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Hepatocellular carcinoma (HCC) is one of the most frequent malignancies, with

high incidence and mortality. As the majority of HCC patients are diagnosed at an

advanced stage and die of recurrence and metastasis, its pathology and new

biomarkers are needed. Circular RNAs (circRNAs) are a large subclass of long non-

coding RNAs (lncRNAs) with covalently closed loop structures and abundant,

conserved, stable, tissue-specific expression in mammalian cells. CircRNAs exert

multiple functions in HCC initiation, growth and progression, serving as promising

biomarkers for diagnosis, prognosis and therapeutic targets for this disease. This

review briefly describes the biogenesis and biological functions of circRNAs and

elucidates the roles of circRNAs in the development and progression of HCC,

especially regarding epithelial-mesenchymal transition (EMT), drug resistance and

interactions with epigenetic modifications. In addition, this review highlights the

implications of circRNAs as potential biomarkers and therapeutic targets for HCC.

We hope to provide novel insight into the roles of circRNAs in HCC.
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1 Introduction

Hepatocellular carcinoma (HCC) is the most common and lethal malignancy worldwide.

Overall, HCC morbidity ranks fifth of all malignancies, and HCC mortality ranks third in

cancer-related death worldwide (1, 2). HCC has high mortality not only because of the high

morbidity but also because of limited diagnostic measures and drug response. Moreover,

most patients with HCC are diagnosed at an advanced stage, missing the opportunity for liver

transplantation, resection or ablation. In advanced HCC, the response of patients with

systemic treatment is limited, and drug resistance always occurs. Therefore, a deeper

understanding of the molecular mechanism involved in HCC pathogenesis is necessary,

and new biomarkers and effective therapeutic targets are urgently needed.

With the advancement of high-throughput RNA sequencing and bioinformatics,

circRNAs have been identified as a subtype of lncRNAs with covalently closed-loop

structures (3). Due to the specific structural lack of the 5’ cap and 3’ polyadenylated tails,
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circRNAs exhibited resistance to RNase R and showed a much longer

half-life than the parental liner mRNA (48 h vs. 10 h) (4), showing

better stability. In addition, circRNAs are expressed at 10 times higher

levels than their corresponding mRNAs (5) and are more abundant

than their parental mRNAs. Furthermore, circRNAs show high levels

of conservation in diverse species and exhibit specific expression in

different cells, tissues and developmental stages, enabling circRNAs to

be promising biomarkers and therapeutic targets for disease (6–9).

Although circRNAs have been identified as a subtype of lncRNAs and

lncRNAs are longer than 200 nucleotides (10), the long range of

circRNAs has not been definitively reported. As exonic circRNAs

(ecircRNAs) account for the majority of circRNAs (>80%) (5, 11, 12),

Zhang et al.’s research may provide some useful information. Most

human endogenous circRNAs contain two or three exons, single-exon

back-splicing requires 353 nucleotides in a median exon length, and

multiple-exon back-splicing requires 112-130 nucleotides per exon

(13). In addition to the full-length range, the nomenclature of

circRNAs is also considered a problem. To date, no consensus

circRNA nomenclature has been established. For example,

circMTO1 ((hsa_circ_0007874, hg19: chr6:74175931–74,176,329)

has at least 11 different names (14). Therefore, the nomenclature of

circRNAs is quite ambiguous. Currently, several common naming

methods are used, such as circDLC1 (15) and circSETD3 (16), which

are named after the host gene. CircBase uses arbitrary numbers to

name circRNAs (17).

CircRNAs have been demonstrated to play an essential role in the

initiation and progression of multiple diseases, such as hypertension

(18–20), cardiopathy (21), diabetes (22), and cancers (23–25). In

hypertension, hsa_circ_0038648 has been found to be highly

expressed in human aortic smooth muscle cells (HASMCs) and act

as an independent risk factor for essential hypertension (18). In

cardiopathy, circRNA_000203 aggravates cardiac hypertrophy by

suppressing miR-26b-5p and miR-140-3p, leading to enhanced

GATA-binding protein 4 (Gata4) levels (21). Moreover, circular

RNA-ZNF532 was found to participate in diabetes-induced retinal

pericyte degeneration and vascular dysfunction (22). In endometrial

cancer, circRNA WHSC1 is upregulated, and overexpression of

circRNA WHSC1 promotes the proliferation, migration and

invasion and decreased apoptosis of endometrial cancer cells by

targeting the miR‐646/nucleophosmin 1(NPM1) pathway (23).

However, the role of circRNAs in HCC hepatocarcinogenesis and

progression as well as their implications in HCC diagnosis and

treatment remain to be elucidated.

In this review, we briefly present the formation and biological

function of circRNAs and discuss their roles in proliferation, EMT,

apoptosis, drug resistance, tumor metabolism, tumor immunology,

interplay with epigenetic modification and novel applications,

including as biomarkers and therapeutic targets, in HCC. We hope

to provide novel insight into the roles and implications of circRNAs

in HCC.
2 Overview of circRNA

CircRNAs are a unique group of long non-coding RNAs

(lncRNAs) characterized by a single-stranded covalently closed-loop
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structure (3). CircRNAs were first identified in a virus in 1976 (3) and

observed via electron microscopy in 1979 (26). CircRNAs were

originally considered to be byproducts or abnormally spliced

transcripts of mRNA (27–30). With the rapid development of high-

throughput sequencing and bioinformatics, an increasing number of

circRNAs have been verified to be involved in the initiation and

progression of various diseases, such as cancers (23–25), hypertension

(18–20), cardiopathy (21), and diabetes (22). Among these, the roles

of circRNAs in cancers have attracted increasing attention.
3 Biogenesis and biological function
of circRNA

CircRNAs are formed through various circularizing mechanisms,

such as RNA-binding proteins (RBPs) (31, 32), intron pairing (11, 33,

34), spliceosome-dependent lariat (35–38) and tricRNA splicing

induced circularization (39, 40). Additionally, circRNAs can

originate from diverse regions. CircRNAs are primarily classified

into four categories based on their origin: exonic circRNAs

(ecircRNAs) (5), exon−intron circRNAs (EIciRNAs) (41), circular

intronic RNAs (ciRNAs) (42) and tRNA intronic circRNAs

(tricRNAs) (39). Different circRNAs are present in different ratios,

and various locations determine their biological functions. Several

studies have shown that ecircRNAs, which account for >80% of

identified circRNAs and are distributed predominantly in the

cytoplasm, regulate gene expression by sponging microRNAs

(miRNAs) or interacting with RBPs (11, 12). Unlike ecircRNAs,

EIciRNAs and ciRNAs represent only a small fraction of circRNAs,

and they are primarily located in nucleases and regulate the

expression of their parental mRNAs (42). In general, circRNAs

exert their functions in different ways, such as sponging miRNAs

(43–45), interacting with proteins, including RBPs (12, 15, 46, 47),

acting as transcriptional regulators (5, 41, 42) and competing with

alternative splicing (48). In addition, the latest studies show that

circRNAs have another unique feature, encoding peptides or proteins,

even though they belong to “non-coding RNA” (49, 50) (Figure 1).

Due to the single-stranded covalently closed-loop structure,

circRNAs possess enhanced resistance to ribonuclease (RNase),

which results in much higher stability and abundance of circRNAs

than miRNAs, lncRNAs and their linear counterparts (5, 51, 52). In

addition, accumulating studies have reported that circRNAs have

muscular tissue specificity and increased sequence conservation and

show great potential as diagnostic and prognostic biomarkers and

therapeutic targets in cancer.
4 Novel function of circRNA in HCC

Deregulation of circRNAs has been documented in many studies

and plays an important role in the occurrence and development of

HCC, including processes of proliferation, invasion, migration,

apoptosis, drug resistance, tumor metabolism, and tumor immunity

in HCC. In addition, circRNAs exert complex crosstalk with

epigenetic modifications to participate in HCC progression.
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4.1 Roles of circRNA in proliferation

Uncontrolled and unlimited proliferation is the most

fundamental biological behavior of cancer cells. Evidence

demonstrates that circRNAs play a crucial role in regulating the

proliferation of HCC. A study conducted by Fu’s group showed that

the circRNA MAN2B2 acts as an oncogene and promotes HCC

proliferation. Fu and colleagues detected expression levels of

circMAN2B2 in 32 HCC lesions and adjacent normal tissues and

found it to be markedly up-regulated and that this up-regulation was

related to clinical stage, implying its potential diagnostic value in

HCC. Further research indicated that circMAN2B2 facilitates the

proliferation of HCC by acting as a miR-217 molecular sponge and

targeting mitogen-activated protein kinase 1 (MAPK1) (53). Another

study employed microarray and qRT−PCR analyses to screen

circSETD3 (hsa_circ_0000567) as a candidate circRNA for further

study and discovered that circSETD3 acts as a tumor suppressor gene

in HCC. Down-regulation of circSETD3 was correlates with poor

prognosis and the clinical pathological characteristics of HCC.

Further research revealed that circSETD3 exerts biological

functions, such as suppressing proliferation and arresting the cell

cycle, in HCC by targeting mitogen-activated protein kinase 14

(MAPK14) and mediated by miR-421 (16). Bioinformatics analyses

accelerated the study of circRNAs and expanded RNA networks in

HCC. Luo and colleagues analyzed three pairs of HCC tissue sample

data from GEO datasets and found circCAMSAP1 to be apparently

overexpressed in HCC tissues. Knockdown of circCAMSAP1

significantly restrained HCC cell proliferation, invasion and
Frontiers in Oncology 03
migration. In detail, circCAMSAP1 exerts its functions by sponging

miR-1294 to increase GRAM domain-containing protein 1A

(GRAMD1A) expression (54). Several other circRNAs, such as

circ_0011385 and circ_0103809, were also found to participate in

HCC proliferation (25, 55). Taken together, these findings suggest

that circRNAs are crucially involved in HCC proliferation,

contributing to hepatocarcinogenesis.
4.2 Roles of circRNA in EMT

The epithelial-mesenchymal transition (EMT) refers to a

morphogenetic process by which epithelial cells lose their

phenotype and acquire an mesenchymal phenotype (56, 57). EMT

is essential for tumor mobility, invasion, metastasis and resistance to

apoptosis stimuli. Moreover, EMT confers liver tumor cells with stem

cell properties and marked therapeutic resistance (57). Therefore,

EMT plays an important role in HCC metastasis and recurrence. In

recent studies, several circRNAs have been found to participate in the

development of EMT (Figure 2). For example, circSMAD2 is

obviously down-regulated in HCC cell lines and tissues, with the

reduction correlating with the differentiation level of HCC tissues.

Overexpression of circRNA SMAD2 suppresses the invasion,

migration and EMT of HCC cells by reducing expression of N-

cadherin, Snail and Vimentin, whereas it enhances E-cadherin

expression. In-depth studies show that circRNA SMAD2 exerts

biological functions by acting as a sponge of miR-629 (58). In this

study, the authors demonstrated that circRNA SMAD2 modifies the
FIGURE 1

Biogenesis and functions of circRNA. (A) CircRNA biogenesis: (a) Intron pairing-driven circularization; (b) RBP-driven circularization; (c) spliceosome-
dependent lariat-driven circularization; (d) TricRNA biogenesis by pre-tRNA intron splicing. (B) CircRNA functions: (a) Sponging miRNAs; (b) binding to
proteins; (c) translating proteins/peptides; (d) competing with splicing of pre-mRNA; (e) binding DNA to regulate gene expression.
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EMT process by regulating biomarkers of EMT and sponging miR-

629. However, the relationship between EMT biomarkers and miR-

629 was not determined. Further research on this topic is warranted.

Zhu’s research indicated that circ-0004277 acts as an oncogene in

HCC by promoting EMT progression. Circ-0004277 expression is

enhanced in HCC cells , tissues, and plasma exosomes.

Overexpression of circ-0004277 in HCC cells was found to increase

expression of ZEB1 and N-cadherin but decreased that of E-cadherin

and ZO-1, resulting in promotion of EMT (59). In addition to directly

regulate the expression of EMT biomarkers, circRNAs can regulate

EMT through more complex mechanisms, and EMT biomarkers can

regulate each other via circRNAs. Meng and colleagues found that

Twist1 upregulates Cul2 circular RNA (circ-10720) expression by

binding to the cullin2 (Cul2) promoter. Subsequently, elevated circ-

10720 acts as a molecular sponge to absorb miRNA, including miR-

490-5p, miR-1246, and miR-578, and target Vimentin. Regulated

Vimentin activates EMT progression to facilitate HCC metastasis

(60). Moreover, circRNAs can modulate the EMT process by

regulating other proteins and multiple pathways rather than EMT

biomarkers. Xu et al. found that circ-0003288 is overexpressed in

HCC tissues compared to adjacent normal tissues and facilitates

EMT, migration and invasion of HCC. An in-depth study indicated

that circ-0003288 supports EMT, migration and invasion by sponging

miR-145 to promote programmed death-ligand 1 (PD-L1)

expression, activating the PI3K/AKT signaling pathway. In other

words, hsa_circ_0003288 promotes EMT and invasion of HCC via

the hsa_circ_0003288/miR-145/PD-L1 axis (61). Furthermore, Song

et al. identified circRNA-0003998, which was found to be up-

regulated in a portal vein tumor thrombus HCC group compared

to the normal HCC group by RNA-sequencing. In vivo and in vitro
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experiments have shown that circRNA-0003998 promotes EMT in

HCC. Mechanistically, researchers have revealed that circRNA-

0003998 promotes expression of CD44v6 and EMT-related genes

through direct binding to poly (rC) binding protein 1 (PCBP1) and

acts as a competing endogenous RNA (ceRNA) of miR-143-3p,

stimulating expression of FOS-like antigen 2 (FOSL2) to support

EMT in HCC. In other words, circRNA-0003998 participates in HCC

metastasis through two different axes: circ0003998/miR-143-3p/

FOSL2 and circ0003998/PCBP1/CD44v6 (62). By regulating the

miR-548c-3p/laminin subunit gamma 2 (LAMC2) axis, circ-

0101145 acts as an oncogene to promote EMT in HCC (63).

CircSEC24A (hsa_circ_0003528) and circFGGY also function as

crucial regulators in EMT of HCC by competitively targeting

miRNA, regulating target protein expression (64, 65).

These findings indicate that many circRNAs are involved in the

process of EMT. Targeting circRNAs might block activation of EMT,

further inhibiting invasion and metastasis and preventing recurrence

of HCC. However, recent studies have mostly focused on the

functions of circRNAs acting as sponges for miRNAs or proteins,

and translation of circRNAs into proteins, peptides or pseudogenes

has been less investigated. More research is needed.
4.3 Roles of circRNA in apoptosis

Apoptosis, which is generally known as programmed cell death,

plays an essential role in restricting cell expansion, maintaining

homeostasis and removing harmful cells. Limited apoptosis

stimulates cell survival and drug resistance in cancer by modulating

the tumor microenvironment (TME). Emerging studies have
FIGURE 2

CircRNAs participate in EMT progression in HCC. CircRNAs participate in EMT by decreasing expression of epithelial phenotype markers, such as E-
cadherin and ZO-1, while increasing that of mesenchymal phenotypic markers, such as N-cadherin and Vimentin.
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confirmed that circRNAs play a double-edged sword role in HCC

apoptosis. Huang et al. discovered that hsa_circ_104348 is

significantly up-regulated in HCC tissues and cells and facilitates

HCC progression by promoting proliferation, migration, and

inva s i on and suppre s s i ng apop to s i s . Knockdown o f

hsa_circ_104348 suppressed hepatocarcinoma and lung metastasis.

Furthermore, researchers identified that hsa_circ_104348 positively

regulates expression of rhotekin-2 (RTKN2) and activates the Wnt/b-
catenin signaling pathway by sponging miR-187-3p to promote HCC

progression (66). In contrast to hsa_circ_104348, overexpression of

circADAMTS13 induced apoptosis. Another study carried out by Qiu

et al. distinguished 38 down-regulated and 4 up-regulated circRNAs

in HCC tissues by RNA sequencing. CircADAMTS13, which is

derived from exons 13-14 of the host gene ADAM metallopeptidase

with thrombospondin type 1 motif 13 (ADAMTS13), was clearly

down-regulated. It was further proven that dysregulation of

circADAMTS13 correlates with the pathogenesis of HCC.

Functional studies found that overexpression of circADAMTS13

strongly suppressed cell proliferation and induced apoptosis,

showing an intensive tumor suppressor effect on HCC progression

(67). Collectively, these findings support the notion that circRNAs

have a pivotal effect on apoptosis in HCC and that different circRNAs

may exert opposite roles in apoptosis.
4.4 Roles of circRNA in drug resistance

In addition to surgery, transplant and intra-arterial therapies,

systemic treatment, which mainly includes chemotherapeutics,

targeted therapy, and immune checkpoint inhibitors, remains an

essential part of HCC treatment (68). Indeed, systemic treatment

appears to improve the overall survival and quality of life of HCC

patients. Nevertheless, effective systemic treatment is severely

obstructed by drug resistance. Interestingly, several circRNAs have

been found to participate in HCC drug resistance and play a major

role in this process (Table 1).

Targeted therapy has been a hot topic of cancer treatment for

several years. Sorafenib was the first target drug approved by the US

Food and Drug Administration (FDA) for advanced liver cancer,

prolonging the median survival and progression time by nearly 3

months (69). Unfortunately, development of drug resistance to

sorafenib is becoming increasingly common. Accumulating

evidence has shown that a large number of circRNAs are involved

in sorafenib resistance. For example, Yang et al. found 416 markedly

up-regulated circRNAs and 332 obviously down-regulated circRNAs

in sorafenib-resistant HepG2 cells compared with normal HepG2

cells. Subsequently, Yang and colleagues verified hsa_circ_0058124

(circFN1) as the most up-regulated circRNA in SR-HepG2 cells.

Further studies revealed that circFN1 facilitates the progression of

drug resistance to sorafenib by sponging miR-1205 to elevate E2F

transcription factor 1 (E2F1) expression (70). Xu et al. reported that

expression of circRNA-SORE is elevated in HCC cells and that this

up-regulation is indispensable for sustaining sorafenib resistance.

Knocking down circRNA-SORE enhanced the efficiency of

sorafenib in HCC by promoting apoptosis. Mechanistically,
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circRNA-SORE sponges miR-103a-2-5p and miR-660-3p, activating

the Wnt/b-catenin pathway to maintain sorafenib resistance (71).

Moreover, circFOXM1 was found to sustain sorafenib resistance by

modulating methyl-CpG binding protein 2 (MECP2) expression by

targeting miR-1324 (72). In addition, circ102049 and circUBE2D2 are

involved in sorafenib resistance. Circ102049 mediated sorafenib

resistance via the miR-214-3p/reelin (RELN) axis, and circUBE2D2

reduces sorafenib sensitivity by sponging miR-889-3p, thereby

regulating mRNA expression of lactate dehydrogenase A (LDHA)

(73, 74). Therefore, we can infer that large numbers of circRNAs are

abnormally expressed in sorafenib-resistant HCC. Some of them have

been well studied in function and mechanism. However, the function

and mechanism of circRNAs in sorafenib resistance are still unclear.

Lenvatinib is another multitargeted tyrosine kinase inhibitor (TKI)

drug recommended for advanced HCC in recent years. However,

lenvatinib was also found to induce drug resistance, and circRNAs

were involved. According to a recent study, circMED27 promotes

lenvatinib resistance in HCC by targeting miR-655-3p and up-

regulating ubiquitin-specific protease 28 (USP28). However,

knockdown of circMED27 increases the sensitivity of HCC cells to

lenvatinib (75). Taken together, many circRNAs are involved in

sorafenib and lenvatinib resistance, promoting and sustaining drug

resistance. Regardless, research on resistance to other targeted drugs,

such as atezolizumab and bevacizumab, is limited. The main reason

might be that the short time that the two drugs have been

recommended as first-line treatment for HCC, which led to the

cause of associated drug resistance had not been identified thus far.

Chemotherapy is an important part of comprehensive treatment

for hepatoma carcinoma. The 2021 NCCN Clinical Practice

guidelines recommend oxaliplatin + 5-fluorouracil + calcium

folinate (FOLFOX) as the first-line option. Of course, other

chemotherapeutic drugs, such as cisplatin and adriamycin, have

also been used in HCC treatment. Unfortunately, there is extensive

resistance to chemotherapeutic drugs, and circRNAs are involved. Li

et al. determined that circFBXO11 is involved in oxaliplatin resistance

via the miR-605/FOXO3/ATP binding cassette transporter subfamily

B member 1 (ABCB1) axis (78). Silencing of circ-0031242 mitigates

cisplatin (DDP) resistance and inhibits the proliferation, invasion,

and migration of DDP-resistant HCC cells through the miR-924/

POU class 3 homeobox 2 (POU3F2) axis (79). CircRNA-101505

enhances the sensitivity of HCC cells to DDP by sponging miR-103

and activating downstream oxidored-nitro domain-containing

protein 1 (NOR1) (80). In addition, Huang et al. observed that

circFoxo3 sustains adriamycin resistance by regulating the miR-

199a-5p/ATP binding cassette subfamily C member 1 (ABCC1) axis

in HCC (81). Therefore, drug resistance is widely present in the

treatment of various chemotherapy drugs, which seriously affects

the effect of chemotherapy treatment. CircRNAs participate in the

resistance of chemotherapy drugs and can be used as a potential

therapeutic target for chemotherapy resistance. However, there are

few studies on oxaliplatin and 5-fluorouracil-related circRNAs. The

role of circRNAs in the chemoresistance of HCC remains unclear.

Therefore, more research is needed.

Immune checkpoints are an important component of tumor

immunosuppression (82). Dysregulation of immune checkpoint
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expression helps tumor immune surveillance (83). Recently, targeting

immune checkpoints has shown excellent therapeutic effects in

cancer. However, with the clinical application of immune

checkpoints, an increasing number of drug resistances have also

been found. Moreover, circRNAs have been found to participate in

immune checkpoint inhibitor resistance in multiple ways. Huang

et al. demonstrated that circMET is overexpressed in HCC tissues and

enhances EMT, invasion and metastasis of HCC cells. Hep1-6 cells

with high circMET expression reduce the density of tumor-infiltrating

CD8+ lymphocytes compared with parental normal Hep1-6 cells,

inducing immunosuppression in mice. In detail, circMET led to

immunosuppression and anti-programmed death 1 (PD1) therapy

resistance by activating the miR-30-5p/snail/dipeptidyl peptidase 4

(DPP4)/CXCL10 axis (76). Another study showed that high

expression of circTMEM181 correlates with anti-PD1 resistance. In

detail, high exosomal circTMEM181 targets miR-488-3p and

promotes CD39 expression in macrophages. Up-regulated CD39

binds with CD73, activating the eATP-adenosion pathway to result

in anti-PD1 resistance in HCC (77).

Taken together, these findings provide strong evidence that

circRNAs are involved in the drug resistance of HCC, and knock-

down or exogenous overexpression of circRNAs might reverse this

resistance. Therefore, circRNAs play a major role in drug resistance

and may have great potential as therapeutic targets for HCC drug

resistance. Furthermore, we summarize the circRNAs involved in the

drug resistance of systemic therapies in HCC according to the NCCN

Guidelines for Hepatobiliary Cancers 2021, an important reference

for liver and gallbladder tumor screening, diagnosis, staging,

treatment and management (Figure 3A). Resistance to other drugs

in HCC is also summarized (Figure 3B). We hope to provide a

comprehensive understanding of the role of circRNA in drug
Frontiers in Oncology 06
resistance meanwhile providing potential molecular targets for

treatment of drug-resistant HCC.
4.5 Roles of circRNA in metabolism

Due to the vast energy demands of cancer cells, their metabolism

is often reprogrammed (84–86). Among metabolic “reprogramming”,

glucose has been well studied. Recent studies have revealed that some

circRNAs are involved in glucose metabolism in HCC. For instance,

circMAT2B is prominently overexpressed in HCC tissues and cell

lines, predicting unfavorable prognosis. Moreover, PET/CT and

HPLC indicate that high expression of circMAT2B is associated

with glycolysis in HCC under hypoxic conditions. Mechanistically,

circMAT2B promotes glycolysis by increasing pyruvate kinase M2

(PKM2) and kinesin family member C1 (KIFC1) expression by

targeting miR-338-3p (87). Moreover, circRNA can simultaneously

regulate the metabolism of glucose and other nutrients. Chen et al.

found that circ-PRKCI up-regulation increases glucose as well as

lactic acid simultaneously and increases forkhead box K1 (FOXK1)

expression levels. But that the situation is reversed when FOXK1 is

knocked down. Mechanistically, circ-PRKCI increase glucose and

lactic acid levels by targeting miR-1294 and miR-186-5p, which bind

directly to FOXK1 (88). However, the mechanism by which circ-

PRKCI regulates the metabolism of glucose and lactic acid by

regulating FOXK1 remains to be further studied. The underlying

mechanism of the effect of increased glucose metabolism on lipid

metabolism or vice versa also needs to be further elucidated. In

addition to the simultaneous regulation of glucose and other nutrient

metabolism, circRNA can regulate glucose metabolism and other

tumor phenotypes involved in tumor progression simultaneously
TABLE 1 Summary of circRNAs in drug resistance in HCC.

Drug name CircRNA Roles of circRNA in drug
resistance Signalling pathway Reference

Sorafenib

hsa_circ_0058124
(circFN1)

Promoting sorafenib resistance CircFN1/miR-1205/E2F1 (70)

circRNA-SORE Sustaining sorafenib resistance
circRNA-SORE/miR-103a-2-5p and miR-660-3p/Wnt/b-

catenin pathway
(71)

circFOXM1 Sustaining sorafenib resistance circFOXM1/miR-1324/MECP2 (72)

circ102049 Reducing sorafenib sensitivity Circ102049/miR-214-3p/RELN axis (73)

circUBE2D2 Reducing sorafenib sensitivity circUBE2D2/miR-889-3p/LDHA (74)

Lenvatinib circMED27 Promoting lenvatinib resistance circMED27/miR-655-3p/USP28 (75)

Anti-PD1 therapy
resistance

circMET Promoting anti-PD1 therapy resistance
circMET/miR-30-5p/snail/DPP4/

CXCL10 axis
(76)

circTMEM181 Promoting anti-PD1 therapy resistance
circTMEM181/miR-488-3p/CD39/
CD73/eATP-adenosion pathway

(77)

Oxaliplatin circFBXO11
Promoting oxaliplatin

resistance
circFBXO11/miR-605/FOXO3/ABCB1 axis (78)

Cisplatin
circ-0031242

Promoting cisplatin
resistance

circ-0031242/miR-924/POU3F2 axis (79)

circRNA-101505 Enhancing the sensitivity to DDP CircRNA-101505/miR-103/NOR1 (80)

Adriamycin circFoxo3 Sustaining adriamycin resistance circFoxo3/miR-199a-5p/ABCC1 axis (81)
f
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through more complex mechanisms. Circ-0091579 increases cancer

susceptibility candidate 3 (CASC3) expression by sponging miR-490-

5p, and the circ-0091579/miR-490-5p/CASC3 axis promotes

glycolysis, invasion, migration, and proliferation in HCC (89). A

similar study showed that circ-PRMT5 plays an oncogenic role in

HCC by modulating proliferation, migration and glycolysis by

targeting the miR-188-5p/hexokinase 2 (HK2) axis (90).

Based on these findings, circRNAs play important roles in glucose

metabolism and regulate the carcinogenesis and progression of HCC

through a variety of complex mechanisms. Additionally, abnormal

metabolism in cancers involves various aspects, such as

glycometabolism, lipid metabolism, fatty acid metabolism,

glutamine metabolism and serine metabolism. Although the role of

circRNAs in glycometabolism has been described, additional studies

on liquids, fatty acids and others should be performed.
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4.6 Roles of circRNA in tumor immunology

Accumulating evidence has shown that immunity has an crucial

function in the occurrence of cancers (91, 92). In HCC, the immune

system is always compromised or dysregulated. Recent studies have

revealed that circRNAs are particularly involved in immune

dysregulation and modify the function of immune cells. For

example, Shi and colleagues demonstrated that the susceptibility of

HCC cells to natural killer (NK) cells is influenced by levels of circ-

0007456. Furthermore, circ-0007456 controls the cytotoxicity of NK

cells by activating the miR-6852-3p/intercellular adhesion molecule-1

(ICAM-1) axis (93). Moreover, by enhancing UL16 binding protein 1

(ULBP1) expression, circARSP91 modulate NK-cell-driven

cytotoxicity against HCC (94). In addition, Zhang et al. found that

exosomal circUHRF1 induces NK-cell exhaustion by enhancing TIM-
A

B

FIGURE 3

CircRNAs are involved in therapeutic resistance in HCC. Accumulating studies have demonstrated that circRNAs participate in therapeutic resistance in
HCC. (A), drugs in the first-line, subsequent-line and contemporary stages are listed according to NCCN Guidelines for Hepatobiliary Cancers 2021.
Moreover, circRNAs and possible pathways involved in HCC therapeutic resistance are identified. (B), complementary drugs and circRNAs related to
therapeutic resistance in HCC, such as cisplatin, doxorubicin, adriamycin and paclitaxel, are listed.
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3 expression by suppressing miR-449c-5p, and circUHRF1 decreases

NK-cell-derived IFN-g and TNF-a secretion. All of the above factors

may result in anti-PD1 therapy resistance (95). NK cells are

considered to be the first line of defense for host immune

surveillance and play a vital role in antitumor immunotherapy. The

above studies have shown that circRNAs regulate the susceptibility,

cytotoxicity, exhaustion and cytokine secretion of NK cells, affect the

normal function of NK cells in various aspects, and accelerate

the progression of HCC. Additionally, macrophages participate in

the inflammatory environment of mutagenesis in the early stage of

tumor development. As the tumor progresses malignantly, it

stimulates angiogenesis, promotes tumor migration and invasion,

and inhibits tumor immunity. CircRNAs can regulate the function of

macrophages. For example, circ-0110102 inhibits HCC development

and macrophage activation through the miR-580-5p/peroxisome

proliferator-activated receptor alpha (PPARa)/cyclooxygenase-2
(CCL2) signaling pathway (96), hsa_circ_0003410 enhances the

proportion of M2/M1 macrophages through the miR-139-3p/CCL5

pathway and facilitates HCC progression (97). By regulating the

function of immune cells, circRNAs mediate tumor immune

surveillance and promote the progression of HCC.

However, contrary to current opinion, circRNAs not only regulate

tumor immunology but are also altered by immune cells. Zhang’s

study found that exosomal hsa_circ_0004658 activate by

recombination signal binding protein for immunoglobulin Kappa J

region (RBPJ) up-regulated macrophages and prevent progression of

HCC. Mechanistic investigations have demonstrated that

hsa_circ_0004658 sponges miR-499b-5p, thereby regulating

expression of junctional adhesion molecule 3 (JAM3) (98).

Together, circRNAs participate in tumor immunology by

affecting the functions of immune cells, such as NK cells and

macrophages. Moreover, circRNAs are modulated by immune cells,

which suggests a complicated relationship between circRNAs and

tumor immunology. Due to the roles of circRNAs in tumor

immunology and the promising performance of immune

checkpoint inhibitors, circRNAs represent potential immune

therapeutic targets for HCC.
4.7 CircRNA interplay with epigenetic
modification

Emerging evidence has verified that epigenetic dysregulation

contributes to the initiation and progression of cancer (99–101).

Among these epigenetic dysregulations, N6-methyladenosine (m6A)

and 5-methylcytosine (m5C) have been well studied (102, 103).

Interestingly, some circRNAs have also been demonstrated to

participate in HCC tumorigenesis and development (Figure 4). In

general, crosstalk and interplay between circRNA and epigenetic

modification are involved in HCC progression, though the details

require further elucidation.

In HCC, epigenetic modification can modulate circRNA splicing,

export, expression, stability and interaction with proteins, affecting

progression of HCC. First, m6A enzymes mediate alternative splicing

and export of circRNA thereby affecting the generation, position and

function of circRNA. For example, circHPS5 is up-regulated in

neoplastic HCC tissues and cells and promotes EMT and cancer
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stem cells (CSCs) in HCC. CircHPS5 is distributed in both the

nucleus and cytoplasm. Further analysis revealed that circHPS5 is

highly m6A modified. Knockdown of methyltransferase-like 3

(METTL3), a component of methyltransferases, obviously

suppressed circHPS5 expression but enhanced pre-HPS5 and lin-

HPS5 expression, suggesting that METTL3 mediates alternative

splicing of circHPS5. Moreover, YTH domain-containing 1

(YTHDC1), a “reader” of m6A, increases the cytoplasmic output of

circHPS5 by binding to m6A-modified sites of circHPS5. Knockdown

of YTHDC1 increases the amount of nuclear circHPS5 (104)

(F igure 4A ) . Ano ther s tudy showed s imi l a r r e su l t s .

Hsa_circ_0058493 promotes the growth and metastasis of HCC

cells, whereas knockdown of hsa_circ_0058493 has the opposite

effect. In detail, METTL3 regulates the degree of m6A modification

of hsa_circ_0058493 and impacts its biological function in HCC.

YTHDC1 facilitates localization of hsa_circ_0058493 from the

nucleus to the cytoplasm (105). Thus, it can be inferred that

METTL3 mediates alternative splicing of circRNA, while YTHDC1

mediates the export of circRNA. M6A enzymes mediate alternative

splicing, location and biological functions of circRNA, thereby

definitely affecting the tumorigenesis of HCC. Second, epigenetic

modification in circRNA promoter regions modulates circRNA

expression. As E1A binding protein P300 (EP300) and WD repeat

domain 5 (WDR5) bind to the promoter region of circSOD2, the

promoter is modified by H3K27ac and H3K4me3, resulting in up-

regulation of circSOD2. Subsequently, overexpressed circSOD2

suppresses miR-502-5p expression, activating DNMT3a expression.

Activated DNMT3a inhibits SOCS3 expression by triggering DNA

methylation of the suppressor of cytokine signaling 3 (SOCS3)

promoter, inducing JAK2/STAT3 pathway activity. In contrast,

silencing circSOD2 inhibits proliferation, migration and the cell

cycle in HCC (106) (Figure 4B). Third, m6A participates in

maintaining the stability of circRNA. For example, the stability of

circ-SORE is enhanced with increasing levels of m6A at a specific

adenosine in itself. Subsequently, up-regulated circ-SORE activates

Wnt/b-catenin signaling by competitively binding to miR-130a-2-5p

and miR-660-3p and mediates sorafenib resistance in HCC (71)

(Figure 4C). Another similar study revealed that insulin like growth

factor 2 mRNA binding protein 1 (IGF2BP1), a “reader” of m6A,

enhances the stability of circMDK by directly binding to it. Therefore,

up-regulated circMDK promotes proliferation, migration and

invasion and suppresses apoptosis in HCC via the circMDK/miR-

346 and miR-874-3p/autophagy related 16 like 1(ATG16L1)/PI3K/

AKT/mTOR pathways (107). Fourth, circRNAs interact with

proteins, with m6A modification impacting this interaction. For

instance, circ-0084922 (circ-KIAA1429) acts as an oncogene in

HCC tissues and cells. Overexpression of circ-0084922 facilitates

invasion, migration and EMT in HCC by up-regulating Zeb1.

Moreover, YTH domain family 3 (YTHDF3), a m6A “reader”

enzyme, improves the stability of Zeb1 mRNA in a m6A-dependent

manner (108) (Figure 4Da). This study provides new insights into the

interaction between circRNAs and proteins. However, there are still

limitations. In this study, researchers illustrated that YTHDF3

improves the stability of Zeb1 but did not clarify the relationship

between YTHDF3 and circ-0084922. Another study complements the

understanding of this issue. YTH domain family 1 (YTHDF1),

another m6A “reader”, directly binds to circRHBDD1 by acting as a
frontiersin.org

https://doi.org/10.3389/fonc.2023.1093063
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org


Liu et al. 10.3389/fonc.2023.1093063
circRHBDD1-interaction protein and subsequently binds to

phosphoinositide-3-kinase regulatory subunit 1 (PIK3R1) mRNA,

promoting translation of PIK3R1 and regulating metabolic rewiring

and anti-PD1 therapy in HCC (109) (Figure 4Db).

In conclusion, epigenetic modification modulates circRNA

alternative splicing, expression and stability by regulating the

epigenetic modification status of circRNA itself or the promoter

region of circRNA. In addition, the output of circRNA is regulated

by identifying the epigenetic modification sites in circRNA via

m6A “readers”.

Epigenetic modification can not only modulate circRNA

alternative splicing, expression, export, stability and interaction with

proteins but also be regulated by circRNAs, promoting or suppressing

carcinogenesis, growth and progression of HCC. In HCC, circRNAs
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regulate the expression of m6A-related enzymes or the epigenetic

modification status of proteins via the interplay among circRNA-

miRNA interactions, thereby modifying their biological behavior.

For example, YTHDF1 is a component of the m6A “reader” and

plays an essential role in HCC development. Chi et al. demonstrated

that circMAP2K4 mediates the proliferation of HCC by governing

expression of YTHDF1 by sponging miR-139-5p (110) (Figure 4E). In

add i t i on , c i r cMEMO1 induc e s TET f am i l y h i gh 5 -

hydroxymethylcytosine (5hmC) levels by sponging miR-106b-5p,

which further modulates methylation of the transcription factor 21

(TCF21) promoter region. High promoter methylation promotes

TCF21 expression, resulting in EMT activation (111) (Figure 4F).

In conclusion, circRNA can regulate the progression of epigenetic

modification and be modulated by epigenetic modifications,
A B

D

E F

C

FIGURE 4

Crosstalk between circRNA and epigenetic modification in HCC. (A) Epigenetic modification mediates circRNA splicing and export. CircHPS5 is
overexpressed in neoplastic HCC tissues and cells and promotes EMT and CSCs in HCC. Knockdown of METTL3 apparently suppresses circHPS5 but
enhances pre-HPS5 and lin-HPS5 expression. Moreover, YTHDC1 enhances the cytoplasmic output of circHPS5 by binding to m6A-modified sites of
circHPS5. Knocking down YTHDC1 increases the amount of nuclear circHPS5. (B) Proteins bind to the promoter region of circRNAs, promoting
expression of circRNAs by modifying epigenetic modification of the promoter. For example, EP300 and WDR5 bind to the promoter region of circRNA
SOD2, inducing epigenetic modification (H3K27ac and H3K4me3). The modified promoter increases circRNA SOD2 expression. Overexpression of
circSOD2 modulates progression of HCC by suppressing miR-502-5p and activating DNMT3a. Moreover, activated DNMT3a inhibits SOCS3 expression
by triggering DNA methylation of the SOCS3 promoter and activating the JAK2/STAT3 pathway. (C) m6A enzymes directly bind to circRNAs and increase
the stability of circRNAs by increasing m6A levels in circRNAs. For example, METTL3, FTO and YTHDF1/2 directly bind to circSORE and increase its
stability by elevating the level of m6A at a specific adenosine. (D) CircRNAs interacting with proteins and m6A modification impact interaction between
circRNA and proteins. For example, a) circ_KIAA1429 enhances zeb1 expression levels, and YTHDF3 improves the stability of Zeb1 mRNA in an m6A-
dependent manner; b) YTHDF1 binds to the m6A modification site of circRHBDD1; YTHDF1 also binds to PIK3R1 mRNA in an “m6A”-dependent manner
to promote PIK3R1 expression, thereby facilitating HCC progression. (E) CircRNAs regulate expression of enzymes involved in m6A by targeting miRNAs.
For example, circRNA MAP2K4 regulates expression of YTHDF1 by sponging miR-139-5p. (F) CircRNAs modulate the epigenetic modification of target
proteins by sponging miRNAs. For instance, circRNA MEMO1 promotes 5hmC of TET by sponging miR-106b-5p. However, 5hmC of TET facilitates the
EMT process by inducing promoter methylation of TCF21, promoting expression of TCF21.
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indicating a complex interplay between circRNA and epigenetic

modification. These findings concerning epigenetic modification

and circRNAs provide new insight into the pathogenesis of HCC

and may allow for additional breakthroughs in HCC treatment.
5 Novel implications of circRNA in HCC

5.1 CircRNAs as diagnostic and
prognostic biomarkers

Of note, with the rapid development of high-throughput

sequencing technologies and bioinformatics, a multitude of

noncoding RNAs have been identified. Emerging evidence has

indicated that noncoding RNAs such as microRNAs, lncRNAs, and

circRNAs, as well as some proteins, have the potential to serve as

diagnostic and prognostic biomarkers for HCC. As covalently closed

loop structures, circRNAs display increased stability against RNase

compared to linear RNAs, such as microRNAs, lncRNAs and mRNAs

(5, 51), and are more quantifiable than proteins by RT−qPCR and

droplet digital PCR (ddPCR). In addition, circRNAs are widely found

in blood, saliva and other body fluids (112–114), which may provide a

noninvasive method for detection; circRNAs are also tissue and stage

specific, increasing the sensitivity and specificity of HCC diagnosis.

Therefore, we believe that circRNAs are superior to other potential

diagnostic and prognostic biomarkers for HCC. Furthermore,

accumulating evidence has confirmed the probable role of

circRNAs as diagnostic biomarkers for HCC.

To date, several studies have reported potential diagnostic and

prognostic value in HCC for single circRNAs. For example, Weng

et al. found circ-0064428 expression to be apparently decreased in

high tumor-infiltrating lymphocyte (TIL) patients compared to low

TIL patients, and it was associated with the survival, tumor size and

metastasis of HCC patients, constituting a potential HCC prognostic

biomarker. Kaplan−Meier survival curves revealed that the difference

in overall survival (OS) between the circ-0064428 high and low

expression groups (24 months was 0.36 vs. 0.72; 60 months was

0.16 vs. 0.27) was statistically significant. In tumors larger than 5 cm,

high and low circ_0064428 expression was 58.3% and 26.7%,

respectively. In addition, high expression of hsa_circ_0064428 was

more likely to develop into advanced tumor stage III (56.7% vs. 20.0%,

p<0.01) and lead to metastasis (20.0% vs. 10.0%) (115). Another study

conducted by Lei et al. showed that 58 circRNAs are dysregulated in

peripheral blood mononuclear cells of HCC patients compared to

healthy donors. Among the six chosen circRNAs, circ-0000798 was

found to correlate with clinical features. Furthermore, overexpression

of circ-0000798 correlated with poor OS in HCC patients and helped

to distinguish them from healthy controls. The area under the curve

(AUC) of circ_0000798 was 0.703, suggesting that is has the capacity

to act as a tumor marker (113). Moreover, circ_0004913 was

identified as a potential biomarker for HCC monitoring and

prognosis. Li’s study investigated 150 HCC patient tissues after

surgery and found circ_0004913 and circ_0008160 to be down-

regulated but circ_0000517 up-regulated in HCC tissue. Further

studies found that increased expression of circ_0004913 is

negatively related to largest tumor size and correlated with longer

OS and that it might act as a monitoring and prognostic biomarker
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for HCC (116). Therefore, a single circRNA has been demonstrated to

have excellent performance in HCC diagnosis and prognosis, yet the

combination of several circRNAs performs significantly better. Circ-

0004001, circ-0004123, and circ-0075792 are up-regulated in HCC

blood samples, which correlated positively with TNM stage and

tumor size. Alone or in combination, these three circRNAs

exhibited good sensitivity and specificity for the diagnosis of HCC.

When used separately as a diagnostic marker, the AUC, cut-off,

sensitivity and specificity of circ-0004001 were 0.79, 51.43, 76.19%,

and 81.25%, the circ-0004123 values were 0.73, 221.7, 66.67%, and

84.38%, and the circ-0075792 values were 0.76, 79.48, 80.95%, and

68.75%, respectively, while they increased to 0.89, 0.33, 90.5%, and

78.1% when combined. Their combination obviously improved the

AUC, cut-off and sensitivity of HCC diagnosis; however, for

specificity, the combination showed no significant change. Overall,

their combination is preferable to the individual used (117). This

study verified the potential value of circRNA combinations for the

diagnosis of HCC.

Additionally, serum alpha-fetoprotein (AFP) has correlated been

used for detecting HCC, with obvious low sensitivity and specificity.

Compared with AFP, circRNA shows great superiority with regard to

sensitivity and specificity of HCC diagnosis. Compared to AFP, Yu

and colleagues reported increased accuracy of the circPanel in

distinguishing HCC from chronic hepatitis B (CHB), HBV-related

liver cirrhosis and heathy controls; it also exhibited improved

accuracy in differentiating among small HCC, AFP-negative HCC

and AFP-negative small HCC from HCC.In this study, Yu and

colleagues collected plasma, HCC and adjacent noncancerous liver

(ANL) tissues from three different hospitals, and each hospital was

divided into a set. Each set was further divided into four subgroups

(HCC vs. non-HCC/healthy/CHB/cirrhosis) for further study. In the

diagnosis of HCC, the AUC of circPanel ranged from 0.858 to 0.87,

which was significantly higher than that of AFP (0.76 to 0.84) in the

four subgroups of the training set. Similarly, in the diagnosis of small

HCC, the AUC of circPanel was approximately 0.86 (0.857 to 0.869),

while the AUC of AFP in the four subgroups ranged from 0.65 to

0.731, which was significantly lower than that of circPanel. Moreover,

the circPanel also had a high diagnostic accuracy (all AUCs were

higher than 0.800) in the diagnosis of AFP-negative HCC and AFP-

negative small HCC. The other set showed a similar trend, confirming

the results (118).

In addition, circRNAs combined with AFP may be more sensitive

and specific for HCC diagnosis and prognosis. Wu and colleagues

determined that circulating circ-0009582, circ-0037120 and circ-

0140117 are able to discriminate HCC of HBV-positive chronic

hepatitis or negative control, and the three circRNAs exhibited

better sensitivity and specificity when combined with AFP. In the

training set, the AUCs of circ_0009582, circ_0037120, and

circ_0140117, the combination of circRNAs (factors), AFP, and the

combination of circRNAs and AFP (merged) were 0.688, 0.742, and

0.762, 0.800, 0.740 and 0.988, respectively. The values in the

validation set were 0.805, 0.835, 0.845, 0.857, 0.803 and 0.955 (119).

Liu’s study found that circ-0005397 up-regulation is associated with

tumour size and TNM stage in HCC and predicts poor OS. Dynamic

monitoring of circ-0005397 might be useful for predicting recurrence

and metastasis of HCC after surgery. Compared with circ-0005397

(82.0%), circ-0005397+AFP (89.9%) and circ-0005397+AFP-L3
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(87.6%), the combination of circ-0005397, AFP and AFP-L3

enhanced the sensitivity (93%) of HCC diagnosis (114).

Together, we infer that circRNAs are easily detected in body fluid

samples and are relevant to the clinical manifestation and prognosis

of HCC. When used alone or in combination with other circRNAs or

AFP, circRNAs show higher accuracy in distinguishing HCC from

benign lesions and heathy controls. In conclusion, circRNAs are

promising biomarkers for HCC diagnosis and prognosis. Although

circRNAs have potential as biomarkers for HCC, there are still many

questions for their clinical application. For instance, in addition to

AFP, other tumor biomarkers, such as CA125, CA199, and CA724,

are used for HCC diagnosis. However, there are few studies on

circRNAs in combination with other tumor biomarkers.

Additionally, it remains unknown whether “core” circRNAs exist.

Moreover, large, multicenter randomized trials are necessary to

determine the true efficacy of circRNAs in detecting HCC in

healthy people. More research is needed to answer these questions.
5.2 CircRNAs as potential
therapeutic targets

Despite aggressive treatment, the mortality of HCC is still high.

Frequent relapses and metastasis are the main causes of HCC death.

Therefore, effective therapeutic targets and new therapeutic strategies

are urgently needed. Accumulating evidence has demonstrated that

knockdown or exogenous overexpression of circRNA regulates the

tumorigenesis and progression of HCC, suggesting that circRNAs

represent therapeutic targets (Table 2). Circ-0001649 is

downregulated in HCC tissues, and gain of circ-0001649 function

suppresses the progression of HCC, attenuating proliferation,

migration, invasion and activating apoptosis (121). Conversely,

circ-0085616 is overexpressed in HCC cells, and the proliferative

capacity of HCC is restrained by decreasing circ-0085616,

demonstrating that circ-0085616 might be a novel therapeutic

target for HCC (122). Furthermore, Zhang et al. found that

knockdown of circ-0008450 restrains proliferation, invasion and

migration in Huh-7 cells as well as promotes apoptosis. In contrast,

overexpression of circ-0008450 induces the opposite results in HepG2

cells (120). In vivo and in vitro experiments have indicated that

overexpression of circDLC1 decreases cell viability and motility in

HCC through the circDLC1/HuR/matrix metallopeptidase 1 (MMP1)

axis. Silencing circDLC1 reverses these results (15). Collectively, these

results suggest that circRNAs may serve as therapeutic targets

for HCC.

Although circRNAs have the potential to be therapeutic targets

for HCC, appropriate treatment strategies are also urgently needed.

Recently, several therapeutic strategies have been reported to target

circRNAs for HCC treatments, broadening the horizons of circRNAs

as “druggable” targets. Common strategies for knocking down or

knocking out circRNAs include strategies based on RNA interference

(RNAi) - siRNA and shRNA, strategies based on the clustered

regularly interspaced short palindromic repeats (CRISPR)/CRISPR-

associated protein 9 (Cas9), strategies based on CRISPR/Cas13 and

other strategies, such as the cre-lox system. RNAi-based strategies are

the most mature and convenient method for knocking down

circRNAs in vivo and are widely used in the study of circRNAs in
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HCC (140–142). Compared with RNAi technology, the CRISPR/

Cas9-based strategy showed high specificity and efficiency in genome

editing of circRNAs knockout. Moreover, the CRISPR/Cas9 system

successfully knocked out circRNAs in vivo and in vitro. In HCC, Gu

and colleagues employed CRISPR/Cas9 technology to generate

circIPO11 knockout mice (143). Zhao and colleagues used CRISPR/

Cas9 to silence circSOD2 in vitro (106). However, few studies on

circRNAs in HCC have used the CRISPR/Cas13 system and the cre-

lox system. In addition to circRNA knockout or knockdown,

exogenous overexpression is a key means to study the biological

function of circRNA. Plasmid (142), lentiviral (141) vectors are often

used for circRNA overexpression. Currently, overexpression of

circRNAs by direct synthesis and purification provides a new idea

for exogenous overexpression of circRNA. In addition, nanoparticle

and exosome delivery systems are used for circRNA-based

therapeutics, encapsulating siRNA and circRNA expressing vectors

into cells (95, 107, 144). Although there are many therapeutic

strategies for HCC via targeting circRNAs, there are still many

obstacles in the process of achieving these methods, such as off-

target gene silencing (145, 146), mis-spliced products (147), and

triggering an immune response (148). Therefore, there is still a long

way to go for these therapeutic strategies to be truly applied in

clinical practice.
5.3 New drugs targeting circRNAs

It can be inferred from the above that circRNAs play decisive roles

in the carcinogenesis and development of HCC, and gain or loss of

their function may disrupt the initiation and progression of HCC. To

date, numerous drugs have been demonstrated to exert antitumor

activities against HCC by targeting circRNAs (Table 3). For instance,

circ-100338 was found to be markedly increased in HCC cell lines.

Overexpression of circ-100338 promotes the proliferation of HCC

through the miR-141-3p/ZEB1 axis. However, piplartine decreases

expression of circ-100338, resulting in attenuated HCC proliferation

(149). Si et al. demonstrated that celastrol has an antitumor effect on

HCC by down-regulating circ-SLIT3. Mechanistically, less circ-SLIT3

binds directly to miR-223-3p, suppressing C-X-C motif chemokine

receptor 4 (CXCR4) expression (150). In addition, matrine was

demonstrated to suppress the development of HCC by inhibiting

cell growth, migration and invasion while facilitating apoptosis and

autophagy. Circ_0027345 is down-regulated by matrine, but

exogenous circ_0027345 counters the effect of matrine on cell

progression. In detail, matrine suppresses HCC development via

the circ-0027345/miR-345-5p/homeobox D3 (HOXD3) axis (151).

Furthermore, androgen receptor inhibits metastasis and invasion and

formation of vasculogenic mimicry (VM) in HCC. Androgen receptor

suppresses VM by directly targeting host gene promoter regions of

circR7, subsequently inhibiting expression of circR7. Down-regulated

circR7 activates miR-7-5p/VE-cadherin/Notch4 signaling and

impedes VM formation (152). In conclusion, modern drugs restrain

the progression of HCC by targeting circRNAs. Despite the excellent

antitumor effects that new drugs have shown, the mechanisms of

novel drug anti-HCC need to be identified. Moreover, additional

large-scale clinical studies must be performed to implement circRNAs

as therapeutic targets for clinical treatment.
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6 Perspectives and conclusions

become a hot research topic in tumor biology and therapy. A great

number of studies have demonstrated that circRNAs are obviously
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dysregulated in HCC cells, tissues and body fluids. Some circRNAs

have been proven to modulate the initiation, growth and progression,

such as proliferation, migration and invasion, apoptosis, drug resistance,

metabolism, tumor immunity, and epigenetic progression of HCC.
TABLE 2 Expression, functional characterization and clinical application of circRNAs in HCC.

CircRNAs Expression Mechanism Target genes and signalling
pathway

Clinical
application References

circDLC1 ↓
binding to RNA-binding
protein

CircDLC1/HuR/MMP1
prognostic marker;
therapeutic target

(15)

circSEC24A
(hsa_circ_0003528)

↑ sponging miRNA CircSEC24A/miR-421/MMP3 therapeutic target (64)

circFGGY
(hsa_circ_0006633)

↓ sponging miRNA CircFGGY/miR-545-3p/Smad7 prognostic biomarker (65)

circ_0008450 ↑ sponging miRNA circ_0008450/miR‐548p therapeutic target (120)

hsa_circ_0004658 ↑ sponging miRNA hsa_circ_0004658/miR-499b-5p/JAM3
diagnostic biomarker;
therapeutic target

(98)

circHPS5 ↑ sponging miRNA CircHPS5/miR-370/HMGA2
Prognostic biomarker
therapeutic target

(104)

hsa_circ_0058493 ↑ bingding protein METTL3/hsa_circ_0058493/YTHDC1 therapeutic target (105)

circMDK ↑ sponging miRNA
circMDK/miR-346 and miR-874-3p/
ATG16L1/PI3K/AKT/mTOR pathway

nanotherapeutic target (107)

circMAP2K4 ↑ sponging miRNA
CircMAP2K4/miR-139-5p/
YTHDF1

therapeutic target (110)

circ_0004913 ↓ Prognostic biomarker (116)

hsa_circ_0004001,
hsa_circ_0004123,
hsa_circ_0075792

↑ targeting miRNA
participated in VEGF/
VEGFR, PI3K/Akt, mTOR, and Wnt
signalling pathways

diagnosis alone or
combination

(117, 120)

hsa_circ_0001649 ↓
prognostic biomarker;
therapeutic target

(121)

hsa_circ_0085616 ↑
hsa_circ_0085616/b-catenin, p-ERK,
and p-AKT

biomarker; therapeutic
target

(122)

circRNA
cSMARCA5
(hsa_circ_0001445)

↓ sponging miRNA
cSMARCA5/miR-17–3p or miR-181b-
5p/TIMP3.

therapeutic target (123)

circRHOT1
(hsa_circRNA_102034)

↑
circRHOT1 recruited TIP60 to the
NR2F6 promoter and initiated NR2F6
transcription

NR2F6 prognosis biomarkers (124)

circ-CDYL ↑ sponging miRNA
Circ-CDYL/miR-892a/HDGF/NCL/
PI3K-AKT;Circ-CDYL/miR-328–3p/
HIF1AN/NOTCH2

diagnosis alone or
combined with HDGF
and HIF1AN

(125)

circASAP1 ↑ competing endogenous RNA(ceRNA)
CircASAP1/miR-326 or
miR-532–5p/MAPK1 and CSF-1

prognostic predictor (126)

circRNA_104075 ↑ absorbing miRNA
HNF4a/circRNA_104075/miR-582–3p/
YAP

diagnostic biomarker (127)

circ-ADD3 ↓ regulation of EZH2 stability circ-ADD3/EZH2
biomarker for diagnosis
and prognosis

(128)

hsa_circ_00156,
hsa_circ _000224 and
hsa_circ_000520

circ _000224↑
circ_000520↓
circ_00156↓

diagnosis biomarker
alone or combination

(129)

hsa_circ_0000517 ↑
hsa_circ_0000517/miRNA/MAPK and
Ras pathway;

prognosis biomarker (130)

(Continued)
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Additionally, circRNAs are promising as diagnostic and prognostic

biomarkers or effective therapeutic targets for HCC.

Although circRNAs have exerted important roles in HCC, there are

still many obstacles in circRNA research. The nomenclature of circRNA

is a fundamental issue in the field of circRNA research. However, the

nomenclature of circRNAs is quite ambiguous (14). Since the confusing

naming of circRNAs has causedmany problems for subsequent studies, a

more scientific naming method is urgently needed. Recently, some

professional websites, such as circBank (17), have been working to

create a more standardized naming system for circRNAs, but there is

still a long way to go before the new naming system is recognized and

widely used, which indicates the difficulty of studying circRNA for

understanding HCC development or therapy or diagnosis.

Although some recent studies on the biological function and

clinical application of circRNAs have been carried out, laboratory
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and clinical studies of HCC are lacking. For example, tumor drug

resistance is a common issue in HCC treatment. According to 2021

NCCN Guidelines for Hepatobiliary Cancers, atezolizumab

+bevacizumab (A+T) and oxaliplatin + calcifolinate + 5-fluorouracil

(FOLFOX) are recommended as first-line treatments. Regorafenib,

cabozantinib, ramucirumab, ipilimumab and pembrolizumab are

recommended as subsequent-line treatments (68); sorafenib,

lenvatinib and nivolumab are recommended as first-line and

subsequent-line treatments. However, due to laging far behind

clinical practice, recent studies on drug resistance have primarily

focused on sorafenib (70–73), programmed death 1 (PD1) (76, 77)

and oxaliplatin (78), with scarce related research on lenvatinib,

atezolizumab, bevacizumab and other drugs. Therefore, many

unknowns on resistance to recommended drugs remain, and there

are few methods for intervening in drug resistance. Thus, additional
TABLE 2 Continued

CircRNAs Expression Mechanism Target genes and signalling
pathway

Clinical
application References

hsa_circ_0000517/TP53, MYC, and
AKT1.

hsa_circ_0028502
hsa_circ_0076251

↓
diagnosis biomarkers
prognostic indicator

(131)

hsa_circ_0003998 ↑ alone or combination with AFP
diagnosis and
prognosis biomarker

(132)

hsa_circ_0128298 ↑
diagnostic and
prognostic
biomarker

(133)

circRNA SMARCA5 ↓
prediction and monitor
biomarker

(134)

hsa_circ_0001445 ↓ diagnostic biomarker (135)

hsa_circ_0078602 ↓ diagnostic biomarker (136)

circRNA_101237 ↑
prognostic biomarker;
therapeutic target

(137)

CircMAP3K4 ↑ Encode peptide
CircMAP3K4/IGF2BP1/circMAP3K4-
455aa/AIF or MIB1

prognostic factor (138)

CircMTO1 ↓ sponging miRNA
CircMTO1/miR-541-5p/ZIC1/Wnt/b-
catenin

therapeutic target (139)
Symbols ↑ represents “Up”, and symbols ↓ represents “Down”.
TABLE 3 Summary of drugs and their targeted circRNAs in HCC.

Drug name CircRNA Dysregulation in
HCC Functions of drugs Signalling pathway Reference

Piplartine circ-100338 ↑ Inhibiting proliferation
circ-100338/miR-
141-3p/ZEB1 axis

(149)

Celastrol circ-SLIT3 ↑
Inhibiting proliferation, migration, invasion, and enhanced
apoptosis

circ-SLIT3/miR-223-3p/
CXCR4

(150)

Matrine Circ_0027345 ↑
Inhibiting cell growth, migration and invasion,
facilitating apoptosis and autophagy

circ-0027345/miR-
345-5p/HOXD3 axis

(151)

Androgen
receptor

circR7 ↑ Inhibits metastasis and invasion and formation of VM
circR7/miR-7-5p/
VE-cadherin/Notch4
signalling

(152)
f

Symbols ↑ represents “Up”.
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effort and resources should be applied to study drug resistance

mediated by circRNAs. Furthermore, epigenetic modification is a hot

area of research, and the interplay between epigenetic modification and

circRNA has attracted much attention. Nevertheless, research on HCC

in this field is still insufficient. In a study of the influence of m6A

modification on circRNA metabolism in HeLa cells, Timoteo and

colleagues revealed that different mutation sites control circ-ZNF609

formation and METTL3-YTHDC1-mediated back-splicing of

circRNA. Moreover, m6A modification modulates circ-ZNF609

translation via YTHDF3 and eIF4G2 (153). However, there have

been few high-quality studies in HCC. Accordingly, a high-quality

and in-depth study should be carried out to explore the relationship

between epigenetic modification and circRNA in HCC. Additionally,

circRNAs have been proven to be promising biomarkers and

therapeutic targets in HCC. However, the number of confirmed cases

is large, and whether “core” circRNA exists is still unknown. More

research should be conducted to address this issue.

Although an increasing number of circRNAs have been identified

in HCC through high-throughput sequencing technologies and

bioinformatics, only a small number of circRNAs have been

studied. Research conducted by Qiu found a total of 92204

circRNAs were involved in HCC tumor and matched peritumor

tissues. Of these circRNAs, 20404 (23.13%) have been identified in

other studies reported in circBase (154), and the rest (77.87%) are

novel (67). Hence, most of the functions and mechanisms of circRNA

in HCC are still unknown. Additionally, although some circRNAs

have been well studied, our understanding of their function and

mechanism is incomplete. For example, hsa_circ_0008450 was found

to be up-regulated in hypoxia-exposed HCC cells and HCC tissues,

promoting cell growth and glycolysis while suppressing apoptosis of

HCC via the miR-431/A-kinase anchor protein 1 (AKAP1) axis (155).

Another study revealed that high expression of hsa_circ_0008450

correlates with poor prognosis and facilitates cell viability, migration

and invasion and inhibits apoptosis by targeting miR-548p (120). Lin

et al. indicated that hsa_circ_0008450 promotes HCC progression by

modulating the miR-214-3p/EZH2 axis (156). Although a number of

studies have been conducted to elucidate the role of hsa_circ_0008450

in HCC, the potential function of hsa_circ_0008450 in autophagy,

drug resistance, and tumor immunity, among others is still unknown.

In addition, circRNAs are involved in cellular processes in a variety of

ways, such as sponging microRNAs, interacting with RBPs, regulating

alternative splicing, parental gene transcription, encoding peptides

and decoying proteins (157). However, studies to date on circRNAs

have mostly focused on miRNA sponges. In addition to miRNAs,

ncRNAs also contain other different types, such as lncRNAs, piRNAs,

and tsRNAs, and there is little crosstalk between circRNAs and other
Frontiers in Oncology 14
ncRNAs. Therefore, research on circRNAs in HCC is still in its

infancy. Researchers should reveal multiple mechanisms of circRNAs

involved in HCC progression.

In addition, some researchers have recently proposed employing

exosomes to package circRNAs for HCC treatment, as exosomes are

good targeted drug delivery tools and the dose of circRNAs in

exosomes is measurable (158). Of course, exosomal circRNAs are a

good choice for cancer treatment. Further steps should be taken to

make this a reality. Collectively, circRNAs play a vital role in

hepatocarcinogenesis and development, serving as potential

biomarkers and therapeutic targets for HCC.
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HCC hepatocellular carcinoma

circRNAs circular RNAs

lncRNAs long non-coding RNAs

EMT epithelial-mesenchymal transition

RBPs RNA-binding proteins

ecircRNAs exonic circRNAs

HASMCs human aortic smooth muscle cells

Gata4 GATA-binding protein 4

NPM1 nucleophosmin 1

EIciRNAs exon‒intron circRNAs

ciRNAs circular intronic RNAs

tricRNAs tRNA intronic circRNAs

miRNAs microRNAs

RNase ribonuclease

MAPK1 mitogen-activated protein kinase 1

MAPK14 mitogen-activated protein kinase 14

GRAMD1A GRAM domain-containing protein 1A

Cul2 cullin2

PD-L1 programmed death-ligand 1

PCBP1 poly (rC) binding protein 1

ceRNA competing endogenous RNA

FOSL2 FOS-like antigen 2

LAMC2 laminin subunit gamma 2

TME tumor microenvironment

RTKN2 rhotekin-2

ADAMTS13 ADAM metallopeptidase with thrombospondin type 1 motif 13

FDA US Food and Drug Administration

E2F1 E2F transcription factor 1

MECP2 methyl-CpG binding protein 2

RELN reelin

LDHA lactate dehydrogenase A

TKI tyrosine kinase inhibitor

USP28 ubiquitin-specific protease 28

FOLFOX oxaliplatin + 5-fluorouracil + calcium folinate

ABCB1 ATP binding cassette transporter subfamily B member 1

DDP cisplatin

POU3F2 POU class 3 homeobox 2

NOR1 oxidored-nitro domain-containing protein 1

ABCC1 ATP binding cassette subfamily C member 1
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PD1 programmed death 1

DPP4 dipeptidyl peptidase 4

PKM2 pyruvate kinase M2

KIFC1 kinesin family member C1

FOXK1 forkhead box K1

CASC3 cancer susceptibility candidate 3

HK2 hexokinase 2

NK natural killer

ICAM-1 intercellular adhesion molecule-1

ULBP1 UL16 binding protein 1

PPARa peroxisome proliferator-activated receptor alpha

CCL2 cyclooxygenase-2

RBPJ recombination signal binding protein for immunoglobulin Kappa J
region

JAM3 junctional adhesion molecule 3

m6A N6-methyladenosine

m5C 5-methylcytosine

CSCs cancer stem cells

METTL3 methyltransferase-like 3

YTHDC1 YTH domain-containing 1

EP300 E1A binding protein P300

WDR5 WD repeat domain 5

SOCS3 suppressor of cytokine signaling 3

IGF2BP1 insulin like growth factor 2 mRNA binding protein 1

ATG16L1 autophagy related 16 like 1

YTHDF3 YTH domain family 3

YTHDF1 YTH domain family 1

PIK3R1 phosphoinositide-3- kinase regulatory subunit 1

5hmC 5-hydroxymethylcytosine

TCF21 transcription factor 21

ddPCR droplet digital PCR

TIL tumor-infiltrating lymphocyte

OS overall survival

AUC area under the curve

AFP alpha-fetoprotein

CHB chronic hepatitis B

ANL adjacent noncancerous liver

MMP1 matrix metallopeptidase 1

CRISPR clustered regularly interspaced short palindromic repeats

Cas9 CRISPR-associated protein 9

CXCR4 C-X-C motif chemokine receptor 4
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HOXD3 homeobox D3

VM vasculogenic mimicry

A+T atezolizumab+bevacizumab

AKAP1 A-kinase anchor protein 1
F
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