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Abstract: Bladder cancer (BCa) is the 10th most prevalent malignancy worldwide and remains
a crucial cause of cancer-related morbidity and mortality. Circular RNAs (circRNAs), a large
class of endogenous non-coding RNAs, contain unique covalent closed structures and their
biogenesis and turnover are regulated by multiple factors. Recently, multiple circRNAs have
been found to serve as important factors in several biological processes such as tumorigenesis.
An increasing amount of research discovered that cirtcRNAs are dysregulated in multiple cancer
tissues compared with matched normal tissues, especially in BCa, indicating that circRNAs can
act as biomarkers for the diagnosis and prognosis of BCa. In this review, we focus on the
biogenesis, properties, turnover, and functions of circRNAs, summarizing their potential func-
tions and clinical implications in BCa.
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Background

Bladder cancer (BCa) has become the 10th most prevalent malignancy worldwide.
It is considered that nearly 549,000 new BCa patients and 200,000 related deaths
were reported in 2018, worldwide.! In recent years, treatment of BCa has come
a long way. Apart from traditional surgery, radiotherapy, and chemotherapy, immu-
notherapy has also been used for the treatment of BCa patients.” However, the
morbidity and mortality of BCa patients remain high and BCa remains a crucial
cause of cancer-related morbidity and mortality worldwide.

An increasing amount of research indicates that plentiful non-coding RNAs
(such as microRNAs and long non-coding RNAs) are linked to the carcinogenesis
of BCa.*> Recently, several studies have aimed to investigate the expression profile
and functions of circular RNAs (circRNAs) in BCa.®’

CircRNAs are a large class of non-coding RNAs that have unique covalent loop
structures. They were first discovered as naturally occurring in plant viroids in
1976.% A few years later, circRNAs were also found in the cytoplasm of eukaryotic
cells. Nonetheless, researchers found the expression of circRNAs to be extremely
low, suggesting that they were the byproducts of aberrant splicing events’ and were
short of biological functions. Recently, with the development of high-throughput
RNA sequencing technologies (RNA-seq) and unique prediction techniques, tens of
thousands of circRNAs have been detected in different species.'”

CircRNAs are covalently closed circular molecules without 5'-cap and 3'-poly
(A) structures'' that generally accumulate in the cytoplasm.'* As a result of the lack
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of a free terminus, they are inherently resistant to exonu-
clease degradation, which majorly recognizes the 5" and 3’
termini. Several studies have indicated that circRNAs may
instead be eliminated via RNase L upon viral infection'?
or via extracellular vesicle release.'*'> Most circRNAs are
encoded by known protein-coding genes'® and contain one
or more exons.'’ However, some circRNAs contain both
intronic and exonic sequences (known as ElcircRNAs) and
some of them originate from intronic sequences alone
(known as ciRNAs).'®!°

To this day, there is evidence to suggest that circRNAs
could potentially have important roles in the occurrence and
development of several human diseases, including cancer.?’
Because of their stability and tissue specificity, an increas-
ing number of circRNAs have been confirmed as diagnostic
and prognostic biomarkers for a variety of diseases.?'* In
particular, circRNAs are specially significant in the process
of tumorigenesis, invasion, and metastasis.”> Therefore,
circRNAs could potentially act as diagnostic and therapeu-
tic biomarkers of BCa.

In this review, we describe recent research regarding the
biogenesis and function of circRNAs in BCa and their
potential in the diagnosis, prognosis, and treatment of BCa.

Biogenesis of circRNAs

In all eukaryotes, removal of introns and connecting exons
is a major part of the RNA splicing process, which converts
the intron-containing precursor mRNAs (pre-mRNAs) into
mRNAs, which lack any introns. Most eukaryotic circular
RNAs are generated from pre-mRNAs. Nevertheless, the
specific mechanism of circRNA biosynthesis is still unclear.

In a previous study, treatment of HeLa cells with iso-
ginkgetin (a type of splice inhibitor) led to a significant
reduction in both back-splicing and canonical splicing,
indicating that circRNA biogenesis was linked with the
canonical splicing machinery.”* Another research revealed
that the production of circular RNAs increased following
inhibition of the spliceosome, suggesting that inhibition or
slowing of canonical splicing events would accelerate
back-splicing events.”> Li et al found that the opportunity
for back-splicing events would be increased by exon-
definition complexes on long exons, indicating circRNA
was an outgrowth of the spliceosome-mediated splicing
event in eukaryotes.?

Because of the lack of 5'-cap and 3'-poly(A) structures,
RNA circularization normally involves a back-splicing pro-
cess, wherein the 3’ downstream splice donor (SD) is con-
nected to the 5’ upstream splice acceptor (SA).?” There are

two widely accepted mechanisms that can explain the back-
splicing process, known as lariat-driven circularization and
intron pairing-driven circularization.'? In the former model,
circularization usually happens in exon-skipping events*®
and needs the downstream SD to attach to the upstream SA
covalently to form a lariat which also contains the skipped
exons.”’ If the back-splicing event takes place in the lariat
before this lariat is disintegrated, a steady and covalent
circRNA including the skipped exons will be produced.'?
If the lariat possesses only one exon, the downstream SD of
the exon attaches to its own upstream SA through
a transesterification reaction, resulting in a circular RNA
containing one exon without introns.®® If the lariat pos-
sesses multiple exons, the end of the last exon ligates to
the start of the first exon through a transesterification reac-
tion and thus intervening introns would be preserved, which
results in an ElcircRNA. The EIciRNA can be further
spliced by the spliceosome, leading to a circRNA contain-
ing several exons but no intervening introns.>’ In another
model, circularization is normally independent of exon-
skipping events. The flanking introns are paired based on
complementary sequences, which brings exons close and
circularizes them (Figure 1).'2

In a conventional colinear splicing reaction, intronic
lariats are degraded by debranching enzymes inside the
nucleus immediately. In some cases, intronic lariats can
resist 2'—5' debranching enzymes and generate stable
covalent circular structures called intronic circRNAs."”
The covalent circular structure of ciRNAs depends on
a 7 nucleotides (nts) long GU-rich sequence near the
splice site and another 11 nts C-rich sequence close to
the branchpoint.'” During the back-splicing event, the
two sequences first connect with each other to form
a loop structure, the exonic and intronic segments in the
connecting portion are removed by the spliceosome and
the rest of introns bind together to generate a ciRNA
(Figure 2).

The biogenesis of circRNA is regulated by a number of
parameters and factors such as intronic sequences, enzymes,
and protein factors.*® CircRNA biogenesis is not regulated
by specific exonic sequences.’’ However, exons with long
sequences are more likely to generate a circRNA than short
exonic sequences.”® CircRNA biosynthesis relies on the
flanking introns of exons, making circRNA biogenesis
dynamic.'” Tt has been confirmed that complementary repe-
titive sequences in the flanking intronic sequences of exons
can bring the 3’ SD closer to the 5’ SA, such as in the
production of mouse Sry circRNA.*? Flanking introns of
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Figure | The biogenesis of circRNAs. (a) lariat-driven circularization: circularization usually happens in exon-skipping events. The 3’ downstream splice donor is connected
to the 5’ upstream splice acceptor and forms a circRNA (ElcircRNA) including the skipped exons. The EIciRNA can be further spliced by the spliceosome, leading to
a circRNA containing several exons but no intervening introns; (b) the intron pairing-driven circularization: exon-skipping events are not required. The flanking introns are
paired based on complementary sequences, which promotes 3’ downstream splice donor connecting to the 5’ upstream splice acceptor and further forming a circRNA.

circularized exons can bring back-splice sites close to
each other and further catalyze exon -circularization,
especially repetitive complementary sequences (such as Alu
elements'”) and other nonrepetitive but complementary
sequences.'” About 90% of circRNAs seem to have comple-
mentary sequences in the flanking intronic sequences®® and
their flanking introns are five times longer than common
introns, which lead to more opportunities to catalyze exon
circularization. Nevertheless, not all intronic complementary
repetitive sequences can accelerate circRNA biogenesis.

Some kinds of intronic base-pairing can inhibit exon
circularization.”® Additionally, the efficiency of circRNA
biogenesis may be affected by intronic base-pairing competi-
tion if several complementary sequences exist in one single
gene."’

RNA-binding proteins (RBPs) are regulated factors
which can connect with specific sequences in the
flanking intronic sequences to facilitate or inhibit circRNA
biosynthesis.34 Muscleblind (MBL/MBNLI1) is a conserved
RNA-binding protein which can participate in alternative
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Figure 2 The biogenesis of ciRNAs. The covalent circular structure of ciRNAs depends on a 7-nucleotides-long GU-rich sequence near the splice site and another | |-
nucleotides-long C-rich sequence close to the branchpoint. The two sequences first connect with each other to form a loop structure, the 3’ tail of the RNA lariat is

removed and the rest of introns bind together to generate a ciRNA.

splicing, maintain mRNA stability and regulate circRNA
biosynthesis in muscles.”'~> It contains four zinc fingers
that bind strongly and specifically to conserved MBL bind-

ing sites.>>>® Muscleblind has a strong link with circMbl

which originates from its own second exon and the produc-
of  which
overexpression.”! However, according to a recent study,

tion increases  following  muscleblind

contrary to previous expectations, downregulation of
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circRNAs was not seen in DM1 cells, thereby questioning
the role of MBNLs in being significant factors in circRNA
biogenesis.”’

QKI is another RBP which dynamically modulates the
biogenesis of circRNA and facilitates the expression of
circRNAs in epithelial-mesenchymal transition (EMT).>*
QKI has been found to take part in multiple biological
processes such as RNA splicing and translation.*® The
addition of QKI motifs is beneficial to the biogenesis of
circRNA compared to conventional linearly spliced tran-
scripts. This discovery shows that circular RNAs are both
purposefully generated and modulated by specific mechan-
isms, indicating that they may function as significant roles
during EMT.**

ADAR, an RNA-editing factor, binds double-stranded
RNA (dsRNA) and protects the immune system by con-
verting adenosines to inosines.>® Ivanov et al demonstrated
that ADAR antagonized the interaction between reverse
complementary sequences in the flanking introns which
catalyzed circRNA generation, suggesting that ADAR
might negatively regulate circRNA generation that is
dependent on base pairing between reverse complementary
sequences.”’

Moreover, other factors (such as HNRNPL,* FUS,*
and RBM20*") have been verified to function in the reg-
ulation of circRNA biogenesis. As research progresses
more and more factors will be identified as taking part in
the regulation of RNA circularization.

In conclusion, the specific mechanisms of circRNA
biogenesis and regulation are still elusive. Further research
is warranted to acquire a deeper insight of the circRNA
biogenesis.

Turnover of circRNAs
CircRNAs are covalently circular structures that are mostly
resistant to RNase R. Because of the lack of 5'-cap and 3'-
poly(A) structures, circRNAs are more stable than linear
RNAs. Thus, most of the circRNAs cannot be degraded by
traditional RNA degradation mechanisms (Figure 3).
Previous research revealed that ciRS-7 (also called
CDR1as) can be bound by miR-671 through its miRNA bind-
ing sites and is subsequently cleaved by protein Argonaute 2
(AGO2).** This supports the hypothesis that AGO2 might
serve as an important factor by which cells cleave circRNAs.
However, numerous circRNAs have been shown to not have
miRNA binding sites and thus they could not be cleaved by
AGO2, which suggests that AGO2-mediated cleavage is likely
the turnover mechanism of only a small fraction of circRNAs.

A recent study showed that GW182, a conserved factor,
participates in circRNA degradation,® but further research is
needed to confirm this mechanism. Another study found that
circRNAs with N®-methyladenosine (m°A) can be degraded
by endoribonucleolytic cleavage via the YTHDF2-HRSP12-
RNase-P/MRP pathway.** m°A is a widespread internal mod-
ification of circRNAs,*” indicating that the YTHDF2-HRSP12
-RNase-P/MRP pathway is probably a primary mechanism of
circRNA turnover. Additionally, several studies have shown
circRNAs to be enriched in extracellular vesicles,'*'> suggest-
ing that extracellular vesicles release might be a mechanism of
circRNA turnover. However, whether extracellular vesicles
release results in a significant decrease in the levels of endo-
genous expression of circular RNAs remains to be answered.
Interestingly, given that some circRNAs maintain their circular
structures in extracellular vesicles'* and extracellular vesicles
can be absorbed by other cells,'” release of circRNAs may also
have a function in cell to cell communication.

Although research has begun to elucidate the mechan-
isms of circRNA turnover there are still many unanswered
questions, including whether the release of circRNAs from
extracellular vesicles is an effective mechanism of
circRNA degradation. Therefore, more studies are war-
ranted to help obtain a deeper and better understanding
of circRNA turnover.

Function of circRNAs

Although circRNAs were thought to be the byproducts of
aberrant splicing events and thus are short of biological
functions, recent research has shown that circRNAs might
have some biological functions. Nevertheless, only a tiny
fraction of circRNAs have verified paly significant roles in
biological processes (Figure 4), with the major biological
function of circRNAs being a miRNA sponge.***’ In
addition, some studies found that circRNAs can associate
with proteins and subsequently directly influence protein
function by acting as protein sponges or performing other
functions.**>° Moreover, a few circRNAs can act as
mRNAs and guide protein synthesis via cap-independent
translation.’'>* The major functions of circRNA are dis-
cussed below.

Acting as miRNA Sponges

The major biological function of circRNAs involves their
role in acting as miRNA sponges. Highly abundant
circRNAs with abundant miRNA response elements are
more likely to bind miRNAs and compete with endogen-
ous RNA function.?*
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Figure 3 Turnover of circRNAs. (a) CircRNAs can be cleaved by extracellular vesicles. (b) CircRNAs with N®-methyladenosine (m®A) can be cleaved by endoribonucleolytic
cleavage via the YTHDF2-HRSP12-RNase-P/MRP pathway. (c) CircRNAs can be bound by microRNAs (miRNAs) through miRNA binding sites and subsequently cleaved by

protein agonaute 2 (AGO?2).

ciRS-7, the most well-characterized circRNA, contains
over 70 miR-7 binding sites and is abundant and highly
conserved in many tissues, especially in neuronal tissues.*®
The expression of ciRS-7 negatively regulates the miR-7
expression and subsequently accelerates the miR-7-tar-
geted transcripts, indicating that ciRS-7 competitively
binds miR-7 to its miR-7 binding sites and regulates
gene expression through its miRNA sponge function.*®
In the mouse brain, ciRS-7 has been found to be highly
expressed, suggesting it is likely involved in neuronal

function and differentiation.>* In the mouse, knock-out of

ciRS-7 leads to a behavioral phenotype characterized by
neuropsychiatric disorders and also leads to a reduction in
miR-7 expression.>*

Many other circRNAs can also serve as RNA sponges.
The circular RNA ¢cSMARCAS may competitively bind to
miR-17-3p and miR-181b-5p to facilitate TIMP3 expres-
sion, a type of tumor inhibitor.*” cSMARCAS is found to
be downregulated in HCC cells and is negatively asso-
ciated with cell invasion and metastasis. Moreover, the
expression level of ¢SMARCAS could function as
a crucial factor for evaluating the patients’ overall survival
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Figure 4 Potential functions of circRNAs. (a) microRNA sponge function: circRNAs can act as microRNA sponges and suppress the effects of microRNAs on target
mRNAEs; (b) protein sponge function: circRNAs with RBP binding sites can act as protein sponges and inhibit normal functions of associated proteins; (c) protein scaffold
function: circRNAs can act as protein scaffolds and promote the colocalization of enzymes and their substrates. For example, circ-Foxo3 can act as a protein scaffold to bind
p53 and MDM2, promote the combination of p53 and MDM2, and accelerate p53 degradation; (d) mRNA function: circRNAs with IRESs or m®A methylation can be

translated to peptides.

after hepatectomy. Circ-ITCH is found to inhibit BCa cell
progression by sponging miR-17 and miR-224 and subse-
quently promoting p21 and PTEN gene expression.’

However, several studies have shown that most of the
circRNAs rarely contain abundant miRNA binding sites,
indicating that they may not regulate miRNA expression
by functioning as miRNA sponges.'®

Interaction with Proteins

CircRNAs can interact with proteins and subsequently
influence protein function. CircMbl originates from the
exon of the gene that encodes muscleblind and was the
first circRNA to be found to act as protein sponge.®' The
intronic sequences flanking circMbl have multiple putative
MBL binding sites. These binding sites indicate that some
MBLs might facilitate the circularization of circMbl from
the second exon of MBL gene.*' Consequently, it has been
suggested that there is a sophisticated autoregulatory loop
between MBL and circMbl. Overexpression of MBL can

reduce the production of its linear mRNA by promoting
circRNA production and then this circRNA promotes
expression of its own mRNA by binding to MBL.
Circ-Foxo3 is another well-characterized circRNA
molecule that can serve as a protein scaffold. Levels of circ-
Foxo3 have been shown to be increased in the heart tissue of
aged patients and decreased in several cancer tissues,*s >’
suggesting circ-Foxo3 might play a significant role in apop-
tosis. The murine double minute 2 protein (MDM?2) is an
important protein in the inhibition of apoptosis. MDM2 can
bind both p53 and Foxo3, facilitate ubiquitination of p53
and Foxo3, and promote their degradation.>® Circ-Foxo3
can act as a protein scaffold to bind p53 and MDM2,
promote the combination of p53 and MDM2, and accelerate
p53 degradation. However, Foxo3, another MDM?2 target
protein, can avoid this degradation, which can lead to the
induction of Foxo3’s downstream molecule Puma which

55

facilitates apoptosis.”> Furthermore, circ-Foxo3 might

associate with CDK2 and p21, and upregulate the formation
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of circ-Fox03-p21-CDK2 ternary complex which blocks
the cell cycle transition from G1 to S phase.”® In mamma-
lian heart tissue, increased circ-Foxo3 facilitates cardiac
senescence by associating with ID1 and E2F1 which parti-
cipate in cell senescence, and FAK and HIF1a which parti-
cipate in the stress response.*®

Circ-Dnmtl, circ-Cenbl, and circACCI are all thought
to play important roles in tumor progression.’'>*>” Circ-
Dnmt1 can upregulate the nuclear translocation of p53 and
Aufl by associating with them, and this induces cellular
autophagy, restrains cellular senescence, and promotes cell
proliferation.”® Circ-Cenbl can associate with both Cyclin
B1 (Cenbl) and Cyclin-dependent kinase 1 (Cdkl) and
form a circ-Cenbl-Cenbl-Cdkl complex. This complex
inhibits the function of Cenbl in cell proliferation, migra-
tion, and invasion, and subsequently inhibits tumor
growth.>” Finally, research has shown that circACC1 can
directly bind to the f1 and y1 subunits of AMPK, promot-
ing stabilization of AMPK holoenzyme and facilitating
glycolysis and B-oxidation. Moreover, a positive relation-
ship has been found between circACC1 and tumor pro-
gression, both in vitro and in vivo,’! indicating circACC]1
might have an important role in tumor progression. In
addition, ci-ankrd52, a type of ciRNA that is abundant in
the nucleus, can promote the efficiency of transcription by
associating with RNA Pol I1."°

Translation

Because of the lack of 5'-cap and 3’-poly(A) structures,
circRNAs were initially thought to be untranslatable.
Recently, researchers found that circRNAs can act as
mRNAs to guide protein synthesis if they contain internal
ribosome entry sites (IRESs), which they showed both
in vitro and in vivo by using artificial circRNAs containing
IRESs.”>** Although over 7000 endogenous circRNAs are
predicted to contain both IRES and open reading frames
(ORFs),”® which means they might have protein-coding
abilities, very few circRNAs were actually proved to guide
protein synthesis.

Circ-ZNF609, a type of circRNA that specifically reg-
ulates myoblast proliferation, has been found to contain
a 753-nt long ORFE.>® A small proportion of circ-ZNF609
was confirmed to be able to load onto heavy polysomes,
indicating that circ-ZNF609 might have coding ability.
Translation of tagged circular transcripts in vitro and
in vivo confirmed this hypothesis.’® However, whether
these proteins encoded by circ-ZNF609 have a specific
molecular activity has not been verified. In addition, unlike

the zinc-finger protein 609, the counterpart encoded by
linear ZNF609 mRNA, which has
domains, the protein produced from circZNF609 does not

two zinc-finger

contain these zinc-finger domains, indicating that it might
have completely different functions compared to its linear
counterpart.

In addition to circRNAs containing IRESs, circRNAs
with m°A could also have the potential to guide protein
synthesis.®”®' Researchers have shown that circRNAs
translation through m°A is directly initiated by initiation
factor e[F4G2 (a non-canonical elF4G protein) and is
significantly increased by methyltransferase METTL3/
METTL14.%" Interestingly, heat shock stress enhances
circRNAs translation, particularly m®A-driven circRNAs
translation, suggesting that circRNAs translation driven
by m®A might have a significant role during cellular stress
responses.

Although thousands of circRNAs are predicted to have
both IRESs and ORFs or m°A sites,”®®! which indicates
that they probably have translation potential, few endogen-
ous circRNAs have been confirmed to have this ability.
The function of circRNA-encoded proteins remains
unclear. Some evidence indicates that circRNA-encoded
proteins could possibly play a role in stress responses.®!
However, the efficiency of cap-independent translation is
very low and translation of circRNAs might therefore be
limited.

CircRNA Immunogenicity

Exogenous circRNAs could have potential immunogeni-
city in mammalian cells and elicit immune protection
against viral infection.®” The immunogenicity of exogen-
ous circRNAs depends on the circular structure of the
circRNA instead of the base sequence or ribosome bind-
ing. Exogenous circRNAs are sensed by retinoic-acid-
inducible gene-I (RIG-I) which can specifically recognize
viruses and function in the process of immune protection
against them.®” However, Wesselhoeft et al carried out
additional purifications of exogenous circRNAs and
showed that exogenous circRNAs do not stimulate cellular
RNA sensors such as TLRs or RIG-1.°*> Chen et al, how-
ever, demonstrated that exogenous circRNAs with further
purification do stimulate RIG-I, although not with the
same effectiveness as dsRNA with 5'-triphosphate.®* To
date, whether circRNAs have definitive immunogenicity
remains unclear. Research indicates that possibly only
some exogenous circRNAs are immunogenic in environ-

65

ment-, cell-, and time-specific cases. Exogenous

submit your manuscript

3680

Dove

Cancer Management and Research 2020:12


http://www.dovepress.com
http://www.dovepress.com

Dove

Li et al

circRNAs may, therefore, become effective tools for ther-
apeutic interventions. Further studies are warranted to
confirm more details regarding circRNAs immunogenicity
such as which circRNAs are immunogenic and how do
endogenous circRNAs achieve self-tolerance.

circRNA in Extracellular Vesicles

Extracellular vesicles (EVs) have been proved involved in
transferring functional proteins and RNAs between cells
and modulating recipient cell behaviors.®® Some studies
have proven that circRNAs can be enriched in EVs and
can act as biomarkers for the diagnosis of human diseases.

In serum samples, thousands of circRNAs have been
found enriched in EVs to distinguish between patients and
healthy people.®” Xu et al found 209 upregulated EV-carried
circRNAs and 66 downregulated EV-carried circRNAs in
patients with endometrial cancer compared with that in
healthy people.”® Among 209 upregulated EV-carried
circRNAs, has circ 0109046 and has_circ_0002577 con-
tained multiple miRNA binding sites, indicating that these
EV-carried circRNAs may function as competing endogen-
ous RNAs in receipt cells after uptaking EVs from cancer
cells. Moreover, these circRNAs may play important roles in
many processes such as proliferation, invasion, and drug
resistance of cancer cells. has circ 0109046 exhibited
tumor-suppressive properties that made colorectal cancer
cells sensitive to chemotherapy.®’ Interestingly, by transfer-
ring circ_0000338 via extracellular vesicles into HCT116-P
cells, HCT116-P cells showed higher chemoresistance than
normal control, indicating that chemoresistance can be trans-
ferred via circRNAs in extracellular vesicles.

However, there are also several limitations that can not
be ignored. As thousands of EV-carried circRNAs in
serum samples and tumor heterogeneity, it is hard to
identify the tissue of origin. Also, considering low con-
centrations of EV-carried circRNAs in serum samples,
many difficulties need to be solved in clinical testing.

CircRNAs and BCa

Although the biogenesis and functions of circRNAs are
largely unclear, an increasing number of studies have
verified that circRNAs are dysregulated in multiple cancer
tissues compared with matched normal tissues, especially
in BCa. With more detailed research being carried out,
several circRNAs known to participate in the progression
of BCa have been identified.

Expression of circRNAs in BCa

With the development of high-throughput sequencing and
biochip technology, thousands of circular RNAs excep-
tionally expressed in BCa tissues and cell lines have
been identified.

Wu et al analyzed BCa tissues from four different
patients and matched adjacent non-cancerous bladder tis-
sues by microarray analysis. They identified 433 circRNAs
as being significantly differentially expressed, of which
169 were downregulated and 264 were upregulated.®’
Zhong et al carried out a high-throughput microarray
assay on four pairs of BCa tissues and adjacent non-
tumor tissues and detected that 285 circRNAs (60.8%)
were upregulated while 184 circRNAs (39.2%) were
downregulated in BCa tissues.”” Liu et al carried out
a microarray analysis to investigate circRNA expression
profile and identified 734 circRNAs as being differentially
expressed between BCa tissues and matched normal blad-
der tissues, and of which 256 (34.9%) were downregu-
lated, and 478 (65.1%) were upregulated.”!

Moreover, Li et al performed a high-throughput RNA
sequencing on three BCa tissues and matched adjacent
normal bladder tissues and identified 571 dysregulated
circRNAs.”? Of them, 524 (91.8%) were downregulated
and 47 (8.2%) were upregulated. Li’s group revealed that,
while 316 circRNAs were differentially expressed between
high-grade BCa tissues and normal controls, 244 circRNAs
were altered between the high-grade BCa group and the
low-grade BCa group.”> Among them, 42 circRNAs over-
lapped between the groups, suggesting that they might be
useful for investigating the physiopathological mechanisms
of BCa progression.

Although many studies have aimed to investigate the
expression of circRNAs in BCa, they often have some
limitations. For example, the sample size of these studies
is small and they often lack expression profiles in different
histological grades and pathological stages. Larger scale
sequencing is warranted to obtain more details regarding
the landscape of circRNAs expression in BCa.

CircRNAs as Biomarkers

Early diagnosis and treatment of BCa can effectively improve
patient survival. Clinical manifestation of early stage BCa is
not typical; hematuria is the most common symptom, but this
can easily lead to confusion with other urinary diseases.
Urinary cytology and cystoscopy are reliable BCa diagnostic
methods; however, cystoscopy is an invasive examination,
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while traditional urinary cytology has a low sensitivity and is
also prone to false-positive results. With the development of
high-throughput sequencing and biochip technology, an
increasing number of circRNAs have been shown to have

potential as diagnostic biomarkers (Table 1).

CircRNAs in Serum/Urine of BCa
Patients

Serum and urine are more readily available than tissue
samples in clinical practice. Therefore, it would be more
convenient to detect circRNAs from the serum or urine.
Chi et al showed that the expression levels of
circRNA 000285 were decreased in serum samples from
BCa patients’ compared to those in healthy serum
samples.”* Xu et al found that circPTK2 was frequently
upregulated in BCa tissues.”> By comparing pre- and post-

Table | ircRNAs as Biomarkers in BCa

operative blood samples of 40 patients, they found that
expression levels of circPTK2 were decreased in post-
operative blood samples, which indicates that circPTK2
could have potential in clinical practice. In addition, Chen
et al confirmed that circPRMTS5 was enriched in the exo-
somes of BCa patients’ serum and urine samples, through
comparison of 71 BCa patients’ serum samples and 18
BCa patients’ urine samples with those of 36 and 14
healthy donors, respectively.”®

CircRNAs as Biomarkers in BCa

Metastasis

CircACVR2A (hsa_circ_0001073) has been found to have
reduced expression in BCa tissues and cell lines compared
with that in normal tissues.”” Low expression of

circACVR2A is linked with positive lymphatic metastasis

CircRNA Dysregulation | Target Cases | Pathological Stage Grade Lymphatic Biomarkers Year | Ref
Metastasis
pTa—pTIl | pT2-pT4 | Low | High | No Yes
CircPTK2 Upregulated Not 40 18 22 22 18 NO-NI: 23 Histological grade (+) 2018 | [75]
mentioned N2N3: 27 Pathological stage (+)

Lymphatic metastasis (+)

Circ-BPTF Upregulated miR-31-5p 72 19 53 22 50 55 17 Histological grade (+) 2018 | [85]

Circ-VANGLI [ Upregulated miR-605-3p | 87 33 54 53 34 48 39 Histological grade (+) 2018 | [79]
Pathological stage (+)
Lymphatic metastasis (+)

CircPICALM Downregulated | miR-1265 168 79 89 35 133 141 27 Histological grade (+) 2019 | [78]
Pathological stage (+)
Lymphatic metastasis (+)

CircHIPK3 Downregulated | miR-558 68 38 30 36 32 43 25 Histological grade (+) 2020 | [72]
Pathological stage (+)
Lymphatic metastasis (+)
Gemcitabine resistance (+)

CircLPARI Downregulated | miR-762 62 0 62° 10 52 48 14 Disease-specific survival 2019 | [84]
time (+)

CircACVR2A | Downregulated | miR-626 140 60 80 23 17 109 31 Histological grade (+) 2019 | [77]
Pathological stage (+)
Lymphatic metastasis (+)

CircRIP2 Downregulated | miR-1305 58 33 25° 34 24 28 30° Histological grade (+) 2020 | [86]
Pathological stage (+)
Lymphatic metastasis (+)

CircFUT8 Downregulated | miR-570-3p | 145 59 86 22 123 117 | 28 Histological grade (+) 2020 | [87]
Lymphatic metastasis (+)

Notes: *T2: 41 T3+T4: 21. °T2: 16 T3+T4: 9. °NIMO: 18 NIMI: 12.
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of BCa, indicating that circ ACVR2A could be a potential
Yan et al found that
circPICALM was downregulated in BCa tissues and cell
lines.”® Tt was further confirmed that low circPICALM
expression contributed to a higher pathological stage, his-

biomarker for BCa metastasis.

tological grade, and lymphatic metastasis of BCa.

In addition, circ-VANGLI1 has also been shown to be
overexpressed in BCa tissues and cell lines.” Circ-VANGLI
expression was related to some clinicopathological features of
BCa, such as a high T stage, high histological grade,
and lymphatic metastasis. Liang et al confirmed that
circRNA 0058063 was augmented in BCa tissues compared
with normal tissues and high expression of circRNA 0058063
was significantly correlated with higher pathological stage and
increased likelihood of lymphatic metastasis.*

CircRNAs as Biomarkers in Prediction of
BCa Response to Systemic
Chemotherapy

Several studies have found that numerous circRNAs are
correlated with chemotherapy sensitivity of BCa. Chi et al
demonstrated that circ 000285 expression was markedly
suppressed in BCa tissues and serum of BCa patients com-
pared to that in normal controls.”* Expression of circ_000285
was also linked with tumor size, lymphatic metastasis, and
distant metastasis. Interestingly, the expression level of
circRNA_000285 was reduced in cisplatin-resistant patients
compared to that in cisplatin-sensitive patients. Chen et al
found that circFNTA was upregulated in BCa tissues and cell
lines.®' It was further confirmed that high expression of
circFNTA was significantly correlated with cisplatin che-
moresistance. Su et al demonstrated that hypoxia-elevated
circELP3 was associated with progression and cisplatin resis-
tance of BCa.*? Depletion of circELP3 by siRNA treatment
can facilitate cisplatin sensitivity in BCa cells. Expression of
circHIPK3 was proven to be significantly decreased in BCa
tissues.®> Low circHIPK3 expression is associated with gem-
citabine resistance in BCa, suggesting that circHIPK3 might
be a useful biomarker for the evaluation of BCa chemother-
apeutic efficacy. Gemcitabine and cisplatin treatment remains
the primary chemotherapy treatment for advanced BCa
patients and resistance to these chemotherapeutics leads to
a higher likelihood of recurrence and worse overall survival.
Therefore, it is necessary to find some effective biomarkers
to predict an individual patient’s response to systemic che-

motherapy for BCa.

CircRNAs as Biomarkers in Prognosis of
BCa

It is crucial to identify patients with poor prognosis and to
thereby implement effective treatments. There is therefore
an urgent need to uncover new biomarkers to evaluate the
prognosis of BCa. CircRNAs are expressed differently in
tumors of different histological grades and pathological
stages, and in lymphatic metastasis or distant metastasis,
which means circRNAs have potential as biomarkers in
the prognosis of BCa.

For instance, Lin et al showed that levels of expression
of circLPAR1 (hsa circ 0087960) were downregulated in
MIBC tissues compared with those in adjacent normal
tissues.** Patients with low circLPARI expression had
a reduced overall survival. The median disease-specific
survival time was 52.4 months for the low circLPARI
expression group and 56.0 months for the high circLPAR1
expression group. Circ-BPTF, a circRNA originating from
the BPTF gene, was remarkably upregulated in BCa tissues
compared to adjacent normal tissues.® The high expression
of circ-BPTF was significantly correlated with worse over-
all survival and a higher likelihood of recurrence, which
means that circ-BPTF might act as a biomarker for evaluat-
ing prognosis. CircRIP2, which originates from the RIP2
gene, was found as a conserved and downregulated
circRNA in BCa tissues and cell lines.®® Higher expression
of circRIP2 was significantly negatively correlated with
a higher pathological stage and metastasis. According to
analysis by Kaplan—Meier curves, patients with high
circRIP2 expression had a better overall survival than
those with low circRIP2 expression. CircFUTS has also
been found to have reduced expression in BCa tissues and
cell lines compared with that in normal tissues.®” Overall
survival analysis showed that patients with low circFUT8
expression had poor prognosis.

CircRNAs Suppress Tumor Progression

Tumorigenesis is the result of a complex interaction
between multiple genes, factors, and signaling pathways.
Significant research is still required to elucidate the spe-
cific mechanisms of tumorigenesis as well as the function
of different factors and genes in cancer progression.
Multiple circRNAs have been confirmed to play important
roles in the progression of BCa, and thus could help
provide a better understanding of the mechanisms under-

lying cancer progression (Table 2).
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Table 2 Dysregulated circRNAs in BCa

CircRNA Dysregulation | Target Cases | Pathological Stage Grade Lymphatic Function Year | Ref
Metastasis
pTa-pTI| | pT2-pT4 | Low | High | No Yes
CircRNA_0058063 | Upregulated miR-486-3p 94 80 14 37 57 Not Proliferation (+) 2020 | [80]
mentioned Invasion (+)
Apoptosis (-)
Circ0001361 Upregulated miR-491-5p 69 25 44 19 50 60 9 Invasion (+) 2020 | [102]
Metastasis (+)
cTFRC Upregulated® miR-107 221 106 114° 161 59 96 72 Invasion (+) 2019 | [lo1]
Proliferation (+)
EMT (+)
Circ-ITCH Downregulated | miR-17 70 23 47 24 46 Not Proliferation (-) 2018 | [7]
miR-224 mentioned Migration (-)
Invasion (-)
CircFNDC3B Downregulated | miR-1178-3p | 82 28 54 27 55 36 46 Proliferation (-) 2018 | [93]
Migration (-)
Invasion (-)
CircSLC8AI Downregulated | miR-130b 70 19 51 23 47 43 27 Proliferation (-) 2019 | [94]
miR-494 Migration (-)
Invasion (-)
CircUBXN7 Downregulated | miR-1247-3p | 84 29 55 27 57 38 46 Proliferation (-) 2018 | [88]
Migration (-)
Invasion (-)
CircFAMI 14A2 Downregulated | miR-762 31 5 26 3 28 20 I Proliferation (-) 2020 | [103]
Migration (-)
Invasion (-)

Notes: *cTFRC expression is increased in BC recurrent tissues as compared to that in the primary BC tissues. °T2: 60 T3: 33 T4: 21.

CircHIPK3 (hsa_circ_0000284), which originates from
exon 2 in the gene HIPK3, is widely and abundantly
expressed in human cells. CircHIPK3 regulates cell
growth by sponging several miRNAs.® CircHIPK3 has
been found to promote cancer cell proliferation in multiple
types of cancer, such as gastric cancer, but, conversely, to

cancer.89’90

suppress cancer growth in  ovarian
Mechanistically, circHIPK3 acts as a cancer inhibitor in
BCa and was found to have reduced expression in BCa
tissues. CircHIPK3 serves as a sponge for miR-558, which
directly suppresses heparanase (HPSE) expression in BCa
tissues. Low expression of circHIPK3 promotes prolifera-
tion, migration, and angiogenesis in cancer cells by inter-
acting with the miR-558/HPSE axis.”> CircACVR2A
(hsa_circ_0001073) has also been found to have reduced
expression in BCa tissues and cell lines compared with
that in normal tissues.”” CircACVR2A can bind to miR-

626, rescuing the suppressing effect of miR-626 on the

expression of EYA4, subsequently repressing proliferation,
invasion, and metastasis of BCa in vitro and in vivo. Circ-
ITCH is also a well-researched circRNA that functions as
a miRNA sponge, suppressing tumor growth in several
cancers such as ovarian cancer and BCa.””' Yang et al
demonstrated that circ-ITCH has low levels of expression
in BCa cell lines and tissues. Circ-ITCH functions as
a miRNA sponge for miR-17 and miR-224 and thus, to
some extent, reduces the inhibitory effects of miR-17/miR-
224 on p21 and PTEN. Overexpression of circ-ITCH
suppressed proliferation and metastasis of BCa cells and
inhibited the cell cycle by interacting with the miR-17/
miR-224/p21/PTEN axis and upregulating the expression
of p21 and PTEN.?” CircMTO1 (hsa_circRNA_0007874/
hsa circRNA_104135) can directly interact with miR-221
to negatively regulate its expression.”? Overexpression of
circMTO1 decreased cancer aggressiveness and inhibited
EMT in cancer cells by sponging miR-221.
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Liu et al found that circFNDC3B (hsa_circ_0006156) is
downregulated in BCa cell lines and tissues” and that
circFNDC3B can directly sponge miR-1178-3p, thus
decreasing the expression of G3BP2. They also found that
circFNDC3B can downregulate the phosphorylation of SRC
and FAK and subsequently influence the SRC/FAK signaling
pathway. Overexpression of circFNDC3B restrained tumor
cell proliferation and lymphatic metastasis in BCa. Another
circRNA, circSLC8A1 (hsa_circ_0000994), has also been
shown to be frequently downregulated in BCa cell lines and
human BCa tissues, but to be highly abundant in the early
stages of BCa. CircSLC8A has a key function as a miRNA
sponge for miR-130b/miR-494, regulating the expression of
PTEN, and subsequently negatively regulating cell prolifera-
tion and invasion of cancer cells.”® Overexpression of
circSLC8A1 activates the signaling of PTEN, which has
been commonly identified as an anti-oncogene, as PTEN
mutations or deletions are often observed in multiple
cancers.”” Finally, a study using high-throughput RNA
sequencing found circUBXN?7 (hsa_circ_0001380) to also
be downregulated in BCa tissues and cell lines.*® Liu et al
observed that decreased expression of circUBXN7 in BCa
was correlated with a high T stage and a high histological
grade.”® Further research showed that circUBXN7 binds to
miR-1247-3p and functions as a miRNA sponge, subse-
quently modulating the miR-1247-3p/B4GALT3 axis and
inhibiting growth and metastasis in BCa cells.

CircRNAs Promote Tumor Progression

Zhong et al observed that circRNA-MYLK acts as
a crucial factor in the growth and metastasis of BCa
cells.”” CircRNA-MYLK inhibited the downstream activ-
ity of miR-29 by acting as a competing endogenous RNA
(ceRNA), and thus eliminating the miR-29 induced inhibi-
tion of the target gene VEGFA, which facilitates EMT and
activates the downstream Ras/ERK signaling pathway in
BCa progression. Further research then showed that over-
expression of circRNA-MYLK accelerates growth, angio-
genesis, invasion, and metastasis of BCa cells, while
downregulation of circRNA-MYLK has the opposite
effect. CircCEP128 (hsa circ_0102722) has been found
to be significantly upregulated in BCa tissues compared
to adjacent normal tissues. CircCEP128 functions as
a molecular sponge of miR-145-5p and inhibits the sup-
pressor effect of miR-145-5 on the expression of SOX11,
which inhibits apoptosis and facilitates the proliferation of
BCa cells.”” Furthermore, Sun’s group observed that
circCEP128 facilitates the expression of MYDS88 and

downstream proteins in the MAPK pathway by modulat-
ing miR-145-5p, further accelerating the cell cycle and
repressing apoptosis in BCa cells.”®

Chong et al indicated that circTCF25 (hsa_circ_0041103)
can associate with miR-103a-3p and miR-107 to promote the
expression of CDK6.”” CDK6 is hyperactive in multiple
cancers, continuously facilitating cell cycle entry of cancer
cells by triggering the transition from G1 to S phase.”” High
expression levels of circTCF25 and CDK6 in BCa cells
facilitate tumorigenesis, tumor progression, and invasion of
BCattissues. CircPTK2 (hsa_circ_0003221) is also expressed
at higher levels in BCa tissues compared with adjacent nor-
mal tissues. Experiments on circPTK2 overexpression
showed that upregulation of circPTK?2 facilitates cell prolif-
eration and migration.”> However, this particular study did
not include any in vivo experiments, nor did it look into
molecular mechanisms, which reduces its credibility.

Hsa _circ 0068871, a circRNA originating from the
FGFR3 gene, was remarkably upregulated in BCa tissues
and cell lines compared to adjacent normal tissues and normal
bladder epithelial cell lines.'® Mao et al demonstrated that
hsa_circ_0068871 was beneficial to the development of BCa
by competitively interacting with miR-181a-5p which affects
the levels of expression of FGFR3 and activates STAT3 sig-
naling. Circular RNA TFRC (cTFRC, has-circ-0001445)
serves as a tumor promoter in BCa tissues and cell lines.'"!
cTFRC interacts with miR-107, promoting the expression of
the miR107 target gene TFRC and eventually accelerating the
proliferation and invasion in BCa. Liu et al verified that the
expression of circDOCK1 (hsa circ_0020394) was increased
in BCa tissues. Further investigation confirmed that
circDOCK1 has a miRNA sponge role for miR-132-3p,
thereby promoting the progression of BCa via modulation of
the circDOCK 1/miR-132-3p/Sox5 axis.”!

Discussion and Prospects
In this review, we described the recent research on the
biogenesis, turnover, and function of circRNAs and their
potential in the diagnosis, prognosis, and treatment of
BCa. As we summarized in this review, circRNA function
as important factors in the progression of BCa, playing
roles in proliferation, hypoxic adaptation, and angiogen-
esis, as well as in migration and drug resistance in BCa
cells. As a result, circRNAs provide a new perspective on
the diagnosis, prognosis, and treatment of BCa.

It is worth noting that circRNAs have great potential
for use in tumor therapy. Given the covalent circular
structure and high stability of circRNAs, exogenous
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circRNAs could be ideal at delivering therapeutic inter-
ventions. Additionally, since multiple circRNAs act as key
factors in several biological processes, they could also
potentially be used as drug targets.

Although many advances have been made in the field
of circRNA research, many limitations remain to be
improved. Firstly, the biogenesis, turnover, mechanisms
of action, and functions of circRNAs are still unclear.
Compared with plentiful circRNAs whose functions are
unknown, the function of only a few circRNAs has been
verified. Also, studies investigating the circRNA expres-
sion profiles of BCa cancer tissues compared to normal
tissues in the same diseased bladder have presented incon-
clusive results. The sample size of these studies is small
and they often lack expression profiles of different histo-
logical grades and pathological stages. In addition, few
studies have compared circRNA expression in serum and
urine samples of BCa patients in comparison to healthy
people. Serum and urine are more readily available than
tissue samples in clinical practice. It would be much more
convenient if we could diagnose BCa by circRNAs in
serum and urine. In some studies, sensitivity and specifi-
city of these biomarkers are not addressed. The use of
circRNAs as diagnostic and prognostic biomarkers is still
a long way from clinical application. Finally, because of
the complexity of tumor pathogenesis, the exact function
of circRNAs in BCa remains unclear. Studies in the field
of circular RNA remain in their infancy and much work
still needs to be done in order to obtain the answers to
these questions.
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