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rAbstract ]

Background: Hepatocellular carcinoma (HCC) is one of the most common malignancies globally. Despite aggressive
and multimodal treatment regimens, the overall survival of HCC patients remains poor.

Main: Circular RNAs (circRNAs) are noncoding RNAs (ncRNAs) with covalently closed structures and tissue- or organ-
specific expression patterns in eukaryotes. They are highly stable and have important biological functions, including
acting as microRNA sponges, protein scaffolds, transcription regulators, translation templates and interacting with
RNA-binding protein. Recent advances have indicated that circRNAs present abnormal expression in HCC tissues and
that their dysregulation contributes to HCC initiation and progression. Furthermore, researchers have revealed that
some circRNAs might serve as diagnostic biomarkers or drug targets in clinical settings. In this review, we systemati-
cally evaluate the characteristics, biogenesis, mechanisms and functions of circRNAs in HCC and further discuss the
current shortcomings and potential directions of prospective studies on liver cancer-related circRNAs.

Conclusion: CircRNAs are a novel class of ncRNAs that play a significant role in HCC initiation and progression, but
their internal mechanisms and clinical applications need further investigation.
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Introduction

HCC was the sixth most common malignancy and the
third leading cause of cancer-related death globally in
2020, accounts for 75-85% of primary liver cancer cases
and has been ranked second in terms of mortality in
men [1]. Chronic infection with hepatitis virus, alcohol
abuse, metabolic syndrome related to diabetes and obe-
sity are major risk factors for HCC [1]. However, despite
the development of multimodal and advanced therapeu-
tics, including surgical approaches and systemic drug
treatment, the overall survival of HCC patients remains
poor [2]. Researchers believe that this dilemma is caused
by a lack of early diagnosis and the high HCC tumor
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heterogeneity [3]. Consequently, it is critical to deepen
our understanding of HCC pathogenesis, tumor hetero-
geneity and mechanisms of resistance to systemic treat-
ments and to further reveal potential biomarkers of HCC
and identify novel therapeutic targets.

Emerging evidence indicates that noncoding RNAs
(ncRNAs) are involved in many cellular biological and
physiological processes and even pathological disease
processes [4]. Among them, circRNAs are novel ncR-
NAs that are endogenous, abundant and stable in cells
and have become a topic of intensive research in recent
years [5]. Compared with canonical linear RNAs, this
special type of ncRNA is generated from pre-mRNAs
or other specific RNA molecules. [5]. CircRNAs were
initially considered by-products or spliced intermedi-
ates of errant splicing; however, with the development of
high-throughput sequencing techniques, many circRNAs
have been found to be related to several diseases, includ-
ing tumors [6-11]. Ongoing studies have revealed that
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circRNAs are able to regulate gene expression by modu-
lating gene transcription and splicing, acting as miRNA
sponges, interacting with proteins and translation of their
own RNA sequence to produce polypeptides [5, 12-14].
Further research has shown that several specific circR-
NAs are dysregulated in HCC, and these functional mol-
ecules undoubtedly play a vital role in HCC progression
and are regarded as potential diagnostic biomarkers or
therapeutic targets [6, 15, 16]. However, the underlying
mechanism of circRNAs in HCC initiation and devel-
opment remains poorly understood. In this review, we
summarize the characteristics, biogenesis, mechanisms
and functions of circRNAs in HCC. Meanwhile, current
shortcomings and possibilities for research in the field
are broadly discussed.

General features and formation of circRNAs

Various types of ncRNAs have been identified in the
past two decades [4]. Among them, circRNA is a circu-
lar ncRNA that is mainly produced by special selective
splicing and widely expressed in eukaryotic organisms
[17], including Drosophila, mice and humans, and is also
found in the hippocampus [5, 12]. Compared with linear
RNAs, circRNAs are single-stranded, covalently closed
circular transcripts without 5’ caps and 3’ tails [5, 12].
With the development of high-throughput sequencing
technology and computational analysis, thousands of cir-
cRNAs have been discovered in organisms ranging from
archaea to humans, and the abundance of some circR-
NAs is more than 10 times that of their corresponding
linear RNAs [18].

Studies have revealed that circRNAs are mainly derived
from pre-mRNAs and that the mechanism underlying
circRNA formation differs from the standard splicing
mechanism used to produce linear RNA [19]. CircRNAs
are derived from a noncanonical form of alternative splic-
ing called back-splicing [5, 12]. Despite the low efficiency
of back-splicing compared to linear splicing, circRNAs
present higher stability than their linear counterparts due
to their covalently closed structure, which prevents exo-
nuclease-mediated degradation [20].

The existing circRNA formation models mainly con-
sist of the following: lariat-driven circularization, intron
pairing-driven circularization, intronic circRNA (ciRNA)
biogenesis, RBP-associated pairing-driven circularization
and alternative back-splicing (Fig. 1) [5, 12, 15, 21-23].
Starting at an exon-skipping event, lariat-driven circular-
ization helps to form an exon-containing lariat precursor
for efficient circle production, while intron pairing-driven
circularization is accomplished by direct base pairing
of the introns flanking complementary sequences or
inverted repeats [15, 24, 25]. Similarly, ciRNAs can be
generated from intronic lariat precursors that escape the
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debranching step of canonical linear splicing [21]. RBP-
associated pairing-driven circularization is led by the
close proximity of circRNA splice sites mediated by com-
plementary base pairing of inverted repeats in the introns
flanking circRNA-forming exons [26]. This RBP-associ-
ated process requires the participation of RBPs, such as
QKI, HNRNPL, FUS and MBL/MBNLI1 [19, 26-28].

Interestingly, recent studies have provided evidence of
a novel pattern: during pre-tRNA maturation, an intron-
containing pre-tRNA can be cleaved by the tRNA splicing
endonuclease (TSEN) complex at the bulge—helix—bulge
(BHB) motif, and then, a single enzyme named RtcB
ligase joins the exon halves and the intron ends to pro-
duce a mature tRNA and a circular intron RNA called
tRNA intronic circular RNA (TricRNA) (Fig. 1) [16, 23].

Adenosine deaminase-acting on RNA (ADAR1) was
found to be an RNA-editing enzyme and to play a sup-
pressive role in circRNA formation. This function was
correlated with its adenosine-to-inosine (A-to-I) edit-
ing process, which frequently occurs near the location
of reverse complementary matches (RCMs), a conserved
feature of circRNA biogenesis [29]. Interestingly, by uti-
lizing a circRNA microarray survey, our group found
that androgen receptor (AR) could diffusely suppress cir-
cRNA expression by upregulating ADAR1 p110 in HCC.
This is currently a unique regulatory mechanism of cir-
cRNA biogenesis in HCC [30].

Emerging technology in circRNA sequencing

and detection

The emerging roles of circRNAs emphasize the impor-
tance of sequencing these circular transcripts. In the
past decade, RNA sequencing (RNA-seq) technology has
developed rapidly and has become an indispensable tool
for analyzing the differential expression of genes and dif-
ferential splicing events of mRNA at the transcriptome
level [31].

Next-generation sequencing (also known as high-
throughput sequencing) is currently the main way to
sequence circRNAs. In next-generation sequencing,
the coordination of gene cluster replication decreases
with increasing read length, resulting in a decline in the
quality of base sequencing. Therefore, next-generation
sequencing is a high-throughput and short-read tech-
nique. Since most circRNAs are derived from exons, this
alignment-based method is unable to distinguish circu-
lar reads from the overlapping regions of corresponding
linear transcripts. The biggest drawback is that next-gen-
eration sequencing’s relatively short-read capacity con-
siderably limits its detection ability in structural variant
detection and genome assembly [32].

Emerging long-read sequencing technologies have
become a powerful participant in genomics. Compared
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Fig. 1 Biogenesis of circRNAs. Schematic showing the existing models of circRNA formation. a Intron pairing-driven circularization is accomplished
by direct base pairing of the introns flanking complementary sequences or inverted repeats. b RBP-associated pairing-driven circularization is led by
the close proximity of circRNA splice sites mediated by complementary base pairing of inverted repeats in the introns flanking the circRNA-forming
exons. ¢ Lariat-driven circularization facilitates the formation of an exon-containing lariat precursor starting from an exon-skipping event for
efficient circle production. d CiRNA can be generated from intronic lariat precursors that escape the debranching step of canonical linear splicing. e
Alternative back-splicing. f Formation of TricRNA. Through these different formation mechanisms, circRNAs can be divided into the following types:
EcRNAs (exonic circRNAs), EICIRNAs (exon—intron circRNAs), ciRNAs (circular intronic RNAs) and TricRNAs (tRNA intronic circular RNAs)

with short-read approaches, long-read technologies can
generate continuous ultralong sequences directly from
native DNA. However, oligo(dT) primers are not suitable
to use for circRNA sequencing because of their lack of
poly(A) tails, and as a result, long-read sequencing tech-
nology cannot be widely applied in circRNA studies [33].

Strikingly, a recent report presented a novel algorithm
(CIRI-long) for detailed analysis of full-length circRNAs
using nanopore sequencing technology. This technology
utilized full-length circular reverse transcription (which
was performed with random primers and SMARTer
reverse transcriptase) to amplify circRNAs by producing
long complementary DNA (cDNA) molecules contain-
ing multiple copies of full-length circRNA sequences.
Then, a nanopore approach was used to directly sequence
full-length circRNA sequences, and a specific algorithm
was applied to quantify circRNA expression and recog-
nize full-length mutant transcript sequences. The data
showed that compared with Illumina RNA-seq (a plat-
form for short-read, next-generation sequencing), nano-
pore sequencing can enhance the detection efficiency
for circular reads (with a 20-fold increase) and provide

a fivefold increase in identifying alternative circulariza-
tion events, indicating its higher sensitivity for circular
isoform identification. Furthermore, nanopore sequenc-
ing can recognize circRNAs at a relatively low abundance
and capture nonclassical circRNAs more sensitively, such
as a new type of intronic self-ligated circRNA [34].

Although many studies suggest that some circRNAs
have the potential to be novel diagnostic or prognos-
tic markers, the key problem is how to detect circRNAs
in body fluids more efficiently. Very recently, our group
reported a fully integrated electrochemical point-of-
care testing (POCT) platform based on Au nanoflower
(AuNF)/peptide nucleic acid (PNA)-modified carbon-
fiber microelectrodes (CFMEs) [35]. The platform uti-
lized PNA to recognize circRNA with high specificity
and AuNFs to improve target-capturing efficiency at
an ultralow level. Importantly, the analytical perfor-
mance was verified in human serum samples, indicating
the potential of this platform in clinical applications for
HCC.

These new technologies provide more possibilities
for the study of circRNAs. Undoubtedly, an increasing
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number of new technologies will emerge in the future,
opening uncharted territory in circRNA research.

CircRNAs profile in HCC

With the development of RNA sequencing technology,
the whole genome transcriptional map of circRNAs in
HCC has been reported in several studies [30, 36, 37].

To identify the circRNAs involved in HCC tumorigen-
esis, a recent study detected differential circRNA expres-
sion between HCC tissues and adjacent noncancerous
liver (ANL) tissues. In this study, 13,686 distinct circR-
NAs were identified in total, excluding those with very
low abundance, and the expression levels of the identi-
fied circRNAs were further analyzed. The results showed
that 236 circRNAs were differentially expressed in HCC
compared with matched ANL tissues, of which 108 were
upregulated and 128 were downregulated [36].

Another study identified 220 circRNAs that were dif-
ferentially expressed between patients who experienced
postsurgical pulmonary metastasis and those who did
not. Among the identified circRNAs, 144 were upregu-
lated and 76 were downregulated [37].

HCC is characterized by a clear gender disparity, and
AR is thought to be critical for this bias [38]. To verify the
role of AR, our group used a circRNA microarray to ana-
lyze circRNA expression. The results identified a total of
508 dysregulated circRNAs in the AR-knockdown groups
compared with the control groups. Among these circR-
NAs, 331 were upregulated, and 177 were downregulated
[30]. These findings highlight the fact that circRNA pro-
files are widely dysregulated in HCC.

These sequencing and bioinformatics analysis statis-
tics demonstrate the possible involvement of circRNAs
in HCC tumorigenesis and development. Many stud-
ies have reported that circRNAs play an important role
in HCC, although their specific functions and internal
mechanisms are still under investigation [36, 37, 39-60]
(Table 1).

Mechanisms of circRNAs in HCC

With further developments in the study of circRNAs, the
mechanisms of circRNAs have been gradually revealed.
Through pre-mRNA back-splicing, circRNAs gain high
stability to exert their important regulatory functions. It
is universally acknowledged that circRNAs play a vital
role as competing endogenous RNAs (ceRNAs) to regu-
late downstream signaling pathways [61-63]. Meanwhile,
numerous studies have verified that some circRNAs serve
as scaffolds between different macromolecules to facili-
tate protein degradation, inhibit mRNA translation or
initiate related gene transcription [48, 64, 65]. Similarly,
circRNAs can also combine with RBPs to regulate gene
expression [14]. Additionally, a specific circRNA named
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circp-catenin, which is highly expressed in liver cancer
tissues, can translate itself to promote liver cancer cell
growth through a novel peptide; however, most circRNAs
are regarded as ncRNAs (Fig. 2) [13, 50].

MicroRNA sponging

The primary location of circRNAs is the cytoplasm,
which is a precondition for them to exert posttranscrip-
tional regulation functions [66]. Numerous studies have
demonstrated that circRNAs can act as miRNA sponges
to bind corresponding miRNAs and inhibit their func-
tion, thus regulating the translation or degradation of tar-
get mRNAs [63, 67]. CircRNAs possessing this property
are defined as ceRNAs, which are found to contain com-
petitive miRNA binding sites called miRNA response
elements (MREs) [63]. The identification of ciRS-7 as
a highly expressed circRNA in both human and mouse
brains, with more than 70 conserved binding sites for
miR-7, is noteworthy [62]. This famous circRNA behaves
as a strong miR-7 sponge to decrease the level of miR-7
and indirectly activate the targets of miR-7 [62].

Ongoing investigations have reported that some cir-
cRNAs can function as miRNA sponges in HCC. CircS-
MARCAS is a circRNA derived from exons 15 and 16 of
the SMARCAS gene and is downregulated in HCC [36].
In HCC cells, circSMARCAS5 can serve as a sponge of
miR-17-3p and miR-181b-5p to facilitate the expression
of TIMP3, whereas downregulation of circSMARCAS5
promotes HCC proliferation and metastasis [36].
Another study demonstrated that circASAP1 was overex-
pressed in high metastatic potential HCC and metastatic
HCC and functioned as a ceRNA for miR-326 and miR-
532-5p to regulate the expression of their direct targets
MAPK1 and CSE-1, thereby promoting HCC cell pro-
liferation and invasion and mediating tumor-associated
macrophage infiltration [37]. Similarly, an oncogenic
circRNA named circMAT2B was found to promote gly-
colysis and HCC malignancy by sponging miR-338-3p to
activate the circMAT2B/miR-338-3p/PKM2 axis under
hypoxia [44]. Recently, our laboratory reported that a
sorafenib resistance-related circRNA named circSORE
can sponge miR-103a-2-5p and miR-660-3p to competi-
tively activate the Wnt/B-catenin pathway, thus inducing
sorafenib resistance [52].

A large amount of evidence has confirmed the existence
of the circRNA-miRNA pathway. However, it can be seen
from the examples above that circRNAs usually sponge
more than one miRNA to exert their function [36, 37,
52]. Therefore, for circRNAs with a single target miRNA
or sponge site, their sponging function remains contro-
versial. In addition, circRNAs are generally expressed at
low levels and have relatively few binding sites for miR-
NAs in HCC, which may impair the efficiency of miRNA
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Table 1 Overview of dysregulated circRNAs in hepatocellular carcinoma (HCC)
circRNAs Dysregulation Sponge targets Downstream genes/proteins Phenotype References
circCDYL Up miR-892a HDGF/HIFTAN Proliferation (+) [39]
miR-328-3p
circSLC3A2 Up miR-490-3p PPM1F Proliferation (4) [40]
circFBLIM1 Up miR-346 FBLIM1 Proliferation (+) [41]
circHIPK3 Up miR-124 AQP3 Proliferation (+) [42]
CircZNF566 Up miR-4738-3p TDO2 Proliferation (+) [43]
CircMAT2B Up miR-338-3p PKM2 Proliferation (4); [44]
Metastasis (+)
CircASAP1 Up miR-326 MAPK1 Proliferation (4); [37]
miR-532-5p CSF-1 Metastasis (4)
circDYNC1H1 Up miR-140-5p SULT2B1 Proliferation (+) [45]
CircARFGEF2 Up miR-143-3p FOSL2 Proliferation (4); [46]
PCBP1 CD44v6 Metastasis (+)
CircMAST1 Up miR-1299 CTNND1 Proliferation (+) [47]
CircBACH1 Up - p27 Proliferation (+) [48]
HuR
CircRHOT1 Up - TIP60 Proliferation (+); [49]
NR2F6 Metastasis (+)
circB-catenin Up - B-catenin-370aa Proliferation (+); [50]
(circR-catenin’s translation product) Metastasis (+)
circUHRF1 Up miR-449c-5p TIM-3 Proliferation (+); [51]
Metastasis (+);
Drug resistance (+);
Immunity (—)
circSORE Up miR-103a-2-5p Wnt2b Drug resistance (+) [52]
miR-660-3p
circSORE Up - YBX1 Drug resistance (4) [53]
circMET Up miR-30-5p CXcL10 Drug resistance (4); [54]
Immunity (—)
circUBAP2 Up miR-194-3p MMP9 Proliferation (4); [59]
Metastasis (+)
circPABPCI1 Down - ITGB1 Proliferation (—); [60]
Metastasis (—)
circADD3 Down - EZH2 Proliferation (—); [55]
CDK1 Metastasis (—)
circMTO1 Down miR-9 P21 Proliferation (=) [56]
circSETD3 Down miR-421 MAPK14 Proliferation (—) [57]
circSMARCAS Down miR-17-3p TIMP3 Proliferation (—) [36]
miR-181b-5p
circZKSCAN1 Down - FMRP Proliferation (—); [58]
CCAR1 Metastasis (—)

sponging [12]. We could also use the copy number ratio
between circRNA and miRNA to evaluate the reliability
of this specific function [16]. In summary, the idea of reg-
ulating the stability and quantity of miRNAs by circRNAs
and achieving a measurable phenotype should be consid-
ered with caution.

CircRNA-RBP interactions

RBP is a general term for a group of proteins possessing
RNA recognition motifs that function by binding RNA
to regulate its metabolic processes [68]. RBPs play an

indispensable role in the maturation, transport, locali-
zation and translation of RNA [69]. RBP deficiency or
dysfunction can induce various diseases. In recent years,
a deeper understanding of the molecular mechanisms
underlying RBP functions has promoted the develop-
ment of new treatments for malignancies.

Several groups have reported that circRNAs may
combine with RBPs to regulate gene expression [14,
19, 70, 71]. A recent investigation demonstrated that
circBACH1 was significantly upregulated in HCC tis-
sues and interacted with HuR (an extensively studied
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RBP that can inhibit p27 translation via an interferon-
responsive sequence element in the p27 5-untranslated
region) to promote HuR translocation and facilitate its
accumulation in the cytoplasm, thereby downregulating
p27 expression [48, 72, 73]. Another notable circRNA
called circZKSCAN1 was found to be closely related to
malignancy and the overall survival rate of patients with
HCC. Previous studies have shown that FMRP is highly
expressed in HCC cells and acts as an RBP to modulate
the translation of its target mRNAs [74]. Current studies
have revealed that circZKSCANT plays a suppressive role
by competitively binding FMRP and thus blocking the
interaction between FMRP and CCAR1 mRNA, resulting
in inhibition of the Wnt signaling pathway [58].

As mentioned above, circRNAs can physically combine
with specific RBPs to facilitate or inhibit their function.
Interestingly, one study revealed that a specific circRNA
can alter the subcellular localization of its target RBP,
providing a novel pattern for RBPs to perform specific
functions under unusual cellular localization [48]. How-
ever, the interaction between circRNAs and RBPs in HCC
remains unclear and requires further investigation. Con-
sidering this situation and according to our experience,

we suggest utilizing RBP immunoprecipitation and cir-
cRNA sequencing to screen RBP-related circRNAs with
potential regulatory functions in HCC.

Protein scaffolding

Emerging evidence has demonstrated that some circR-
NAs may act as dynamic scaffolding molecules to regu-
late protein functions. Ongoing studies have shown that
circRNAs can bind corresponding proteins in specific
subcellular locations and facilitate the colocalization of
relevant proteins, which may modulate protein—protein
interactions [75].

An outstanding study revealed that circACC1l com-
bines with the regulatory B and y subunits of AMPK to
form a ternary complex and thereby facilitates the stabi-
lization and activity of the AMPK holoenzyme [76]. In
HCC, a series of investigations found that circAMOTL1
can combine with c-myc, STAT3, PDK1 and AKT1 to
promote their translocation to the nucleus and thereby
modulate the expression of their target genes [77-79].
Meanwhile, a notable investigation reported that cir-
cRHOT1 could recruit TIP60 to the NR2F6 promoter
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and initiate NR2F6 transcription, resulting in HCC pro-
gression [49].

Recently, our laboratory demonstrated that circSORE
could bind the master oncogenic protein YBX1 to pre-
vent YBX1 nuclear interaction with the E3 ubiquitin
ligase PRP19 and inhibit PRP19-mediated YBX1 deg-
radation, thereby inducing sorafenib resistance [53]. In
contrast, circADD3 was suggested to strengthen the
interaction between CDK1 and EZH2 to facilitate EZH2
ubiquitination and subsequent degradation, indicating
that circADD3 functions as a protein scaffold in CDK1-
mediated EZH2 ubiquitination and ultimately restrains
HCC metastasis [55]. Additionally, our group reported
that circPABPC1 could exert a critical tumor-suppressive
function by directly feeding ITGP1, a classic membrane
protein, to the proteasome for ubiquitin-independ-
ent degradation in HCC [60]. This unexpected finding
should have a significant impact on our understanding
of substrate recognition and protein degradation by the
proteasome.

All these circRNAs serve as protein scaffolds. However,
they exhibit different biological functions, suggesting that
circRNAs can play different roles as protein scaffolds.
Recent years have witnessed excellent progress in under-
standing of this novel mechanism in HCC, to which our
group has made a contribution [60]. Given the high sta-
bility of circRNAs, we believe that circRNAs can act as
protein scaffolds to exert their regulatory functions in a
recycling manner, even if they are of low abundance.

Translation into proteins

CircRNAs are regarded as ncRNAs due to the lack
of essential components for cap-dependent transla-
tion, including the 5’ cap and the poly(A) tail. However,
emerging evidence indicates that circRNAs may have the
potential to encode proteins in a cap-independent man-
ner [80]. circRNAs possessing internal ribosome entry
sites (IRESs) in their sequence or N(6)-methyladenosine
(m6A) in their 5 UTR may serve as translation templates
to encode proteins [81, 82].

CircZNF609 is one of the few endogenous circRNAs
that have been reported to act as translation templates.
Structurally, circZNF609 contains a 753-nt open reading
frame (ORF) spanning from the start codon of the host
gene to a stop codon created 3 nt after the splice junc-
tion [83]. Mechanistically, the translation of circZNF609
occurs in a splicing-dependent and cap-independent
manner, thus providing an example of circRNAs that
have the potential to encode proteins. On the other hand,
circZNF609 was reported to play a vital role in myogen-
esis and regulate myoblast proliferation [83]. However,
the relationship between the circZNF609-induced phe-
notype and its protein-coding ability was not determined.
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Thus, whether this translation product has a functional
role in biological processes is still unclear.

Recently, a novel circRNA, circp-catenin, was identi-
fied as a protein-encoding circRNA whose translation
can promote HCC cell growth through activation of the
Wnt pathway [50]. The study showed that circp-catenin
was upregulated in liver cancer tissues and was able to
encode a novel B-catenin isoform called -catenin-370aa
[50]. B-Catenin is well known as an oncogenic transcrip-
tion factor that can activate the Wnt/p-catenin pathway
to induce liver cancer progression [84]. Further stud-
ies revealed that -catenin-370aa can act as a decoy for
GSK3p to protect pB-catenin from GSK3B-mediated deg-
radation and thus indirectly promote liver cancer growth
[50].

These results broaden our understanding of the human
proteome. Currently, there is only one report on the
translational function of circRNAs in HCC, indicating
that the internal mechanisms of encoding circRNAs lack
in-depth study. Our group suggests using a bioinformat-
ics database to predict whether ORFs, IRESs or m6A
modification sites exist in candidates. CircRNAs pos-
sessing these basic conditions may have the potential to
encode proteins, which requires subsequent experimen-
tal analysis for further verification. The abundance and
subcellular localization of circRNAs may lead to infe-
rior translation efficiency compared with their cognate
mRNAs. Hence, it remains controversial whether cir-
cRNA-derived proteins could achieve observable effects
on the development of HCC [83].

Role of circRNAs in HCC

Emerging evidence has indicated that circRNAs play vital
roles in HCC tumorigenesis and progression and are
involved in cell proliferation, tumor metastasis, immune
escape and drug resistance (Fig. 3) [36, 37, 44, 51-53]. In
the following section, we will describe the roles of circR-
NAs in regulating these cellular processes.

Cell proliferation and tumorigenesis

Investigations have reported that several circRNAs are
expressed at an extremely high level in the early stages
of HCC, suggesting that these specific circRNAs may
promote tumorigenesis. A previous study demonstrated
that circCDYL can regulate tumorigenesis by promoting
the stem-like properties of HCC cells and showed that
circCDYL-transduced HCC cells present a higher expres-
sion level of stem cell-associated genes with a mark-
edly increased percentage of EpCAM + cells. Moreover,
overexpression of circCDYL increased the expression of
Ki-67 and alpha-fetoprotein (AFP), indicating that circ-
CDYL promotes the malignant proliferation of HCC
cells [39]. Another study unambiguously revealed that
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circCSNK1G1 could modulate the downstream genes
TRAF6 and MAPKI11, which are correlated with the
MAPK signaling pathway and related to HCC tumori-
genesis [85, 86]. CircSMARCAS, which has been strongly
verified to be associated with HCC progression both
in vitro and in vivo, simultaneously binds miR17-3p and
miR-181b-5p to protect TIMP3 from downregulation,
thus suppressing HCC proliferation [36].

On the other hand, emerging evidence indicates that
circRNAs can regulate tumor cell apoptosis through spe-
cific mechanisms [87]. Apoptosis is highly restricted or
inhibited in tumor cells through activation of antiapop-
totic components, such as Bcl-2 or suppression of proa-
poptotic factors, including PUMA and BAX [65]. One
study showed that circFoxo3 can bind p53 and MDM2 to
repress p53 levels and increase Foxo3 levels, resulting in
upregulation of PUMA and promotion of apoptosis [65,
88]. CircMBNL3, which is significantly downregulated in
HCC tissues, acts as a ceRNA to inhibit proliferation and
facilitate apoptosis in HCC by sponging miR-1307 [89].

Hence, the important role played by circRNAs in cell
proliferation and tumorigenesis is becoming even clearer,
providing insights for a deeper understanding of HCC
pathogenesis.

Cell migration and invasion
Epithelial-to-mesenchymal transition (EMT) refers to
a biological process by which epithelial cells are trans-
formed into cells with a mesenchymal phenotype, and
EMT plays a vital role in the ability of malignant tumor
cells derived from epithelial cells to obtain characteris-
tics that enable invasion and metastasis [90]. Mechanisti-
cally, laminin-5 and TGF-p cooperatively induce EMT in
HCC, and TGF-p has been identified as a crucial inducer
of EMT and represents a vital EMT pathway leading
to HCC progression [91]. Accumulating studies have
revealed that EMT progression is associated with EMT
transcription factors (e.g., Snail, Twist and ZEB1) and
signaling pathways, including the TGF-B/Smad, Wnt/p-
catenin and Hedgehog signaling pathways [90, 91].
Recent advances have shown that some EMT-related
circRNAs can affect the EMT process in HCC. For
instance, circARFGEF2 was found to be overexpressed
in portal vein tumor thrombus (PVTT) and HCC tis-
sues and to promote the EMT process via a miR-143-3p/
FOSL2 axis and PCBP1/CD44v6 axis (FOSL2 is an EMT-
related stimulator, and CD44v6 is an EMT-activating
gene), leading to a remarkable acceleration in intrahepatic
and pulmonary metastasis [46]. Moreover, circMTOL is
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a remarkable tumor suppressor that represses HCC pro-
gression, and silencing of circMTO1 in HCC was found
to downregulate the expression of p21, a target of onco-
genic miR-9, thus promoting HCC cell invasion [56]. As
previously mentioned, our group demonstrated that circ-
PABPCI can directly induce ubiquitin-independent pro-
teasomal degradation of ITGP1, inhibiting HCC tumor
adhesion and metastasis [60].

Consequently, circRNAs are considered key factors
with well-characterized functions in regulating the EMT
process, cancer cell invasion and metastasis in HCC.

Immunity escape

Immune dysfunction plays an important role in HCC
development. Experimental evidence has shown that the
circRNA expression profile changes during viral infec-
tion, which can regulate the function of the immune sys-
tem [92]. Subsequent evidence indicated that circRNAs
also have a regulatory effect on the immune system in
HCC [51, 54].

For instance, a recent study found that HCC cells
secrete circUHRF1 through exosomes and that cir-
cUHRF1 can inhibit NK cells from secreting IFN-y and
TNEF-a by upregulating the expression of TIM-3 in NK
cells. This study showed that the level of plasma exosomal
circUHRF1 was negatively correlated with the infiltration
level of NK cells in tumors [51]. Researchers have even
proposed the hypothesis that circUHRF1 may promote
the development of resistance to PD1 immunotherapy
in HCC patients, although evidence is still insufficient.
Another study reported that circMET is overexpressed in
HCC cells and that a high level of circMET could facili-
tate CXCL10 degradation through the miR-30-5p/Snail/
DPP4 axis, thereby enhancing immunosuppression and
promoting HCC development [54].

These examples confirm that circRNAs can affect HCC
development and prognosis by regulating the immune
system of HCC patients, which prompted us to wonder
whether circRNAs will become an ideal immunotherapy
target in the future.

Drug resistance

Statistics indicate that most HCC patients are diagnosed
at an advanced stage. At present, the main drug treat-
ment for unresectable HCC includes chemotherapy (e.g.,
cisplatin and 5-fluorouracil) and targeted therapy (e.g.,
sorafenib and monoclonal antibodies to either PD-1 or
PD-L1), but conventional systemic chemotherapy lacks
survival benefits.

Currently, multikinase inhibitors, monoclonal anti-
bodies and immune checkpoint inhibitors are the main
targeted molecular therapies approved for treatment
of advanced-stage HCC; however, the effects of these
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treatments are not satisfactory [93, 94]. The main prob-
lem is that drug resistance is inevitable and emerges early
in HCC. A previous study reported that sorafenib resist-
ance was usually observed within 6 months of HCC treat-
ment, and a similar situation was observed with anti-PD1
therapy [95, 96].

Increasing evidence has indicated that ncRNAs are
critical for the development of sorafenib resistance in
HCC [97, 98]. Our group revealed that miR-378a-3p can
inhibit HCC sorafenib resistance by targeting IGF1R [99].
Another study demonstrated that the IncMALAT1/miR-
140-5p/Aurora-A axis might regulate sorafenib resist-
ance in HCC [100].

Meanwhile, ongoing studies have shown that circRNAs
play a vital role in the development of drug resistance [7].
Our group has made continuous progress in this field and
found that circSORE participates in the process of HCC
sorafenib resistance [52, 53]. Additionally, circFN1 was
reported to induce HCC sorafenib resistance by sponging
miR-1205 and modulating E2F1 expression [101].

In summary, we must further clarify the mechanism
underlying drug resistance and explore how circRNAs
function in resistance to molecular targeted drugs. Iden-
tifying a specific circRNA that could be used as a new
therapeutic target to avoid drug resistance would be an
important step forward.

Clinical application of circRNAs

Diagnostic biomarkers

“Secondary prevention” (early detection, early diagnosis
and early treatment) can improve the prognosis of HCC
patients. The poor prognosis of most patients with HCC
is due to the diagnosis of advanced HCC, and the reac-
tion of advanced HCC to all treatment regimens is not
satisfactory [102]. At present, the canonical biomarker
used for early diagnosis of HCC is AFP; however, the sen-
sitivity and specificity of this marker are not ideal [103].
Therefore, we urgently need to find new diagnostic bio-
markers that can be used to detect and diagnose HCC
at an earlier stage and interfere with HCC progression
earlier to improve the prognosis of HCC patients. For
instance, circCDYL has been shown to be highly and spe-
cifically expressed in early-stage HCC. Logistic regres-
sion and ROC curve analysis showed that assessment
of circCDYL combined with assessment of HDGF and
HIF1AN levels could distinguish early HCC from para-
carcinoma tissues, which may provide a promising early
diagnostic biomarker for HCC [39].

Emerging evidence has demonstrated that circRNAs
hold great potential as a novel attractive class of diagnos-
tic biomarkers for HCC due to their resistance to RNase
R digestion and their stability during circulation. Recent
studies have indicated that circRNAs can not only be
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detected in tumor tissues but also in exosomes, blood,
saliva and urine [104—107]. The aberrant expression of
circRNAs in body fluids from HCC patients makes them
ideal noninvasive biopsy biomarker candidates.

Prognostic biomarkers

CircRNAs have gradually been recognized as possible
prognostic biomarkers. For instance, circSLC3A2, which
is elevated in HCC tissues, plays an oncogenic role by
sponging miR-490-3p to modulate PPMI1F expression
and could serve as a prognostic biomarker due to its
positive correlation with poor survival in patients with
HCC [40]. In contrast, another study found that the level
of circNFATC3 is positively correlated with NFATC3
and that overexpression of NFATC3 predicts a better
prognosis; thus, circNFATC3 might be a biomarker of
good prognosis for HCC patients [108]. Additionally,
our group found that circUBAP2 functions as a ceRNA
for miR-194-3p to promote MM9-mediated oncogenic

Table 2 Potential application of circRNAs in HCC
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effects in HCC, indicating the great potential of circU-
BAP2 as a promising prognostic biomarker [59].

However, the clinical feasibility of using circRNAs still
needs to be verified in a large cohort of HCC patient
samples. Meanwhile, inventing efficient circRNA detec-
tion methods, such as the POCT platform, is also of great
significance.

Therapeutic targets

Recently, an increasing number of studies have focused
on the significance of circRNAs in HCC and their cor-
relation with HCC tumorigenesis and development, and
some authors have proposed that circRNAs have the
potential to serve as therapeutic targets in HCC (Table 2).
For example, circMAT2B is involved in HCC glucose
metabolism reprogramming and malignancy, and a pre-
vious study demonstrated that under hypoxic conditions,
circMAT2B can induce HCC progression by enhancing
glycolysis via activation of the circMAT2B/miR-338-3p/

circRNA Stage Functional mechanism Potential application References
cSMARCA5S  Prediction  ¢SMARCA5 could sponge miR-17-3p and miR-181b-5p 1. A potential diagnostic biomarker in HCC (AUC [36]
to upregulate TIMP3 values of 0.938 and 0.862)
2. A potential prognostic biomarker in HCC
circPABPC1  Pre-clinic ~ AR/ADAR1/CircPABPCT axis Potential therapeutic value for HCC through reactiva- ~ [30]
tion of this circular RNA
circPABPCT  Pre-clinic  circPABPC1 physically links ITGB1 to the 26S protea- Potential therapeutic value for HCC treatment (techni-  [60]
some for ubiquitination-independent degradation cally possible with RNA-delivering methods)
CircMAT2B  Pre-clinic  circMAT2B/miR-338-3p/PKM2 axis 1. A potential therapeutic target for HCC [44]
2. A potential prognostic biomarker in HCC
circCDYL Pre-clinic  circCDYL/miR-892a/HDGF 1. Promising biomarkers (combined with HDGF and [39]
circCDYL/miR-328-3p/HIFTAN HIF1AN) for surveillance in early stages of HCC (AUC
values of 0.73, while the AUC of AFP was low at 0.59)
2. Potential therapeutic value in early treatment of
HCC
circSETD3  Pre-clinic  circSETD3/miR-421/MAPK14 axis 1. A prognostic biomarker in patients with HCC who [57]
have received curative liver resection
2. A potential therapeutic target for HCC
circMTO1  Pre-clinic  circMTO1/miR-9/p21 axis 1. A prognostic biomarker for HCC patients [56]
2. A potential target in HCC treatment
circFBXO11  Pre-clinic  circFBXO11/miR-605/FOX03/ ABCB1 axis 1. A potential diagnostic biomarker in HCC [121]
2. A potential therapeutic target for overcoming oxali-
platin resistance in HCC
circSORE Pre-clinic  circSORE binds to YBX1 protein to prevent its PRP19- 1. A promising biomarker (exosome-carrying-circRNA- 53]
mediated degradation SORE) for early detection
2. Potential therapeutic value of circSORE siRNA for
overcoming sorafenib resistance
3. Sorafenib resistance testing
circUHRF1  Pre-clinic  circUHRF1/miR-449¢c-5p/TIM-3 axis 1. Exosomal circUHRF1 provides a potential therapeu-  [51]
tic value for overcoming anti-PD1 resistance in HCC
2. Anti-PD1 resistance testing
circFN1 Pre-clinic  circFN1/miR-1205/E2F1 axis 1.The circFN1/miR-1205/E2F1 signaling pathway may ~ [101]

provide novel strategies to overcome sorafenib
resistance in HCC
2. Sorafenib resistance testing
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PKM?2 axis, which may provide a therapeutic target for
HCC [44].

Currently, the main treatment for high-grade (mid-
dle and advanced) HCC is chemotherapy and molecular
targeted therapy; however, the development of resistance
to HCC treatments is an unavoidable problem, includ-
ing resistance to traditional chemotherapy and even
first-line molecular targeted therapies, such as sorafenib
[97]. As previously mentioned, our group showed that
circSORE can induce sorafenib resistance by function-
ing as a ceRNA and a protein scaffold, indicating that
circSORE might be a new therapeutic target to reduce
sorafenib resistance [53]. In view of this, circRNAs have
potential for use as new therapeutic targets to avoid drug
resistance.

Drug development

Recently, circRNA-based therapy has attracted increas-
ing attention. Compared with other drugs, such as
monoclonal antibodies or small molecule inhibitors,
circRNA-based therapy has several advantages. First,
circRNA drugs have a long half-life (usually weeks to
months), while traditional therapeutic drugs are unsta-
ble once they enter the circulatory system; therefore,
with circRNA drugs, the patient dosing frequency can
be decreased compared with that for antibodies or small
molecules [109]. Second, drug resistance induced by
ABC transporters or epigenetic modifications is an inevi-
table dilemma in cancer treatment, but such issues have
not been reported for circRNA-based therapy [110, 111].
Additionally, a previous study reported that multiple cell
types in the liver generate different types of vesicles, such
as exosomes and microvesicles, which can transport cir-
cRNAs to other targeted cells or organs [112]. This par-
acrine effect provides circRNA-based drugs with broader
targets along the whole signaling pathway compared with
traditional drugs. Meanwhile, recent advances in RNA
delivery methods have made it possible to deliver thera-
peutic circRNAs to specific lesions [113, 114].

On the other hand, proteolysis-targeting chimeras
(PROTAC:S) are a burgeoning and promising field and
can modulate protein concentrations at a posttransla-
tional level by coopting the ubiquitin—proteasome sys-
tem [115]. As previously mentioned, circPABPC1 has a
tumor-suppressive function and potential therapeutic
value for HCC treatment. The properties of circPABPC1
in ITGP1 regulation bear considerable similarity with
those of PROTAC:S, although circPABPC1 can mediate
ubiquitin-independent degradation [60]. In subsequent
research, we made specific modifications to circPABPC]1,
which indicates the possibility of inducing specific degra-
dation of other oncoproteins. Coincidentally, an Ameri-
can start-up company named Orna Therapeutics (ORNA)
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went public successfully and recently announced the start
of a “circRNA therapy” project. As the first company to
utilize circRNA technology in the development of new
therapies, ORNA’s circRNA therapy project is mainly
dedicated to designing and delivering engineered circR-
NAs with therapeutic effects, indicating the promising
potential of circRNA-based therapy.

Generally, whether circRNAs have clinical value mer-
its further study and discussion. Although circRNAs have
the potential to serve as diagnostic markers, prognostic
markers, therapeutic targets or novel drugs, these roles
are based only on theoretical assumptions and predic-
tions; thus, more substantive studies are needed to verify
these conjectures (Table 2).

Perspectives

Insights and limitations of current research

Substantial progress has been achieved in specific circR-
NAs. These findings not only reveal a previously unex-
pected complexity of cellular regulatory mechanisms
but have also identified many circRNAs with important
physiological and clinical significance. Although the pro-
gress is exciting, it has led to many more questions than
answers, which require future investigation.

First, most studies have focused on a specific circRNA
and its downstream mechanisms, while the upstream
mechanisms remain largely unknown. For example, how
exactly are circRNAs formed? Under what circumstances
do pre-mRNAs form circRNAs rather than mRNAs?
Are there any factors that are specifically required for
back-splicing but not for splicing? How are circRNAs
exported from the nucleus to the cytoplasm? These issues
are rarely mentioned in most current studies. However,
research groups have tried to answer these questions,
and m®A modification of circRNAs has been proposed to
facilitate the cytoplasmic export of circRNAs [116]. How-
ever, in general, these fields remain poorly understood.

Second, current biological tools and methods applied
in circRNA-related studies still have some obvious short-
comings. Due to the high degree of sequence similarity
between circRNAs and their cognate mRNAs, off-target
effects of circRNA knockdown are difficult to avoid or
completely eliminate. Similarly, the same dilemma has
been observed in circRNA FISH and circRNA pull-down
experiments. To successfully overexpress circRNAs,
special sequence elements that promote circularization
are usually inserted at both ends of the linear circRNA
sequence. Inevitably, a large number of “linear circRNAs”
will be produced due to the low efficiency of circulariza-
tion. Whether this by-product will affect experiments
remains to be further studied. Furthermore, the CRISPR-
Cas9 system may be restricted in knockout studies of cir-
cRNAs because deletion of the whole genome sequence
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could disturb the expression of cognate mRNAs and
impact specific biological functions. These challenges
highlight the need for more advanced technologies for
circRNA interference, detection and other functional
studies. Very recently, Chen and colleagues reported that
the CRISPR-Cas13 technique combined with guide RNA
targeting sequences spanning junction sites featured in
circRNAs can be applied to knock down circRNAs. Fur-
thermore, compared with shRNA-mediated knockdown,
RfxCas13d-BSJ-gRNA-mediated circRNA knockdown
showed higher efficiency and specificity and lower rates
of off-target effects on cognate mRNAs [117].

Finally, the number of circRNAs that truly have cellu-
lar and physiological functions remains to be explored.
In particular, our research has shown that the expres-
sion of circRNAs in HCC is widely reduced, suggesting
that low expression levels will lead to nonfunctionaliza-
tion [30]. Given the low abundance and relatively few
miRNA binding sites of most circRNAs, how do they
effectively sponge miRNAs [118]? The most striking
example in this category is CDR1as, which contains more
than 70 conserved binding sites for miR-7 and is abun-
dantly expressed in mammalian brains [62, 119]. If the
two conditions mentioned above are not met, the idea
of sponging miRNAs by circRNAs and achieving meas-
urable effects should be considered with caution. Hence,
we should consider the characteristics of circRNAs when
investigating their downstream mechanism. For instance,
circRNAs with high abundance, various sponge sites
and multiple target miRNAs may function as miRNA
sponges; circRNAs with low abundance, a small size and
high stability may serve as protein scaffolds; RBP immu-
noprecipitation and circRNA sequencing can be used to
detect RBP-related circRNAs; and the existence of ORFs,
IRESs or m6A modification sites on circRNAs suggests
translational potential.

Innovative suggestions for future research

In recent years, an increasing number of studies have
begun to focus on circRNAs; thus, circRNA-related
research is progressing at a steady and fast pace. In the
following section, we propose several challenging and
innovative future research directions in the field of
circRNAs.

First, the current research remains at the cellular and
animal levels, and how to facilitate translation toward
clinical application will become a hot topic in the future.
Because circRNAs are stable and have been detected in
many types of body fluids, further studies are warranted
to confirm their potential as biomarkers, therapeutic tar-
gets or novel drugs.

Second, whether a circRNA with relatively low
abundance can achieve measurable effects remains
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controversial. Future studies should focus on certain
types of circRNAs with the same properties instead of a
specific circRNA. For example, a striking study reported
that endogenous circRNAs with 16-26 bp that form
imperfect RNA duplexes can act as inhibitors of double-
stranded RNA (dsRNA)-activated protein kinase (PKR)
related to innate immunity [120].

Conclusions

Generally, HCC is a multistep, multistage and multifac-
tor comprehensive hereditary malignancy, and the spe-
cific pathogenic mechanisms remain unclear. Despite
the availability of a comprehensive treatment regimen,
including surgery, chemotherapy, targeted therapy and
immune therapy, the overall survival of patients with
advanced HCC is still unsatisfactory. Notably, circR-
NAs are a novel class of ncRNAs that play a significant
role in HCC initiation and progression. As described in
this review, circRNAs are aberrantly expressed in HCC
and associated with the clinicopathological features and
prognosis of HCC patients. Unexpectedly, there is a
high degree of heterogeneity among HCC-related circR-
NAs, and individual circRNAs may have prooncogenic
or antioncogenic roles and function through various
pathophysiological mechanisms. Given the stability and
polyfunctionality of circRNAs, circRNAs might serve as
diagnostic indicators, prognosis predictors, therapeutic
targets or novel nucleic acid drugs for precise treatment
of HCC, thus improving the quality of life and extending
the survival of HCC patients.
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