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Current advances and future perspectives
on the functional roles and clinical implications
of circular RNAs in esophageal squamous cell
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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
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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
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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]. NFO0/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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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

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
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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

[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, circEIF3] 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 YTHDEF3 and translation
initiation factors eIF4G2 and elF3A [24]. Circ-ZNF609
was revealed to have the potential to encode a protein. Its
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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, circPABPNI1 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

Table 1 Databases for circRNAs research
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inhibitor 1 (CDKN1A, also known as p21YAFV/CIPL) 4
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 HIF1a 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

Database Function Website Refs

CircBase CircRNAs annotation www.circbase.org [32]

Circ2Traits A database stores potential disease association of circRNAs and miRNA-cir- gyanxet-beta.com/circdb [33]
cRNA-mRNA-INcRNA interaction network

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

Circinteractome  Predicts binding sites of RBPs and miRNAs on circRNAs and primer design, siRNA circinteractome.nia.nih.gov [35]
design

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

starBase v2.0 Predicts other ncRNAs (e.g., INcRNAs, circRNAs) from miRNA-mediated regulatory starbase.sysu.edu.cn [40]
networks

CSCD Identifies cancer-specific circRNAs and predicts cellular localization, miRNA-circRNA gb.whu.edu.cn/CSCD [41]
interaction, RBP and ORF of circRNAs

circRNADb CircRNAs annotation predicts protein-coding potential and corresponding protein reprod.njmu.edu.cn/circrnadb [42]
features

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

Lnc2Cancer 3.0  Cancer-related IncRNAs and circRNAs annotation www.bio-bigdata.net/Inc2cancer [43]

CIRCpedia v2 Annotation and expression analysis of circRNAs www.picb.ac.cn/rnomics/circpedia [44]

deepBase v3.0  CircRNAs annotation includes expression, prognosis and functional predictions rna.sysu.edu.cn/deepbase3/index.html  [45]

Circbank Explored a standard nomenclature, predicts miRNAs binding, circRNAs conservation  www.circbank.cn [39]
and protein-coding potential

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

ExoceRNA atlas
MRNA-mMIRNA-circRNA interaction network

A database contains tumor-related circRNAs in blood exosomes and corresponding

www.exocerna-atlas.com/exoceRNA [46]
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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
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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

ESCC

circlMMP2L,circ_0014879,circRIMS,
circAGFG1,circ_0006168,circ_NRIP1,
circ_0072088,circ0120816,circ-DLGT1,
circ-ABCB10,circRNA_2646,circ-LRP6,
circRNA_141539,circLPAR3,ciRS-7,
circ_0087378,circ-PRKCI,circPDE3B,
circ_0000654,circ_0000700,
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circ_0006948,circ_0023984

Proliferation

circ-ITCH,circCNTNAP3,circ-Foxo3,

( A
circlMMP2L,circ_0014879,circAGFG1,
circ_0006168,circ_0072088,circGSK3p,
circ_0004771,circRNA_2646,CciRS-7,
circ-TTC17,circ_0014715,circLPAR3,
circ_0087378,circ-PRKCI,circPDE3B,
circ_0000654,circ_0000700,
circ-ZDHHCS,circRNA_100876,
circ_0012563,circRNA6448-14,
circ-0048117,circ_0003340,circUBAP2,
circ_0000337,circ_0006948,
circ_0023984

Metastasis

P
1@, @y
o

circLARP4,circVRK1,circ-SMAD7

. J
L circVRK1,circ-SMAD7,circ-DOCKS5,
circFAT1

circ_0006168,circ0120816,ciRS-7,
circRNA_100876,circRNA6448-14,
circ_0003340,circPVT1,circPUM1

circCNTNAP3,circ-Foxo3,circLARP4

— —/
@.06°
©
0
0

e Yo N\

Cell Death

circ_0000337,circRNA_100367,

circ_0014879,circ_0006168,circGOT1,
circ_0007142,circ_0000277,circPVT1

ete. [circVRK1,circPSMc3,cDOPEY2 J

Therapy Resistence

.

D Oncogene O Tumor Suppressor

J

cell death, migration and therapy resistance

Fig. 3 Summary of the function of circRNAs in ESCC. CircRNAs can participate in the origin and development of ESCC, including cell proliferation,
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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
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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-p 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-P 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-f to interact
with TGF-P receptors, thus involving TGF-f/SMAD/
ZEB] 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].
CircPUML 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
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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-SMAD?7 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]. CircGSK3p 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
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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,

,—[ circRNA knockdown strategies I

§ASO — CircRNA degradation

gl
siRNA/shRNA

CRISPR/Cas9 E

[ JAaw] ] CirRNA exon . AW

&

Tailored circRNA exon

X X
/ [ JAw] | CcirRNA exon | JALU] |

j \ -- cirRNA exon

Tailored flanking ALU element

N\

Inhibited the
expression of circRNAs

X X
| [ALY]

(—[ circRNA overexpression strategies |

@ srsnson (©)

Front circular

Inserted into

vectors

Promoted the

expression of circRNAs

complement

Back circular
complement

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




Ju et al. Biomarker Research (2022) 10:41

owing to the unknown side-effects delivered by the exog-
enous Casl3 protein and guide RNA, whether CRISPR/
Casl3 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
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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 IncRNA 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.

Abbreviations

ESCC: Esophageal Squamous Cell Carcinoma; ECA: Esophageal Adenocar-
cinoma; circRNAs: Circular RNAs; ncRNAs: Non-coding RNAs; RNA-seq: RNA
sequencing; pre-mRNAs: Precursor mRNAs; ECRNAs: Exonic circRNAs; EICIRNASs:
Exon-intron circRNAs; ciRNAs: Circular intronic RNAs; RBPs: RNA binding
proteins; pre-tRNAs: Precursor tRNAs; tricRNAs: Circular RNAs; TSEN: TRNA splic-
ing endonuclease; BHB: Bulge-helix-bulge; QKI: Quaking; miRNAs: MicroRNAs;
MREs: MiRNA response elements; ceRNA: Competitive endogenous RNA; Sry:
Sex-determining region Y; IRES: Internal ribosome entry site; m6A: N6-meth-
yladenosine; FUBP1: Far upstream element binding protein 1; CDKN1: Cyclin-
Dependent Kinase Inhibitor 1; CDCé: Cell Division Cycle 6; PTEN: Phosphatase
and Tension Homolog; EMT: Epithelial-to-Mesenchymal Transition; JMJD1C:
Jumonji Domain Containing 1C; AUC: Area Under the Curve; ROC: Receiver
Operating Curve; OS: Overall Survival; RNAi: RNA interference; ASO: Antisense
Oligonucleotides.



Ju et al. Biomarker Research (2022) 10:41

Acknowledgements
Not applicable

Authors’ contributions

H.L, M.Z.and FH. supervised the study and provided scientific suggestions.
CJ.and JH. drafted the manuscript. J.J, CW, D.D. and J.S. revised the manu-
script. All authors read and approved the final manuscript.

Funding

The current study is supported by the Natural Science Foundation of Henan
Province (222300420564, 222300420574) and Key Medical Science & Technol-
ogy Program of Henan Province (SBGJ202101008).

Availability of data and materials
Not applicable.

Declarations

Ethics approval and consent to participate
No ethics approval was required for this review that did not involve patients
or patient data.

Consent for publication
All authors consent to publication.

Competing interests
The authors declare that they have no competing interests.

Author details

'Department of Medical Laboratory, The First Affiliated Hospital of Zhengzhou
University, Zhengzhou 450052, China. “Department of Breast Surgery, The
First Affiliated Hospital of Zhengzhou University, Zhengzhou 450052, China.
3Department of Molecular Pathology, The Affiliated Cancer Hospital of Zheng-
zhou University, Zhengzhou 450008, China. “Department of Gastroenterology,
The First Affiliated Hospital of Zhengzhou University, Zhengzhou 450052,
China.

Received: 12 April 2022 Accepted: 29 May 2022
Published online: 07 June 2022

References

1. Sung H, Ferlay J, Siegel RL, Laversanne M, Soerjomataram |, Jemal A,
Bray F. Global Cancer Statistics 2020: GLOBOCAN Estimates of Incidence
and Mortality Worldwide for 36 Cancers in 185 Countries. CA Cancer J
Clin. 2021;71(3):209-49.

2. LiuK ZhaoT,Wang J, ChenY, Zhang R, Lan X, Que J. Etiology, cancer
stem cells and potential diagnostic biomarkers for esophageal cancer.
Cancer Lett. 2019;458:21-8.

3. Sanger HL, Klotz G, Riesner D, Gross HJ. Kleinschmidt AKJPotNAoS:
Viroids are single-stranded covalently closed circular RNA molecules
existing as highly base-paired rod-like structures. Proc Natl Acad SciU S
A.1976;73(11):3852-6.

4. Cocquerelle C, Mascrez B, Hetuin D, Bailleul B. Mis-splicing yields circu-
lar RNA molecules. FASEB J. 1993:7(1):155-60.

5. LiZ ChengY,WuF,Wu L, Cao H,Wang Q, Tang W. The emerging
landscape of circular RNAs in immunity: breakthroughs and challenges.
Biomark Res. 2020;8(1):25.

6. Ashwal-Fluss R, Meyer M, Pamudurti NR, lvanov A, Bartok O, Hanan
M, Evantal N, Memczak S, Rajewsky N, Kadener S. circRNA biogenesis
competes with pre-mRNA splicing. Mol Cell. 2014;56(1):55-66.

7. JeckWR, Sorrentino JA, Wang K, Slevin MK, Burd CE, Liu J, Marzluff WF,
Sharpless NE. Circular RNAs are abundant, conserved, and associated
with ALU repeats. RNA. 2013;19(2):141-57.

8. Conn SJ, Pillman KA, Toubia J, Conn VM, Salmanidis M, Phillips CA,
Roslan'S, Schreiber AW, Gregory PA, Goodall GJ. The RNA binding pro-

tein quaking regulates formation of circRNAs. Cell. 2015;160(6):1125-34.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

32.

Page 150f 18

Zhang Y, Zhang XO, Chen T, Xiang JF, Yin QF, Xing YH, Zhu S,

Yang L, Chen LL. Circular intronic long noncoding RNAs. Mol Cell.
2013;51(6):792-806.

Schmidt CA, Giusto JD, Bao A, Hopper AK, Matera AG. Molecular
determinants of metazoan tricRNA biogenesis. Nucleic Acids Res.
2019/47(12):6452-65.

Zhang Y, Xue W, Li X, Zhang J, Chen S, Zhang JL, Yang L, Chen LL. The
Biogenesis of Nascent Circular RNAs. Cell Rep. 2016;15(3):611-24.
Zhang XO, Wang HB, Zhang Y, Lu X, Chen LL, Yang L. Complementary
sequence-mediated exon circularization. Cell. 2014;159(1):134-47.

Li X, Liu CX, Xue W, Zhang Y, Jiang S, Yin QF, Wei J, Yao RW, Yang L, Chen
LL. Coordinated circRNA Biogenesis and Function with NFOO/NF110 in
Viral Infection. Mol Cell. 2017,67(2):214-2277 (e217).

Salmena L, Poliseno L, Tay Y, Kats L, Pandolfi PP. A ceRNA hypothesis: the
Rosetta Stone of a hidden RNA language? Cell. 2011;146(3):353-8.
Hansen TB, Jensen Tl, Clausen BH, Bramsen JB, Finsen B, Damgaard CK,
Kjems J. Natural RNA circles function as efficient microRNA sponges.
Nature. 2013;495(7441):384-8.

Kristensen LS, Ebbesen KK, Sokol M, Jakobsen T, Korsgaard U, Eriksen
AC, Hansen TB, Kjems J, Hager H. Spatial expression analyses of the
putative oncogene ciRS-7 in cancer reshape the microRNA sponge
theory. Nat Commun. 2020;11(1):4551.

Li Z,Huang C, Bao C, Chen L, Lin M, Wang X, Zhong G, Yu B, Hu W, Dai
L, et al. Exon-intron circular RNAs regulate transcription in the nucleus.
Nat Struct Mol Biol. 2015;22(3):256-64.

Chen CY, Sarnow P, Initiation of protein synthesis by the eukaryotic
translational apparatus on circular RNAs. Science. 1995;268(5209):415-7.
Pelletier J, Sonenberg NJN. Internal initiation of translation of eukaryotic
mRNA directed by a sequence derived from poliovirus RNA. Nature.
1988,334(6180):320-5.

Macejak DG, Sarnow PIN. Internal initiation of translation mediated by
the 5/ leader of a cellular mRNA. Nature. 1991;353(6339):90-4.

Oh'S, Scott M, Sarnow PJG. Homeotic gene Antennapedia mRNA
contains 5-noncoding sequences that confer translational initiation by
internal ribosome binding. Genes Dev. 1992;6(9):1643-53.

Chen C-y, Sarnow PJS. Initiation of protein synthesis by the eukaryotic
translational apparatus on circular RNAs. Science. 1995;268(5209):415-7.
Tang M, Lv Y. The Role of N(6) -Methyladenosine Modified Circular RNA
in Pathophysiological Processes. Int J Biol Sci. 2021;17(9):2262-77.
Yang Y, Fan X, Mao M, Song X, Wu P, Zhang Y, Jin Y, Yang Y, Chen LL,
Wang Y, et al. Extensive translation of circular RNAs driven by N(6)-
methyladenosine. Cell Res. 2017;27(5):626-41.

Legnini |, DiTimoteo G, Rossi F, Morlando M, Briganti F, Sthandier O,
Fatica A, Santini T, Andronache A, Wade M, et al. Circ-ZNF609 Is a Circu-
lar RNA that Can Be Translated and Functions in Myogenesis. Mol Cell.
2017,66(1):22-37 (e29).

Zheng X, Chen L, Zhou Y, Wang Q, Zheng Z, Xu B, Wu C, Zhou Q, Hu W,
Wu C, et al. A novel protein encoded by a circular RNA circPPP1R12A
promotes tumor pathogenesis and metastasis of colon cancer via
Hippo-YAP signaling. Mol Cancer. 2019;18(1):47.

Zhou B, Yang H, Yang C, Bao YL, Yang SM, Liu J, Xiao YF. Translation of
noncoding RNAs and cancer. Cancer Lett. 2021;497:89-99.

Wang X, Xing L, Yang R, Chen H, Wang M, Jiang R, Zhang L, Chen J.
The circACTN4 interacts with FUBP1 to promote tumorigenesis and
progression of breast cancer by regulating the expression of proto-
oncogene MYC. Mol Cancer. 2021;20(1):91.

Abdelmohsen K, Panda AC, Munk R, Grammatikakis I, Dudekula DB,

De S, Kim J, Noh JH, Kim KM, Martindale JL, et al. Identification of HuR
target circular RNAs uncovers suppression of PABPN1 translation by
CircPABPN1. RNA Biol. 2017;14(3):361-9.

DuWW, Yang W, Liu E, Yang Z, Dhaliwal P, Yang BB. Foxo3 circular RNA
retards cell cycle progression via forming ternary complexes with p21
and CDK2. Nucleic Acids Res. 2016;44(6):2846-58.

DuWW, Yang W, Chen Y, Wu ZK, Foster FS, Yang Z, Li X, Yang BB. Foxo3
circular RNA promotes cardiac senescence by modulating multiple
factors associated with stress and senescence responses. Eur Heart J.
2017,38(18):1402-12.

Glazar P, Papavasileiou P, Rajewsky N. circBase: a database for circular
RNAs. RNA. 2014;20(11):1666-70.



Ju et al. Biomarker Research

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51

52.

53.

(2022) 10:41

Ghosal S, Das S, Sen R, Basak P, Chakrabarti J. Circ2Traits: a comprehen-
sive database for circular RNA potentially associated with disease and
traits. Front Genet. 2013;4:283.

Zhao Z, Wang K, Wu F, Wang W, Zhang K, Hu H, Liu Y, Jiang T. circRNA
disease: a manually curated database of experimentally supported
circRNA-disease associations. Cell Death Dis. 2018:9(5):475.

Dudekula DB, Panda AC, Grammatikakis I, De S, Abdelmohsen K,
Gorospe M. CircInteractome: A web tool for exploring circular RNAs and
their interacting proteins and microRNAs. RNA Biol. 2016;13(1):34-42.
Liu YC, Li JR, Sun CH, Andrews E, Chao RF, Lin FM, Weng SL, Hsu

SD, Huang CC, Cheng C, et al. CircNet: a database of circular RNAs
derived from transcriptome sequencing data. Nucleic Acids Res.
2016;44(D1):D209-215.

Tang Z, Li X, Zhao J, Qian F, Feng C, Li Y, Zhang J, Jiang Y, Yang Y, Wang
Q, et al. TRCirc: a resource for transcriptional regulation information of
circRNAs. Brief Bioinform. 2019;20(6):2327-33.

LiS,LiY,Chen B, Zhao J,Yu S, Tang Y, Zheng Q, Li Y, Wang P He X, et al.
exoRBase: a database of circRNA, INcRNA and mRNA in human blood
exosomes. Nucleic Acids Res. 2018;46(D1):D106-12.

Liu M, Wang Q, Shen J, Yang BB, Ding X. Circbank: a comprehen-

sive database for circRNA with standard nomenclature. RNA Biol.
2019;16(7):899-905.

LiJ-H, Liu S, Zhou H, Qu L-H, Yang J-HJINar. starBase v2. 0: decoding
mMiRNA-ceRNA, miRNA-ncRNA and protein—RNA interaction networks
from large-scale CLIP-Seq data. Nucleic Acids Res. 2014;42(D1):D92-7.
Xia S, Feng J, Chen K, MaY, Gong J, Cai F, Jin Y, Gao Y, Xia L, Chang H,

et al. CSCD: a database for cancer-specific circular RNAs. Nucleic Acids
Res. 2018;46(D1):D925-9.

Chen X, Han P, Zhou T, Guo X, Song X, Li Y. circRNADb: A comprehensive
database for human circular RNAs with protein-coding annotations. Sci
Rep. 2016;6:34985.

GaoY,Shang S, Guo S, Li X, Zhou H, Liu H, Sun Y, Wang J, Wang P, Zhi

H, et al. Lnc2Cancer 3.0: an updated resource for experimentally sup-
ported INcRNA/circRNA cancer associations and web tools based on
RNA-seq and scRNA-seq data. Nucleic Acids Res. 2021,49(D1):D1251-8.
Dong R, Ma XK, Li GW, Yang L. CIRCpedia v2: An Updated Database for
Comprehensive Circular RNA Annotation and Expression Comparison.
Genomics Proteomics Bioinformatics. 2018;16(4):226-33.

Xie F, Liu S, Wang J, Xuan J, Zhang X, Qu L, Zheng L, Yang J. deep-

Base v3.0: expression atlas and interactive analysis of ncRNAs

from thousands of deep-sequencing data. Nucleic Acids Res.
2021;49(D1):D877-83.

Xu'L, Zhang L, Wang T, Wu Y, Pu X, Li M, Guo Y. ExoceRNA atlas: A
database of cancer ceRNAs in human blood exosomes. Life Sci.
2020;257:118092.

Li S, Teng S, Xu J, Su G, Zhang Y, Zhao J, Zhang S, Wang H, Qin W, Lu ZJ,
et al. Microarray is an efficient tool for circRNA profiling. Brief Bioinform.
2019;20(4):1420-33.

Song J, LuY, Sun W, Han M, Zhang Y, Zhang J. Changing expression
profiles of INcRNAs, circRNAs and mRNAs in esophageal squamous
carcinoma. Oncol Lett. 2019;18(5):5363-73.

Sun’, Qiu L, Chen J,Wang Y, Qian J, Huang L, Ma H. Construction of
circRNA-Associated ceRNA Network Reveals Novel Biomarkers for
Esophageal Cancer. Comput Math Methods Med. 2020;2020:7958362.
Jiang C, Xu D, You Z, Xu K, Tian W. Dysregulated circRNAs and ceRNA
network in esophageal squamous cell carcinoma. Front Biosci (Land-
mark Ed). 2019,24:277-90.

Liang Z, Zhao B, Hou J, Zheng J, Xin G. CircRNA circ-OGDH (hsa_
circ_0003340) Acts as a ceRNA to Regulate Glutamine Metabolism and
Esophageal Squamous Cell Carcinoma Progression by the miR-615-5p/
PDX1 Axis. Cancer Manag Res. 2021;13:3041-53.

Xiong G, Diao D, Lu D, Liu X, Liu Z, Mai S, Feng S, Dong X, Cai K.
Circular RNA circNELL2 Acts as the Sponge of miR-127-5p to Promote
Esophageal Squamous Cell Carcinoma Progression. Onco Targets Ther.
2020;13:9245-55.

Wan H, Yuan B, Jiang K, Wei J, Feng X, Sun B, Wang F. CircRNA CircRIMS
is Overexpressed in Esophageal Squamous Cell Carcinoma and Down-
regulate miR-613 Through Methylation to Increase Cell Proliferation.
Cancer Manag Res. 2021;13:4587-95.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71

72.

73.

Page 16 of 18

LiF, Zhang L, LiW, Deng J, Zheng J, An M, Lu J, Zhou YJO. Circular RNA
ITCH has inhibitory effect on ESCC by suppressing the Wnt/3-catenin
pathway. Oncotarget. 2015;6(8):6001.

Xing Y, ZhaWJ, Li XM, Li H, Gao F, Ye T, Du WQ, Liu YC. Circular RNA circ-
Foxo3 inhibits esophageal squamous cell cancer progression via the
miR-23a/PTEN axis. J Cell Biochem. 2020;121(3):2595-605.

Chen Z,Yao N, Gu H, Song Y, Ye Z, Li L, Lu P, Shao Q. Circular RNA_LARP4
Sponges miR-1323 and Hampers Progression of Esophageal Squamous
Cell Carcinoma Through Modulating PTEN/PI3K/AKT Pathway. Dig Dis
Sci. 2020,65(8):2272-83.

Wang H, Song X, Wang Y, Yin X, Liang Y, Zhang T, Xu L, Jiang F, Dong

G. CircCNTNAP3-TP53-positive feedback loop suppresses malignant
progression of esophageal squamous cell carcinoma. Cell Death Dis.
2020;11(11):1010.

ShiY, Fang N, LiY, Guo Z, Jiang W, He Y, Ma Z, Chen Y. Circular RNA
LPAR3 sponges microRNA-198 to facilitate esophageal cancer migra-
tion, invasion, and metastasis. Cancer Sci. 2020;111(8):2824-36.

He Y, Mingyan E, Wang C, Liu G, Shi M, Liu S. CircVRK1 regulates tumor
progression and radioresistance in esophageal squamous cell carci-
noma by regulating miR-624-3p/PTEN/PI3K/AKT signaling pathway. Int
J Biol Macromol. 2019;125:116-23.

Zhou S, Guo Z, Zhou C, Zhang Y, Wang S. circ_NRIP1 is oncogenic in
malignant development of esophageal squamous cell carcinoma
(ESCC) via miR-595/SEMA4D axis and PI3K/AKT pathway. Cancer Cell
Int. 2021,21(1):250.

ShiN, Shan B, Gu B, Song Y, Chu H, Qian L. Circular RNA circ-PRKCI func-
tions as a competitive endogenous RNA to regulate AKT3 expression
by sponging miR-3680-3p in esophageal squamous cell carcinoma. J
Cell Biochem. 2019;120(6):10021-30.

Meng L, Zheng Y, Liu S, JuY,Ren S, Sang Y, Zhu Y, Gu L, Liu F, Zhao Y,

et al. ZEB1 represses biogenesis of circ-DOCKS to facilitate metastasis in
esophageal squamous cell carcinoma via a positive feedback loop with
TGF-beta. Cancer Lett. 2021;519:117-29.

Wang J, Wang Q, Gong Y, Hu Q, Zhang H, Ke S, Chen Y. Knockdown of
circRNA circ_0087378 Represses the Tumorigenesis and Progression of
Esophageal Squamous Cell Carcinoma Through Modulating the miR-
140-3p/E2F3 Axis. Front Oncol. 2020;10:607231.

Chen X, Jiang J, Zhao Y, Wang X, Zhang C, Zhuan L, Zhang D, Zheng

Y. Circular RNA circNTRK2 facilitates the progression of esophageal
squamous cell carcinoma through up-regulating NRIP1 expression via
miR-140-3p. J Exp Clin Cancer Res. 2020;39(1):133.

Liu S, Lin Z, Rao W, Zheng J, Xie Q, Lin Y, Lin X, Chen H, ChenY, Hu Z.
Upregulated expression of serum exosomal hsa_circ_0026611 is associ-
ated with lymph node metastasis and poor prognosis of esophageal
squamous cell carcinoma. J Cancer. 2021;12(3):918-26.

Cao S, Chen G, Yan L, Li L, Huang X. Contribution of dysregulated cir-
cRNA_100876 to proliferation and metastasis of esophageal squamous
cell carcinoma. Onco Targets Ther. 2018;11:7385-94.

Li X, Song L, Wang B, Tao C, Shi L, Xu M. Circ0120816 acts as an onco-
gene of esophageal squamous cell carcinoma by inhibiting miR-1305
and releasing TXNRD1. Cancer Cell Int. 2020;20(1):526.

Meng L, Liu S, Ding P, Chang S, Sang M. Circular RNA ciRS-7 inhibits
autophagy of ESCC cells by functioning as miR-1299 sponge to target
EGFR signaling. J Cell Biochem. 2020;121(2):1039-49.

Wu'S, Zhu C, Tang D, Dou QP, Shen J, Chen X. The role of ferroptosis in
lung cancer. Biomark Res. 2021;9(1):82.

Yao W, Wang J, Meng F, Zhu Z, Jia X, Xu L, Zhang Q, Wei L. Circular RNA
CircPVT1 Inhibits 5-Fluorouracil Chemosensitivity by Regulating Ferrop-
tosis Through MiR-30a-5p/FZD3 Axis in Esophageal Cancer Cells. Front
Oncol. 2021;11:780938-780938.

Gong W, Xu J,Wang Y, Min Q, Chen X, Zhang W, Chen J, Zhan Q. Nuclear
genome-derived circular RNA circPUM1 localizes in mitochondria and
regulates oxidative phosphorylation in esophageal squamous cell carci-
noma. Signal Transduct Target Ther. 2022;7(1):40.

Takaki W, Konishi H, Shoda K, Arita T, Kataoka S, Shibamoto J, Furuke H,
Takabatake K, Shimizu H, Komatsu S, et al. Significance of Circular FAT1
as a Prognostic Factor and Tumor Suppressor for Esophageal Squamous
Cell Carcinoma. Ann Surg Oncol. 2021;28(13):8508-18.

Xia L, Liang W, Que D, Xie Q. Correlation Analysis of circRNA
Circ_0071662 in Diagnosis and Prognosis of Esophageal Squamous Cell
Carcinoma. Int J Gen Med. 2021;14:10423-8.



Ju et al. Biomarker Research

74.

75.

76.

77.

78.

79.

80.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91

92.

(2022) 10:41

Zhang Y, Wang Q, Zhu D, Rong J, Shi W, Cao X. Up-regulation of
circ-SMAD? inhibits tumor proliferation and migration in esophageal
squamous cell carcinoma. Biomed Pharmacother. 2019;111:596-601.
Zhu H, Du F, Cao C. Restoration of circPSMC3 sensitizes gefitinib-
resistant esophageal squamous cell carcinoma cells to gefitinib by
regulating miR-10a-5p/PTEN axis. Cell Biol Int. 2021;45(1):107-16.

Liu Z, Gu S,Wu K, Li L, Dong C, Wang W, Zhou Y. CircRNA-DOPEY2
enhances the chemosensitivity of esophageal cancer cells by
inhibiting CPEB4-mediated Mcl-1 translation. J Exp Clin Cancer Res.
2021;40(1):361.

Liang Y, Mao Q Wang L, Xia W, Chen B, Wang H, Li R, Xu L, Jiang F, Dong
G. CircIMMP2L promotes esophageal squamous cell carcinoma malig-
nant progression via CtBP1 nuclear retention dependent epigenetic
modification. Clin Transl Med. 2021;11(9): e519.

Liu Z, Lu X, Wen L, You C, Jin X. Liu JJA-CD: Hsa_circ_0014879 regulates
the radiosensitivity of esophageal squamous cell carcinoma through
miR-519-3p/CDC25A axis. Anticancer Drugs. 2022;33(1):e349-61.
Zhang DM, Li CS, Cheng NT, Sun LA, Zhou XF, Pan GF, Zhao JP. Cir-
cAGFGT1 acts as a sponge of miR-4306 to stimulate esophageal cancer
progression by modulating MAPRE2 expression. Acta Histochem.
2021;123(7):151776.

Qu F,Wang L, Wang C, Yu L, Zhao K, Zhong H. Circular RNA
circ_0006168 enhances Taxol resistance in esophageal squamous cell
carcinoma by regulating miR-194-5p/JMJD1C axis. Cancer Cell Int.
2021,21(1):273.

HuangY, Jiang L, Wei G. Circ_0006168 Promotes the Migration, Inva-
sion and Proliferation of Esophageal Squamous Cell Carcinoma Cells
via miR-516b-5p-Dependent Regulation of XBP1. Onco Targets Ther.
2021;14:2475-88.

Xie ZF, Li HT, Xie SH, Ma M. Circular RNA hsa_circ_0006168 contributes
to cell proliferation, migration and invasion in esophageal cancer by
regulating miR-384/RBBP7 axis via activation of S6K/S6 pathway. Eur
Rev Med Pharmacol Sci. 2020;24(1):151-63.

ShiY, Guo Z,Fang N, Jiang W, Fan Y, He Y, Ma Z, Chen Y. hsa_
circ_0006168 sponges miR-100 and regulates mTOR to promote the
proliferation, migration and invasion of esophageal squamous cell
carcinoma. Biomed Pharmacother. 2019;117:109151.

Zhang Y, Tang Q, Huang XM, Liao DZ. Circular RNA circCNOT6L
regulates cell development through modulating miR-384/FN1 axis

in esophageal squamous cell carcinoma. Eur Rev Med Pharmacol Sci.
2020;24(7):3674-85.

Fang N, ShiY, FanY, Long T, Shu Y, Zhou J. Circ_0072088 Promotes Pro-
liferation, Migration, and Invasion of Esophageal Squamous Cell Cancer
by Absorbing miR-377. J Oncol. 2020;2020:8967126.

Huang E, Fu J,Yu Q, Xie P, Yang Z, JiH, Wang L, Luo G, Zhang Y, Li K.
CircRNA hsa_circ_0004771 promotes esophageal squamous cell
cancer progression via miR-339-5p/CDC25A axis. Epigenomics-Uk.
2020;12(7):587-603.

Zhou SF, Guo ZZ, Zhou CF, Zhang Y, Wang S. circ_NRIP1 is oncogenic
in malignant development of esophageal squamous cell carcinoma
(ESCC) via miR-595/SEMA4D axis and PI3K/AKT pathway. Cancer Cell
Int. 2021;21(1):1-14.

Zhang WQ, Liu KQ, Pei YX, Tan J, Ma JB, Zhao J. Circ-ABCB10 promotes
proliferation and invasion of esophageal squamous cell carcinoma
cells by modulating microRNA-670-3p. Eur Rev Med Pharmacol Sci.
2020;24(11):6088-96.

Rong J,Wang Q, Zhang Y, Zhu D, Sun H, Tang W, Wang R, Shi W, Cao
XF. Circ-DLG1 promotes the proliferation of esophageal squamous cell
carcinoma. Onco Targets Ther. 2018;11:6723-30.

Hu X, Wu D, He X, Zhao H, He Z, Lin J, Wang K, Wang W, Pan Z, Lin H,
et al. circGSK3beta promotes metastasis in esophageal squamous

cell carcinoma by augmenting beta-catenin signaling. Mol Cancer.
2019;18(1):160.

Zeng B, Liu ZG, Zhu HS, Zhang X, Yang WX, Li XX, Cheng C. Cir-
cRNA_2646 functions as a ceRNA to promote progression of esopha-
geal squamous cell carcinoma via inhibiting miR-124/PLP2 signaling
pathway. Cell Death Discovery. 2021;7(1):1-13.

Liu ZH, Yang SZ, Li WY, Dong SY, Zhou SY, Xu S. CircRNA_141539 can
serve as an oncogenic factor in esophageal squamous cell carci-
noma by sponging miR-4469 and activating CDK3 gene. Aging-Us.
2021;13(8):12179-93.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

108.

109.

Page 17 of 18

Wang Q, Zhang Q, Sun H, Tang W, Yang L, Xu Z, Liu Z, Jin H, Cao X. Circ-
TTC17 Promotes Proliferation and Migration of Esophageal Squamous
Cell Carcinoma. Dig Dis Sci. 2019;64(3):751-8.

Zhang H, Ju L, Hu P, Ye J, Yang C, Huang J. Circular RNA 0014715 Facili-
tates Cell Proliferation and Inhibits Apoptosis in Esophageal Squamous
Cell Carcinoma. Cancer Manag Res. 2021;13:4735-49.

Cheng HZ, Jiang W, Song ZJ, LiT, Li YL, Zhang LB, Wang GP. Circular RNA
circLPAR3 Facilitates Esophageal Squamous Cell Carcinoma Progression
Through Upregulating HMGB1 via Sponging miR-375/miR-433. Onco
Targets Ther. 2020;13:7759-71.

Wang J, Zhu W, Tao G, Wang W. Circular RNA circ-LRP6 facilitates Myc-
driven tumorigenesis in esophageal squamous cell cancer. Bioengi-
neered. 2020;11(1):932-8.

Sang MX, Meng LJ, Sang Y, Liu SN, Ding PA, Ju YC, Liu F, Gu LN, Lian VS, Li
J, etal. Circular RNA ciRS-7 accelerates ESCC progression through acting
as a miR-876-5p sponge to enhance MAGE-A family expression. Cancer
Lett. 2018;426:37-46.

Meng L, Liu S, Ding P, Chang S. Sang MJJocb: Circular RNA ciRS-7
inhibits autophagy of ESCC cells by functioning as miR-1299 sponge to
target EGFR signaling. J Cell Biochem. 2020;121(2):1039-49.

Huang H, Wei L, Qin T, Yang N, Li Z, Xu ZJCB. Circular RNA ciRS-7 triggers
the migration and invasion of esophageal squamous cell carcinoma via
miR-7/KLF4 and NF-kB signals. Cancer Biol Ther. 2019;20(1):73-80.

LiRC, Ke S, Meng FK, Lu J, Zou XJ, He ZG, Wang WF, Fang MH. CiRS-7
promotes growth and metastasis of esophageal squamous cell carci-
noma via regulation of miR-7/HOXB13. Cell Death Dis. 2018;9(8):838.
Zhou PL, Wu Z, Zhang W, Xu M, Ren J, Zhang Q, Sun Z, Han X. Circular
RNA hsa_circ_0000277 sequesters miR-4766-5p to upregulate LAMA1
and promote esophageal carcinoma progression. Cell Death Dis.
2021;12(7):676.

Xu Z,Tie X, LiN,Yi Z, Shen F. Zhang YJII: Circular RNA hsa_circ_0000654
promotes esophageal squamous cell carcinoma progression

by regulating the miR-149-5p/IL-6/STAT3 pathway. [lUBMB Life.
2020;72(3):426-39.

Fang J, JiWH, Wang FZ, Xie TM, Wang L, Fu ZF, Wang Z, Yan FQ, Shen QL,
Ye ZM. Circular RNA hsa_circ_0000700 promotes cell proliferation and
migration in Esophageal Squamous Cell Carcinoma by sponging miR-
1229.J Cancer. 2021;12(9):2610-23.

Wang Q, Yang L, Fan Y, Tang W, Sun H, Xu Z, Zhou J, Zhang Y, Zhu B,

Cao X. Circ-ZDHHC5 Accelerates Esophageal Squamous Cell Carci-
noma Progression in vitro via miR-217/ZEB1 Axis. Front Cell Dev Biol.
2020;8:570305.

Zhang Z, Li X, Xiong F, Ren Z, Han Y. Hsa_circ_0012563 promotes
migration and invasion of esophageal squamous cell carcinoma by
regulating XRCC1/EMT pathway. J Clin Lab Anal. 2020;34(8):e23308.
Zheng B, Wu ZG, Xue ST, Chen H, Zhang SL, Zeng TD, Xu GB, Wu WD,
Zheng W, Chen C. hsa_circRNA_100873 upregulation is associated
with increased lymphatic metastasis of esophageal squamous cell
carcinoma. Oncol Lett. 2019;18(6):6836-44.

Zhang Y, Yuan X, Yue N, Wang L, Liu J, Dai N, Yang H, Fan R, Zhou F. Cor-
rection for: hsa_circRNA6448-14 promotes carcinogenesis in esopha-
geal squamous cell carcinoma. Aging (Albany NY). 2020;12(18):18790.
Lu QJ, Wang XY, Zhu J, Fei X, Chen HZ, Li CG. Hypoxic Tumor-Derived
Exosomal Circ0048117 Facilitates M2 Macrophage Polarization Acting
as miR-140 Sponge in Esophageal Squamous Cell Carcinoma. Onco
Targets Ther. 2020;13:11883-97.

Hou Y, Liu H, Pan WD. Knockdown of circ_0003340 induces cell
apoptosis, inhibits invasion and proliferation through miR-564/TPX2 in
esophageal cancer cells. Exp Cell Res. 2020;394(2):112142.

WuY, Zhi L, ZhaoY, Yang L, Cai FJC, Pharmacology E. Knockdown of
circular RNA UBAP2 inhibits the malignant behaviours of esophageal
squamous cell carcinoma by microRNA-422a/Rab10 axis. Clin Exp
Pharmacol Physiol. 2020;47(7):1283-90.

Song H, Xu D, Shi P He B, Li Z, Ji Y, Agbeko CK, Wang J. Upregulated

circ RNA hsa_circ_0000337 promotes cell proliferation, migration, and
invasion of esophageal squamous cell carcinoma. Cancer Manag Res.
2019;11:1997-2006.

Zang R, Qiu X, Song Y, Wang Y. Exosomes Mediated Transfer of
Circ_0000337 Contributes to Cisplatin (CDDP) Resistance of Esopha-
geal Cancer by Regulating JAK2 via miR-377-3p. Front Cell Dev Biol.
2021,9:673237.



Ju et al. Biomarker Research

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

124.

125.

126.

127.

129.

130.

132.

(2022) 10:41

Zhou S, Guo Z, Lv X, Zhang X. CircGOT1 promotes cell proliferation,
mobility, and glycolysis-mediated cisplatin resistance via inhibiting

its host gene GOT1 in esophageal squamous cell cancer. Cell Cycle.
2022,21(3):247-60.

Tang R, Zhou Q, Xu Q, Lu L, Zhou Y. Circular RNA circ_0006948 Promotes
Esophageal Squamous Cell Carcinoma Progression by Regulating
microRNA-3612/LASP1 Axis. Dig Dis Sci. 2021;67:2158-72.

Pan Z, Lin J, Wu D, He X, Wang W, Hu X, Zhang L, Wang M. Cor-

rection for: Hsa_circ_0006948 enhances cancer progression and
epithelial-mesenchymal transition through the miR-490-3p/HMGA2
axis in esophageal squamous cell carcinoma. Aging (Albany NY).
2020;12(4):4041-4.

LiT, Li S. Circ_0023984 Facilitates Esophageal Squamous Cell Carci-
noma Progression by Regulating miR-433-3p/REV3L Axis. Dig Dis Sci.
2022,67(3):892-903.

Ma L, LiH, Lin Y, Wang G, Xu Q, Chen Y, Xiao K, Rao X. CircDUSP16 Con-
tributes to Cell Development in Esophageal Squamous Cell Carcinoma
by Regulating miR-497-5p/TKTL1 Axis. J Surg Res. 2021,260:64-75.

Liu J, Xue N, Guo Y, Niu K, Gao L, Zhang S, Gu H, Wang X, Zhao D, Fan R.
CircRNA_100367 regulated the radiation sensitivity of esophageal squa-
mous cell carcinomas through miR-217/Wnt3 pathway. Aging (Albany
NY).2019;11(24):12412-27.

Qian CJ, Tong YY, Wang YC, Teng XS, Yao J. Circ_0001093 promotes glu-
tamine metabolism and cancer progression of esophageal squamous
cell carcinoma by targeting miR-579-3p/glutaminase axis. J Bioenerg
Biomembr. 2022;54(2):119-34.

Guo S,Wang G, Zhao Z, Li D, Song Y, Zhan Q. Deregulated expression
and subcellular localization of CPSF6, a circRNA-binding protein, pro-
mote malignant development of esophageal squamous cell carcinoma.
Chin J Cancer Res. 2022;34(1):11-27.

Chang N, Ge N, Zhao Y, Yang L, Qin W, Cui Y. Hsa_circ_0007142 contrib-
utes to cisplatin resistance in esophageal squamous cell carcinoma via
miR-494-3p/LASP1 axis. J Clin Lab Anal. 2022;36(5):e24304.

Guan X, Guan X, WangY, Lan T, Cheng T, Cui Y, Xu H. Circ_0003340
downregulation mitigates esophageal squamous cell carcinoma
progression by targeting miR-940/PRKAAT axis. Thoracic Cancer.
2022;13(8):1164-75.

Zhang B, ChuW, Li Z, Zhang Y, Zhen Q, Lv B, Liu J, Lu C, Zhao X. Circ-ATIC
Serves as a Sponge of miR-326 to Accelerate Esophageal Squamous Cell
Carcinoma Progression by Targeting ID1. Biochem Genet. 2022. https://
doi.org/10.1007/510528-021-10167-3.

Cheng J, Zhang R, Yan M, LiY. Circular RNA hsa_circ_0000277 promotes
tumor progression and DDP resistance in esophageal squamous cell
carcinoma. BMC Cancer. 2022;22(1):238.

Chen Q, Hou J, Wu Z, Zhao J. Ma: miR-145 Regulates the sensitivity of
esophageal squamous cell carcinoma cells to 5-FU via targeting REV3L.
Pathol Res Pract. 2019;215(7):152427.

Wang Q, Liu H, Liu Z, Yang L, Zhou J, Cao X, Sun H. Circ-SLC7A5, a
potential prognostic circulating biomarker for detection of ESCC. Can-
cer Genet. 2020;240:33-9.

Fan L, Cao Q Liu J, Zhang J, Li B. Circular RNA profiling and its potential
for esophageal squamous cell cancer diagnosis and prognosis. Mol
Cancer. 2019;18(1):16.

Frazier KS. Antisense oligonucleotide therapies: the promise and the
challenges from a toxicologic pathologist’s perspective. Toxicol Pathol.
2015;43(1):78-89.

Piwecka M, Glazar P, Hernandez-Miranda LR, Memczak S, Wolf SA,
Rybak-Wolf A, Filipchyk A, Klironomos F, Cerda Jara CA, Fenske P, et al.
Loss of a mammalian circular RNA locus causes miRNA deregulation
and affects brain function. Science. 2017;357(6357):eaam8526.

Santer L, Bar C, Thum T. Circular RNAs: A Novel Class of Func-

tional RNA Molecules with a Therapeutic Perspective. Mol Ther.
2019;27(8):1350-63.

Wang Z, Ma K, Cheng Y, Abraham JM, Liu X, Ke X, Wang Z, Meltzer SJ.
Synthetic circular multi-miR sponge simultaneously inhibits miR-21 and
miR-93 in esophageal carcinoma. Lab Invest. 2019;99(10):1442-53.

Liu CX, Chen LL. Circular RNAs: Characterization, cellular roles, and
applications. Cell. 2022,50092-8674(22):00468-8.

Page 18 of 18

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions



https://doi.org/10.1007/s10528-021-10167-3
https://doi.org/10.1007/s10528-021-10167-3

	Current advances and future perspectives on the functional roles and clinical implications of circular RNAs in esophageal squamous cell carcinoma: more influential than expected
	Abstract 
	Introduction
	Biogenesis of circRNAs
	Functions of circRNAs
	Serving as miRNA sponge
	Regulation of gene transcription
	Translation into proteins
	CircRNAs bind and sequester proteins
	Public database for circRNAs research
	CircRNAs in ESCC
	Dysregulated expression of circRNA in ESCC
	CircRNAs mediate cancer cell proliferation
	CircRNAs involve in invasion and metastasis
	CircRNAs regulate cell death
	CircRNAs intervene in radioresistance and drug resistance
	CircRNAs as diagnostic and prognostic biomarkers in ESCC
	CircRNAs as therapeutic tools in ESCC

	Conclusions and perspectives
	Acknowledgements
	References


