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Abstract 

Esophageal squamous cell carcinoma (ESCC) is one of the most aggressive gastrointestinal cancers with high inci-
dence and mortality. Therefore, it is necessary to identify novel sensitive and specific biomarkers for ESCC detection 
and treatment. Circular RNAs (circRNAs) are a type of noncoding RNAs featured by their covalently closed circular 
structure. This special structure makes circRNAs more stable in mammalian cells, coupled with their great abundance 
and tissue specificity, suggesting circRNAs may present enormous potential to be explored as valuable prognostic 
and diagnostic biomarkers for tumor. Mounting studies verified the critical roles of circRNAs in regulating ESCC cells 
malignant behaviors. Here, we summarized the current progresses in a handful of aberrantly expressed circRNAs, and 
elucidated their biological function and clinical significance in ESCC, and introduced a series of databases for circRNA 
research. With the improved advancement in high-throughput sequencing and bioinformatics technique, new fron-
tiers of circRNAs will pave the path for the development of precision treatment in ESCC.
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Introduction
Esophageal carcinoma is an intractable problem world-
wide for human health because of its high morbidity and 
poor prognosis. According to the epidemiological data in 
2020, there will be about 604,000 new cases of esophageal 
carcinoma and 544,000 deaths globally, ranking seventh 

in the incidence rate and sixth in mortality of cancer 
overall [1]. Esophageal carcinoma is classified into esoph-
ageal squamous cell carcinoma (ESCC) and esophageal 
adenocarcinoma (EAC) based on the histological types. 
The two subtypes exhibit not only different etiologies 
and pathogenesis but also noticeable geographic differ-
ences. Most cases of EAC occur in developed countries, 
while ESCC incidence accounted for more than 90% in 
Asia and sub-Saharan Africa [1]. It has been revealed that 
ESCC was associated with environmental factors includ-
ing smoking, alcoholism and genetic mutation [2]. Owing 
to lacking early specific symptoms, an enormous num-
ber of ESCC patients were diagnosed with the advanced 
stage or distant metastasis, leading to a dismal progno-
sis. Although the application of new tumor markers and 
advanced treatment strategies such as targeted therapy 
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and immunotherapy, the 5-year survival rate of ESCC 
is still poor. Even after surgical resection, patients often 
have local recurrence or distant metastasis. Therefore, 
it is urgent to figure out the molecular mechanism of 
occurrence and metastasis of ESCC and ascertain more 
specific and compelling effective biomarkers for screen-
ing, diagnosis, and prognostic monitoring.

Recently, circular RNAs (circRNAs) in the field of the 
tumorigenesis and development of tumors have attracted 
much attention from researchers. As a novel type of non-
coding RNAs (ncRNAs), circRNAs are covalently closed 
loop structures without 5’ caps and 3’ tails, which makes 
them more stable and RNA exonuclease resistance. How-
ever, when circRNAs were first discovered in the virus 
in 1976 [3], only a few of circRNAs were detected, and 
they were considered as a byproduct of erroneous splic-
ing events without biological function [4]. Until the 
widespread use of high-throughput RNA sequencing 
(RNA-seq) and bioinformatics algorithms, significant 
advancement has been made in the research of circR-
NAs. Recent studies have confirmed that circRNAs have 
an essential role in regulating gene expression at the level 
of transcription and post-transcription, modifying cell 
proliferation, differentiation and apoptosis, and mediat-
ing cell immunoreaction [5] as well tumorigenesis, devel-
opment, drug resistance, metastasis in multiply cancers, 
including ESCC. Herein, we summarize the biogenesis, 
biological function and molecular mechanisms of circR-
NAs in ESCC tumorigenesis and further predict its pos-
sible implications in ESCC diagnosis and treatment.

Biogenesis of circRNAs
Most circRNAs are synthesized from precursor mRNAs 
(pre-mRNAs) through back-splicing and catalyzing by 
RNA polymerase II. It has been verified that back-splic-
ing are competed with canonical pre-mRNA splicing 
[6], suggesting that circRNAs can exert biological effects 
through mediating pre-mRNA transcription. Compared 
to linear RNAs, circRNAs cyclization requires the link of 
5’ and 3’ end, which is the leading trait of circRNAs. Most 
present research of circRNAs are based on this trait. 
According to the components, circRNAs are classified 
into three groups: exonic circRNAs (EcRNAs), exon–
intron circRNAs (EIciRNAs) and circular intronic RNAs 
(ciRNAs). Several hypothetical models are proposed to 
depict the generation of circRNAs: 1) Lariat-driven cir-
cularization: Alternative splicing and the ligating of 3’ 
splice acceptor site and 5’ splice donor site form a lariat 
whose restricted structure facilitates circularization [7]. 
2) Intron-pairing-driven circularization: Circulariza-
tion relies on the complementary base pairing of differ-
ent flanking introns, including ALU repeats [7]. 3) RNA 
binding proteins (RBPs) driven circularization: RBPs bind 

with the RBPs binding sites on the flanking sequence, and 
these two RBPs can promote circularization by bring-
ing the splice site close [8]. 4) CiRNAs, synthesized from 
introns, are newly discovered in human cells. Circulari-
zation of ciRNAs requires a consensus motif contain-
ing a 7-nt GU-rich element near the 5’ splice site and 
an 11-nt C-rich element close to the branchpoint site to 
escape debranching [9]. Additionally, a few of circRNAs 
are generated from the splicing of precursor tRNAs (pre-
tRNAs). This processing of such tRNA intronic circular 
RNAs (tricRNAs) requires tRNA splicing endonuclease 
(TSEN) complex to recognize bulge-helix-bulge (BHB) 
motif, and the introns that have been clipped are cyclized 
(Fig. 1) [10].

CircRNAs biosynthesis was reported to be associated 
with a variety of factors. The biogenesis of circRNAs is 
affected by the transcription rate of circRNA-producing 
genes. Cells with a high transcription rate normally own 
a higher expression level of circRNAs in neurons than 
those with slow transcription elongation speed [11]. RNA 
with different pairs of inverted complementary regions 
contains competitive base-pairing. RNA pairing across 
flanking introns facilitates circRNAs formation, while 
RNA pairing within individual intron restrains circRNAs 
formation [12]. Some proteins perform key function in 
the biogenesis of circRNAs. For instance, muscleblind 
(MBL) can enhance the production of circMbl by inter-
acting with its binding sites in the intronic sequences 
flanking of pre-mRNA [6]. NF90/NF110 can target and 
stabilize transient dsRNAs formed by base-pairing of 
flanking introns and facilitate back-splicing [13]. Quaking 
(QKI) protein was identified to regulate circRNAs bio-
genesis in epithelial-to-mesenchymal transition (EMT) 
by targeting binding sites flanking circRNA-forming 
exons in linear RNA [8].

Functions of circRNAs
Through different mechanisms, circRNAs are involved 
in multiply process in various diseases. There are at least 
four functions of circRNAs which have been effectively 
proved by a number of studies (Fig. 2).

Serving as miRNA sponge
MicroRNAs (miRNAs) could directly bind to miRNA 
response elements (MREs) of target mRNAs by base-
pairing manner, inducing mRNA degradation and 
translation inhibition. Salmena et al. proposed compet-
itive endogenous RNA (ceRNA) hypothesis that  miR-
NAs could interact with all types of RNA contained 
with MREs, thus resulting in a competitive combina-
tion between miRNAs and other types of RNA and 
creating a ceRNA interaction network [14]. CircRNAs 
also hold numerous miRNAs binding sites, therefore, 
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they can sponge miRNAs to relieve the suppression 
of miRNA underlying its target genes, serving as miR-
NAs sponges. For example, Thomas et  al. found a cir-
cRNA highly expressed in human and mouse brain, 
named as ciRS-7, harboring 73 conserved binding sites 
for miR-7. Besides, they also proved another circRNA 
generated from the sex-determining region Y (Sry), 
which contains 16 binding sites for miR-138 [15]. This 
research is the first to show the potential of circRNAs 

to be miRNA sponge. After that, a series of researches 
have demonstrated the universality of this function. 
“miRNA sponge” has become the classical model of cir-
cRNAs function. However, it has long been controver-
sial. A recent study found the high expression of ciRS-7 
existed in colon cancer stromal cells rather than cancer 
cells, while miR-7 was only expressed in cancer cells. 
Therefore, the correlation between ciRS-7 and miR-7 
target gene cannot be explained by ceRNA function 

Fig. 1 Biogenesis of circRNAs. A lariat-driven circularization: the folding of pre-mRNA caused it to form lariat structure which are generated from 
the link of 5’ splice acceptor and 3’ splice donor. Furthermore, the lariat structure conduct internal splicing of introns to form EIciRNA or EcRNA; B 
intron-pairing-driven circularization: pre-mRNA contained abundant complementary sequence in introns flanking the exons can connect to form 
EIciRNA or EcRNA by base pairing; C RBPs driven circularization: intronic motifs flanking exons have RBPs binding sites which can interact with RBPs 
and induce circularization, in this process, EIciRNA or EcRNA can be produced; D intron cyclization: pre-mRNA conduct internal splicing to remove 
introns and generate mature mRNA. Some spliced introns can circularization to form ciRNA; E the formation of tricRNAs: induced by tRNA splicing 
endonuclease (TSEN) which can recognize bulge-helix-bulge (BHB) motif, pre-tRNA can undergo internal splicing to generate tricRNA and tRNA
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[16]. More compelling evidence is needed to prove the 
exact mechanism of this action.

Regulation of gene transcription
Although most circRNAs located in the cellular cyto-
plasm and predominantly function as miRNA sponges, 
EIciRNAs and ciRNAs expressed in the nucleus contain 
few miRNAs binding sites and have been identified to 
engage in the process of parental genes regulation. For 
instance, circEIF3J and circPAIP2 can enhance the tran-
scription of their parental genes in cis through forming 
EIciRNA-U1 snRNP complexes and further interacting 
with Pol II transcription complex at the promoters of 
parental genes [17]. Similarly, Zhang et al. uncovered that 
ci-ankrd52 and ci-SIRT7 are able to gather in the tran-
scriptional sites to modulate elongation Pol II complex, 
thus acting as positive cis-regulators of theirs host gene 
transcription[9]. Overall, these intron circRNAs can act 
as transcriptional regulators to positively regulate the 
transcription of their parental genes via modulating RNA 
pol II activity.

Translation into proteins
Although circRNAs were initially classified as non-cod-
ing RNAs, most circRNAs are composed of exons and 
harbor binding sites of ribosomes, indicating they own 
the potential to be translated into proteins. Even lacking 
5’cap and associated cap-binding protein factors, circR-
NAs could recruit ribosomal 40S subunits to initiate the 
translation through a special sequence in 5’ non-coding 
region which was termed as internal ribosome entry site 
(IRES) [18]. Such IRES element was firstly discovered 
in poliovirus [19] before in eukaryotic mRNAs [20, 21]. 
Chen et  al. proved synthetic circRNAs also recruit 40S 
ribosomal subunit to encode peptides after inserting 
IRES element in the upstream of the initiator AUG codon 
[22]. Also, there is accumulating evidence that circRNAs 
include extensive N6-methyladenosine (m6A) modifica-
tion [23], which can be an IRES to drive translation ini-
tiation in a cap-independent way. This process requires 
the participation of m6A reader YTHDF3 and translation 
initiation factors eIF4G2 and eIF3A [24]. Circ-ZNF609 
was revealed to have the potential to encode a protein. Its 

Fig. 2 Function of circRNAs. A EIciRNA and EcRNA can interact with U1 snRNP to regulate host gene transcription in nucleus; In cytoplasm, (B) 
circRNAs act as miRNA sponge to reduce the function of miRNA; C circRNAs can bind and sequester proteins; D circRNAs can be translated into 
polypeptide
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portion of UTR in upstream of promoter serve as IRES 
recruiting ribosomes after a splicing event [25]. Besides, 
circPPP1R12A can be translated into a functional protein 
circPPP1R12A-73aa, activating the Hippo-YAP signal-
ing pathway to accelerate colon cancer progression [26]. 
Collectively, the coding potential of circRNAs has been 
identified in various cancers, such as glioblastoma, breast 
cancer, bladder cancer [27]. Detailed mechanism still 
warrants further study.

CircRNAs bind and sequester proteins
Several pieces of evidence have shown that circRNAs 
bind specific proteins to arrest their functions. In some 
cases, circRNAs can act as “protein sponge” to regulate 
gene expression at both transcriptional and translational 
level. For example, circACTN4 binds to far upstream 
element binding protein 1 (FUBP1) and thus prevent-
ing FBP interacting repressor (FIR) from interacting 
with FUBP1 to lower MYC transcription, resulting in 
tumorigenesis and metastasis of breast cancer [28]. Like-
wise, circPABPN1 can integrate with HuR and restrain 
the function of HuR. HuR serves as a regulator in gene 
expression and can equally mediate the translation of 
PABPN1 mRNA [29]. In addition, some circRNAs can 
combine with proteins to block their transmembrane 
process. A good example is that circ-Foxo3 binds to the 
cell cycle proteins CDK2 and cyclin-dependent kinase 

inhibitor 1 (CDKN1A, also known as  p21WAF1/CIP1) to 
form a ternary complex, thus extinguishing the effect 
of CDK2 and blocking cell cycle progression [30]. Simi-
larly, Du et  al. verified the mechanism of circLPAR3 in 
inhibiting cellular senescence, which was enabling by 
interacting with anti-senescence proteins ID1 and E2F1, 
anti-stress proteins FAK and HIF1α to lead to their retain 
in the cytoplasm and arrest their functions of anti-senes-
cence [31].

Public database for circRNAs research
Recently, the research on circRNAs becomes an emerg-
ing hot spot, surging online databases have been devel-
oped to meet the increasing requirements of information 
on circRNAs. Here, we reviewed the circRNAs online 
database and their usage to provide suggestions for future 
research (Table 1). CircBase provides comprehensive cir-
cRNAs information, including genomic position, length, 
the circular junction site, and so forth [32]. Circ2Traits 
[33] and circRNA disease [34] store a large number of 
disease-associated circRNAs and their annotation. The 
circRNA-miRNA-mRNA interaction network could 
be predicted in CircInteractome [35] and CircNet [36]. 
Besides, CircInteractome [35] can be used for divergent 
primers and siRNA design as well as RBP prediction. The 
information about the transcriptional regulation of circR-
NAs can be obtained from TRCirc [37]. ExoRBase [38] is 

Table 1 Databases for circRNAs research

Database Function Website Refs

CircBase CircRNAs annotation www. circb ase. org [32]

Circ2Traits A database stores potential disease association of circRNAs and miRNA-cir-
cRNA-mRNA-lncRNA interaction network

gyanx et- beta. com/ circdb [33]

circRNA disease Provides information of circRNAs associated with disease cgga. org. cn: 9091/ circR NADis ease [34]

CircInteractome Predicts binding sites of RBPs and miRNAs on circRNAs and primer design, siRNA 
design

circi ntera ctome. nia. nih. gov [35]

CircNet CircRNA identification and predicts circRNA-miRNA-mRNA interaction circn et. mbc. nctu. edu. tw [36]

starBase v2.0 Predicts other ncRNAs (e.g., lncRNAs, circRNAs) from miRNA-mediated regulatory 
networks

starb ase. sysu. edu. cn [40]

CSCD Identifies cancer-specific circRNAs and predicts cellular localization, miRNA-circRNA 
interaction, RBP and ORF of circRNAs

gb. whu. edu. cn/ CSCD [41]

circRNADb CircRNAs annotation predicts protein-coding potential and corresponding protein 
features

reprod. njmu. edu. cn/ circr nadb [42]

TRCirc Obtains transcriptional regulation information about circRNAs www. licpa thway. net/ TRCirc [37]

Lnc2Cancer 3.0 Cancer-related lncRNAs and circRNAs annotation www. bio- bigda ta. net/ lnc2c ancer [43]

CIRCpedia v2 Annotation and expression analysis of circRNAs www. picb. ac. cn/ rnomi cs/ circp edia [44]

deepBase v3.0 CircRNAs annotation includes expression, prognosis and functional predictions rna. sysu. edu. cn/ deepb ase3/ index. html [45]

Circbank Explored a standard nomenclature, predicts miRNAs binding, circRNAs conservation 
and protein-coding potential

www. circb ank. cn [39]

exoRBase Exosome-derived ncRNAs annotation www. exoRB ase. org [38]

ExoceRNA atlas A database contains tumor-related circRNAs in blood exosomes and corresponding 
mRNA-miRNA-circRNA interaction network

www. exoce rna- atlas. com/ exoce RNA [46]

http://www.circbase.org
http://ww5.gyanxet-beta.com/
http://cgga.org.cn:9091/circRNADisease/
https://circinteractome.nia.nih.gov/
https://circnet.mbc.nctu.edu.tw/
https://starbase.sysu.edu.cn/
https://gb.whu.edu.cn/CSCD
https://reprod.njmu.edu.cn/circrnadb
http://www.licpathway.net/TRCirc
http://www.bio-bigdata.net/lnc2cancer
http://www.picb.ac.cn/rnomics/circpedia
https://rna.sysu.edu.cn/deepbase3/index.html
http://www.circbank.cn
http://www.exoRBase.org
http://www.exocerna-atlas.com/exoceRNA
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a database of exosome-derived ncRNAs in human blood. 
Circbank [39] proposed a standardized nomenclature for 
circRNAs facilitated circRNAs information acquisition. 
Overall, these databases provide applicable bioinformat-
ics tools for circRNAs research in the tissue development 
and human diseases.

CircRNAs in ESCC
There are multiply aberrant circRNAs in the oncogen-
esis and progression of ESCC, a significant percentage 
of which have been demonstrated to involve in various 
malignant biological phenotypes, such as cell prolifera-
tion, death, metastasis, drug resistance (Fig.  3). Below 
we summarize the most recent studies on aberrantly 
expressed circRNAs in ESCC, as well as their func-
tion, related mechanism underlying ESCC progression, 
and potential roles in tumor diagnosis and treatment 
(Table 2).

Dysregulated expression of circRNA in ESCC
Emerging studies have reported the dysregulated expres-
sion of circRNAs between ESCC tissues and para-car-
cinoma tissues, suggesting circRNAs were the initiators 

in ESCC. This was largely accomplished by the develop-
ment of high-throughput screening technology. CircRNA 
microarray analysis and RNA-seq are primarily used 
in circRNAs high-throughput screening. Unlike linear 
RNAs, the structural uniqueness and low content of cir-
cRNAs put forward new challenges. Circular junction 
sequence analysis is widely used in circRNAs identifica-
tion. CircRNA microarray analysis just uses the principle 
of the specific integration of circRNA junction probe and 
circRNA junction sites to accurately detect the expres-
sion of circRNAs in tissue or plasma samples. However, 
circular junction reads obtained by RNA-seq are less 
than 0.1%, making the content of effectively detected 
circRNA very low. Li et  al. [47] revealed that circRNA 
microarray assay brings higher efficiency and sensitiv-
ity than RNA-seq for circRNA profiling. Unfortunately, 
microarray assays can only detect known circRNAs.

Through those two high-throughput technologies, 
accumulating evidence has disclosed that the dysregu-
lated expression of circRNA is widespread in ESCC tissue 
and plasma. Utilizing circRNA microarray analysis, Song 
et  al. identified 2046 differentially expressed circRNAs 
between 6 pairs of ESCC tissues and para-carcinoma 

Fig. 3 Summary of the function of circRNAs in ESCC. CircRNAs can participate in the origin and development of ESCC, including cell proliferation, 
cell death, migration and therapy resistance
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tissues, of which 1148 were significantly up-regulated 
and 898 were down-regulated in ESCC tissues [48]. 
In another study, Sun et  al. revealed 1055 differently 
expressed circRNAs with fold change ≥ 2, among which 
418 of these circRNAs were up-regulated, and 637 were 
downregulated in ESCC tissues [49]. Jiang et  al. [50] 
used RNA sequencing technologies to detect the differ-
ential expression of 3 pairs of ESCC tissue and resection 
margins. There is a total of 3288 circRNAs differentially 
expressed, including 2139 up-regulated, and 1149 down-
regulated. Besides, in virtue of bioinformatics tools, the 
ceRNA network was constructed, and it revealed the pos-
sible mechanism and function of circRNAs in ESCC pro-
gression that could be further explored.

CircRNAs mediate cancer cell proliferation
CircOGDH expression is higher in ESCC cells than in 
normal esophageal epithelial cells. Functional analysis 
indicated that circOGDH inhibits the negative effect 
of miR-615-5p on PDX1 expression, which leads to cell 
cycle inhibition [51]. Cell division cycle 6 (CDC6) is a 
critical DNA replication licensing factor, playing a piv-
otal role in the activation and maintenance of the cell 
cycle. CircNELL2, as an oncogenic factor, could acti-
vate the translation of CDC6 and promote cell prolif-
eration through sponging miR-127-5p [52]. CircRIMS 
promotes miR-613 methylation to downregulate the 
expression of miR-613, thus resulting in cell prolifera-
tion promotion [53].

Besides, some circRNAs also act as tumor suppres-
sors in ESCC progression. ITCH can negatively regu-
late the canonical Wnt pathway through degradation 
phosphorylated Dvl2 and arrest the oncogene c-Myc 
expression. Cir-ITCH, generated from ITCH, could 
enhance the expression of ITCH via sponging miR-
NAs such as miR-7, miR-17 and miR-214, thereby 
increasing c-Myc expression to induce cell prolifera-
tion and tumor growth [54]. Tumor suppressor gene 
Phosphatase and tension homolog (PTEN) is a super-
star in multiple cancers development and progression, 
including ESCC. Activation of PETN could repress the 
PI3K/AKT signaling pathway to regulate many cellular 
actions, such as proliferation, cellular metabolism, dif-
ferentiation, and apoptosis. Some circRNAs are found 
to regulate the PTEN expression in ESCC. For example, 
circ-Foxo3 has been observed to act as miR23-a sponge 
to elevate the expression of PTEN [55]. And circLAPR4 
negatively modulated miR-1323 expression, thereby 
silencing PTEN/PI3K/AKT signaling pathway activity 
to hamper ESCC progression [56]. A novel circRNA, 
cCNTNAP3 exhibited a lower expression in ESCC and 
inhibited proliferation and increased apoptosis through 

miR-513a-5p/p53 axis. Notably, p53 also participated in 
the formation of cCNTNAP3, which formed a positive 
feedback loop to suppress ESCC development [57].

CircRNAs involve in invasion and metastasis
EMT is a critical biological process that influences 
malignant tumor cells migration and invasion, featured 
by dysregulation of E-cadherin, N-cadherin, cytokera-
tin and Vimentin. Some signaling pathways related to 
circRNAs have been verified to participate in the EMT 
process, such as TGF-β and PI3K/Akt signaling axis. For 
instance, circLPAR3 was increased in ESCC and served 
as ceRNA to rescue c-MET suppression from miR-198. 
Increased expression of c-MET activated the phospho-
rylation of Akt and MAPK, thereby infecting the RAS/
MAPK and PI3K/Akt pathways to stimulate cell inva-
sion and migration [58]. He et al. verified that circVRK1 
expression was decreased in ESCC, sponging for miR-
624-3p, upregulating PTEN to restrain PI3K/AKT sign-
aling pathway activity, and consequently boosting EMT  
[59]. Circ-NRIP1 is another circRNA that has been 
involved in PI3K/Akt pathway. This circRNA inhibits 
the negative effect of miR-595 on SEMA4D expression, 
which could reduce the restraint on PI3K/AKT signal 
[60]. Besides, circ-PRKCI could directly modulate Akt 
expression by acting as miR-3680-3p sponge [61]. In 
terms of TGF-β signaling pathway, circ-DOCK5 was 
identified to serve as a “reservoir” to stabilize the miR-
627-3p expression. The amplified miR-627-3p arrests 
TGFB2, which can encode a ligand of TGF-β to interact 
with TGF-β receptors, thus involving TGF-β/SMAD/
ZEB1 axis and suppressing the EMT process [62]. Alto-
gether, circRNAs play a critical role in the EMT process 
through joining in regulating EMT-related pathways.

In addition, circRNAs also regulate cell migration and 
invasion via other pathways. CircNTRK2 was increased 
in ESCC tissue and involved in cell metastasis. This effect 
of circNTRK2 may be related to its interaction with miR-
140-3p to weaken its suppression on E2F3 [63]. Another 
report revealed that circNTRK2 also sponge miR-140-3p 
to regulate the expression of NRIP1, bringing about the 
malignant cell behaviors of ESCC, including cell migra-
tion and invasion [64]. Liu et al. noticed that the expres-
sion level of serum exosomal hsa-circ0026611 was highly 
correlated with lymph node metastasis in ESCC, suggest-
ing that circ0026611 may become a predictor of ESCC 
metastasis [65]. Knockdown of circRNA-100876 could 
significantly boost the expression of epithelial markers 
E-cadherin and attenuate the expression of mesenchy-
mal markers N-cadherin and Vimentin [66]. The aboving 
results consistently validated the imperative role of circR-
NAs in tumor invasion and metastasis.
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CircRNAs regulate cell death
Abnormal regulation of programmed cell death is one 
of the hallmarks leading to carcinogenesis. A grow-
ing body of work showed that circRNAs performed an 
essential role in mediating cell apoptosis. Circ0120816 
functions as a ceRNA of miR-1305 to reduce its inhibi-
tion of TXNRD1, which can attenuate the pro-apoptotic 
proteins including Cleaved PARP, Bax and Cleaved Cas-
pase-3 to dampen ESCC cell apoptosis [67]. In addition, 
a study verified the close connection between circRNA 
and cell autophagy in ESCC. CiRS-7, interacting with 
miR-1299, strengthens EGFR level and inhibits starva-
tion or rapamycin-induced autophagy of ESCC cells [68]. 
Pyroptosis, necroptosis and ferroptosis are novel discov-
ered non-apoptotic programmed cell death mechanism, 
which can participate in tumor immune escape in tumor 
microenvironment and function in tumor progression as 
well as drug therapy [69]. CircPVT1 can obviously affect 
the expression of ferroptosis-related factors (GPX4 and 
SLC7A11) to enhanced chemoresistance in ESCC [70]. 
CircPUM1 is highly expressed in ESCC and can work 
to dampen pyroptosis progression to accelerate tumor 
growth [71]. However, at present the detail mechanism of 
this forms of cell death in ESCC remains open (Table 2).

CircRNAs intervene in radioresistance and drug resistance
Chemotherapy and radiotherapy remain reliable strate-
gies for ESCC patients to gain long-term survival. Pre-
vailing radioresistance and drug resistance is one of the 
major obstacles resulting in poor prognosis of ESCC, but 
the mechanism of acquiring resistance is still unclear. 
Recently, many reports have confirmed that circR-
NAs regulated drug resistance by multiple processes. 
For instance, circVRK1 overexpression led to a signifi-
cant activation of ESCC cells radiotherapy sensitivity 
[59]. Circ100367, an oncogenic circRNA, was extraor-
dinarily responsive to the radioresistance of ESCC. 
The effect of circ100367-associated radioresistance 
depended on its significant activation of Wnt3 signal-
ing pathway [118]. CircPSMC3 can bind to miR-10a-5p 
and prevent its inhibition of PTEN. Then, upregulation 
of circPSMC3 represses the sensitivity of ESCC cells to 
gefitinib [75]. Similarly, circ_0006168 was revealed to 
have roles in Taxol resistance in ESCC cells by regulat-
ing Jumonji domain containing 1C (JMJD1C) by spong-
ing miR-194-5p [80]. Circ_0023984 was elevated in 
ESCC tissues and could associate with miR-433-3p and 
promoted REV3L expression [116]. Functionally, REV3L 
was confirmed to exert a negative effect in the regulation 
of sensitivity of ESCC cells to 5-fluorouracil [125], sug-
gesting that circ_0023984 may influence the sensitivity to 
chemotherapy drugs. Further experimental investigations 

are needed to estimate the correlation between circRNAs 
and other chemotherapeutic reagents in ESCC.

CircRNAs as diagnostic and prognostic biomarkers in ESCC
Early detection is the key to harbor successful therapies 
for tumor patients. It is now well established from vari-
ous studies that many circRNAs may have the potential 
to become effective tumor biomarkers. As we mentioned 
above, circRNAs are associated with diverse pathological 
processes of ESCC. Besides, the characteristics of circR-
NAs endow them with evident advantages to be novel 
biomarkers in tumor diagnosis and prognosis. Firstly, cir-
cRNAs present high abundance, evolutionary conserva-
tion and own a longer half-life existing in exosomes and 
blood plasma. Meanwhile, they are expressed in a tissue-
specific and developmental-stage-specific manner. With 
the development of RNA sequencing technology and 
bioinformatics analysis, circRNAs were easily detected 
and their roles in ESCC were extensively identified. Area 
under the curve (AUC) in the receiver operating curve 
(ROC) analysis is an evaluative criterion commonly used 
in circRNAs prediction performance. CircRNA-141539 
and circRNA-6448–14 perform great diagnostic ability 
as their AUC in ESCC tissues is up to 0.81 and 0.91 [92, 
107]. However, the stable existence and specific expres-
sion of circRNAs in the peripheral blood and exosomes 
have more value in diagnosis than tumor tissues. The 
plasma levels of circ-SLC7A5 and circ0004771 were sig-
nificantly increased in ESCC patients with AUC at 0.77 
and 0.82, showing their valuable diagnostic potential [86, 
126]. Conversely, the expression of circ-SMAD7 is signifi-
cantly decreased in ESCC tissue and plasma, and its AUC 
is 0.86, which demonstrates its diagnostic value [74]. Fur-
thermore, combining different circRNAs or one circRNA 
with classical diagnostic biomarkers provides a novel idea 
to establish a more effective diagnostic system. The AUCs 
of has_circ_0001946 and hsa_circ_0062459 is 0.894 and 
0.836, respectively. Fan et  al. established a new formula 
to combine the expression level of hsa_circ_0001946 and 
hsa_circ_0062459 in plasma. And further ROC curve 
analysis showed that its AUC reaches 0.928, with 84% 
sensitivity and 98% specificity, giving a better diagnostic 
efficiency for ESCC [127]. CircGSK3β has been reported 
to be elevated in plasma and performed great value in the 
prognosis of ESCC as its AUC is 0.78. Combining with 
traditional biomarker CEA, the AUC reaches 0.80 [90].

Ample evidence indicates that circRNAs were closely 
related to the clinicopathological characteristics or 
prognosis of ESCC, such as TNM stage, lymph node 
metastasis, and overall survival (OS), which may play a 
key role in monitoring the prognosis of ESCC. Recent 
research showed that serum exosomal hsa_circ_0026611 
expression was correlated with T stage, N stage, and 
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postoperative radiotherapy and chemotherapy. And 
hsa_circ_0026611 can predict lymph node metastasis as 
a potential prognostic biomarker [65]. Similarly, the level 
of hsa_circ_0006948 in tissue was closely related to OS 
and lymphatic metastasis. The ROC curve analysis dem-
onstrated its important value for predicting lymphatic 
metastasis [115]. These studies indicated that circRNAs 
had performed huge potential for ESCC diagnosis and 
prognosis. However, a larger cohort of clinical samples 
should be tested to verify the diagnostic and prognostic 
accuracy of circRNAs before applying to clinical practice.

CircRNAs as therapeutic tools in ESCC
The molecular pathogenesis of circRNAs involved in 
ESCC has been extensively revealed, circRNAs are 
proved to own the potential to be developed into prom-
ising and useful therapeutic targets. Knockdown of cer-
tain tumor-promoting circular RNAs or overexpression 
of some tumor suppressor circular RNAs can effec-
tively reduce tumor volume, weight and block tumor 

metastasis in  vivo. For instance, Zhou et  al. identified 
that circPDE3B exhibits a tumor-promoting role in 
ESCC. CircPDE3B knockdown reduces tumor growth 
and the number of lung micrometastatic nodules [101]. 
As a tumor suppressor, the cCNTNAP3 expression 
level is downregulated in ESCC cell lines, while over-
expression of cCNTNAP3 efficiency attenuated tumor 
growth [57]. Several manipulation methods of circRNAs 
expression have been applied (Fig. 4). RNA interference 
(RNAi) is commonly used in circRNAs knockdown, 
including antisense oligonucleotides (ASO) and siRNA 
or shRNA technology [128]. They can specifically com-
bine with backspliced junction to induce gene silencing. 
In addition, CRISPR/Cas13 system can acquire complete 
removal of circRNAs through two different approaches: 
the deletion of the circRNA coding genome locus [129] 
or erasing of flanking ALU elements [11]. Compared 
with RNAi, CRISPR/Cas13 system was characterized by 
higher knockdown efficiency and specificity, becoming a 
promising method in RNA silencing research. However, 

Fig. 4 Summary of knockdown and overexpression strategies for circRNAs. Several therapeutic strategies based on the manipulation of circRNAs 
expression is expected to provide a brighter prospect for cancer therapy
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owing to the unknown side-effects delivered by the exog-
enous Cas13 protein and guide RNA, whether CRISPR/
Cas13 is adaptable to clinical needs still needs to be 
further studied [130]. Intron-pairing-driven circulari-
zation is a classical strategy for the construction of cir-
cRNAs overexpression vectors. The circRNA sequence 
was inserted into vectors (plasmid, lentivirus, AAV vec-
tor, etc.) containing reverse complement sequence for 
hybridization. Also, as an essential function of circR-
NAs, miRNA sponge can lead to miRNA acting as onco-
genes loss-of-function, performing colossal potential to 
become a powerful molecular therapeutic strategy. Wang 
et al. constructed a circRNA that could repress endoge-
nous miR-21 and miR-93. This synthetic miRNA sponge 
performed tumor-suppressive effects in vitro and in vivo, 
restraining ESCC cell proliferation, migration, and tumor 
growth [131]. Compared to linear RNAs, high stability 
and reduced immunogenicity enabling exogenous circR-
NAs more likely to be delivered safely in vivo. However, 
research on circRNAs as treatment strategies is still at an 
early stage, and there exist many unresolved problems. 
Evaluating safety is the foremost concern before clini-
cal practice. Additionally, whether circRNAs can suc-
cessfully apply to clinical practice mainly depend on the 
precise delivery of synthetic circRNAs. How to deliver 
circRNAs safely into the  proximity  of  tumor lesions to 
retard cancer progression demand prompt solution. 
Taken together, the characteristics and functions of cir-
cRNAs confer great potential for future molecular tar-
geting treatment and the application of circRNA-based 
therapeutic strategies.

Conclusions and perspectives
As the newly emerging endogenous ncRNAs, circRNAs 
are being given more attention and have become a hot 
spot in cancer research. CircRNAs generated from pre-
mRNAs back-splicing, they are conserved, abundant, 
stable, and considered as important regulators of multi-
ple physiological and pathological processes. The rapid 
advances of high-throughput detection technology have 
allowed a large number of differentially expressed circR-
NAs to be detected in ESCC tissues. As described above, 
many studies on circRNAs related to ESCC have provided 
convincing evidence that circRNAs participate in ESCC 
cell proliferation, migration, invasion, apoptosis, and 
therapy resistance. CircRNAs perform highly specifically 
roles in tissues and cells, making them have the oppor-
tunity to become valuable prognostic and diagnostic bio-
markers for ESCC. Furthermore, the unique properties of 
circRNAs on conformation, stability and immunogenicity 
will be of interest to explore RNA circle-based technolo-
gies, which include regulating innate immune responses, 
serving as sponges of cellular miRNAs and as aptamers to 

interfere with intracellular processes [132]. The research 
on those innovative technologies may open up a novel 
field in diagnosis and treatment of many diseases.

A growing body of reports underlines the importance 
of circRNAs in ESCC and its strong correlation with 
ESCC pathophysiological feature. And a sea of innova-
tive research on the application of circRNAs is already in 
full swing. However, not a single circRNA-based medi-
cal application has been approved so far. Compared with 
miRNA and lncRNA research, circRNAs research is still 
at its sunrise and has many challenges and problems need 
to be solved. For instance, the mechanism of circRNAs 
biogenesis, translocation and degradation is still largely 
unknown. More comprehensive understanding of this 
mechanism may help the development of novel technolo-
gies. Additionally, reports on the functions of circRNAs 
in ESCC mainly focused on miRNA sponges, but the 
function of binding protein and coding potential of cir-
cRNAs still lags behind. In fact, only a small portion of 
circRNAs potential capability have been identified, so it 
is imperative to further elucidate whether there are other 
unknown effects. How to facilitate the translation of 
circRNAs research to the clinical setting is the ultimate 
goal at present. Firstly, novel technologies and detec-
tion methods are required to settle the problem of cir-
cRNAs low abundance in biological samples and further 
improve the quality and precision of detection. Besides, 
their application as noninvasive biomarkers will need a 
large pool of tumor samples for verification. Studies can 
focus on building combined detection methods to gain 
better diagnostic value. At last, more clinical statistics 
are needed to build the appropriate  collection methods 
and cutoff values of specific circRNAs in tumor diagno-
sis. Looking forward, despite the limitations mentioned 
above, with the explosion in RNA circle-based technolo-
gies and in-depth understanding of the features and func-
tions of circRNAs, this type of non-coding RNAs will 
unveil its translational relevance in ESCC prevention, 
diagnosis and treatment.
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