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Circular RNAs (circRNAs) are newly classified noncoding RNA (hcRNA) members with a
covalently closed continuous loop structure that are involved in immune responses
against hepatitis B virus (HBV) infections and play important biological roles in the
occurrence and pathogenesis of HCC progression. The roles of circRNAs in HBV-
associated HCC (HBV-HCC) have gained increasing attention. Substantial evidence has
revealed that both tissue and circulating circRNAs may serve as potential biomarkers for
diagnostic, prognostic and therapeutic purposes. So far, at least four circRNA/mMiRNA
regulatory axes such as circRNA_101764/miR-181, circRNA_100338/miR-141-3p, circ-
ARL3/miR-1305, circ-ATP5H/miR-138-5p, and several circulating circRNAs were
reported to be associated with HBV-HCC development. Notably, TGF/SMAD, JAK/
STAT, Notch and Wnt/B-catenin signaling pathways may play pivotal roles in this HBV-
driven HCC via several circRNAs. Moreover, in non-HBV HCC patients or HCC patients
partially infected by HBV, numerous circRNAs have been identified to be important
regulators impacting the malignant biological behavior of HCC. Furthermore, the role of
circRNAs in HCC drug resistance has become a focus of research with the aim of
reversing chemoresistance and immune resistance. Herein, we review the molecular
biology of circRNAs in HBV-HCC and their potential in therapeutic strategies.

Keywords: circular RNA, microRNA, hepatitis B, hepatocellular carcinoma, biomarker, drug resistance

INTRODUCTION

Hepatocellular carcinoma (HCC), mainly induced by hepatitis B (HBV) or C viral (HCV) infection
and accounting for the bulk of primary liver cancers, ranks as the fourth most common cause of
cancer-related death globally in 2018 and has a notably poor prognosis (1). Unfortunately,
most HCC patients are diagnosed at advanced disease stages and miss the opportunity for
curative resection. Although some locoregional therapy approaches (e.g., radiofrequency ablation,
RFA; transcatheter arterial chemoembolization, TACE; transcatheter arterial infusion, TAI), several
approved systemic therapies (such as sorafenib, lenvatinib, and cabozantinib), and immunotherapy
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can partially improve the outcomes of these patients, the
long-term outcomes are still generally poor (2, 3). Therefore,
exploring the molecular biology of valuable biomarkers for early
diagnosis of HCC and therapeutic strategies against HCC is
extremely important. Circular RNAs (circRNAs) are newly
classified noncoding RNA (ncRNA) members that form a
covalently closed continuous loop structure and are more
stable than linear mRNAs (4). Many studies have indicated
that host circRNAs are involved in immune responses against
HBYV infection. To date, dozens of circRNAs have been reported
to play important biological roles in the occurrence and
pathogenesis of HCC progression (5), and they are closely
related to immune responses against HBV infection and
regulation of HCC tumorigenesis, including self-sustenance
in growth signals, cell proliferation, angiogenesis, cell
apoptosis, and tumor metastasis. In this review, we discuss the
molecular biology underlying HBV-associated HCC (HBV-
HCC) and thereby provide insight into the role of circRNAs in
therapeutic strategies.

GENERAL FEATURES OF circRNAs

Unlike conventional linear splicing of RNAs, circRNAs are
generated from back-splicing of exons, introns, or both, which
prevents them from being degraded by RNA exonucleases or
RNase R. Back-splicing in circRNA synthesis occurs both
cotranscriptionally and posttranscriptionally and is favored by a
high rate of transcription elongation (4). Additionally, alternative
back-splicing events, in particular N6-methyladenosine (m6A)
modification, can occur and produce multiple circRNA isoforms
(6). Hence, circRNAs have a longer half-life and more inherent
stability than linear mRNAs. There are three types of circRNAs:
circular exonic circRNAs (EcircRNAs), circular intronic RNAs
(ciRNAs) and exon-intron circRNAs (EIciRNAs) (6). EcircRNAs
are abundant in the cytoplasm, constitute the majority of
circRNAs and serve as miRNA sponges. However, ciRNAs and
EIciRNAs are predominantly nuclear and may modulate gene
transcription and posttranscription modification (7). Exosomal
circRNAs has been recognized as a potentially effective way to
clear or degrade circRNAs (8). circRNAs have been found to be
involved in various biological functions, including microRNA
(miRNA) and protein sponging, transcriptional and protein
regulation, and alternative splicing modulation, and can act as
protein translation templates (7). Moreover, many studies have
revealed that circRNAs can contribute to cell growth, angiogenesis,
unlimited replicative potential, and cancer invasion and metastasis
by acting as different miRNA sequesters or sponges and directly
targeting protein-coding genes (7).

MOLECULAR BIOLOGY RELATIONSHIP
BETWEEN circRNAs AND HEPATITIS
B VIRUS

At present, it is impossible to completely eliminate HBV infection
in the human body due to the persistence of covalently closed

circular DNA (cccDNA) in the nuclei of infected hepatocytes (9).
Recent evidence has shown that viruses can encode a repertoire of
circRNAs (10). In accordance with the pivotal roles in the
biogenesis and functions of circRNAs during virus infection, the
novel mechanisms underlying the pathogenesis and progression of
chronic hepatitis B (CHB) involving circRNAs are slowly being
validated. To identify hepatic circRNAs associated with chronic
hepatitis B (CHB), Zhou et al. performed RNA sequencing using
liver biopsies from untreated CHB patients and found that a total
of 99 dysregulated circRNAs were correlated with CHB. CHB-
related circRNA-miRNA-mRNA pathway analysis hinted that
hsa_circ_0000650 regulated transforming growth factor-p2
(TGFB2) by sponging miR-6873-3p (11). Moreover, circRNAs
regulate HBV replication by mediating host-virus interactions. It
was found that viral-derived circRNAs are produced during HBV
replication and are regulated by the host DHX9 (DEAH-box
helicase 9) protein, which did not affect the levels of HBV DNA.
Therefore, in HBV infection, the RNA binding factor DHX9 may
function as a crucial regulator of viral-derived circRNAs or viral
proteins (12). Furthermore, circRNAs induce an antiviral immune
response. An in vitro study (13) revealed a high hsa_circ_0004812
expression level in CHB patients and HBV-infected hepatoma cells.
The knockdown of hsa_circ_0004812 promoted IFN-o/f3
expression to inhibit viral replication. The overexpression of
hsa_circ_0004812 stimulated HBV-induced immunosuppression
through the circ_0004812/miR-1287-5p/Follistatin-related
protein (FSTL) 1 axis, which promoted FSTLI expression by
inhibiting miR-1287-5p. However, due to our presently poor
understanding of their expression, regulation and biological
function, further investigations are needed to determine the
potential mechanisms behind the different circRNA regulation
patterns associated with HBV infection.

ROLES OF circRNAs IN HBV-HCC

Among circRNA/miRNA interaction networks, at least five
circRNA/miRNA regulatory axes might contribute to CHB
development, including hepatitis B, inflammatory mediator
regulation of transient receptor potential (TRP) channels, T
cell receptor, TGF-B and MAPK signaling pathways (14).
Obviously, these signaling pathways are closely involved in the
development of HCC, including cell proliferation, apoptosis,
migration, and invasion and so on. However, there are a few
mechanistic studies, especially in HBV-HCC, on other circRNA/
miRNA regulatory axes. Therefore, the information about the
detailed mechanisms of circRNA/miRNA regulatory axes is
limit. Here, we systematically summarize the literature on
other validated circRNA/miRNA/target gene axes associated
with HBV-HCC (Figure 1 and Table 1).

circRNA_101764/miR-181

circRNA/miRNA interaction networks were constructed to
predict the function of these circRNAs in CHB. Increased
evidence from circRNA microarrays has confirmed that
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FIGURE 1 | A summary diagram of circular RNAs (circRNAs) involved in circRNA-microRNA (miRNAs)-mRNA axis in hepatocellular carcinoma (HCC) with or without
hepatitis B virus (HBV). CircRNAs can be found in liver tissues, cells, serum, plasma, peripheral blood mononuclear cells (PMBC) and exosomes. Most circRNAs can
act as miRNA sponges or sequesters. CircRNAs may function as sponges or decoys for proteins and thereby regulate their activity. At least four reported circRNA/
miRNA regulatory axes and several circulating circRNAs might contribute to the development of chronic hepatitis B (CHB) related HCC. We list the validated circRNAs

circRNA-miRNA-mRNA networks based on specific functional
circRNAs may facilitate hepatocarcinogenesis in HBV-HCC. For
example, bioinformatics analyses of a circRNA microarray from
three HCC and paired adjacent nontumorous tissues indicated
24 upregulated and 23 downregulated differentially expressed
circRNAs (HCC vs nontumors, fold change>2.0 and P<0.05)
(21). Then, 3 upregulated (hsa_circRNA_102814, 100381, and
103489) and 3 downregulated (hsa_circRNA_101764, 100327,
and 103361) miRNAs were verified by qRT-PCR. Of them,
hsa_circRNA_101764, coexpressed with the miR-181 family,
was the largest node in the circRNA/microRNA coexpression
network (21). By activating epigenetic upregulation of miR-181,
HBV-encoded X antigen (HBx) could promote “stemness” in the
pathogenesis of HCC (22). GO analysis of this circRNA
microarray revealed that genes in the PI3K-Akt signaling
pathway were the most abundant target genes involved in
circRNA/miRNA interactions (21). The PI3K-Akt signaling
pathway has already been verified to include oncogenes that
functionally contribute to hepatocarcinogenesis by inducing
malignant transformation of hepatocytes (23). Hence,
circRNA_101764/miR-181/PI3K may play an important role in
the cell network during HBV-HCC hepatocarcinogenesis.

circRNA_100338/miR-141-3p

Another circRNA microarray of HBV-HCC performed by
Huang et al. (15) identified a total of 189 significantly
upregulated and 37 downregulated circRNAs. Of note,
circRNA_100338, which is significantly more highly expressed
in HCC tissue than in paired pericancerous tissue, is closely
correlated with HBV-HCC metastatic progression and
consequently the cumulative survival rate. In silico and
experimental analyses suggested that miR-141-3p is a direct
target of circRNA_100338 to regulate the gene expression
necessary for HCC carcinogenesis (15). On the other hand,
this study also found that metastasis suppressor 1 (MTSS1) is
very likely a potential target of miR-141-3p, which may act as an
oncogene and a driver of metastasis in HBV-HCC through a
potential circRNA_100338-miR141-3p-MTSS1 interaction
pathway. As a tumor inhibitor in HCC, miR 141 can suppress
HCC cell growth, invasion and metastasis by directly targeting
TGFPR1 (24), sperm-associated antigen 9 (25), hepatocyte
nuclear factor-33 (26), T lymphoma invasion and metastasis 1
(27) and their downstream signaling cascade. In a study
employing an orthotopic nude mouse model and cell lines
(28), downregulation of MTSS1 decreased the invasion
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TABLE 1 | Overview of the identified circular RNA in HBV associated hepatocellular carcinoma.

circRNA Gene miR Target Target genes/proteins Sample Function Ref
symbol

Up-regulation

circRNA_100338 SNX27 miR-141-3p MTSSH Tissues, cell line Not investigated

circ_0092493 ARL3 miR-1305 WNT2, UBE2T, MDM2, TGF-B2, Tissues, cell line Promotes cell proliferation and (16)

POLR3G invasion
has_circ _0006942 ATP5H miR-138-5p TNFAIP3 Tissues, cell line Promotes HBV replication and (17)
expression

circ_0009582 RERE Not Not investigated Plasma Not investigated (18)
investigated

circ_0037120 RHBDF1 Not Not investigated Plasma Not investigated (18)
investigated

circ_0140117 CNKSR2 Not Not investigated Plasma Not investigated (18)
investigated

has_circ_0000976  HPCAL1 Not Not investigated Plasma, tissues, cell Not investigated (19)
investigated line

has_circ_0007750 RABGGTA Not Not investigated Plasma, tissues, cell Not investigated (19)
investigated line

has_circ_0139897  MTM1 Not Not investigated Plasma, tissues, cell Not investigated (19)
investigated line

has_circ_0027089  PTGES3 Not Not investigated Plasma Not investigated (20)
investigated

has_circ_00777930 AHI1 Not Not investigated Plasma Not investigated (20)
investigated

has_circ_0001818 UBR5 Not Not investigated Plasma Not investigated (20)
investigated

has_circ_0026337  SCN8A Not Not investigated Plasma Not investigated (20)
investigated

Down-regulation

has_circ_0011883 PPT1 Not Not investigated Plasma Not investigated (20)
investigated

has_circ_0001070  R3HDM1 Not investigate  Not investigated Plasma Not investigated (20)

circRNA_101764 MIPOL1 miR-181 PIBK-Akt Tissues Not investigated (21)

potential of HBV-HCC in vitro and averted the extent of lung
metastasis in vivo. Based on these findings, circRNA_100338/miR-
141-3p/MTSSI could be used as a prediction biomarker for HBV-
HCC patient outcomes and as a potential therapeutic target.

circ-ARL3/miR-1305

circ-ARL3, also known as hsa_circ_0092493, was reported to be
significantly upregulated in HBV-positive HCC cells and tissues
(16). A circRNA expression profile in HBV" HepG2.2.15 cells
and their parental HBV™ HepG2 cells found 22 upregulated and
63 downregulated circRNAs. Among them, circ-ARL3 had the
greatest differential expression, which was positively associated
with positive HBsAg test results, larger tumor size and advanced
clinical stage. The upregulation of circ-ARL3 is attributed to N6-
methyladenosine (m6A) modification induced by HBx protein
(16). Importantly, circ-ARL3 serves as a molecular sponge of
miR-1305, antagonizing the inhibitory effects of miR-1305 in a
cohort of target oncogenes (16), including WNT2 (29),
ubiquitin-conjugating enzyme E2 T (UBE2T) (30), double
minute 2 homolog (MDM2) (31), transforming growth factor-
beta2 (TGF-B2) (32), and RNA Polymerase III Subunit G
(POLR3G) (33), thereby facilitating HBV-HCC progression.
Wei et al. demonstrated that miR-1305 targeted ubiquitin-
conjugating enzyme E2T (UBE2T) to suppress the Akt
signaling pathway and then prevented the self-renewal and

tumorigenicity of cancer stem cells in HCC (30). Therefore,
circ-ARL3/miR-1305 is a critical carcinogenic signaling pathway
involved in the primary pathogenesis of HBV-HCC.

circ-ATP5H/miR-138-5p

circ-ATP5H, also known as hsa_circ_0006942, is expressed at high
levels in HBV+ HCC tissues and cells (17). circ-ATP5H
knockdown prevented HBV DNA replication and hindered
HBsAg and HBeAg expression in HBV-positive cells. Moreover,
circ-ATP5H sponges miR-138-5p to upregulate tumor necrosis
factor alpha-induced protein 3 (TNFAIP3) (17). Several recent
studies have revealed that miR-138-5p plays a pivotal regulatory
role in HCC by mediating a series of biological processes,
including chemoresistance, cell proliferation, cell migration,
invasion, metastasis and tumorigenesis (34, 35). Furthermore,
TNFAIP3 has already been identified as an important regulator
of HBV DNA replication and of cell proliferation and apoptosis in
HBV-HCC (36). Thus, circ-ATP5H may play an important role in
HBV-HCC development and progression by modulating the miR-
138-5p/TNFAIP3 axis.

Circulating circRNA
In addition to circRNAs expressed in tissues and cells, some
circulating circRNAs have been demonstrated to be involved in
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HBV-HCC occurrence. In a microarray-based high-throughput
screening of HBV-HCC-related circulating circRNAs, stratified
risk score analysis verified that circ_0009582, circ_0037120 and
circ_0140117 were candidate circulating fingerprints for
distinguishing HCC patients from those with chronic hepatitis
and healthy people (18). Zhu et al. investigated plasma circRNAs
in 10 HBV-HCC patients and 5 HBV-related liver cirrhosis patients
using a microarray to screen differentially expressed circRNAs (20).
A total of 157 upregulated and 161 downregulated circRNAs were
found. Of them, hsa_circ_0027089 exhibited the highest
significance and further distinguished HCC patients from
cirrhosis patients and healthy participants. A large-scale,
multicenter study also employed a microarray and qPCR to
explore plasma circRNAs increased in HBV HCC patients (19).
They identified a plasma circRNA panel (CircPanel) containing
three circRNAs (hsa_circ_0000976, hsa_circ_0007750 and
hsa_circ_0139897) that could detect HBV-HCC. Although there
have been few in-depth mechanistic studies of circulating circRNAs,
these findings provide evidence that these circRNAs might
participate in HBV-HCC progression.

circRNAs in Non-HBV

and Potential HBV-HCC

In this review, we have mainly focused on the roles of circRNAs
in HBV-HCC. However, to date, in non-HBV HCC patients or
HCC patients partially infected by HBV, numerous circRNAs
have been reported to be important regulators impacting the
malignant biological behavior of tumors. Additionally, in some
research, although HBV-HCC was not the focus of the studies,
the majority of the HCC population had HBV infection. We also
found that the expression and roles of some circRNAs in HCC
have been inconsistently reported, such as circRNA-103809 (37-
39). Functionally, circRNA activations are closely associated with
cancer cell proliferation, cycle progression, cell apoptosis,
migration, invasion and Epithelial-mesenchymal transition
(EMT) during HCC process. Herein, we also summarize the
relationship between circRNAs and non-HBV or potential HBV-
HCC from biological function to clinical significance. Whether
these circRNAs can be biomarkers for the diagnosis of HBV-
HCC patients and prognosis determination should be evaluated
in the future (Table 2).

Undoubtedly, virally-encoded circRNAs (vcircRNAs) have
different mechanisms and effects in the regulation of signaling
pathways involved in viral infection and oncogenesis between
HBV-HCC and non-HBV HCC (157). Nevertheless, the
vcircRNA research is in signaling pathways regulation where
many puzzles remain to be solved. HBV _circ_1, a recently
identified HBV-encoded circRNA, is derived by the intronless
pgRNA, which is produced via the homologous recombination
of the inverted repeat sequences at both 3’ and 5’ ends of the
pgRNA, promoting viral replication (12, 158). Particularly,
herpesviruses cannot express antigenic viral proteins during
the latency in order to escape the host immune surveillance.
Due to immunogenicity lack, circRNAs is likely an ideal strategy
for the viruses to regulate themselves and the host environment

(157). Therefore, we hypothesize various innate and adaptive
immune-associated pathways enhance the chronic viral infection
and viral replication, and finally tumor initiation. More efforts
are warranted to investigate the pathways involved
immunoevasion of foreign circRNAs in HBV-HCC.

Animal Model for circRNAs Study

Various circRNAs are expressed in serum, plasm, liver tissues,
liver tumors, liver cancer cells and exosomes. Also, several
tumor-bearing mouse models transplanted with circRNAs were
used to analyze the detailed mechanisms in HCC development.
For example, HCCLM3 cells with or without reduced
circUHRF1 were injected into the male NOD/SCID mouse.
And then, NK cells were injected intravenously through the
tail vein when the tumor reached a volume of approximately
100 mm®. The implantation of circUHRF1 knockdown cells
resulted in sensitivity to anti-PD1 therapy and overall survival
improvement (48). In another experiment, C57BL/6 mice
implanted with Hepl-6-circMET cells had a larger tumor
burden compared to the controls. Importantly, these
experiments showed that the density of tumor-infiltrating
CD8" lymphocytes in tumors injected with Hepl-6-control
cells was significantly higher (49). A xenograft assays using
female BALB/c mice subcutaneously injected HepG2 cells with
or without transfection of circ_0008305 siRNA found that
downregulation of circ_0008305 repressed HCC tumor growth
in vivo (105). These circRNAs behaved in tumor-bearing mice
could help us further understand the mechanisms in HCC
development in depth.

Several Critical Cell Signaling Pathways
Regulated by circRNAs in HBV-HCC
Importantly, the interplay between circRNAs and miRNAs for
the regulation of different signaling cascades has enabled us to
develop a better understanding of the mechanism of HBV-HCC
development (159). For example, A differential expression of the
circulating miRNAs from 50 patients diagnosed with chronic
HBYV infection and hepatic fibrosis based on Scheuer’s staging
criteria found the majority of the target genes of the identified
miRNAs affected hepatic fibrosis via the TGF-/Smad, Wnt,
MAPK, Jak/STAT and VEGF pathways (160). As a tumor
suppressor, circSMAD2 can remarkably impede TGF/SMAD
signaling and epithelial to mesenchymal transition (EMT) by
inhibiting microRNA-9 (161). Overexpressed circSMAD2
inhibited migratory and invasive potential of HCC cells and
considerably reduced TGFP1-CircSMAD?2 sponging for miR-629
(162). Notably, hsa_circ_0000517 regulated SMADG6 expression
through competing endogenous RNA (ceRNA) for miR-326.
Up-regulation of AMADG6 overturned the inhibitory impacts of
miR-326 mimics on cell proliferation, colony formation,
migration, and invasion of HCC cells (112).

Notch signaling pathway facilitates HBV cccDNA
transcription via triggering PKA-phospho-cAMP response
element-binding protein (CREB) cascade and is regulated by
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TABLE 2 | Summary of circular RNA in non- and potential HBV infected hepatocellular carcinoma population.

circRNA Gene miR Target Target genes/proteins HBV Function Ref
symbol infection
Up-regulation
ciRS-7 CDR1AS miR-7 PIK3CD, p70S6K, mTOR, CCNET, 104/ Promotes cell proliferation and (40, 41)
circRNA_Cdrias PIK3CD 108HBV- invasion
HCC patients
has_circ_0005075 EIF4 gG3 miR-23b-5p, miR-93-3p, GO and KEGG pathway analysis 23/30 HBV-  Promotes cell adhesion (42)
miR-581, miR-23a-5p HCC patients
has_circ_0000284 HIPK3 miR-124 AQP3 41/50 HBV-  Promotes cell proliferation and (43)
HCC patients  migration
circRNA_103809 AP4E1 miR-1270, PLAGL2, 28/60 HBV-  Promote proliferation, migration,  (37-39)
miR-377-3p FGFR1-ERK HCC patients invasion and EMT (37),
proliferation, cycle progression,
and migration (38)
has_circ_0008450 CMTM3 miR-214-3p EZH2 (44) 50/70 HBV-  Promote cell viability, migration (44, 45)
miR-548p HCC patients  and invasion, inhibit cell
(44) apoptosis
has_circ-0001955 CSNKIG1 miR-516a-5p TRAF6, MAPK11 34/60 HBV-  Promote proliferation, (46, 47)
mi-R-145-5p NRAS HCC patients  migration, invasion and colony
(46) formation
circUHRF1 UHRF1 miR-449-5p IFN-y and TNF-a, TIM-3. 216/240 Inhibit NK cell functions (48)
HBV-HCC
patients
has_circ_0082002 MET miR-30-5p CXCL10, DPP4 173/209 Promote invasion and (49)
HBV-HCC metastasis, EMT and cancer
patients immunosuppression
circ_0021093 ST5 miR-766-3p MTA3 43/82 HBV-  Promote cell growth, migration (50)
HCC patients  and invasion, inhibit apoptosis.
miR-432 ANXA2 50/60 HBV-  Promote proliferation, (51)
HCC patients  migration, invasion and EMT
circ_0000267 FAM53B miR-646 Not investigated 32/59 HBV-  Promote cell growth, migration (52)
HCC patients  and invasion, inhibit apoptosis
circ_0005394 ZGC3H7A miR-507 E2F3 43/82 HBV-  Promote migration and (53)
miR-515-5p CXCL6 HCC patients  invasion, inhibit apoptosis
circZEB1.33 ZEB1 miR-200a-3p CDK6 58/64 HBV-  Promote proliferation (54)
HCC patients
has_circ_0088030 PTGR1 miR449a MET 63/82 HBV-  Promote proliferation, migration 8)
HCC patients and invasion
has_circ_0066659 TMEM45A  miR-665 IGF2 34/68 HBV-  Promote growth phenotype (55)
HCC patients and cell cycle of cancer cells.
has_circ_0008285 CDYL miR-892a HDGF 10/ Promote (56)
miR-328-3p HIF1AN 10microarray  proliferation, self-renewal,
analysis. chemoresistance, stem-like
143/149 properties of HCC cells
HBV-HCC
patients
has_circ_0070396 NUDT9 Not investigated Not investigated 108/111 Not investigated (57)
HBV-HCC
patients
circRASGRF2 RASGRF2  miR-1224 Not investigated 35/68 HBV/  Promote proliferation, invasion (58)
HCC patients  and migration
circ_0058124 FN1 miR-1205 E2F1 31/64 HBV/  Promote proliferation. inhibit (59)
HCC patients  apoptosis, suppress the
sorafenib sensitivity of HCC
cells
has_circRNA_104348 MAP2K5 miR-187-3p RTKN2-Wnt-beta-catenin 32/60 HBV/  Promote proliferation, migration (60)
HCC patients  and invasion, inhibit apoptosis
circGSK3B GSK3B miR-1265 CAB39 31/40 HBV/  Promote proliferation, 61)
HCC patients  migration, invasion
circHIPK3 HIPK3 miR-338-3p ZEB2 All patients Promote migration, invasion, 62)
are free of metastases and EMT
HBV and
HCV
(Continued)
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TABLE 2 | Continued

circRNA Gene
symbol
has_circ_102559 NUMB
has_circ_104566 PSD3
has_circ_0005785 ANAPC7
circRNA_SORE SORE
circlL4R IL4R
circRNA_clARS clARS
circPTK2 PTK2
circ-0038718 IL4R
circRNA7 Not
recorded
circUGGT2 UGGT2
circRNA_ZFR ZFR
has_circ_0091579 GPC3
circRNA_ CDR1as CDR1as
circ_BIRC6 BIRC6
circ_0091581 GPC3
circSOD2 SOD2
circGFRA1 GFRA1
circ_0008305 PTK2
circFAT1 FAT1
has_circ_0006916 HOMERA1
circRNA_001306 MARCH6
has_circ_0039053 ITGAL

miR Target

miR-130a-5p

miR-338-3p

miR-578

Not investigated
miR-103a-2-5p and
miR-660-3p
miR-541-3p

Not investigated

miR-92a

miR-139-3p

mIRNAT7-5p

miR-5260-5p

Not investigated

miR-940

miR-1287
miR-877-5p

miR-591

miR-502-5P

miR-149
miR-186
miR-30a-5p

miR-599

miR-584-5p

miR-637

Target genes/proteins

ANXA2

FOXP1

APRIL

YBX1
beta-catenin
GPX4
ALKBH5
E-cadherin

Not investigated

VE-cadherin/Notch4

RAB1A

MAP2K1

TACR1

Raf1
YWHAZ

FOSL2

DNMT3A JAK2/STAT3

Not investigated
TMED2
REEP3

SRSF2

CDK16

USP21

HBV
infection

40/74 HBV/
HCC patients

46/87 HBV/
HCC patients

41/60 HBV/
HCC patients

21/60 HBV/
HCC patients
Not
investigated
Not
investigated
Not
investigated
Not
investigated
Not
investigated

Not
investigated
Not
investigated

Not
investigated
Not
investigated

Not
investigated
Not
investigated
Not
investigated

Not
investigated

Not
investigated
Not
investigated
Not
investigated
Not
investigated

Not
investigated
Not
investigated

Function

Promote proliferation,
migration, invasion, metastasis
and EMT

Decrease apoptosis and E-
cadherin, increase cell viability,
proliferation, migration,
invasion, and N-cadherin.
Promote proliferation and
metastasis, inhibit cell cycle
arrest and apoptosis

Spread sorafinb resistance
among HCC cells by exosome
Decrease the efficacy of
sorafenib-induced resistance
Promote oncogenesis and
inhibit ferroptosis of HCC cells.
regulate SF-induced ferroptosis

enhanced cell proliferation and
invasion

Promote

proliferation and metastatic
ability

Promote HCC vasculogenic
mimicry

Promote proliferation,
migration, invasion, colony
formation and cell cycle
progression

Promote proliferation

Promote cell viability, migration,
invasion and colony formation,
inhibit cell cycle arrest and
apoptosis

Promote proliferation, migration

The inhibitory of effect of
paclitaxil on HCC tumorigenesis
enhance the viability, colony
formation, metastasis and cell
cycle and inhibit the apoptosis
of HCC cells

Promote liver cancer cells
growth, migration and cell cycle
progression

Promote proliferation, migration
and angiogenic activity
Promote proliferation, migration
and invasion

Promote proliferation and
invasion

Promote cell viability, colony
formation, migration and
invasion.

Inhibit cell cycle arrest and
apoptosis

Promote proliferation, inhibit
apoptosis

Promote proliferation and
invasion

Ref

(76)
(77)

(78)

84)

(895)

(Continued)
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TABLE 2 | Continued

circRNA Gene
symbol
circ_0130911 UTRN
circPUM1 PUM1
circRNA_102272 RTN1
circRNA_ZNF292 ZNF291
circ_0003998 ARFGEF2
circRNA_GFRA1 GFRA1
circ_0001175 YTHDF1
circWHSCA WHSCA
has_circ_0061395 BACH1
has-circ-0034326 OTUD7A
and has-circ- HIVEP3
0011950
circZFR s ZFR
circSOX4 SOX4
circFOXM1 FOXM1
circ_SLIT3 SLIT3
circ_0031242 PRMT5
circPVT1 PVT1
has_circ_0004277 WDR37
circCAMSAP1 CAMSAP1
has_circ_0009910 MFN2
has_circ_0049783 CLEC17A
has_circ_0089172 NUP214
circ_0008305 PTK2
circ_LDLR LDLR
CircARNT2 ARNT2
has_circ_0067934 PRKCI
circMYLK MYLK

miR Target

Not investigated

miR-1208
miR-326
Not investigated

miR-218-5

miR-498

miR-130a-5p

miR-142-3p

miR-877-5p

miR-25-3p, miR-3692-5p,
and miR-4270

miR-375

miR-432

miR-1324

miR-223-3p

miR-924

miR-377

Not investigated

miR-1294

has-miR-455-5p, has-miR-
615-3p, has-miR-3926, has-
miR-5197-3p, and has-miR-
6836-3p

has-miR-18a-3p and has-
miR-8071
has-miR-4524a-3p, has-miR-
3154, has-miR-3190-5p
miR-660

miR-7

miR-155-5p

miR-1324

miR-29a (109)
miR-362-3p (110)

Target genes/proteins

CCNB1
OIP5
RACGAP1
MAP3K2
RUNX2

Whnt/beta-catenin

EIF5A2

NAP1L3

SNX5

HOXA1

PIK3R3

NRAS, ITGA5, SEC14L2, SLC12A5,
and SMAD2

HMGA2

Not investigated

MECP2

CXCR4

POU3F2

TRIM23

Z0-1

GRAMD1A

DLGAP5/MCM5
MCM5/MCM6/MCM3/CDC20/
CCNB1/CDC7

ZWINT
CDC7/CCNB1/CENPU/ASPM/
ECT2/NDC80

BAG5

RNF38

PDK1

FZD5-Wnt-B-catenin

KMT5C (109)
Rab23 (110)

HBV
infection

Not
investigated

Not
investigated
Not
investigated
Not
investigated
Not
investigated

Not
investigated
Not
investigated

Not
investigated
Not
investigated

Not
investigated

Not
investigated
Not
investigated
Not
investigated
Not
investigated
Not
investigated
Not
investigated
Not
investigated
Not
investigated
Not
investigated

Not
investigated
Not
investigated
Not
investigated

Not
investigated
Not
investigated
Not
investigated
Not
investigated

Function

Not investigated

Promote proliferation,
migration, invasion and EMT
Promote proliferation and
cisplatin-resistance

Promote proliferation and cell
cycle, inhibit apoptosis
Promote resistant cell viability,
migration, invasion and EMT,
inhibit DOX cytotoxicity
Promote proliferation, migration
and invasion

Promote proliferation,
migration, invasion and lung
metastasis

Promote proliferation,
migration, invasion

Promote proliferation,
migration, invasion. Inhibit cell
cycle, apoptosis

Not investigated

Promote proliferation,
glycolysis, inhibit apoptosis
Promote proliferation, migration
and invasion, inhibit apoptosis
Promote proliferation, inhibit
apoptosis

Promote proliferation, migration
and invasion, inhibit apoptosis
Promote proliferation, migration
and invasion, inhibit apoptosis
Promote proliferation and
glycolysis, inhibit apoptosis
Promote proliferation, migration
and EMT

Promote proliferation, migration
and invasion

Not investigated

Not investigated
Not investigated

Promote proliferation,
migration, invasion and cell
cycle. Inhibit apoptosis
Promote proliferation,
migration, invasion and EMT
Promote proliferation, inhibit the
cisplatin sensitivity of HCC cells
Promotes tumor growth and
metastasis

Inhibit proliferation, migration
and invasion, promote
apoptosis

Ref

©1)

(92)

(93)

(94)

(95)

(100)
(101)
(102)
(103)

(104)

(105)

(106)
(107)

(108)

(109, 110)
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TABLE 2 | Continued

circRNA Gene miR Target Target genes/proteins HBV Function Ref
symbol infection
has_circ-0000517 RPPH1 miR-326 (111, 112) SMADSG (111) Not Promote proliferation, colony
miR-1296-5p (113) IGF1R (112) investigated  formation, migration, invasion, (111-113)
TXDNC5 (113) glycolysis and cell cycle
circPVTA1 PVTAH miR-3666 SIRT7HOXD3 Not Promote proliferation, colony
miR-203 investigated  formation, migration, inhibit (114, 115)
apoptosis
circ_0015756 CFH miR-7 (116) FAK (116) Not Promote proliferation, migration (17, 116)
miR-610 (117) FGFR1 (117) investigated  and invasion, inhibit apoptosis
has_circ_0084922 KIAA1429  Not investigated YTHDF3, Zeb1 Not Promote migration, invasion (118)
investigated ~ and EMT
has_circ_0065964 ABHD14A- Not investigated Not investigated Not Not investigated (119)
ACY1 investigated
has_circ_0011386 EIF3I
has_circ_0044172 MAP3K14
has_circ_0010882 RPL1
Circ_0004194 B-catenin Not investigated Wnt/B-catenin Not Promote cell growth, migration (120)
investigated  and colony formation
has_circRNA_102034 RHOT1 Not investigated TIP60, NR2F6 Not Promote proliferation, migration (121)
investigated  and invasion, inhibit apoptosis
circ_0016788 TRIM11 Not investigated Not investigated Not Not investigated (122)
investigated
has_circ_0003998 ARFGEF2  Not investigated Not investigated Not Not investigated (123)
investigated
has_circ_104075 VPS13C miR-582-3p YAP-HNF4a Not Promote tumorigenesis (124)
investigated
has_circ_0008234 FOXP1 miR-875-3p, miR-421 SOX9 Not Promote proliferation, invasion, (125)
investigated inhibit apoptosis
has_circ_0004001 CLKA1 biological pathway analysis biological pathway analysis Not Not investigated (126)
has_circ_0004123 ETV6 investigated
has_circ_0075792 KDM1B
has_circ_0000798 BPTF miRanda v3.3a and miRanda v3.3a and RNAhybrid 2.1 Not Not investigated (127)
has_circ_0005505 IRAK3 RNAhybrid 2.1 predict predict investigated
has_circ_0001394 TBC1D14
has_circ_0003258 ZNF652 miR-29a-3p GuCD1 Not Promote proliferation, (128)
investigated ~ migration, invasion and
glycolysis.
has_circ_0010090 FBLIM1 miR-338 LRP6 Not Promote tumor growth and (129)
investigated  glycolysis.
has_circ_101237 CDK8 Not investigated Not investigated Not Not investigated (130)
investigated
has_circ_0003288 BIRC6 miR-3918 Bcl2 Not Promote proliferation, (131)
investigated  migration, invasion, inhibit
apoptosis.
has_circ_0000199 AKT3 Not investigated Not investigated Not Not investigated (132)
investigated
Down-regulation
has_circ_0001649 SHPRH miR-1283, miR-4310, miR- Not investigated 66/89 HBV-  Promotes HCC metastasis (133)
182-3p, miR-888-3p, miR- HCC patients
4502, miR-6811-5p, miR-
6511b-5p, miR-1972
hsa_circ_0001727 ZKSCAN1  Not investigated Not investigated 85/102 HBV-  Inhibits cell proliferation, (134)
HCC patients  migration, and invasion
circSMYD4 SMYD4 miR-584-5p Not investigated 27/40 HBV/  Inhibit proliferation, migration, (135)
HCC patients invasion. inhibit apoptosis
¢circ-0003418 Not miR-7, miR-383 Whnt/B-catenin 36/46 HBV/  Inhibit proliferation, migration, (136)
traceable HCC patients  invasion, suppress cisplatin
resistance of HCC cells
hsa_circ_0007456 MAP2K4 miR-6852-3p ICAM-1 61/72 HBV/  inhibit the conjugation in NK (137)
HCC patients  cells
hsa_circ_0004018 SMYD4 miR-30e-5p, miR-647, miR- MYC (miR-30e-5p/miR-626) 86/101 HBV-  Inhibit HCC carcinogenesis and (138)
92a-1-5p, miR-660-3p, MiR- HCC patients metastasis.
626
(Continued)
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TABLE 2 | Continued

circRNA Gene miR Target Target genes/proteins HBV Function Ref
symbol infection
hsa_circ_0003570 FAM53B Not investigated Not investigated 90/105 HBV-  Inhibit HCC invasion and (139)
HCC patients metastasis
hsa_circ_0085154 ARSPI1 miR-7 ADAR1 69/83 HBV-  Inhibits colony formation and (140)
HCC patients  tumor growth
hsa_circ_0001445 SMARCA5 miR-17-3p, miR-181b-5p TIMP3 166/208 Inhibits proliferation and (141)
HBV-HCC migration
patients
hsa_circ_0001141 ITCH Not investigated Not investigated 450/1800 Not investigated (142)
HBV-HCC
patients
hsa_circ_0008717 ABCB10 miR-340-5p/miR-452-5p NRP1 and ABL2 Not Inhibit proliferation, colony (143)
investigated  formation, migration
circRNA_103809 AP4E1 miR-620 Not investigated Not Inhibited HCC cell proliferation, (87-39)
investigated  migration and invasion
hsa_circ_0001074 ORC4 miRanda v3.3a and miRanda v3.3a and RNAhybrid 2.1 Not Not investigated (127)
hsa_circ_0004771 NRIP1 RNAhybrid 2.1 predict predict investigated
hsa_circ_0067735 MED12L
has_circ_0064428 SLC6AB Not investigated Not investigated Not Not investigated (119)
hsa_circ_0055538 RMND5A investigated
circ_102,166 Not miR-182, miR-184 FOXO3a, MTSS1, SOX7, p-RB, Not Inhibit the proliferation, invasion, (144)
traceable c-MYC investigated  migration and tumorigenesis of
HCC cells
circ_0004913 TEX2 miR-184 HAMP Not Inhibit cell proliferation, (145)
investigated migration, and invasion, EMT,
and glycolysis in HCC cells
hsa_circ_0004018 SMYD4 miR-626 DKK3 Not Inhibit proliferation and (146)
investigated  migration
circRNA_101505 RP11- miR-103 NOR1 Not Suppressed cancer cell growth, (147)
96617.1 investigated  enhanced cisplatin toxicity in
HCC cells
circDLCH DLCH Not investigated HUR-MMP1 Not Inhibit proliferation and maotility (148)
investigated  of hepatoma cells
circ_0014717 CCT3 miR-668-3p BTG2 Not Inhibit proliferation, migration, (149)
investigated  invasion
circARPP21 ARPP21 miR-543 LIFR Not Inhibit proliferation, migration, (150)
investigated  invasion
circPSD3 PSD3 miR-92b-3p Smad7 Not Inhibit activation and (151)
investigated  proliferation of HSCs
circC3P1 C3P1 miR-4641 PCK1 Not Inhibit proliferation, migration (152)
investigated  and invasion
hsa_circ_0007874 MTO1 miR-9 p21 Not Inhibits cell proliferation and (153)
investigated invasion; promotes apoptosis
hsa_circ_0005986 PRDM2 miR-129-5p Notch1 Not Inhibits cell proliferation and cell (154)
investigated  cycle progression
hsa_circ_0051443 TRAPPCBA miR-331-3p BAK1 Not Inhibit proliferation and (155)
investigated ~ migration
circSMARCA5S SMARCAS5  Not investigated Not investigated Not Inhibit proliferation, invasion, (156)
investigated ~ promote apoptosis

E3 ubiquitin ligase-modulation of the Notch intracellular
domain (163). Meanwhile, studies have shown that NOTCH
pathway is involved in different steps of carcinogenesis of
HCC. Hsa_circ_0005986 was associated with chronic hepatitis
B infection history. Both hsa_circ_0005986 and Notchl were
targets of miR-129-5p, and that hsa_circ_0005986 knockdown
decreased the expression level of Notchl and accelerated cell
proliferation by facilitating the GO/G1 to S phase transition
of HepG2 and Huh7 cells (154). In SMMC-7721 cells, high
expression of circ-CDYL could promote distinguished rise of
survivin and HIF1AN expression levels, and enhance the

interactions between NOTCH2 and HIF1AN in SMMC-7721
cells (56).

In recent years, series of studies have provided evidence that
the JAK/STAT signaling pathway is closely related to the
occurrence and development of liver fibrosis and HCC caused
by HBV (164). Some experiments have documented that
H3K27ac and H3K4me3 expression modification (active gene
transcription hallmarkers), and circSOD2 expression were
further increased after histone writer EP300 and WDR5
binding to circSOD2 promoter. On one side, CircSOD2 could
promote cell growth, migration, and tumor growth of liver
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cancer. On the other side, circSOD?2 acted as a sponge on miR-
502-5p and rescued DNMT3a expression, which could inhibit
SOCS3 expression and accelerate JAK2/STAT3, SOCS3
downstream signaling pathway activation. In a feedback way,
activated STAT3 regulated circSOD2 expression (79). Circ-
LRIG3 worked with EZH2 and STAT3 together and facilitated
EZH2-induced STAT3 methylation and activation. In turn,
activated STAT3 could positively respond to circ-LRIG3
promoter to facilitate circ-LRIG3 transcription activity. Finally,
Circ-LRIG3 promoted malignant biological behavior of HCC cell
(165). In additional, circ9119 targeted JAK1/STAT3 in HepG2/
Huh-7 cells by competitively binding miR-26a, resulting in less
proliferation of HCC cells and increasing apoptosis after
circ9119 silence (166).

The Wnt/B-catenin signaling pathway has a key role of the
modulation of immune responses and in the orchestration of a
chronic low-level inflammation state favoring HCC development
infected by HBV (167). Of note, circf-catenin has higher
expression in liver cancer tissues than that in adjacent normal
tissues. Also, circB-catenin could affect a wide spectrum of Wnt
pathway-related genes. 370-amino acid B-catenin isoform can
activate the Wnt pathway by antagonizing GSK3B-induced B-
catenin phosphorylation and degradation. In the nude mice
injected with circf-catenin-silenced Huh7 cells, tumors were
smaller in size and had a marked reduction in the pulmonary
metastatic lesions (120). Similarly, tumor growth was remarkably
reduced in mice transplanted with circFBLIM1-silenced Huh7
cancer cells. Here, circFBLIM1 acted as a sponge for miR-338
and promoted HCC progression via targeting LRP6 (129). In
sorafenib-resistant HCC cells, circRNA-SORE sequestered miR-
660-3p and miR-103a-2-5p-mediated targeting of Wnt2b and -
catenin pathway and inducing sorafenib resistance. This was
involved in an increased level of N6-methyladenosine (m6A) at a
specific adenosine in circRNA-SORE (67).

THERAPEUTIC STRATEGIES FOR
HBV-HCC INVOLVING circRNAS

Given the association of different circRNA expression patterns
with HBV-HCC, emerging evidence indicates that both tissue
and circulating circRNAs may serve as potential biomarkers for
diagnostic, prognostic and therapeutic purposes (Table 1).

circRNA Diagnostic Biomarkers

in HBV-HCC

Currently, effective biomarkers for early and accurate diagnosis of
HBV-HCC are still lacking. As classic diagnostic biomarkers, o-
fetoprotein (AFP), AFP-L3, and desgamma-carboxyprothrombin
(DCP) are only modestly beneficial in diagnosis of HCC. Due to
their higher stability and abundance in HCC, circRNAs may be
perfect diagnostic indicators, especially in AFP-normal HCC
patients. Combined with AFP, three circulating circRNAs
(circ_0009582, circ_0037120 and circ_0140117) were reported to
have higher sensitivity and specificity as potential diagnostic
biomarkers for predicting HBV-HCC occurrence (18). The risk

score analysis with the ROC curve in the training set and validation
set showed values of 0.988 and 0.955, respectively. According to a
circRNA microarray analysis, Zhu et al. (20) found that plasma
hsa_circ_0027089 exhibited the highest significance and further
distinguished HBV-HCC patients from non-HCC patients. The
combination of hsa_circ_0027089 and AFP had better sensitivity
but poorer specificity in HBV-HCC than in cirrhotic, healthy and
non-HCC patients. Yu et al. built an HBV-HCC diagnostic model,
CircPanel, containing three circRNAs (hsa_circ_0000976,
hsa_circ_0007750 and hsa_circ_0139897). In addition, CircPanel+
AFP was calculated as Logit = —2.152 + 3.321 x CircPanel+2.241 x
AFP. They found that both CircPanel and CircPanel+AFP showed a
higher accuracy than AFP alone in distinguishing individuals with
HBV-HCC from those with non-HCC liver disease. Furthermore,
both CircPanel and CircPanel+AFP performed well in detecting
small HCC lesions (<3 c¢cm) and AFP-negative HBV-HCC,
indicating the high diagnostic value of hsa_circ_0000798 in HBV-
HCC (19).

circRNA Prognostic Biomarkers

in HBV-HCC

To date, dozens of noncoding RNAs (ncRNAs) have been reported
to have essential roles in HCC progression and to be potential
prognostic biomarkers of HBV-HCC. For example, a miRNA panel
including seven miRNAs provided high diagnostic accuracy for
HBV-HCC (168). circRNAs are newly classified endogenous
ncRNA members that have been identified as outcome predictors
for patients with HBV-HCC in some studies. Huang et al. (169)
revealed that an elevated circRNA-100338/miR-141-3p/RHEB axis
was involved in activation of the mTOR signaling pathway in HCC.
Clinical specimen analysis indicated that circRNA-100338 was
upregulated in HCC tissues, which also showed an increased
RHEB RNA level. Correlation analysis of RHEB expression with
the clinicopathological parameters of HBV-HCC patients suggested
that circRNA-100338 was an indicator of poor prognosis in HBV-
HCC. Clinically, high expression of circ-ARL3 was observed in
HBV+ HCC tissues compared to HBV-HCC tissues. circ-ARL3
expression was positively associated with HBsAg+ status, and in
HBV-HCC patients, a high circ-ARL3 expression level was related
to a shorter survival time than observed in patients with a low circ-
ARL3 expression level (16), verifying its ability to predict the
prognosis of patients with HBV-HCC.

circRNA Therapeutic Biomarkers

in HBV-HCC

Recently, some circRNAs have been demonstrated to regulate gene
expression via circRNA-miRNA-mRNA interaction networks to
facilitate HBV-HCC hepatocarcinogenesis and thus might be
useful in guiding HCC treatment decisions. In addition to being
diagnostic and prognostic biomarkers, these circRNAs can also be
used as targets for HCC clinical intervention. As mentioned above,
the crucial antagonistic roles of circRNA_100338 and miR-141-3p
in the regulation of metastatic potential in HBV-HCC have been
confirmed (15). Based on computational analyses followed by
experimental verification, circRNA_100338 can directly interact
with miR-141-3p in the context of HCC, thus mediating
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downstream gene regulation in HCC. This indicates that
circRNA_100338 could potentially be used as a target in HBV-
HCC clinical treatments. Rao et al. (16) found that knockdown of
circ-ARL3 suppressed HBV-positive cell proliferation and
invasion, whereas these effects were inhibited by silencing of
miR-1305, suggesting that the circ-ARL3/miR-1305 regulatory
axis exists in HCC cells and may be a promising treatment
target for patients with HBV-HCC. Additionally, Jiang et al.
(17) found that circ-ATP5H was remarkably expressed in HBV-
HCC tissues compared to adjacent noncancer tissues (P<0.0001).
Moreover, the expression level of circ-ATP5H was significantly
increased in HBV-specific cells compared to HCC cells. These
results suggest that circ-ATP5H could be a new biomarker for
HBV-HCC treatment.

Roles of circRNA in HCC Drug Resistance
At present, chemotherapy and immunotherapy agents for
advanced HCC are greatly limited by drug resistance, leading
to cancer relapse and intractable tumors. Mechanistically, the
efflux of hydrophobic cytotoxic drugs by cancer cells and
induced cell apoptosis contribute to this resistance (170).
Recently, the role of circRNAs in HCC drug resistance has
become a focus of research in this field (Table 3). For instance,
circ_0003418 not only exerts an antitumorigenic role in HCC but
also facilitates the sensitivity of HCC cells to cisplatin by
restraining the Wnt/B-catenin pathway (136). Similarly, the
circRNA_101505 expression level is decreased in cisplatin-
resistant HCC tissues and cell lines, and circRNA_101505 can
sensitize HCC cells to cisplatin by promoting the miR-103/
oxidored-nitro domain-containing protein 1 (NOR1) pathway
(147). In contrast, circARNT2 is significantly upregulated in
HCC tissues and cell lines and facilitates HCC progression in
vivo. This circRNA suppresses the sensitivity of HCC cells to
cisplatin through the miR-155-5p/PDK1 pathway (107).
circRNA_102272 may facilitate HCC cisplatin resistance by
regulating the miR-326-RUNX2 axis (88). Similarly, silencing
of circ_0031242 can mitigate cisplatin resistance while
enhancing cisplatin sensitivity. circ_0031242 can also suppress
cell viability, migration, and invasion and promote the apoptosis
of cisplatin-resistant HCC cells by directly interacting with

miR-924 and modulating POU3F2 expression (100). Resistance
to doxorubicin, another chemotherapy agent, can be enhanced in
HCC cells by the circ_0003998/miR-218-5p/EIF5A2 axis (90).
Notably, acquisition of sorafenib resistance is a primary
limitation of sorafenib-based chemotherapy. circRNA-SORE
hampers YBX1 nuclear interaction with the E3 ubiquitin ligase
PRP19 and thus blocks PRP19-mediated YBX1 degradation,
which mediates sorafenib resistance in HCC cells (66). circFN1
was demonstrated to mediate sorafenib resistance in HCC cells
by sponging miR-1205 and promoting E2F1 expression (90). A
mechanistic study of circRNA-SORE found that it sequestered
miR-103a-2-5p and miR-660-3p by acting as a microRNA
sponge, thereby activating the Wnt/B-catenin pathway and
inducing sorafenib resistance (83). Additionally, some patients
who receive immune checkpoint therapy do not show a durable
or gratifying response. In 2020, two studies showed that
dysregulation of certain circRNAs in HCC contributes to
immunosuppression. Zhang et al. reported that tumor-derived
exosomal circUHRF1 induced natural killer cell exhaustion by
upregulating the expression of TIM-3 via degradation of miR-
449c-5p, thereby driving resistance to anti-PD1 immunotherapy in
HCC patients (48). Another study found that circMET promoted
HCC progression by inducing epithelial to mesenchymal transition
and enhancing immunosuppression and anti-PD1 therapy
resistance through regulation of the miR-30-5p/Snail/dipeptidyl
peptidase 4 (DPP4)/CXCLI10 axis (49). Although there are few
studies on the molecular function of circRNAs in chemotherapy
and immunotherapy agents, especially for HBV-HCC, the
mechanisms and roles of circRNAs in drug resistance must be
mined to advance HBV-HCC treatment, which may offer better
approaches to reverse chemoresistance and immune resistance.

CONCLUSION AND PERSPECTIVES

With the rapid development of advanced experimental techniques,
including next-generation sequencing technology and
bioinformatics tools, allowing the characterization of novel
molecular biology circRNAs associated with HBV-HCC,
circRNAs are being increasingly identified and attracting

TABLE 3 | Deregulation and roles of circular RNAs in drug resistance of hepatocellular carcinoma.

CircRNA Gene symbol miR Target miR target genes/proteins Deregulation Drug Ref
Inhibiting drug resistance
circ-0003418 Not traceable miR-7, miR-383 Wnt/B-catenin Down cisplatin (136)
circRNA_101505 RP11-96617.1 miR-103 NOR1 Down cisplatin (147)
Promoting drug resistance
CircARNT2 ARNT2 miR-155-5p PDK1 Up cisplatin (107)
circ_0031242 PRMT5 miR-924 POUSF2 Up cisplatin (100)
circRNA_102272 RTN1 miR-326 RUNX2 Up cisplatin (88)
circ_0003998 ARFGEF2 miR-218-5 EIF5A2 Up doxorubicin (90)
circ_0058124 FN1 miR-1205 E2F1 Up sorafenib (59)
circRNA-SORE SORE Not investigated YBX1 Up sorafenib (66)
circUHRF1 SORE miR-108a-2-5p and miR-660-3p B-catenin Up sorafenib 67)
UHRF1 miR-449¢c-5p TIM-3 Up PD-1 (48)
circMET MET miR-30-5p Snail/DPP4/CXCL10 Up PD-1 (49)
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increasing attention from researchers worldwide. CHB-related
circRNA-miRNA-mRNA pathway analyses have revealed that
dysregulated circRNAs are correlated with CHB and regulate
HBV replication. As multifaceted regulators, circRNAs contribute
to regulation of gene expression and signaling pathways and to
translation of proteins directly via the miRNA-mRNA axis.
Therefore, circRNAs induce aberrant functions in the tumor
microenvironment and can become novel biomarkers for HBV-
HCC diagnosis, prognosis determination and treatment response.
Recently, an increasing number of circRNAs have been found to
participate in HCC drug resistance, and the involved molecular
biology mechanisms are gradually being revealed. However,
knowledge of the emerging functions of circRNAs in drug
resistance or other aspects of HCC development is only the tip of
the iceberg, and their roles in HBV-HCC are still unclear. In the
future, targeting dysregulated endogenous circRNAs may be a
promising way to reverse drug resistance. circRNAs from a
potential RNA virus may act as new tumor antigens for HBV-
HCC vaccines and oncolytic viruses to activate or induce antitumor
immunity. Further in-depth translational research and clinical trials
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