulated in some cancers. It has been
suggested that p21 can act as a tumour suppressor in brain, lung

156,157

and colon cancers. miR-9 is implicated in the regulation of

158 and breast cancer.® Han

a variety of tumours such as glioma
et al have investigated the correlation of circMTO1, miR-9 and p21
in HCC cells. Based on their results, circMTO1 is down-regulated
in HCC tissues. Functionally and mechanistically, circMTO1 inhib-
its HCC growth by sponge activity on miR-9 and up-regulation of
p21 expression, demonstrating its tumour-suppressive role in HCC
development. Moreover, the in vivo intervention of circMTO1 il-
lustrates its potential in HCC therapy. In conclusion, their results
indicate that circMTO1 can serve as a predictive and therapeutic

target for HCC pa\tients.160

2.2.5 | ERA/circRNA-SMG1.72/miR-141-3p/
mRNA GSN

Suppressor with morphogenetic effect on genitalia (SMG1) is a
member of phosphatidylinositol 3-kinase-related protein kinases
(PIKKs).161162 SMG1 has a well-known role in nonsense-mediated
decay (NMD), which is responsible for the degradation of mRNAs
containing premature termination codons and has also been
reported to be implicated in the regulation of DNA damage re-
sponses, oxidative and hypoxic stress responses, telomere main-
tenance and stress granule formation. SMG1 has been found to
suppress tumour growth by regulation of both p53 and Cdc25A
signalling pathways.'*® In HCC, SGM-1 is down-regulated*®! and
its abnormal expression is markedly associated with differentia-
tion, clinical stage and serum AFP levels, suggesting that this pro-
tein might be involved in the pathogenesis and development of
HCC. A regulatory role for steroid hormones in hepatic malignant
transformation has been suggested after a consistent gender dis-
proportion was observed in the incidence of HCC worldwide.*%*

The expression of estrogen receptors (ERs) and their variants plays
a crucial role in hepatocarcinogenesis and is correlated with the
male prevalence of HCC as well as specific viral infections.¢®
Recently, it has been shown that ERA can reduce HCC cell inva-
sion by suppressing circSMG1.72, which occurs via transcriptional
regulation via directly binding to the 5’ promoter region of its host
gene SMG1. Additionally, ERA-suppressed circSMG1.72 is able to
sponge and inhibit the expression of miR-141-3p, which leads to
the increased translation of gelsolin (GSN) mRNA through reduced
miRNA binding to its 3"-UTR. Altogether, these findings provide
support for the notion that ERA can suppress HCC cell invasion
via altering ERA/circRNA-SMG1.72/miR-141-3p/GSN axis and this
signalling pathway can be considered as a target for suppression

of HCC progression.166

2.2.6 | CircRNA SLC3A2/miR-490-3p/
mRNA PPM1F

Protein phosphate, Mg2+ /Mn2+-dependent 1F (PPM1F) acts as a
regulator of apoptosis, cell proliferation and metastasis in a variety
of cancer cells. It facilitates cell motility and invasiveness as well as
represses apoptosis via modulating TAK1-IKK-NF-xB pathway.>* It
has been found that PPM1F expression is correlated with smoking
behaviour. Also, it shows high expression in early and advanced
(Stages 3-4) stages of breast cancer. PPM1F functions as a phos-
phatase to dephosphorylate p53, leading to p53 inactivation and
degradation. PPM1F expression has been shown to be correlated
with A9-nAChR expression. PPM1F can function downstream of
A9-nAchR to amplify nicotine-induced carcinogenic signals. Thus,
the expression of this molecule represents potential use for prog-
nosis, diagnosis and treatment of cancer.*’ In gastric tumour sam-
ples, PPM1F has been shown to be down-regulated, but miR-590
is up-regulated and the expression levels of both molecules are
associated with tumour recurrence. In addition, miR590 plays an
oncogenic role through targeting PPM1F and acts as a prognostic
factor for tumour recurrence.’®® In HCC patients, PPM1F is up-
regulated and functions as a prognostic factor of poor survival.
PPM1F up-regulation has been suggested to be caused by bind-
ing of six possible miRNA (miR-490-3P, miR-186-5P, miR-200b-P,
miR200¢c-3P, miR-425-5P and miR-429). miR-490-3p down-
regulation is significantly correlated with PPM1F up-regulation.
The low expression of this miRNA is also associated with poor
survival and tumour recurrence in HCC patients. These findings
provide evidence for the suppressive effects of miR-490-3p on
HCC cell proliferation and invasion by targeting PPM1F. It has also
been revealed that circRNA SLC3A2 is up-regulated in HCC tis-
sues and stimulates cell proliferation and invasion by sponging
miR-490-3p and up-regulating PPM1F expression, suggesting that
circSLC3A2 might function as an oncogenic factor in HCC through
modulation of miR-490-3p/PPM1F axis. These data suggest that
circRNA SLC3A2 represents potential use as a biomarker for the
diagnosis and treatment of HCC.>*
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2.3 | The contribution of exosomal ncRNA to HCC
pathogenesis

2.3.1 | LINCOO0511/exosome secretion/invadopodia
Invadopodia are actin-rich protrusions of the plasma membrane that
play key roles in process of tumour metastasis.®’ Studies have re-
vealed the mechanism by which the abnormal expression of IncR-
NAs affects exosome secretion in tumour cells. LINCO0O511 is an
oncogene that plays a negative regulatory role in cell proliferation,
apoptosis, invasion, cell cycle, progression migration, metastasis and
chemoresistance. It is overexpressed in diverse types of malignan-
cies including breast, lung and liver cancers.'’°"Y72 There is evidence
showing the correlation between LINCO0511 exosome secretion
and invadopodia formation in HCC. The process of tumorigenesis
is associated with a remarkable increase in vesicle secretion in HCC.
Also, the expression of LINCO0511 is significantly increased in HCC
tissues. Abnormally expressed LINCO0511 induces invadopodia
formation in via regulating the colocalization of vesicle-associated
membrane protein 7 (VAMP7) and synaptosome-associated pro-
tein 23 (SNAP23) to induce formation of invadopodia which are
key secretion sites for MVBs and controlling exosome secretion.
According to these observations, LINCO0511-induced invadopodia
formation supports ECM degradation and tumour invasion. Also,
LINC00511 induces the release of exosomes and promotes tumour

progression.173

2.3.2 | LncRNA DLX6-AS1/miR-15a-5p/
mRNA CXCL17

Macrophages are crucial innate cells of immune system that have
plenty of physiological functions. Tumour-associated macrophages
(TAMs) exist in the cancer microenvironment and affect the growth,
development and metastasis of cancers through interacting with
cancer cells.”* Macrophages can be polarized into classically
activated M1 macrophages or alternatively activated M2 mac-
rophages.t’> Moreover, the interaction of polarized macrophages
with cancer cells plays an essential role in many cancer types includ-
ing HCC. Distal-less homeobox 6 antisense 1 (DLX6-AS1) is located
in the 7g21.3 chromosomal region in humans and found to be over-
expressed as an oncogenic LncRNA® in a variety of tumour tissues
such as gastrict”” and colorectal cancers.r’® DLX6-AS1 has been
demonstrated to function in tumours by ceRNA for binding to and
inhibiting the function of miRNAs. This IncRNA plays a crucial role
in a range of biological processes, such as regulating tumour pro-
liferation, migration and invasion.”? Tumour-derived exosomes can
be ingested by macrophages in the tumour microenvironment and
eventually promote tumour progression and metastasis.*®° There are
some reports on the functions of HCC-derived exosomes in human
cancers. For example, increased migration, invasion and EMT, as
well as reduced E-cadherin and elevated vimentin levels, have been
detected in HCC cells co-cultured with HCC-derived exosomes.!8?

The oncogenic role of DLX6-AS1 in HCC-derived exosomes occurs
through M2 macrophage polarization and miR-15a-5p/C-X-C motif
chemokine ligand 17 (CXCL17) axis. DLX6-AS1 inhibits miR-15a-5p,
leading to promotion of M2 macrophage polarization to stimulate
the invasion and metastasis of HCC. CXCL17 silencing can reduce
the ability of migration, invasion and EMT. In conclusion, DLX6-AS1
in HCC-derived exosomes regulates CXCL17 through competitively
binding to miR-15a-5p to induce M2 macrophage polarization, hence

promoting HCC migration, invasion and EMT.182

2.3.3 | LncRNA DANCR/HCV-HCC

Differentiation antagonizing non-protein-coding RNA (DANCR) is
an 855-nucleotide IncRNA located on the human chromosome 4q12
and was first identified as a suppressor during epidermal progenitor
cell differentiation.*®3 Recently, studies have proposed that DANCR
can act as an oncogene in diverse tumour types such as gastric'8*
and prostatic cancers.'® It is considered as a tumour inhibitor in
breast cancer through degrading the epigenetic tumour regulator
EZH2. In gliomas, DANCR modulates growth and metastasis by tar-
geting the miR-216a/LGR5 axis and PI3K/AKT signalling pathway.
Furthermore, it plays roles in cholangiocarcinoma (CCA). DANCR
up-regulation can promote CCA progression through transcriptional
inactivation of the target tumour suppressor gene FBP1.1%” DANCR
functions as a ceRNA to modulate HCC proliferation and metasta-
sis by interfering with miR-27a-3p in the ROCK1/LIMK1/COFILIN1
pathway.’®® Wang et al identified the role of circulating exosomal
DANCR in hepatitis C virus-related hepatocarcinogenesis. Based
on their results, DANCR is up-regulated following hepatitis C virus
infection and recognized as the IncRNA most relevant to hepatitis
C virus-related HCC in tumour tissues. In addition, the expression
level of circulating exosomal DANCR has been shown to be posi-
tively associated with HCC recurrence. The IncRNA DANCR is highly
relevant to the progression of HCV-HCC, and circulating exosomal
DANCR might serve as a non-invasive prognostic biomarker for
HCV-HCC prognosis.189

3 | CONCLUSION AND PERSPECTIVE

Since the discovery of the first ceRNAs, plenty of studies have
demonstrated that RNA molecules that compete for shared target
RNAs are important components of gene regulation in many meta-
bolic and other cell-related processes. Different ncRNAs can act as
ceRNA and modulate the expression of mRNAs via sponging mech-
anism (Figures 3 and 4). Nonetheless, it should be noted that the
ceRNA hypothesis is still being debated due to the fact that most
experimental evidence is based on expression profiling such as gRT-
PCR. Furthermore, studies that have modelled transcriptome-wide
miRNA target site abundance suggest that physiological changes
in the expression levels of most individual transcripts, including
IncRNAs, are insufficient to modulate miRNA activity.?”°*2 Thus,
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further research is needed to establish the miRNA sponge (ceRNA)
mechanism for IncRNAs. Accumulating findings have provided sup-
port for the contribution of ceRNETSs to the initiation and develop-
ment of malignant tumours. Deciphering the molecular mechanisms
associated with ceRNET in HCC allows us to obtain insights into the
potential of IncRNAs and circRNAs as predictive, prognostic and
diagnostic biomarkers for this malignancy. A range of evidence has
indicated the involvement of dysregulated ceRNETSs in various char-
acteristics of HCC including tumour initiation, cell proliferation and
growth, progression, metastasis, EMT, apoptosis and angiogenesis.
Understanding the role and mechanism of action of ceRNAs in ma-
lignant transformation of HCC cells can shed light on the develop-
ment of new RNA-based diagnostic and therapeutic strategies. The
contribution of IncRNAs and miRNAs to HCC development dem-
onstrates the feasibility of manipulating the expression levels of
these molecules as an efficient diagnostic and therapeutic strategy.
However, further investigation is required to pave the way for using
these findings in the clinic.

ACKNOWLEDGEMENTS

We would like to thank all authors responsible for the insights that
we attempted to summarize. This work was supported by Tarbiat
Modares University, Tehran, Iran.

CONFLICT OF INTEREST

The authors report no competing interest.

AUTHOR CONTRIBUTION

Sattar Khashkhashi Moghadam: Investigation (equal); Validation
(equal); Visualization (equal); Writing - original draft (equal); Writing
- review & editing (equal). Babak Bakhshinejad: Writing - original
draft (equal); Writing - review & editing (equal). Ali Khalafizadeh:
Visualization (equal); Writing - original draft (equal). Bashdar
Mahmud Hussen: Visualization (equal); Writing - original draft
(equal); Writing - review & editing (equal). Sadegh Babashah:
Conceptualization (lead); Project administration (lead); Supervision
(lead); Writing - review & editing (equal).

ORCID

Sadegh Babashah "= https://orcid.org/0000-0001-7066-0918

REFERENCES

1. Villanueva A. Hepatocellular carcinoma. N Engl
2019;380(15):1450-1462. doi:10.1056/NEJMral1713263

2. Simon TG, Duberg A-S, Aleman S, Chung RT, Chan AT, Ludvigsson
JF. Association of aspirin with hepatocellular carcinoma and
liver-related mortality. N Engl J Med. 2020;382(11):1018-1028.
doi:10.1056/NEJM0a1912035

3. Chamani F, Sadeghizadeh M, Masoumi M, Babashah S. Evaluation
of MiR-34 family and DNA methyltransferases 1, 3A, 3B gene
expression levels in hepatocellular carcinoma following treat-
ment with Dendrosomal Nanocurcumin. Asian Pac J Cancer Prev.
2016;17(S3):219-224. doi:10.7314/apjcp.2016.17.s3.219

4. Wong C-M, Tsang FH-C, Ng IO-L. Non-coding RNAs in hepatocel-
lular carcinoma: molecular functions and pathological implications.

J Med.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Nat Rev Gastroenterol Hepatol. 2018;15(3):137-151. doi:10.1038/
nrgastro.2017.169

Dewdney B, Alanazy M, Gillman R, et al. The effects of fructose
and metabolic inhibition on hepatocellular carcinoma. Sci Rep.
2020;10(1):16769. doi:10.1038/s41598-020-73653-5

Balogh J, Victor D 3rd, Asham EH, et al. Hepatocellular carcinoma:
a review. J Hepatocell Carcinoma. 2016;3:41-53. doi:10.2147/JHC.
S61146

Yang W-J, Sun Y-F, Jin A-L, et al. BCL11B suppresses tumor pro-
gression and stem cell traits in hepatocellular carcinoma by re-
storing p53 signaling activity. Cell Death Dis. 2020;11(10):895.
doi:10.1038/s41419-020-03115-3

Hung C-H, Chiu Y-C, Chen C-H, Hu T-H. MicroRNAs in hepatocellu-
lar carcinoma: carcinogenesis, progression, and therapeutic target.
Biomed Res Int. 2014;2014:486407. doi:10.1155/2014/486407
ZhuZ,Zhang X, Wang G, Zheng H. Role of microRNAs in hepatocel-
lular carcinoma [Review Article]. Hepat Mon. 2014;14(8):e18672.
doi:10.5812/hepatmon.18672

Xu X, Tao Y, Shan L, et al. The role of microRNAs in hepatocellular
carcinoma [Review]. J Cancer. 2018;9(19):3557-3569. doi:10.7150/
jca.26350

Huang Y, Zhong L, Nie K, et al. Identification of LINC0O0665-miR-
let-7b-CCNA2 competing endogenous RNA network associated
with prognosis of lung adenocarcinoma. Sci Rep. 2021;11(1):4434.
doi:10.1038/s41598-020-80662-x

Shi L, Hong X, Ba L, et al. Long non-coding RNA ZNFX1-AS1 pro-
motes the tumor progression and metastasis of colorectal cancer
by acting as a competing endogenous RNA of miR-144 to regulate
EZH2 expression. Cell Death Dis. 2019;10(3):150. doi:10.1038/
s41419-019-1332-8

Taucher V, Mangge H, Haybaeck J. Non-coding RNAs in pancreatic
cancer: challenges and opportunities for clinical application. Cell
Oncol. 2016;39(4):295-318. doi:10.1007/s13402-016-0275-7
Vitiello M, Tuccoli A, Poliseno L. Long non-coding RNAs in cancer:
implications for personalized therapy. Cell Oncol. 2015;38(1):17-
28. doi:10.1007/s13402-014-0180-x

Takenaka K, Chen BJ, Modesitt SC, Byrne FL, Hoehn KL, Janitz M.
The emerging role of long non-coding RNAs in endometrial can-
cer. Cancer Genetics. 2016;209(10):445-455. doi:10.1016/j.cance
rgen.2016.09.005

Fang X-N, Yin M, Li H, et al. Comprehensive analysis of compet-
itive endogenous RNAs network associated with head and neck
squamous cell carcinoma. Sci Rep. 2018;8(1):10544. doi:10.1038/
s41598-018-28957-y

Salmena L, Poliseno L, Tay Y, Kats L, Pandolfi PP. A ceRNA hy-
pothesis: the Rosetta Stone of a hidden RNA language? Cell.
2011;146(3):353-358. doi:10.1016/j.cell.2011.07.014

Xia T, Liao Q, Jiang X, et al. Long noncoding RNA associated-
competing endogenous RNAs in gastric cancer. Sci Rep.
2015;4:6088. doi:10.1038/srep06088

Babashah S, Soleimani M. The oncogenic and tumour suppres-
sive roles of microRNAs in cancer and apoptosis. Eur J Cancer.
2011;47(8):1127-1137. doi:10.1016/j.ejca.2011.02.008

Andrew AS, Karagas MR, Schroeck FR, et al. MicroRNA dys-
regulation and non-muscle-invasive bladder cancer prog-
nosis. Cancer Epidemiol Biomark Prev. 2019;28(4):782-788.
doi:10.1158/1055-9965.epi-18-0884

Harrandah AM, Mora RA, Chan EKL. Emerging microRNAs in can-
cer diagnosis, progression, and immune surveillance. Cancer Lett.
2018;438:126-132. doi:10.1016/j.canlet.2018.09.019
Poursheikhani A, Bahmanpour Z, Razmara E, et al. Non-coding
RNAs underlying chemoresistance in gastric cancer. Cell Oncol.
2020;43(6):961-988. doi:10.1007/s13402-020-00528-2

Razmara E, Bitaraf A, Yousefi H, et al. Non-coding RNAs in cartilage
development: an updated review. Int J Mol Sci. 2019;20(18):4475.
doi:10.3390/ijms20184475


https://orcid.org/0000-0001-7066-0918
https://orcid.org/0000-0001-7066-0918
https://doi.org/10.1056/NEJMra1713263
https://doi.org/10.1056/NEJMoa1912035
https://doi.org/10.7314/apjcp.2016.17.s3.219
https://doi.org/10.1038/nrgastro.2017.169
https://doi.org/10.1038/nrgastro.2017.169
https://doi.org/10.1038/s41598-020-73653-5
https://doi.org/10.2147/JHC.S61146
https://doi.org/10.2147/JHC.S61146
https://doi.org/10.1038/s41419-020-03115-3
https://doi.org/10.1155/2014/486407
https://doi.org/10.5812/hepatmon.18672
https://doi.org/10.7150/jca.26350
https://doi.org/10.7150/jca.26350
https://doi.org/10.1038/s41598-020-80662-x
https://doi.org/10.1038/s41419-019-1332-8
https://doi.org/10.1038/s41419-019-1332-8
https://doi.org/10.1007/s13402-016-0275-7
https://doi.org/10.1007/s13402-014-0180-x
https://doi.org/10.1016/j.cancergen.2016.09.005
https://doi.org/10.1016/j.cancergen.2016.09.005
https://doi.org/10.1038/s41598-018-28957-y
https://doi.org/10.1038/s41598-018-28957-y
https://doi.org/10.1016/j.cell.2011.07.014
https://doi.org/10.1038/srep06088
https://doi.org/10.1016/j.ejca.2011.02.008
https://doi.org/10.1158/1055-9965.epi-18-0884
https://doi.org/10.1016/j.canlet.2018.09.019
https://doi.org/10.1007/s13402-020-00528-2
https://doi.org/10.3390/ijms20184475

MOGHADAM ET AL.

Wi LEYJﬂ

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Babashah S, Sadeghizadeh M, Tavirani MR, Farivar S, Soleimani M.
Aberrant microRNA expression and its implications in the patho-
genesis of leukemias. Cell Oncol (Dordrecht). 2012;35(5):317-334.
doi:10.1007/s13402-012-0095-3

Jasinski-Bergner S, Mandelboim O, Seliger B. The role of microR-
NAs in the control of innate immune response in cancer. J Natl
Cancer Inst. 2014;106(10). doi:10.1093/jnci/dju257

Salazar C, Nagadia R, Pandit P, et al. A novel saliva-based mi-
croRNA biomarker panel to detect head and neck cancers. Cell
Oncol. 2014;37(5):331-338. d0i:10.1007/s13402-014-0188-2
Bitaraf A, Babashah S, Garshasbi M. Aberrant expression of a five-
microRNA signature in breast carcinoma as a promising biomarker
for diagnosis. J Clin Lab Anal. 2020;34(2):e23063. doi:10.1002/
jcla.23063

Behbahani GD, Ghahhari NM, Javidi MA, Molan AF, Feizi N,
Babashah S. MicroRNA-mediated post-transcriptional regulation
of epithelial to mesenchymal transition in cancer. Pathol Oncol Res.
2017;23(1):1-12. doi:10.1007/s12253-016-0101-6

Maminezhad H, Ghanadian S, Pakravan K, et al. A panel of six-
circulating miRNA signature in serum and its potential diagnostic
value in colorectal cancer. Life Sci. 2020;258:118226.

Sun X, Wang M, Liu H, Wang J. MicroRNA-423 enhances the inva-
siveness of hepatocellular carcinoma via regulation of BRMS1. Am
J Transl Res. 2017;9(12):5576-5584.

Wu LM, Ji JS, Yang Z, et al. Oncogenic role of microRNA-423-5p
in hepatocellular carcinoma. Hepatobiliary Pancreat Dis Int.
2015;14(6):613-618. doi:10.1016/51499-3872(15)60038-8

Stiuso P, Potenza N, Lombardi A, et al. MicroRNA-423-5p pro-
motes autophagy in cancer cells and is increased in serum from
hepatocarcinoma patients treated with sorafenib. Mol Ther Nucleic
Acids. 2015;4:e233. doi:10.1038/mtna.2015.8

Lin J, Huang S, Wu S, et al. MicroRNA-423 promotes cell growth
and regulates G(1)/S transition by targeting p21Cipl/Waf1 in he-
patocellular carcinoma. Carcinogenesis. 2011;32(11):1641-1647.
doi:10.1093/carcin/bgr199

Zhu Q, Gong L, Wang J, et al. miR-10b exerts oncogenic activity
in human hepatocellular carcinoma cells by targeting expression
of CUB and sushi multiple domains 1 (CSMD1). BMC Cancer.
2016;16(1):806. doi:10.1186/s12885-016-2801-4

Yang W, Dou C, Wang Y, et al. MicroRNA-92a contributes to tumor
growth of human hepatocellular carcinoma by targeting FBXW?7.
Oncol Rep. 2015;34(5):2576-2584. doi:10.3892/0r.2015.4210
Mendell JT. Targeting a long noncoding RNA in breast cancer. N Engl
J Med. 2016;374(23):2287-2289. doi:10.1056/NEJMcibr1603785
Sonohara F, Inokawa Y, Hayashi M, et al. Prognostic value of long
non-coding RNA HULC and MALAT1 following the curative re-
section of hepatocellular carcinoma. Sci Rep. 2017;7(1):16142.
doi:10.1038/s41598-017-16260-1

Ghafouri-Fard S, Tamizkar KH, Hussen BM, Taheri M. An update
on the role of long non-coding RNAs in the pathogenesis of breast
cancer. Pathol Res Pract. 2021;219:153373.

Xie C, Li S-Y, Fang J-H, Zhu Y, Yang J-E. Functional long non-coding
RNAs in hepatocellular carcinoma. Cancer Lett. 2021;500:281-
291. doi:10.1016/j.canlet.2020.10.042

Bhattacharjee S, Li J, Dashwood RH. Emerging crosstalk be-
tween long non-coding RNAs and Nrf2 signaling. Cancer Lett.
2020;490:154-164. doi:10.1016/j.canlet.2020.07.011

GandhiM, GroR M, Holler JM, et al. The IncRNA lincNMR regulates
nucleotide metabolism via a YBX1 - RRM2 axis in cancer. Nat
Commun. 2020;11(1):3214. doi:10.1038/s41467-020-17007-9
Geisler S, Coller J. RNA in unexpected places: long non-coding
RNA functions in diverse cellular contexts. Nat Rev Mol Cell Biol.
2013;14(11):699-712. d0i:10.1038/nrm3679

Li Z, Zhu X, Huang S. Extracellular vesicle long non-coding RNAs
and circular RNAs: Biology, functions and applications in cancer.
Cancer Lett. 2020;489:111-120. doi:10.1016/j.canlet.2020.06.006

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Ghafouri-Fard S, Abak A, Fattahi F, et al. The interaction between
miRNAs/IncRNAs and nuclear factor-kB (NF-kB) in human disor-
ders. Biomed Pharmacother. 2021;138:111519.

Farzi-Molan A, Babashah S, Bakhshinejad B, Atashi A, Fakhr TM.
Down-regulation of the non-coding RNA H19 and its derived miR-
675 is concomitant with up-regulation of insulin-like growth factor
receptor type 1 during neural-like differentiation of human bone
marrow mesenchymal stem cells. Cell Biol Int. 2018;42(8):940-948.
doi:10.1002/cbin.10960

Stoll L, Rodriguez-Trejo A, Guay C, et al. A circular RNA generated
from an intron of the insulin gene controls insulin secretion. Nat
Commun. 2020;11(1):5611. doi:10.1038/s41467-020-19381-w
Sharma D, Sehgal P, Mathew S, et al. A genome-wide map of circu-
lar RNAs in adult zebrafish. Sci Rep. 2019;9(1):3432. doi:10.1038/
s41598-019-39977-7

Seimiya T, Otsuka M, Iwata T, et al. Aberrant expression of a novel
circular RNA in pancreatic cancer. J Hum Genet. 2021;66(2):181-
191. doi:10.1038/s10038-020-00826-5

Zhang J, Chen S, Yang J, Zhao F. Accurate quantification of circular
RNAs identifies extensive circular isoform switching events. Nat
Commun. 2020;11(1):90. doi:10.1038/s41467-019-13840-9
Sheng R, Li X, Wang Z, Wang X. Circular RNAs and their emerging
roles as diagnostic and prognostic biomarkers in ovarian cancer.
Cancer Lett. 2020;473:139-147. doi:10.1016/j.canlet.2019.12.043
Cao Q,Guo Z,DuS, Ling H, Song C. Circular RNAs in the pathogen-
esis of atherosclerosis. Life Sci. 2020;255:117837. doi:10.1016/j.
1fs.2020.117837

Fu L-Y, Wang S-W, Hu M-Y, et al. Circular RNAs in liver diseases:
Mechanisms and therapeutic targets. Life Sci. 2021;264:118707.
doi:10.1016/j.1fs.2020.118707

Ghafouri-Fard S, Taheri M, Hussen BM, Vafaeimanesh J, Abak A,
Vafaee R. Function of circular RNAs in the pathogenesis of col-
orectal cancer. Biomed Pharmacother. 2021;140:111721.

Wang H, Chen W, Jin M, et al. CircSLC3A2 functions as an onco-
genic factor in hepatocellular carcinoma by sponging miR-490-3p
and regulating PPM1F expression. Mol Cancer. 2018;17(1):165.
doi:10.1186/512943-018-0909-7

Han S, Qi Y, Luo Y, Chen X, Liang H. Exosomal long non-coding
RNA: interaction between cancer cells and non-cancer cells. Front
Oncol. 2021;10:617837. doi:10.3389/fonc.2020.617837

Xu S, Zheng L, Kang L, Xu H, Gao L. microRNA-let-7e in serum-
derived exosomes inhibits the metastasis of non-small-cell lung can-
cer in a SUV39H2/LSD1/CDH1-dependent manner. Cancer Gene
Ther. 2021;28(3-4):250-264. doi:10.1038/s41417-020-00216-1
Zhang Y, Liu Y, Liu H, Tang WH. Exosomes: biogenesis, bio-
logic function and clinical potential. Cell Biosci. 2019;9(1):19.
doi:10.1186/s13578-019-0282-2

Zhou R, Chen KK, Zhang J, et al. The decade of exosomal long RNA
species: an emerging cancer antagonist. Mol Cancer. 2018;17(1):75.
doi:10.1186/512943-018-0823-z

Sun Z, Yang S, Zhou Q, et al. Emerging role of exosome-derived
long non-coding RNAs in tumor microenvironment. Mol Cancer.
2018;17(1):82. doi:10.1186/s12943-018-0831-z

Kim MY, Shin H, Moon HW, Park YH, Park J, Lee JY. Urinary exo-
somal microRNA profiling in intermediate-risk prostate cancer. Sci
Rep. 2021;11(1):7355. doi:10.1038/s41598-021-86785-z

Han M, Gu Y, Lu P, et al. Exosome-mediated IncRNA AFAP1-AS1
promotes trastuzumab resistance through binding with AUF1
and activating ERBB2 translation. Mol Cancer. 2020;19(1):26.
doi:10.1186/512943-020-1145-5

Ma Y-S, Liu J-B, Lin L, et al. Exosomal microRNA-15a from mesen-
chymal stem cells impedes hepatocellular carcinoma progression
via downregulation of SALL4. Cell Death Discov. 2021;7(1):224.
doi:10.1038/s41420-021-00611-z

Naimi A, Movassaghpour AA, Hagh MF, et al. TNF-related
apoptosis-inducing ligand (TRAIL) as the potential therapeutic


https://doi.org/10.1007/s13402-012-0095-3
https://doi.org/10.1093/jnci/dju257
https://doi.org/10.1007/s13402-014-0188-2
https://doi.org/10.1002/jcla.23063
https://doi.org/10.1002/jcla.23063
https://doi.org/10.1007/s12253-016-0101-6
https://doi.org/10.1016/s1499-3872(15)60038-8
https://doi.org/10.1038/mtna.2015.8
https://doi.org/10.1093/carcin/bgr199
https://doi.org/10.1186/s12885-016-2801-4
https://doi.org/10.3892/or.2015.4210
https://doi.org/10.1056/NEJMcibr1603785
https://doi.org/10.1038/s41598-017-16260-1
https://doi.org/10.1016/j.canlet.2020.10.042
https://doi.org/10.1016/j.canlet.2020.07.011
https://doi.org/10.1038/s41467-020-17007-9
https://doi.org/10.1038/nrm3679
https://doi.org/10.1016/j.canlet.2020.06.006
https://doi.org/10.1002/cbin.10960
https://doi.org/10.1038/s41467-020-19381-w
https://doi.org/10.1038/s41598-019-39977-7
https://doi.org/10.1038/s41598-019-39977-7
https://doi.org/10.1038/s10038-020-00826-5
https://doi.org/10.1038/s41467-019-13840-9
https://doi.org/10.1016/j.canlet.2019.12.043
https://doi.org/10.1016/j.lfs.2020.117837
https://doi.org/10.1016/j.lfs.2020.117837
https://doi.org/10.1016/j.lfs.2020.118707
https://doi.org/10.1186/s12943-018-0909-7
https://doi.org/10.3389/fonc.2020.617837
https://doi.org/10.1038/s41417-020-00216-1
https://doi.org/10.1186/s13578-019-0282-2
https://doi.org/10.1186/s12943-018-0823-z
https://doi.org/10.1186/s12943-018-0831-z
https://doi.org/10.1038/s41598-021-86785-z
https://doi.org/10.1186/s12943-020-1145-5
https://doi.org/10.1038/s41420-021-00611-z

ﬂWl LEY

64.

65.
66.
67.
68.
69.

70.

71.
72.
73.

74.

75.
76.

77.
78.
79.
80.

81.

MOGHADAM ET AL.

target in hematological malignancies. Biomed Pharmacother.
2018;98:566-576. doi:10.1016/j.biopha.2017.12.082

Chen Q, Sun X, Luo X, Wang J, Hu J, Feng Y. PIK3R3 inhib-
its cell senescence through p53/p21 signaling. Cell Death Dis.
2020;11(9):798. doi:10.1038/541419-020-02921-z

Wu H, Gu J, Zhou D, et al. LINC0O0160 mediated paclitaxel-And
doxorubicin-resistance in breast cancer cells by regulating TFF3
via transcription factor C/EBPB. J Cell Mol Med. 2020;24(15):8589-
8602. doi:10.1111/jcmmm.15487

Liu K, Li X, Cao Y, Ge Y, Wang J, Shi B. miR-132 inhibits cell pro-
liferation, invasion and migration of hepatocellular carcinoma by
targeting PIK3R3. Int J Oncol. 2015;47(4):1585-1593. d0i:10.3892/
ij0.2015.3112

Zheng Y-B, Luo H-P, Shi Q, et al. miR-132 inhibits colorectal can-
cer invasion and metastasis via directly targeting ZEB2. World J
Gastroenterol.  2014;20(21):6515-6522.  doi:10.3748/wjg.v20.
i21.6515

Zhang S, Hao J, Xie F, et al. Downregulation of miR-132 by pro-
moter methylation contributes to pancreatic cancer develop-
ment. Carcinogenesis. 2011;32(8):1183-1189. doi:10.1093/carci
n/bgr105

Formosa A, Lena AM, Markert EK, et al. DNA methylation si-
lences miR-132 in prostate cancer. Oncogene. 2013;32(1):127-134.
doi:10.1038/0nc.2012.14

Zhang W, Liu Y, Fu Y, et al. Long non-coding RNA LINC00160
functions as a decoy of microRNA-132 to mediate autoph-
agy and drug resistance in hepatocellular carcinoma via inhi-
bition of PIK3R3. Cancer Lett. 2020;478:22-33. doi:10.1016/j.
canlet.2020.02.014

Missaoui N, Chouaibi S, Limam S, et al. Signification of forkhead
box A1 (FOXA1) expression in thyroid cancers. J Egypt Natl Cancer
Inst. 2019;31(1):11. doi:10.1186/s43046-019-0011-2

Park YL, Kim SH, Park SY, et al. Forkhead-box A1 regulates tumor
cell growth and predicts prognosis in colorectal cancer. Int J Oncol.
2019;54(6):2169-2178. doi:10.3892/ij0.2019.4771

Habashy HO, Powe DG, Rakha EA, et al. Forkhead-box A1 (FOXA1)
expression in breast cancer and its prognostic significance. Eur J
Cancer. 2008;44(11):1541-1551. doi:10.1016/j.ejca.2008.04.020
Jozwik KM, Carroll JS. Pioneer factors in hormone-dependent can-
cers. Nat Rev Cancer. 2012;12(6):381-385. doi:10.1038/nrc3263
Augello MA, Hickey TE, Knudsen KE. FOXA1: master of steroid
receptor function in cancer. EMBO J. 2011;30(19):3885-3894.
doi:10.1038/emboj.2011.340

Huang C, Liu J, Xiong B, Yonemura Y, Yang X. Expression and prog-
nosis analyses of forkhead box A (FOXA) family in human lung can-
cer. Gene. 2019;685:202-210. doi:10.1016/j.gene.2018.11.022
Wang LL, Xiu YL, Chen X, et al. The transcription factor FOXA1
induces epithelial ovarian cancer tumorigenesis and progression.
Tumour Biol. 2017;39(5):1010428317706210. doi:10.1177/10104
28317706210

YuY, LaiS, Peng X. Long non-coding RNA MCM3AP-AS1 facilitates
colorectal cancer progression by regulating the microRNA-599/
ARPP19 axis. Oncol Lett. 2021;21(3):225. doi:doi:10.3892/
01.2021.12486

Yang C, Zheng J, Xue Y, et al. The effect of MCM3AP-AS1/miR-
211/KLF5/AGGF1 axis regulating glioblastoma angiogenesis
[Original Research]. Front Mol Neurosc. 2018;10(437): doi:10.3389/
fnmol.2017.00437

Li X, Yu M, Yang C. YY1-mediated overexpression of long non-
coding RNA MCM3AP-AS1 accelerates angiogenesis and progres-
sion in lung cancer by targeting miR-340-5p/KPNA4 axis. J Cell
Biochem. 2020;121(3):2258-2267. doi:10.1002/jcb.29448

Wang Y, Yang L, Chen T, et al. A novel IncRNA MCMB3AP-AS1
promotes the growth of hepatocellular carcinoma by targeting
miR-194-5p/FOXA1 axis. Mol Cancer. 2019;18(1):28. doi:10.1186/
s12943-019-0957-7

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

Fawzy MS, Toraih EA, Abdallah HY. Long noncoding RNA
metastasis-associated lung adenocarcinoma transcript 1
(MALAT1): A molecular predictor of poor survival in glioblas-
toma multiforme in Egyptian patients. Egypt J Med Hum Genet.
2017;18(3):231-239. doi:10.1016/j.ejmhg.2016.08.003

Cai T, Liu Y, Xiao J. Long noncoding RNA MALAT1 knockdown
reverses chemoresistance to temozolomide via promoting mi-
croRNA-101 in glioblastoma. Cancer Med. 2018;7(4):1404-1415.
doi:10.1002/cam4.1384

YiRenH, YingCongY, Sunwu Y, etal. Long noncoding RNA MALAT1
regulates autophagy associated chemoresistance via miR-23b-3p
sequestration in gastric cancer. Mol Cancer. 2017;16(1):174.
doi:10.1186/512943-017-0743-3

LiH, Yuan X, Yan D, etal. Long non-coding RNAMALAT1 decreases
the sensitivity of resistant glioblastoma cell lines to temozolomide.
Cell Physiol Biochem. 2017;42(3):1192-1201. do0i:10.1159/00047
8917

Fan L, Huang X, Chen J, et al. Long noncoding RNA MALAT1
contributes to sorafenib resistance by targeting miR-140-5p/
Aurora-A signaling in hepatocellular carcinoma. Mol Cancer Ther.
2020;19(5):1197-1209. doi:10.1158/1535-7163.mct-19-0203
Tang Y-H, He G-L, Huang S-Z, et al. The long noncoding RNA
AKO002107 negatively modulates miR-140-5p and targets TGFBR1
to induce epithelial-mesenchymal transition in hepatocellular
carcinoma. Mol Oncol. 2019;13(5):1296-1310. doi:10.1002/187
8-0261.12487

Jin X, Cai L, Wang C, et al. CASC2/miR-24/miR-221 modulates
the TRAIL resistance of hepatocellular carcinoma cell through
caspase-8/caspase-3. Cell Death Dis. 2018;9(3):318. doi:10.1038/
s41419-018-0350-2

Huang G, Wu X, Li S, Xu X, Zhu H, Chen X. The long noncod-
ing RNA CASC2 functions as a competing endogenous RNA by
sponging miR-18a in colorectal cancer. Sci Rep. 2016;6(1):26524.
doi:10.1038/srep26524

Yu X, Zheng H, Tse G, Zhang L, Wu WKK. CASC2: An emerging
tumour-suppressing long noncoding RNA in human cancers and
melanoma. Cell Prolif. 2018;51(6):e12506. doi:10.1111/cpr.12506
Gao J, Dai C, Yu X, Yin X-B, Zhou F. microRNA-485-5p inhibits
the progression of hepatocellular carcinoma through blocking
the WBP2/Wnt signaling pathway. Cell Signal. 2020;66:109466.
doi:10.1016/j.cellsig.2019.109466

Morales J, Li L, Fattah FJ, et al. Review of poly (ADP-ribose)
polymerase (PARP) mechanisms of action and rationale for tar-
geting in cancer and other diseases. Crit Rev Eukaryot Gene Expr.
2014;24(1):15-28.  doi:10.1615/critreveukaryotgeneexpr.20130
06875

Ziegler Y, Laws MJ, Sanabria Guillen V, et al. Suppression of
FOXM1 activities and breast cancer growth in vitro and in vivo
by a new class of compounds. NPJ Breast Cancer. 2019;5(1):45.
doi:10.1038/s41523-019-0141-7

Liao G-B, Li X-Z, Zeng S, et al. Regulation of the master regulator
FOXM1 in cancer. Cell Commun Signal. 2018;16(1):57. doi:10.1186/
s12964-018-0266-6

Liu Y, Zhang G, Chen H, Wang H. Silencing IncRNA DUXAPS8 in-
hibits lung adenocarcinoma progression by targeting miR-26b-5p.
Biosci Rep. 2021;41(1): doi:10.1042/bsr20200884

Hu'Y, Zhang X, Zai H-Y, Jiang W, Xiao L, Zhu Q. IncRNA DUXAP8
Facilitates Multiple Malignant Phenotypes and Resistance to PARP
Inhibitor in HCC via Upregulating FOXM1. Mol Ther Oncolytics.
2020;19:308-322. doi:10.1016/j.0mt0.2020.10.010

Kawai T, Yasuchika K, Ishii T, et al. SOX9 is a novel cancer stem cell
marker surrogated by osteopontin in human hepatocellular carci-
noma. Sci Rep. 2016;6(1):30489. doi:10.1038/srep30489
Ghafouri-Fard S, Glassy MC, Abak A, Hussen BM, Niazi V, Taheri
M. The interaction between miRNAs/IncRNAs and Notch pathway
in human disorders. Biomed Pharmacother. 2021;138:111496.


https://doi.org/10.1016/j.biopha.2017.12.082
https://doi.org/10.1038/s41419-020-02921-z
https://doi.org/10.1111/jcmm.15487
https://doi.org/10.3892/ijo.2015.3112
https://doi.org/10.3892/ijo.2015.3112
https://doi.org/10.3748/wjg.v20.i21.6515
https://doi.org/10.3748/wjg.v20.i21.6515
https://doi.org/10.1093/carcin/bgr105
https://doi.org/10.1093/carcin/bgr105
https://doi.org/10.1038/onc.2012.14
https://doi.org/10.1016/j.canlet.2020.02.014
https://doi.org/10.1016/j.canlet.2020.02.014
https://doi.org/10.1186/s43046-019-0011-2
https://doi.org/10.3892/ijo.2019.4771
https://doi.org/10.1016/j.ejca.2008.04.020
https://doi.org/10.1038/nrc3263
https://doi.org/10.1038/emboj.2011.340
https://doi.org/10.1016/j.gene.2018.11.022
https://doi.org/10.1177/1010428317706210
https://doi.org/10.1177/1010428317706210
https://doi.org/10.3892/ol.2021.12486
https://doi.org/10.3892/ol.2021.12486
https://doi.org/10.3389/fnmol.2017.00437
https://doi.org/10.3389/fnmol.2017.00437
https://doi.org/10.1002/jcb.29448
https://doi.org/10.1186/s12943-019-0957-7
https://doi.org/10.1186/s12943-019-0957-7
https://doi.org/10.1016/j.ejmhg.2016.08.003
https://doi.org/10.1002/cam4.1384
https://doi.org/10.1186/s12943-017-0743-3
https://doi.org/10.1159/000478917
https://doi.org/10.1159/000478917
https://doi.org/10.1158/1535-7163.mct-19-0203
https://doi.org/10.1002/1878-0261.12487
https://doi.org/10.1002/1878-0261.12487
https://doi.org/10.1038/s41419-018-0350-2
https://doi.org/10.1038/s41419-018-0350-2
https://doi.org/10.1038/srep26524
https://doi.org/10.1111/cpr.12506
https://doi.org/10.1016/j.cellsig.2019.109466
https://doi.org/10.1615/critreveukaryotgeneexpr.2013006875
https://doi.org/10.1615/critreveukaryotgeneexpr.2013006875
https://doi.org/10.1038/s41523-019-0141-7
https://doi.org/10.1186/s12964-018-0266-6
https://doi.org/10.1186/s12964-018-0266-6
https://doi.org/10.1042/bsr20200884
https://doi.org/10.1016/j.omto.2020.10.010
https://doi.org/10.1038/srep30489

MOGHADAM ET AL.

Wi LEYﬂ

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

Liu D, Ertay A, Hill C, et al. ASPP1 deficiency promotes epithelial-
mesenchymal transition, invasion and metastasis in colorec-
tal cancer. Cell Death Dis. 2020;11(4):224. doi:10.1038/s4141
9-020-2415-2

Jana S, Madhu Krishna B, Singhal J, et al. SOX9: The mas-
ter regulator of cell fate in breast cancer. Biochem Pharmacol.
2020;174:113789. doi:10.1016/j.bcp.2019.113789

Kordes U, Hagel C. Expression of SOX9 and SOX10 in central neu-
roepithelial tumor. J Neurooncol. 2006;80(2):151-155. doi:10.1007/
s11060-006-9180-7

Wang HY, Lian P, Zheng PS. SOX9, a potential tumor suppressor
in cervical cancer, transactivates p21WAF1/CIP1 and suppresses
cervical tumor growth. Oncotarget. 2015;6(24):20711-20722.
doi:10.18632/oncotarget.4133

Aleman A, Adrien L, Lopez-Serra L, et al. Identification of DNA
hypermethylation of SOX9 in association with bladder cancer pro-
gression using CpG microarrays. Br J Cancer. 2008;98(2):466-473.
doi:10.1038/sj.bjc.6604143

Jay P, Berta P, Blache P. Expression of the carcinoembryonic
antigen gene is inhibited by SOX9 in human colon carcinoma
cells. Can Res. 2005;65(6):2193-2198. doi:10.1158/0008-5472.
can-04-1484

Saegusa M, Hashimura M, Suzuki E, Yoshida T, Kuwata T.
Transcriptional up-regulation of Sox9 by NF-kB in endometrial car-
cinoma cells, modulating cell proliferation through alteration in the
pl4ARF/p53/p21WAF1 Pathway. Am J Pathol. 2012;181(2):684-
692. doi:10.1016/j.ajpath.2012.05.008

Santos JC, Carrasco-Garcia E, Garcia-Puga M, et al. SOX9 elevation
acts with canonical wnt signaling to drive gastric cancer progres-
sion. Can Res. 2016;76(22):6735-6746. doi:10.1158/0008-5472.
can-16-1120

Yu CC, Tsai LL, Wang ML, et al. miR145 targets the SOX9/ADAM17
axis to inhibit tumor-initiating cells and IL-6-mediated paracrine
effects in head and neck cancer. Can Res. 2013;73(11):3425-3440.
doi:10.1158/0008-5472.can-12-3840

Zhang Y, Guo X, Xiong L, et al. MicroRNA-101 suppresses SOX9-
dependent tumorigenicity and promotes favorable prognosis of
human hepatocellular carcinoma. FEBS Lett. 2012;586(24):4362-
4370. doi:10.1016/j.febslet.2012.10.053

Jiang SS, Fang WT, Hou YH, et al. Upregulation of SOX9 in lung ad-
enocarcinoma and its involvement in the regulation of cell growth
and tumorigenicity. Clin Cancer Res. 2010;16(17):4363-4373.
doi:10.1158/1078-0432.ccr-10-0138

Zhang W, Wu Y, Hou B, et al. A SOX9-AS1/miR-5590-3p/SOX9
positive feedback loop drives tumor growth and metastasis in he-
patocellular carcinoma through the Wnt/p-catenin pathway. Mol
Oncol. 2019;13(10):2194-2210. doi:10.1002/1878-0261.12560

Lu C, Rong D, Zhang B, et al. Current perspectives on the immu-
nosuppressive tumor microenvironment in hepatocellular carci-
noma: challenges and opportunities. Mol Cancer. 2019;18(1):130.
doi:10.1186/s12943-019-1047-6

Dong P, Ma L, Liu L, et al. CD86"/CD206", diametrically polarized
tumor-associated macrophages, predict hepatocellular carcinoma
patient prognosis. Int J Mol Sci. 2016;17(3):320. doi:10.3390/ijms1
7030320

Yang Y, Ye Y-C, Chen Y, et al. Crosstalk between hepatic tumor
cells and macrophages via Wnt/p-catenin signaling promotes
M2-like macrophage polarization and reinforces tumor malig-
nant behaviors. Cell Death Dis. 2018;9(8):793. doi:10.1038/s4141
9-018-0818-0

Guo T, Gong C, Wu P, et al. LINCO0662 promotes hepatocellu-
lar carcinoma progression via altering genomic methylation pro-
files. Cell Death Differ. 2020;27(7):2191-2205. doi:10.1038/s4141
8-020-0494-3

Tian X, Wu 'Y, Yang Y, et al. Long noncoding RNA LINC00662 pro-
motes M2 macrophage polarization and hepatocellular carcinoma

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

progression via activating Wnt/p-catenin signaling. Mol Oncol.
2020;14(2):462-483. doi:10.1002/1878-0261.12606

Xie Y, Hepatitis B. Virus-associated hepatocellular carcinoma. Adv
Exp Med Biol. 2017;1018:11-21. d0i:10.1007/978-981-10-5765-6_2
Huang P, XuQ, YanY, etal. HBx/ERa complex-mediated LINC01352
downregulation promotes HBV-related hepatocellular carcinoma
via the miR-135b-APC axis. Oncogene. 2020;39(18):3774-3789.
doi:10.1038/s41388-020-1254-z

Tian F, DaCosta BS, Parks WT, et al. Reduction in Smad2/3 signal-
ing enhances tumorigenesis but suppresses metastasis of breast
cancer cell lines. Can Res. 2003;63(23):8284-8292.

Samanta D, Datta PK. Alterations in the Smad pathway in human
cancers. Front Biosci (Landmark edition). 2012;17:1281-1293.
doi:10.2741/3986

Hwang JS, Jeong EJ, Choi J, et al. MicroRNA-1258 inhibits the pro-
liferation and migration of human colorectal cancer cells through
suppressing CKS1B expression. Genes. 2019;10(11): doi:10.3390/
genes10110912

Zhao X. miR-1258 regulates cell proliferation and cell cycle to in-
hibit the progression of breast cancer by targeting E2F1. Biomed
Res Int. 2020;2020:1480819. d0i:10.1155/2020/1480819

Hu M, Wang M, Lu H, et al. Loss of miR-1258 contributes to
carcinogenesis and progression of liver cancer through target-
ing CDC28 protein kinase regulatory subunit 1B. Oncotarget.
2016;7(28):43419-43431. doi:10.18632/oncotarget.9728

Huang W-J, Tian X-P, Bi S-X, et al. The p-catenin/TCF-4-
LINC01278-miR-1258-Smad2/3 axis promotes hepatocellu-
lar carcinoma metastasis. Oncogene. 2020;39(23):4538-4550.
doi:10.1038/s41388-020-1307-3

QinY, Sun W, Wang Z, et al. Long Non-coding small nucleolar RNA
host genes (SNHGs) in endocrine-related cancers. OncoTargets
Therapy. 2020;13:7699-7717. doi:10.2147/0ott.s267140

Gao YT, Zhou YC. Long non-coding RNA (IncRNA) small nu-
cleolar RNA host gene 7 (SNHG7) promotes breast cancer pro-
gression by sponging miRNA-381. Eur Rev Med Pharmacol Sci.
2019;23(15):6588-6595. doi:10.26355/eurrev_201908_18545
Cui Y, Zhang F, Zhu C, Geng L, Tian T, Liu H. Upregulated IncRNA
SNHG1 contributes to progression of non-small cell lung can-
cer through inhibition of miR-101-3p and activation of Wnt/p-
catenin signaling pathway. Oncotarget. 2017;8(11):17785-17794.
doi:10.18632/oncotarget.14854

Zhao L, Han T, Li Y, et al. The IncRNA SNHG5/miR-32 axis regu-
lates gastric cancer cell proliferation and migration by targeting
KLF4. FASEB J. 2017;31(3):893-903. d0i:10.1096/fj.201600994R
Wang JZ, Xu CL, Wu H, Shen SJ. LncRNA SNHG12 promotes cell
growth and inhibits cell apoptosis in colorectal cancer cells. Braz J
Med Biol Res. 2017;50(3):€6079.d0i:10.1590/1414-431X20176079
Dong J, Teng F, Guo W, Yang J, Ding G, Fu Z. IncRNA SNHGS8 pro-
motes the tumorigenesis and metastasis by sponging miR-149-5p
and predicts tumor recurrence in hepatocellular carcinoma. Cell
Physiol Biochem. 2018;51(5):2262-2274. d0i:10.1159/000495871
Qu L, Chen Y, Zhang F, He L. The IncRNA DLGAP1-AS1/miR-
149-5p/TGFB2 axis contributes to colorectal cancer progres-
sion and 5-FU resistance by regulating smad2 pathway. Mol Ther
Oncolytics. 2021;20:607-624. doi:10.1016/j.omt0.2021.01.003
Deng J, Zhang Q, Lu L, Fan C. Long noncoding RNA DLGAP1-AS1
promotes the aggressive behavior of gastric cancer by acting as a
ceRNA for microRNA-628-5p and raising astrocyte elevated gene
1 expression. Cancer Manag Res. 2020;12:2947-2960. doi:10.2147/
CMAR.S246166

Peng X, Wei F, Hu X. Long noncoding RNA DLGAP1-AS1 promotes
cell proliferation in hepatocellular carcinoma via sequestering
miR-486-5p. J Cell Biochem. 2020;121(2):1953-1962. doi:10.1002/
jcb.29430

Roche J. The epithelial-to-mesenchymal transition in cancer.
Cancers 2018;10:2. doi:10.3390/cancers10020052


https://doi.org/10.1038/s41419-020-2415-2
https://doi.org/10.1038/s41419-020-2415-2
https://doi.org/10.1016/j.bcp.2019.113789
https://doi.org/10.1007/s11060-006-9180-7
https://doi.org/10.1007/s11060-006-9180-7
https://doi.org/10.18632/oncotarget.4133
https://doi.org/10.1038/sj.bjc.6604143
https://doi.org/10.1158/0008-5472.can-04-1484
https://doi.org/10.1158/0008-5472.can-04-1484
https://doi.org/10.1016/j.ajpath.2012.05.008
https://doi.org/10.1158/0008-5472.can-16-1120
https://doi.org/10.1158/0008-5472.can-16-1120
https://doi.org/10.1158/0008-5472.can-12-3840
https://doi.org/10.1016/j.febslet.2012.10.053
https://doi.org/10.1158/1078-0432.ccr-10-0138
https://doi.org/10.1002/1878-0261.12560
https://doi.org/10.1186/s12943-019-1047-6
https://doi.org/10.3390/ijms17030320
https://doi.org/10.3390/ijms17030320
https://doi.org/10.1038/s41419-018-0818-0
https://doi.org/10.1038/s41419-018-0818-0
https://doi.org/10.1038/s41418-020-0494-3
https://doi.org/10.1038/s41418-020-0494-3
https://doi.org/10.1002/1878-0261.12606
https://doi.org/10.1007/978-981-10-5765-6_2
https://doi.org/10.1038/s41388-020-1254-z
https://doi.org/10.2741/3986
https://doi.org/10.3390/genes10110912
https://doi.org/10.3390/genes10110912
https://doi.org/10.1155/2020/1480819
https://doi.org/10.18632/oncotarget.9728
https://doi.org/10.1038/s41388-020-1307-3
https://doi.org/10.2147/ott.s267140
https://doi.org/10.26355/eurrev_201908_18545
https://doi.org/10.18632/oncotarget.14854
https://doi.org/10.1096/fj.201600994R
https://doi.org/10.1590/1414-431X20176079
https://doi.org/10.1159/000495871
https://doi.org/10.1016/j.omto.2021.01.003
https://doi.org/10.2147/CMAR.S246166
https://doi.org/10.2147/CMAR.S246166
https://doi.org/10.1002/jcb.29430
https://doi.org/10.1002/jcb.29430
https://doi.org/10.3390/cancers10020052

ﬂWl LEY

134.
135.

136.

137.
138.
139.
140.
141.
142.
143.
144,

145.
146.

147.
148.
149.

150.

MOGHADAM ET AL.

Dongre A, Weinberg RA. New insights into the mechanisms of
epithelial-mesenchymal transition and implications for can-
cer. Nat Rev Mol Cell Biol. 2019;20(2):69-84. doi:10.1038/s4158
0-018-0080-4

Wang J, Li M, Han X, et al. MiR-1976 knockdown promotes
epithelial-mesenchymal transition and cancer stem cell properties
inducing triple-negative breast cancer metastasis. Cell Death Dis.
2020;11(7):500. doi:10.1038/s41419-020-2711-x

Lin Y, Jian Z, Jin H, et al. Long non-coding RNA DLGAP1-AS1 fa-
cilitates tumorigenesis and epithelial-mesenchymal transition in
hepatocellular carcinoma via the feedback loop of miR-26a/b-5p/
IL-6/JAK2/STAT3 and Wnt/p-catenin pathway. Cell Death Dis.
2020;11(1):34. doi:10.1038/s41419-019-2188-7

Zhou T, Yu L, Huang J, et al. GDF10 inhibits proliferation and
epithelial-mesenchymal transition in triple-negative breast cancer
via upregulation of Smad7. Aging (Albany NY). 2019;11(10):3298-
3314. doi:10.18632/aging.101983

Zan Y, Wang B, Liang L, et al. MicroRNA-139 inhibits hepatocel-
lular carcinoma cell growth through down-regulating karyopherin
alpha 2. J Exp Clin Cancer Res. 2019;38(1):182. doi:10.1186/s1304
6-019-1175-2

He H, Wang, Ye P, et al. Long noncoding RNA ZFPM2-AS1 acts as
a miRNA sponge and promotes cell invasion through regulation of
miR-139/GDF10 in hepatocellular carcinoma. J Exp Clin Cancer Res.
2020;39(1):159. doi:10.1186/513046-020-01664-1

Ito S, D'Alessio AC, Taranova OV, Hong K, Sowers LC, Zhang Y. Role
of Tet proteins in 5mC to 5hmC conversion, ES-cell self-renewal
and inner cell mass specification. Nature. 2010;466(7310):1129-
1133. doi:10.1038/nature09303

Zhang M, Wang J, Zhang K, et al. Ten-eleven translocation 1
mediated-DNA hydroxymethylationis required for myelination and
remyelination in the mouse brain. Nat Commun. 2021;12(1):5091.
doi:10.1038/s41467-021-25353-5

Liu C, Liu L, Chen X, et al. Decrease of 5-hydroxymethylcytosine
is associated with progression of hepatocellular carcinoma
through downregulation of TET1. PLoS One. 2013;8(5):e62828.
doi:10.1371/journal.pone.0062828

Zhang P-F, Wei C-Y, Huang X-Y, et al. Circular RNA circTRIM33-12
acts as the sponge of MicroRNA-191 to suppress hepatocellular
carcinoma progression. Mol Cancer. 2019;18(1):105. doi:10.1186/
$12943-019-1031-1

Heshmati VY, Kharazi S, Tiirkéz G, et al. The histone chaperone
NAP1L3 is required for haematopoietic stem cell maintenance
and differentiation. Sci Rep. 2018;8(1):11202. doi:10.1038/s54159
8-018-29518-z

Gopalan V, Smith RA, Lam AKY. Downregulation of microR-
NA-498 in colorectal cancers and its cellular effects. Exp Cell Res.
2015;330(2):423-428. doi:10.1016/j.yexcr.2014.08.006

Cong J, Liu R, Wang X, Wang J, Wang H, Hou J. Low miR-498 ex-
pression levels are associated with poor prognosis in ovarian can-
cer. Eur Rev Med Pharmacol Sci. 2015;19(24):4762-4765.

Islam F, Gopalan V, Law S, Tang JC-O, Chan K-W, Lam AK-Y. MiR-
498 in esophageal squamous cell carcinoma: clinicopathological
impacts and functional interactions. Hum Pathol. 2017;62:141-151.
doi:10.1016/j.humpath.2017.01.014

Lv S, Li Y, Ning H, Zhang M, Jia Q, Wang X. CircRNA GFRA1 pro-
motes hepatocellular carcinoma progression by modulating the
miR-498/NAP1L3 axis. Sci Rep. 2021;11(1):386. doi:10.1038/
s41598-020-79321-y

Aboubakar Nana F, Lecocq M, Ladjemi MZ, et al. Therapeutic po-
tential of focal adhesion kinase inhibition in small cell lung can-
cer. Mol Cancer Ther. 2019;18(1):17-27. doi:10.1158/1535-7163.
mct-18-0328

Tong X, Tanino R, Sun R, et al. Protein tyrosine kinase 2: a novel
therapeutic target to overcome acquired EGFR-TKI resistance in
non-small cell lung cancer. Respir Res. 2019;20(1):270. doi:10.1186/
s12931-019-1244-2

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

Fan Z, Duan J, Wang L, et al. PTK2 promotes cancer stem cell traits
in hepatocellular carcinoma by activating Wnt/p-catenin signaling.
Cancer Lett. 2019;450:132-143. d0i:10.1016/j.canlet.2019.02.040
Qiao M, Iglehart JD, Pardee AB. Metastatic potential of 21T human
breast cancer cells depends on Akt/Protein kinase B activation. Can
Res. 2007;67(11):5293. doi:10.1158/0008-5472.CAN-07-0877
Mroweh M, Roth G, Decaens T, Marche PN, Lerat H, Macek JZ.
Targeting Akt in hepatocellular carcinoma and its tumor micro-
environment. Int J Mol Sci. 2021;22(4):1794. doi:10.3390/ijms2
2041794

Wu H, Wang C, Liu Y, et al. miR-138-5p suppresses glioblastoma
cell viability and leads to cell cycle arrest by targeting cyclin D3.
Oncol Lett. 2020;20(5):264. doi:10.3892/0l.2020.12127

Zhang S, Lu Y, Jiang H-Y, et al. CircC160rf62 promotes hepatocel-
lular carcinoma progression through the miR-138-5p/PTK2/AKT
axis. Cell Death Dis. 2021;12(6):597. doi:10.1038/s41419-021-
03866-7

Shamloo B, Usluer S. p21 in Cancer research. Cancers.
2019;11(8):1178. d0i:10.3390/cancers11081178

Abbas T, Dutta A. p21 in cancer: intricate networks and multi-
ple activities. Nat Rev Cancer. 2009;9(6):400-414. doi:10.1038/
nrc2657

Chen X, Yang F, Zhang T, et al. MiR-9 promotes tumorigenesis
and angiogenesis and is activated by MYC and OCT4 in human
glioma. J Exp Clin Cancer Res. 2019;38(1):99. doi:10.1186/s1304
6-019-1078-2

Yang J, Li T, Gao C, et al. FOXO1 3'UTR functions as a ceRNA in re-
pressing the metastases of breast cancer cells via regulating miRNA
activity. FEBS Lett. 2014;588(17):3218-3224. doi:10.1016/].febsl
et.2014.07.003

Han D, Li J, Wang H, et al. Circular RNA circMTO1 acts as the
sponge of microRNA-9 to suppress hepatocellular carcinoma
progression. Hepatology (Baltimore, MD). 2017;66(4):1151-1164.
doi:10.1002/hep.29270

Han LL, Nan HC, Tian T, et al. Expression and significance of the
novel tumor-suppressor gene SMG-1 in hepatocellular carcinoma.
Oncol Rep. 2014;31(6):2569-2578. doi:10.3892/0r.2014.3125

Ho U, Luff J, James A, et al. SMG1 heterozygosity exacerbates
haematopoietic cancer development in Atm null mice by increas-
ing persistent DNA damage and oxidative stress. J Cell Mol Med.
2019;23(12):8151-8160. doi:10.1111/jcmm.14685

Gubanova E, Issaeva N, Gokturk C, Djureinovic T, Helleday T.
SMG-1 suppresses CDK2 and tumor growth by regulating both the
p53 and Cdc25A signaling pathways. Cell Cycle (Georgetown, Tex).
2013;12(24):3770-3780. doi:10.4161/cc.26660

Sukocheva OA. Estrogen, estrogen receptors, and hepatocellular
carcinoma: Are we there yet? World J Gastroenterol. 2018;24(1):1-
4. doi:10.3748/wjg.v24.i1.1

Wang AG, Lee KY, Kim SY, et al. The expression of estrogen recep-
tors in hepatocellular carcinoma in Korean patients. Yonsei Med J.
2006;47(6):811-816. doi:10.3349/ymj.2006.47.6.811

Xiao Y, Liu G, Sun Y, et al. Targeting the estrogen receptor
alpha (ERa)-mediated circ-SMG1.72/miR-141-3p/Gelsolin  sig-
naling to better suppress the HCC cell invasion. Oncogene.
2020;39(12):2493-2508. doi:10.1038/541388-019-1150-6

Tu SH, Lin YC, Huang CC, et al. Protein phosphatase Mg2+/
Mn2+ dependent 1F promotes smoking-induced breast cancer
by inactivating phosphorylated-p53-induced signals. Oncotarget.
2016;7(47):77516-77531. doi:10.18632/oncotarget.12717
Zhang J, Jin M, Chen X, et al. Loss of PPM1F expression predicts tu-
mour recurrence and is negatively regulated by miR-590-3p in gas-
tric cancer. Cell Prolif. 2018;51(4).e12444. doi:10.1111/cpr.12444
Revach O-Y, Weiner A, Rechav K, Sabanay I, Livne A, Geiger B.
Mechanical interplay between invadopodia and the nucleus in cul-
tured cancer cells. Sci Rep. 2015;5(1):9466. doi:10.1038/srep09466
Lu G, Li Y, Ma Y, et al. Long noncoding RNA LINC00511 con-
tributes to breast cancer tumourigenesis and stemness by


https://doi.org/10.1038/s41580-018-0080-4
https://doi.org/10.1038/s41580-018-0080-4
https://doi.org/10.1038/s41419-020-2711-x
https://doi.org/10.1038/s41419-019-2188-7
https://doi.org/10.18632/aging.101983
https://doi.org/10.1186/s13046-019-1175-2
https://doi.org/10.1186/s13046-019-1175-2
https://doi.org/10.1186/s13046-020-01664-1
https://doi.org/10.1038/nature09303
https://doi.org/10.1038/s41467-021-25353-5
https://doi.org/10.1371/journal.pone.0062828
https://doi.org/10.1186/s12943-019-1031-1
https://doi.org/10.1186/s12943-019-1031-1
https://doi.org/10.1038/s41598-018-29518-z
https://doi.org/10.1038/s41598-018-29518-z
https://doi.org/10.1016/j.yexcr.2014.08.006
https://doi.org/10.1016/j.humpath.2017.01.014
https://doi.org/10.1038/s41598-020-79321-y
https://doi.org/10.1038/s41598-020-79321-y
https://doi.org/10.1158/1535-7163.mct-18-0328
https://doi.org/10.1158/1535-7163.mct-18-0328
https://doi.org/10.1186/s12931-019-1244-2
https://doi.org/10.1186/s12931-019-1244-2
https://doi.org/10.1016/j.canlet.2019.02.040
https://doi.org/10.1158/0008-5472.CAN-07-0877
https://doi.org/10.3390/ijms22041794
https://doi.org/10.3390/ijms22041794
https://doi.org/10.3892/ol.2020.12127
https://doi.org/10.1038/s41419-021-03866-7
https://doi.org/10.1038/s41419-021-03866-7
https://doi.org/10.3390/cancers11081178
https://doi.org/10.1038/nrc2657
https://doi.org/10.1038/nrc2657
https://doi.org/10.1186/s13046-019-1078-2
https://doi.org/10.1186/s13046-019-1078-2
https://doi.org/10.1016/j.febslet.2014.07.003
https://doi.org/10.1016/j.febslet.2014.07.003
https://doi.org/10.1002/hep.29270
https://doi.org/10.3892/or.2014.3125
https://doi.org/10.1111/jcmm.14685
https://doi.org/10.4161/cc.26660
https://doi.org/10.3748/wjg.v24.i1.1
https://doi.org/10.3349/ymj.2006.47.6.811
https://doi.org/10.1038/s41388-019-1150-6
https://doi.org/10.18632/oncotarget.12717
https://doi.org/10.1111/cpr.12444
https://doi.org/10.1038/srep09466

MOGHADAM ET AL.

Wi LEYJﬁ

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

inducing the miR-185-3p/E2F1/Nanog axis. J Exp Clin Cancer Res.
2018;37(1):289. doi:10.1186/s13046-018-0945-6

Sun CC, Li SJ, Li G, Hua RX, Zhou XH, Li DJ. Long intergenic non-
coding RNA 00511 acts as an oncogene in non-small-cell lung
cancer by binding to EZH2 and suppressing p57. Mol Ther Nucleic
Acids. 2016;5(11):e385. d0i:10.1038/mtna.2016.94

Wang RP, Jiang J, Jiang T, Wang Y, Chen LX. Increased long non-
coding RNA LINCOO0511 is correlated with poor prognosis and
contributes to cell proliferation and metastasis by modulating
miR-424 in hepatocellular carcinoma. Eur Rev Med Pharmacol Sci.
2019;23(8):3291-3301. doi:10.26355/eurrev_201904_17691
Peng X, Li X, Yang S, et al. LINCO0511 drives invasive behavior
in hepatocellular carcinoma by regulating exosome secretion and
invadopodia formation. J Exp Clin Cancer Res. 2021;40(1):183.
doi:10.1186/s13046-021-01990-y

Erdogan B, Webb DJ. Cancer-associated fibroblasts modulate
growth factor signaling and extracellular matrix remodeling to reg-
ulate tumor metastasis. Biochem Soc Trans. 2017;45(1):229-236.
doi:10.1042/BST20160387

Cheng H, Wang Z, Fu L, Xu T. Macrophage polarization in the de-
velopment and progression of ovarian cancers: An overview. Front
Oncol. 2019;9:421. doi:10.3389/fonc.2019.00421

Li J, Li P, Zhao W, et al. Expression of long non-coding RNA
DLX6-AS1 in lung adenocarcinoma. Cancer Cell Int. 2015;15:48.
doi:10.1186/s12935-015-0201-5

Liang Y, Zhang CD, Zhang C, Dai DQ. DLX6-AS1/miR-204-5p/
OCT1 positive feedback loop promotes tumor progression and
epithelial-mesenchymal transition in gastric cancer. Gastric Cancer.
2020;23(2):212-227. d0i:10.1007/510120-019-01002-1

Zhang JJ, Xu WR, Chen B, et al. The up-regulated IncRNA
DLX6-AS1 in colorectal cancer promotes cell proliferation, inva-
sion and migration via modulating PI3K/AKT/mTOR pathway. Eur
Rev Med Pharmacol Sci. 2019;23(19):8321-8331. doi:10.26355/
eurrev_201910_19143

Hu C, Liu K, Wang B, Xu W, Lin Y, Yuan C. DLX6-AS1: An indis-
pensable cancer-related long non-coding RNA. Curr Pharm Des.
2021;27(9):1211-1218. doi:10.2174/13816128266662010291
00151

Shen M, Shen Y, Fan X, Men R, Ye T, Yang L. Roles of macrophages
and exosomes in liver diseases [Review]. Front Med. 2020;7(572):
doi:10.3389/fmed.2020.583691

Qu Z, Feng J, Pan H, Jiang Y, Duan Y, Fa Z. Exosomes derived
from HCC cells with different invasion characteristics mediated
EMT through TGF-p/Smad signaling pathway. OncoTargets Ther.
2019;12:6897-6905. doi:10.2147/0TT.5209413

Wang LP, Lin J, Ma XQ, et al. Exosomal DLX6-AS1 from hepa-
tocellular carcinoma cells induces M2 macrophage polarization
to promote migration and invasion in hepatocellular carcinoma
through microRNA-15a-5p/CXCL17 axis. J Exp Clin Cancer Res.
2021;40(1):177. d0i:10.1186/513046-021-01973-z

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

Kretz M, Webster DE, Flockhart RJ, et al. Suppression of progeni-
tor differentiation requires the long noncoding RNA ANCR. Genes
Dev. 2012;26(4):338-343. d0i:10.1101/gad.182121.111

Mao Z, Li H, Du B, et al. LncRNA DANCR promotes migration and
invasion through suppression of IncRNA-LET in gastric cancer
cells. Biosci Rep. 2017;37(6):BSR20171070. doi:10.1042/BSR20
171070

Jia J, Li F, Tang X-S, et al. Long noncoding RNA DANCR promotes
invasion of prostate cancer through epigenetically silencing ex-
pression of TIMP2/3. Oncotarget. 2016;7(25):37868-37881.
doi:10.18632/oncotarget.9350

Wang W, Li Y, Ma Q, Yan H, Su W. Differentiation antagonizing
non-protein coding RNA modulates the proliferation, migra-
tion, and angiogenesis of glioma cells by targeting the miR-216a/
LGRS5 axis and the PIBK/AKT signaling pathway. OncoTargets Ther.
2019;12:2439-2449. doi:doi:10.2147/0tt.s196851

Wang N, Zhang C, Wang W, et al. Long noncoding RNA DANCR
regulates proliferation and migration by epigenetically silencing
FBP1 in tumorigenesis of cholangiocarcinoma. Cell Death Dis.
2019;10(8):585. d0i:10.1038/541419-019-1810-z

Ma X, Wang X, Yang C, et al. DANCR acts as a diagnostic biomarker
and promotes tumor growth and metastasis in hepatocellular car-
cinoma. Anticancer Res. 2016;36(12):6389-6398. doi:10.21873/
anticanres.11236

Wang SC, Li CY, Chang WT, et al. Exosome-derived differentia-
tion antagonizing non-protein coding RNA with risk of hepatitis
C virus-related hepatocellular carcinoma recurrence. Liver Int.
2021;41(5):956-968. doi:10.1111/liv.14772

Thomson DW, Dinger ME. Endogenous microRNA sponges: evi-
dence and controversy. Nat Rev Genet. 2016;17(5):272-283.
Bosson AD, Zamudio JR, Sharp PA. Endogenous miRNA and target
concentrations determine susceptibility to potential ceRNA com-
petition. Mol Cell. 2014;56(3):347-359.

Denzler R, Agarwal V, Stefano J, Bartel DP, Stoffel M. Assessing
the ceRNA hypothesis with quantitative measurements of miRNA
and target abundance. Mol Cell. 2014;54(5):766-776.

How to cite this article: Khashkhashi Moghadam S,
Bakhshinejad B, Khalafizadeh A, Mahmud Hussen B,
Babashah S. Non-coding RNA-associated competitive

endogenous RNA regulatory networks: Novel diagnostic and

therapeutic opportunities for hepatocellular carcinoma. J Cell
Mol Med. 2022;26:287-305. doi:10.1111/jcmm.17126



https://doi.org/10.1186/s13046-018-0945-6
https://doi.org/10.1038/mtna.2016.94
https://doi.org/10.26355/eurrev_201904_17691
https://doi.org/10.1186/s13046-021-01990-y
https://doi.org/10.1042/BST20160387
https://doi.org/10.3389/fonc.2019.00421
https://doi.org/10.1186/s12935-015-0201-5
https://doi.org/10.1007/s10120-019-01002-1
https://doi.org/10.26355/eurrev_201910_19143
https://doi.org/10.26355/eurrev_201910_19143
https://doi.org/10.2174/1381612826666201029100151
https://doi.org/10.2174/1381612826666201029100151
https://doi.org/10.3389/fmed.2020.583691
https://doi.org/10.2147/OTT.S209413
https://doi.org/10.1186/s13046-021-01973-z
https://doi.org/10.1101/gad.182121.111
https://doi.org/10.1042/BSR20171070
https://doi.org/10.1042/BSR20171070
https://doi.org/10.18632/oncotarget.9350
https://doi.org/10.2147/ott.s196851
https://doi.org/10.1038/s41419-019-1810-z
https://doi.org/10.21873/anticanres.11236
https://doi.org/10.21873/anticanres.11236
https://doi.org/10.1111/liv.14772
https://doi.org/10.1111/jcmm.17126

