
Review
Pathogenic mechanisms and the potential
clinical value of circFoxo3 in cancers
Lei Zhang,1 Yin Wang,1 Yuan Zhang,1 Yanfang Zhao,2 and Peifeng Li1

1Institute for Translational Medicine, The Affiliated Hospital of Qingdao University, Qingdao University, NO38 DengZhou Road, Qingdao 266021, China; 2Institute of

Biomedical Research, School for Life Science, Shandong University of Technology, 266 Xincun West Road, Zibo 255000, China
https://doi.org/10.1016/j.omtn.2021.01.010.

Correspondence: Lei Zhang, Institute for Translational Medicine, The Affiliated
Hospital of Qingdao University, Qingdao University, NO38 DengZhou Road,
Qingdao 266021, China.
E-mail: leizhang@qdu.edu.cn
Correspondence: Peifeng Li, Institute for Translational Medicine, The Affiliated
Hospital of Qingdao University, Qingdao University, NO38 DengZhou Road,
Qingdao 266021, China.
E-mail: peifli@qdu.edu.cn
Circular RNAs (circRNAs) are covalently closed circular
structures that can function in various physiological and path-
ological processes by acting as microRNA (miRNA) sponges,
RNA-binding protein (RBP) sponges, mRNA transcriptional
regulators, and protein translational templates. circFoxo3 is
one of the most studied circRNAs and is generated from the tu-
mor suppressor gene Foxo3. Increasing studies have demon-
strated the multiple functions of circFoxo3 in the pathogenesis
of different cancer types. circFoxo3 plays important roles in
cancer development mainly by binding to various miRNAs.
The diagnostic potential of circFoxo3 has been revealed in
several cancers. Some research results have been found to
contradict the results of other studies, and this may be due to
insufficient sample sizes and inconsistencies in the experimental
and nomenclature methods. In this review, we systematically
summarize current knowledge about the biogenesis and func-
tions of circRNAs, elucidate the roles of circFoxo3 in different
cancers, and explore the clinical applications of circFoxo3.

Noncoding RNAs, such as microRNAs (miRNAs) and long noncod-
ing RNAs (lncRNAs), have been widely studied for their various roles
in important disease progression processes and have been shown to
be promising diagnostic and prognostic biomarkers for many dis-
eases.1–3 In recent years, circular RNA (circRNA), a special type of
noncoding RNA with covalently closed loop structures, has gained
much attention for its wide participation in various diseases,
including cancer and cardiovascular disease (CVD).4–7

circRNAs were first documented in plant viruses8 and were initially
thought to have no function or very limited function.9–11 Subse-
quently, circRNAs were found in many eukaryotes, such as yeasts,
mice, and humans.12–14 With the rapid development of prediction,
detection, and screening technologies, different types of circRNAs
have been discovered.15–20 Growing mechanistic studies have proven
that circRNAs have important biological functions in the physiolog-
ical and pathological development of many organisms.15,21–24

circRNAs can act as important regulatory factors at both the
transcriptional and posttranscriptional levels by sponging miRNAs,
binding to RNA-binding proteins (RBPs), regulating parental gene
expression, or serving as translation templates.25–29 ciRS-7/CDR1as
and sex-determining region Y (Sry, a testis-specific circRNA) can
bind to miRNAs to regulate the progression of various dis-
eases.15,16,30–32 circANRIL has been determined to sponge the PES1
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protein (an essential 60S-preribosomal assembly factor) and inhibit
ribosome biogenesis, thereby providing an atheroprotective role.33

ciRNA-ankrd52 can bind to RNA polymerase II (RNA Pol II) of
the precursor (pre-)mRNA of the ANKRD52 gene to promote tran-
scription.25 circFBXW7 can be a template for translation to generate
a functional protein that represses glioma tumorigenesis.6 circFoxo3
is one of the most studied circRNAs. circFoxo3 is generated from the
Foxo3 gene, which is considered a tumor suppressor gene.34,35 circ-
Foxo3 has been shown to have multiple functions in various can-
cers.28,36,37 In this review, we summarize the current knowledge on
the biogenesis and functions of circRNAs, elucidate the roles of circ-
Foxo3 in cancers, and explore the clinical application of circFoxo3.

The biogenesis and characteristics of circRNAs

circRNAs originate from pre-mRNAs by back-splicing, a unique
mechanism that differs from canonical splicing, which generates
mRNA.38 There are three types of circRNAs: exonic circRNAs
(ecircRNAs or ecRNAs),20 circular intronic RNAs (ciRNAs),25 and
exon-intron circRNAs (EIciRNAs),39 which can be generated from
different mechanisms. Jeck et al.38 reported two models of circRNA
formation: lariat-driven circularization and intron pairing-driven
circularization. In the lariat-driven circularization model, a 50 splice
donor (GU) and a 30 splice acceptor (AG) in the introns can form a
lariat that will then be internally spliced to generate an exonic circle
(ecRNAs)38,40 (Figure 1A). In the intron pairing-driven circulariza-
tion model, the pairing of RNA base motifs (e.g., Alu repeats, the
most highly repeated interspersed repeat element in humans that
contributes to the occurrence of a wide range of diseases41) in the
introns of pre-mRNA with reverse complementary sequences can
facilitate the generation of ecRNAs (introns removed) or EIciRNAs
(introns retained)38 (Figure 1B). A growing number of studies have
illustrated that the intron pairing-driven circularization occurs
more frequently than lariat-driven circularization.38,39 Moreover,
some recent studies have suggested that RBPs, such as muscleblind
Author(s).
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Figure 1. Biogenesis models and the underlying

action mechanisms of circRNAs

(A) Lariat-driven circularization model dependent on

the splice donor and acceptor can produce exonic

circRNAs (ecRNAs). (B) Intron pairing-driven circulari-

zation indicated by the pairing of RNA base motifs

(e.g., Alu repeats, red arrows) in introns can generate

ecRNAs or exon-intron circRNAs (EIciRNAs). (C) RNA-

binding proteins (RBPs) can bridge with pre-mRNAs

to produce ecRNAs or EIciRNAs. (D) Circular intronic

RNA (ciRNA) is generated by a back-splicing process.

(E) circRNAs can bind to miRNAs to influence their

function. (F) circRNAs can associate with RBPs to

regulate the subsequent pathways. (G) circRNAs

can encode proteins assisted by internal ribosome

entry site (IRES38100136525000000) elements or

m6A modifications (blue pin-2730572390000000). (H)

ciRNAs and EIciRNAs can regulate the expression

of parental genes by binding to RNA polymerase II

(Pol II).
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(MBL) proteins, also participate in the formation of circRNAs.26,42

The bridging of RBPs with pre-mRNAs is also a pathway for the pro-
duction of circRNAs (ecRNAs or EIciRNAs)26,42 (Figure 1C). Zhang
et al.25 proposed a model that described the formation of ciRNAs. In
the introns, the GU-rich element near the 50 splice site and the C-rich
element close to the branch will bind together during back-splicing.25

The other exons and introns are removed by a spliceosome. In this
mechanism, only ciRNAs are formed25 (Figure 1D).

circRNAs have the following common biological properties: (1) high
stability: due to their circular structures, circRNAs are more stable
than linear RNAs and cannot be cleaved by ribonuclease (RNase).43

(2) Wide distribution: circRNAs exist in a variety of organisms and
all tissues.38,44,45 Zheng et al.46 identified ~27,000 circRNAs from six
normal tissues and seven cancerous tissues by RNA sequencing. In hu-
mans, more than 30,000 circRNAs have been identified.44,45 (3) Spec-
ificity: the expression of circRNAs is tissue-, cell-, and developmental
stage-specific.44,47,48 In heart differentiation, circRNAs have altered
profiles at four stages.48 Rat neonatal hearts have higher levels of over-
all circRNAs than that in adult rat hearts,49 indicating the possible
roles of circRNAs in the development of heart. (4) Conservation:
many circRNAs are conservatively expressed among species,38,50

whereas a number of circRNAs are specific to species.19,49,51–53 Werfel
et al.49 determined that only a small number of circRNAs were
conserved across humans, mice, and rats. Barrett et al.53 also
confirmed that only ~5%–30% of sequences are homologous among
mammals, including mice, humans, rats, and pigs. (5) Altered expres-
sion in normal and pathological conditions: studies have identified the
differential expression of circRNAs in various diseases.49,54,55
Molecular Th
The action mechanisms of circRNAs

The wide distribution, expression specificity,
and different localization of circRNAs indicate
that circRNAs have various biological func-
tions. Recent studies have illustrated that circRNAs can function in
different ways.

circRNAs can act as miRNA sponges

circRNAs can absorb miRNAs like sponges with the help of miRNA
response elements (MREs).15,32 Absorption reduces the miRNA levels
and thus alleviates the inhibitory effect on the target genes (Figure 1E).
circFoxo3 can competitively bind to miRNAs to influence a number
of physiological and pathological processes.56–58 Sry is able to interact
with miR-138 through MREs, which might be an important pathway
of Sry function.32 HRCR can directly bind to miR-223, which pro-
motes the pathogenesis of cardiac hypertrophy and heart failure.27

The absorption of miR-223 by HRCR decreased the activity of
miR-223, thereby inhibiting the pathological processes of cardiac hy-
pertrophy and heart failure.27 Studies have revealed that abundant
expression of the circRNAs and/or exceptional binding affinity
compared with other mRNA targets might be necessary for circRNAs
to suppress miRNA activity by this mechanism.19,59

Recently, a special avenue for the downregulation of miRNAs, target-
directed miRNA decay (TDMD), has been illustrated.60–63 TDMD
leads to direct degradation of miRNAs rather than transient binding
to specific binding sites. This mechanism is triggered by target RNAs
such as mRNAs, lncRNAs, and circRNAs that have extensive comple-
mentarity with miRNAs.60 Until now, most known examples of
TDMD mechanism, especially endogenous examples, were identified
in neuronal cells.60,61,64 ciRS-7/CDR1as has been found to function as
miRNA sponges in heart disease21 and cancers.15,16,30–32 In mamma-
lian brain, ciRS-7/CDR1as has been determined to induce degradation
erapy: Nucleic Acids Vol. 23 March 2021 909
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of miR-671 by TDMD.60 So far, there are few studies on miRNA
degradation induced by circRNAs through the TDMD mechanism.
However, with the deepening of research, more and more discoveries
will be made in this field. TDMDmight be one of the mechanisms by
which circRNAs could regulate gene expression.

circRNAs can serve as RBP sponges

circRNAs can function by binding to RBPs. circMbl and MBL pro-
teins are generated from the same pre-mRNA.42 circMbl can absorb
MBL proteins to regulate the subsequent physiological processes.42

circFoxo3 can interact with RBPs such as anti-senescent protein
ID-1, transcription factor E2F1, anti-stress proteins FAK, and two
G1-to-S phase transition-related proteins (p21 and CDK2) to pro-
mote cardiomyocyte senescence or destroy cell cycle progression18,65

(Figure 1F).

circRNAs can be templates for protein translation

circRNAs were first found to encode proteins in prokaryotes.66,67

Recent studies have validated the role of circRNAs in translation.6,29

circRNAs cannot recruit ribosomes due to the lack of a 50 cap and 30

polyadenylated tail. However, they have special initiation pathways
with the help of IRES (internal ribosome entry site) and N6-methyl-
adenosine (m6A)68,69 (Figure 1G). circZNF609 and circFBXW7
contain IRES elements and can be translated into proteins that
function in myoblast proliferation or glioma suppression.6,29 Some
circRNAs can use m6A to enable translation.70 YTHDF3 is an m6A
reader that functions through interacting with circRNAs. YTHDF3
can facilitate the recruitment of translation initiation factors to drive
the initiation of circRNA translation.70 Another recent study found
that circb-catenin has been determined to be the template for the
translation of a functional protein. The protein is an isoform of
b-catenin and could promote tumor progression in liver cancer by
activating the Wnt/b-catenin pathway.71

circRNAs can serve as transcriptional regulators of the parental

genes

circRNAs with introns (ciRNAs and EIciRNAs) are confined to the
nucleus. ciRNAs directly bind to RNA Pol II25 (Figure 1H), whereas
EIciRNAs interact with RNA Pol II via U1 small nuclear ribonucleo-
proteins (snRNPs)39 (Figure 1H). Ciankrd52 is a circular intronic
RNA that has been shown to promote the transcription of the
ANKRD52 gene by binding to RNA Pol II of the pre-mRNA of the
ANKRD52 gene.25 circEIF3J and circPAIP2 are two EIciRNAs that
can each interact with both U1 snRNP and RNA Pol II to regulate
the transcription of parental genes.39

The origin of circFoxo3

The Foxo3 gene is the most widely studied member of the forkhead
family and is involved in many physiological processes.72–74 It can
regulate stress resistance, cell apoptosis, and the cell cycle, which
are key processes of aging.75 Therefore, it can function in age-related
diseases, such as CVD and cancers.72–74,76 Downregulation of Foxo3
has been shown to promote cancer development.72,74 Therefore,
Foxo3 is considered a tumor suppressor gene.72,74
910 Molecular Therapy: Nucleic Acids Vol. 23 March 2021
circFoxo3 is an ecRNA generated from the second exon of the
Foxo3 gene by back-splicing and consists of 1,435 nt.24,57 circFoxo3
is abundantly expressed and located in the cytoplasm,57 consistent
with its extensive roles and modes of action in diseases. circFoxo3
participates in a variety of diseases, such as cancers,24,57 cardiac senes-
cence,65 heart failure,77 and neurodegenerative diseases.78 circFoxo3
functions through sponging miRNAs or RBPs to influence various
cancers.24,36,57,74

circFoxo3 and cancers

Consistent with the functions of its parental gene, circFoxo3 is also
involved in the pathogenesis of a variety of cancers (Figure 2, Table1),
including gastric carcinoma (GC),58 breast cancer,79 lung cancer,80

prostate cancer (PCa),37,81 esophageal squamous cell carcinoma
(ESCC),82 and so on.

Cancers promoted by circFoxo3

GC. GC is one of the most lethal cancers, has the lowest cure rate,
and brings a heavy economic burden to society and individuals.83

Great effort has been made to uncover the underlying mechanisms
of GC progression. In recent years, circFoxo3 has been found to
play roles in the initiation and development of GC.58

Xiang et al.58 carried out a series of experiments both in vivo and
in vitro. They determined that circFoxo3 could promote the prolifer-
ation and migration of GC cells. The circFoxo3 level was increased in
GC cells. In vivo experiments with GC cell lines showed that
circFoxo3 might promote tumor growth. Bioinformatics analyses,
AGO2 RNA immunoprecipitation (RIP) assays, luciferase reporter
assays, and biotinylated-miR-143-3p RNA pull-down experiments
were performed in sequence. The results suggested that circFoxo3
could be the sponge of miR-143-3p to inhibit its activity in GC cells.
Furthermore, miR-143-3p was confirmed to target ubiquitin-specific
peptidase 44 (USP44), a cell cycle-related protein that participates in
tumor progression and metastasis.84 The downregulation of miR-
143-3p by circFoxo3 increased the level of USP44, which in turn pro-
moted tumor cell proliferation. All findings indicate that circFoxo3
can advance the pathogenesis of GC through the miR-143-
3p-USP44 axis. The findings provide a possible therapeutic target
for GC.58

Glioblastoma. Glioblastoma (GBM) is one of the most serious brain
tumors in neoplasms of the central nervous system and occurs very
frequently.85 Recently, the underlying mechanisms of circFoxo3 in
GBM pathogenesis have been explored.24

Zhang et al.24 found elevated cirFoxo3 expression in human GBM tis-
sues. Compared with human normal glial cells (HEBs), GBM cell lines
had upregulated expression of circFoxo3. Knockdown and overex-
pression of circFoxo3 combined with Cell Counting Kit-8 (CCK-8)
and colony formation assays were performed to explore the functions
of circFoxo3 in GBM cells. circFoxo3 knockdown inhibited the GBM
cell proliferation and invasion. circFoxo3 was critical to the
promotion of GBM tumorigenesis and GBM cell invasion. The
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Figure 2. circFoxo3 participates in various types of cancers through different pathways

circFoxo3 can suppress the pathogenesis of non-small cell lung cancer, prostate cancer, breast cancer, esophageal squamous cell cancer, and bladder cancer. On the

contrary, circFoxo3 can promote the pathogenesis of gastric carcinoma, glioblastoma, prostate cancer, and hepatocellular carcinoma. In particular, circFoxo3 was reported

to have the opposite effect in two studies on prostate cancer.
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biotin-coupled miRNA capture and luciferase reporter assay indi-
cated that cirFoxo3 could competitively absorb miR-138-5p/miR-
432-5p in GBM cells. Further analyses found that the direct target
of miR-138-5p/miR-432-5p was the nuclear factor of activated
T cells 5 (NFAT5) protein. NFAT5 is a transcription factor that is dys-
regulated in tumors, suggesting its role in tumor progression.86,87

NFAT5 levels were increased and found to be positively correlated
with the circFoxo3 levels in GBM.24 Additionally, the downregulation
of circFoxo3 led to decreased levels of NFAT5, which could be
reversed by the inhibition of miR-138-5p/miR-432-5p in GBM cells.24

Thus, circFoxo3 could promote GBM progression through sponging
miR-138-5p/miR-432-5p to upregulate NFAT5 expression.24

PCa. PCa is an epithelial malignancy and has the highest incidence
rate amongmen over 65 years old.88,89 The underlyingmechanisms of
PCa progression are still unclear. Several studies have illuminated the
role of circFoxo3 in PCa development.37,81

Kong et al.81 identified that the expression levels of circFoxo3 in both
the serum and tissues of PCa patients were higher than those in con-
trols. Silencing of circFoxo3 could suppress PCa cell proliferation,
promote PCa cell apoptosis, and inhibit the PCa cell cycle. Bioinfor-
matics analyses, dual-luciferase assays, and pull-down assays revealed
that circFoxo3 could bind to miR-29a-3p, which can inhibit PCa cell
proliferation and induce apoptosis of PCa cells. Furthermore, solute
carrier family 25 member-15 protein (SLC25A15, a protein related
to the normal function of mitochondria90) was validated to be a target
of miR-29a-3p. Downregulation of circFoxo3 could suppress
SLC25A15 expression. SLC25A15 expression in PCa tissues was up-
regulated compared with that in adjacent normal prostate tissues.
Overexpression of SLC25A15 significantly suppressed LNCaP-AI
cell apoptosis. These results suggested that circFoxo3 might promote
PCa development through the miR-29a-3p-SLC25A15 pathway.81

Hepatocellular carcinoma. Hepatocellular carcinoma (HCC) is the
most common type of primary liver cancer and causes the highest
death rate among all cancers worldwide.91 There are several reasons
for the high mortality rate. HCC is difficult to detect at an early stage.
The current treatment is still restricted to surgery, radiotherapy, and
chemotherapy, with poor prognosis.23 Some patients are even resis-
tant to chemotherapy.23 Adriamycin (ADM) is a common chemo-
therapy drug for HCC. The ADM resistance of HCC patients severely
reduces the efficacy of treatment. circFoxo3 has been identified to take
part in the ADM chemoresistance pathway.57

Huang et al.57 revealed increased levels of circFoxo3 in both HCC tis-
sues and HCC cell lines. In addition, the level of circFoxo3 in ADM-
resistant HCC tissues was markedly elevated in comparison with that
in ADM-sensitive HCC tissues. Overexpression of circFoxo3 greatly
promoted tumor cell invasion and growth. Luciferase assays and
Molecular Therapy: Nucleic Acids Vol. 23 March 2021 911
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pull-down assays indicated that circFoxo3 could bind to miR-199a-5p
in ADM-resistant HCC tumor tissues to upregulate ATP-binding
cassette subfamily C member 1 (ABCC1), which has been reported
to be closely correlated with drug resistance in different cancers.92

The expression of ABCC1 was higher in HCC tumor tissues than in
adjacent tissues. ABCC1 in ADM-resistant HCC tumor tissues was
significantly upregulated compared with that in ADM-sensitive HCC
tissues. ABCC1 expression could be upregulated by the overexpression
of circFoxo3 and inhibited by miR-199a-5p, and vice versa.57 In
conclusion, these findings demonstrate that circFoxo3 could promote
ADM resistance in HCC patients via the miR-199a-5p/ABCC1 axis.57

Cancers suppressed by circFoxo3

Non-small cell lung cancer. Non-small cell lung cancer (NSCLC) ac-
counts for most lung cancers and is one of the most serious malignant
tumors.93 Despite the great progress made in clinical strategies, only
~15% of patients can survive 5 years after a definite diagnosis.80 Thus,
new therapeutic targets for the diagnosis and prognosis of NSCLC are
greatly needed. circFoxo3 is a newly identified promising target that
regulates NSCLC development.80

Zhang et al.80 found decreased levels of circFoxo3 in both NSCLC tis-
sues and cells. Experiments in NSCLC cell lines showed that overex-
pression of circFoxo3 repressed the proliferation and the invasive
ability of tumor cells. Bioinformatics analyses and AGO2 RIP assays
in NSCLC cells indicated that circFoxo3 could specifically bind to
miR-155, which could target the Foxo3 gene. Foxo3 mRNA was
downregulated in NSCLC tissues and cell lines. Overexpression of
circFoxo3 dramatically upregulated Foxo3 expression. Furthermore,
overexpression of miR-155 or knockdown of Foxo3 abrogated the
inhibitory effect of circFoxo3 on tumor cell invasion. Therefore,
circFoxo3 can act as a tumor suppressor of NSCLC by promoting
Foxo3 expression by targeting miR-155. circFoxo3 might be a poten-
tial target for the diagnosis and prognosis of NSCLC patients.80

PCa. In a study by Shen et al.,37 both low-grade PCa tissues and high-
grade PCa tissues were obtained. circFoxo3 exhibited lower levels in
high-grade PCa samples than in low-grade prostate cancer and normal
prostate tissues. Meanwhile, circFoxo3 showed a decreased level in
more invasive cell lines than in less invasive cell lines. In PCa cell lines,
circFoxo3 was found to inhibit the viability of PCa cells by enhancing
the expression of Foxo3. The Foxo3 protein can suppress the function
of epithelial-mesenchymal transition (EMT), which participates in
metastasis, chemical resistance, and apoptosis resistance. In mice
with prostate tumors, circFoxo3 could elevate the chemosensitivity to
docetaxel and prolong the survival time of themice, whereas the knock-
down of circFoxo3 had the opposite effects.37 Therefore, circFoxo3
could suppress the survival, progression, and chemical resistance to do-
cetaxel in prostate cancer by repressing EMT. circFoxo3-, Foxo3-, and
EMT-related factorsmight be possible targets for the exploration of po-
tential therapeutic approaches for prostate cancer.37

The result of this article is contrary to that of Kong et al.81 on the effect
of circFoxo3 in PCa.37 We speculate that the reasons for the opposing
912 Molecular Therapy: Nucleic Acids Vol. 23 March 2021
results were the different sampling standards and insufficient
samples.

Breast cancer. Breast cancer mainly occurs in women.94 Due to the
development of modern clinical diagnosis and treatment methods,
breast cancer has well-developed therapies and a very low mortality
rate.94 circFoxo3 has been found to participate in the pathogenesis
of breast cancer.28

circFoxo3 was downregulated in both breast cancer tissues and breast
cancer cell lines. However, the level of circFoxo3 was increased in can-
cer cells undergoing apoptosis induced by H2O2, doxorubicin and
cisplatin. The ectopic expression of circFoxo3 was revealed to inhibit
tumor growth and prolong lifespan in a mouse model. Furthermore,
circFoxo3 could bind to the MDM2 (murine double minute 2) pro-
tein. The MDM2 gene has been determined to be an oncogene.
MDM2 is able to polyubiquitinate p53 and Foxo3 to decrease the
MDM2 levels independently of the proteasome.95 Overexpression
of circFoxo3 suppressed the binding between MDM2 and Foxo3
and inhibited MDM2-induced ubiquitination of Foxo3, resulting in
an elevated level of Foxo3. The increased activity of Foxo3 might pro-
mote tumor cell apoptosis.28 Therefore, circFoxo3 plays an anti-tu-
mor role in breast cancer.28

ESCC. Esophageal cancer occurs in the esophagus, which runs from
the throat to the stomach. ESCC is one of the most common types of
esophageal cancer, causing great pain during eating and high
morbidity.96 However, until now, the incidence and recurrence rates
have remained high due to the lack of effective prevention therapeu-
tics.97 The underlying mechanisms of ESCC pathogenesis need to be
clarified to enable the prevention and early diagnosis of ESCC. The
role of circFoxo3 in ESCC has been investigated and the mechanism
has been illuminated.82

circFoxo3 was significantly downregulated in ESCC tissue cell lines
compared with that in normal control cells.82 The expression level of
circFoxo3 was shown to be relevant to the tumor node metastasis
stage, implying its role in the tumorigenesis of ESCC. Colony forma-
tion, CCK-8, and Transwell invasion assays showed that overexpres-
sion of circFoxo3 inhibited ESCC cell line proliferation and invasion
and provoked ESCC cell apoptosis. According to the bioinformatics
screen and a luciferase assay, circFoxo3 was determined to be a
sponge of miR-23a. Further analyses indicated that miR-23a could
interact with phosphatase and tension homolog (PTEN, a tumor
suppressor) to inhibit PTEN expression. PTEN has various regula-
tory roles, including those in cell proliferation, survival, and
motility.98 Depending on the lipid phosphatase activity, PTEN can
exert tumor-suppressor activity.98 Overexpression of circFoxo3
could increase the expression of PTEN at both on the mRNA and
protein levels. All results suggested that circFoxo3 could sponge
miR-23a to suppress the development of ESCC via targeting
PTEN. The circFoxo3-miR-23a-PTEN signaling pathway may pro-
vide possible therapeutic targets and diagnostic biomarkers for
ESCC.82
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Table 1. Roles of circFoxo3 in cancers

Cancer type Subjects circFoxo3 expression Regulatory mechanism
Pathway effect
on cancer References

Gastric carcinoma cell lines upregulated circFoxo3-miR-143-3p-USP44 promotion 58

Glioblastoma tissues, cell lines upregulated
circFoxo3-miR-138-5p/miR-432-
5p-NFAT5

promotion 24

Prostate cancer tissues, serum, cell lines upregulated circFoxo3-miR-29a-3p-SLC25A15 promotion 81

Hepatocellular carcinoma tissues, cell lines upregulated circFoxo3-miR- 199a-5p-ABCC1 promotion 57

Non-small cell lung cancer tissues, cell lines downregulated circFoxo3-miR-155-Foxo3 suppression 80

Prostate cancer
low-grade PCa tissues and
high-grade PCa tissues

reduced level in high-grade PCa
samples in contrast to low-grade
prostate cancer and normal
prostate tissues

circFoxo3-Foxo3- EMT process suppression 37

Breast cancer tissues, cell lines downregulated circFoxo3-MDM2- Foxo3 suppression 28

Esophageal squamous
cell carcinoma

tissues, cell lines downregulated circFoxo3-miR-23a-PTEN suppression 82

Bladder cancer
tissues, cell lines downregulated circFoxo3-miR-9-5p-TGFBR2 suppression 101

tissues, cell lines downregulated by miR-191-5p miR-191-5p-circFoxo3 promotion 103

Clinical potential

Glioblastoma plasma upregulated – diagnosis 108

Acute myeloid leukemia bone marrow downregulated – prognosis 36
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Review
Bladder cancer. Bladder cancer is a common cancer that most
frequently occurs in older people, especially men.99 The majority
(70%) of patients with bladder cancer can be diagnosed at an early
stage.100 However, the recurrence rate is high. Therefore, follow-up
examinations after remission are essential. An in-depth illustration
of the underlying mechanisms can facilitate clinical treatment and
prognosis.

Li et al.101 found a regulatory pathway of circFoxo3 in bladder
cancer. circFoxo3 in bladder cancer tissues was significantly
reduced compared with that in adjacent normal tissues. The over-
expression of circFoxo3 could inhibit the proliferation, migration,
and invasion of bladder cancer cells. Further analyses determined
that circFoxo3 competitively absorbed miR-9-5p, which could
target transforming growth factor b receptor 2 (TGFBR2).102

The TGFBR2 levels were also decreased in bladder cancer tissues.
The upregulation of circFoxo3 inhibited the activity of miR-9-5p
and promoted the expression of TGFBR2. These data suggest
that circFoxo3 might suppress bladder cancer through the miR-
9-5p-TGFBR2 axis.101

In another study, the inhibitory effect of circFoxo3 on bladder cancer
was blocked by miR-191-5p.103 Wang et al.103 revealed the role of
circFoxo3 in urothelial carcinoma, the most common kind of bladder
cancer. circFoxo3 expression was obviously reduced both in bladder
cancer tissues and cell lines. Overexpression of circFoxo3 could pro-
mote apoptosis of bladder cancer cells and markedly decrease the
viability of bladder cancer cells, indicating its anti-tumor role. miR-
191-5p has been classified to be related to various solid tumors.104,105

miR-191-5p could bind to the 3ʹ untranslated region (UTR) of
circFoxo3. Further analysis determined that miR-191-5p could sup-
press apoptosis of bladder cancer cells by inhibiting circFoxo3,103

implying the promotion effect of the miR-191-5p-circFoxo3 pathway
in the progression of bladder cancer.
Clinical significance of circFoxo3

Due to their special properties, such as high stability, wide distribu-
tion, time-dependent specificity, and dynamic expression in normal
and pathological conditions, circulating circRNAs have great poten-
tial as non-invasive biomarkers for the diagnosis and prognosis of
different cancers.106,107 Recent studies have also illustrated the diag-
nostic and prognostic value of circFoxo3 in cancers36,108 (Table 1).
Chen et al.108 illuminated the potential role of circFoxo3 in the diag-
nosis of GBM. The circFoxo3 level was increased in the GBM
plasma. Risk score analysis and receiver operating characteristic
(ROC) analysis indicated that circFoxo3 might be a promising
biomarker for GBM diagnosis.108 Zhou et al.36 found the prognostic
role of circFoxo3 in acute myeloid leukemia (AML). AML is a kind
of blood cancer that begins in the bone marrow. circFoxo3 levels
were downregulated in mononuclear cells isolated from the bone
marrow of AML patients, and circFoxo3 had considerable diag-
nostic potential for AML.36 Follow-up clinical data showed that pa-
tients with higher circFoxo3 levels might have longer survival times
than patients with low circFoxo3 levels after treatment. All data sug-
gest that circFoxo3 might be a diagnostic and prognostic biomarker
for AML patients.36

In addition to the role as a biomarker, circFoxo3 also could also
be a promising therapeutic target for cancers. circFoxo3 functions
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in cancer development mainly by sponging miRNAs that
influence many genes. All factors in the pathway might be used
as targets for drug design. Therefore, the application of circFoxo3
as a novel therapeutic target is a promising method for cancer
treatment.

Concluding remarks and future perspectives

The extensive and powerful role of circFoxo3 has attracted attention
from researchers worldwide, leading to many advances. circFoxo3
has been revealed to function by binding to miRNAs or RBPs.
circFoxo3 participates in cancers mainly via acting as a miRNA
sponge. The circFoxo3-miRNA-mRNA (protein) regulatory
pathway enables circFoxo3 to influence the pathogenesis of various
cancers through different miRNA-mRNA (protein) axes. circFoxo3
has great clinical value in the diagnosis, prognosis, and therapeutic
intervention of cancers. However, some problems should be solved
prior to clinical use.

First, the numbers of samples were insufficient in most studies, which
might cause deviation of the experimental results. Larger cohorts are
needed in the future. Second, there is a lack of standardized method-
ologies tomeasure various effects, whichmight lead to inconsistencies
in similar studies. Generally accepted methodologies should be
explored. Third, despite the findings, the exact underlying mecha-
nisms of circFoxo3 in various cancers are still unclear and need
further investigation. Lastly, there is no uniform nomenclature sys-
tem: the same circRNA might have different names in studies from
different laboratories, which can lead to misjudgment or omission
in the follow-up analyses. For example, circFoxo3 has also been
named circFOXO3, circ-Foxo3, circ-FOXO3 or circ-FoxO3 in
different studies. In-depth studies should be performed to solve these
problems.

In summary, circFoxo3 is intimately involved in the pathogenesis of
cancers, which provides a novel avenue for the diagnosis, prognosis,
and therapeutic intervention of cancers in the future. With the
advancement of technology and the cooperation of all researchers,
we have faith in the realization of the clinical application of circFoxo3
in cancer treatment.

ACKNOWLEDGMENTS
This work was supported by the National Natural Science Foundation
of China (grant no. 91849209) and the Innovative Talent Program of
Qingdao City, China (18-1-2-6-zhc).

AUTHOR CONTRIBUTIONS
L.Z. searched the original articles and drafted the manuscript. Y.W.
revised the manuscript. Y. Zhang and Y. Zhao discussed the clinical
problems and pathological discoveries. P.L. and L.Z. conceived the
idea and framework of the review and performed the final proof-
reading. All authors read and approved the final manuscript.

DECLARATION OF INTERESTS
The authors declare no competing interests.
914 Molecular Therapy: Nucleic Acids Vol. 23 March 2021
REFERENCES
1. Zhang, L., Zhang, Y., Zhao, Y., Wang, Y., Ding, H., Xue, S., and Li, P. (2018).

Circulating miRNAs as biomarkers for early diagnosis of coronary artery disease.
Expert Opin. Ther. Pat. 28, 591–601.

2. Zhang, Y., Zhang, L., Wang, Y., Ding, H., Xue, S., Yu, H., Hu, L., Qi, H., Wang, Y.,
Zhu, W., et al. (2019). KCNQ1OT1, HIF1A-AS2 and APOA1-AS are promising
novel biomarkers for diagnosis of coronary artery disease. Clin. Exp. Pharmacol.
Physiol. 46, 635–642.

3. Zhang, L., Zhang, Y., Xue, S., Ding, H., Wang, Y., Qi, H., Wang, Y., Zhu, W., and Li,
P. (2020). Clinical significance of circulating microRNAs as diagnostic biomarkers
for coronary artery disease. J. Cell. Mol. Med. 24, 1146–1150.

4. Zhou, B., and Yu, J.W. (2017). A novel identified circular RNA, circRNA_010567,
promotes myocardial fibrosis via suppressing miR-141 by targeting TGF-b1.
Biochem. Biophys. Res. Commun. 487, 769–775.

5. Li, M., Ding, W., Tariq, M.A., Chang, W., Zhang, X., Xu, W., Hou, L., Wang, Y., and
Wang, J. (2018). A circular transcript of ncx1 gene mediates ischemic myocardial
injury by targeting miR-133a-3p. Theranostics 8, 5855–5869.

6. Yang, Y., Gao, X., Zhang, M., Yan, S., Sun, C., Xiao, F., Huang, N., Yang, X., Zhao, K.,
Zhou, H., et al. (2018). Novel role of FBXW7 circular RNA in repressing glioma
tumorigenesis. J. Natl. Cancer Inst. 110, 304–315.

7. Huang, H., Wei, L., Qin, T., Yang, N., Li, Z., and Xu, Z. (2019). 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. 20, 73–80.

8. Kolakofsky, D. (1976). Isolation and characterization of Sendai virus DI-RNAs. Cell
8, 547–555.

9. Capel, B., Swain, A., Nicolis, S., Hacker, A., Walter, M., Koopman, P., Goodfellow,
P., and Lovell-Badge, R. (1993). Circular transcripts of the testis-determining gene
Sry in adult mouse testis. Cell 73, 1019–1030.

10. Cocquerelle, C., Daubersies, P., Majérus, M.A., Kerckaert, J.P., and Bailleul, B.
(1992). Splicing with inverted order of exons occurs proximal to large introns.
EMBO J. 11, 1095–1098.

11. Nigro, J.M., Cho, K.R., Fearon, E.R., Kern, S.E., Ruppert, J.M., Oliner, J.D., Kinzler,
K.W., and Vogelstein, B. (1991). Scrambled exons. Cell 64, 607–613.

12. Schroeder, R., Breitenbach, M., and Schweyen, R.J. (1983). Mitochondrial circular
RNAs are absent in sporulating cells of Saccharomyces cerevisiae. Nucleic Acids
Res. 11, 1735–1746.

13. Cocquerelle, C., Mascrez, B., Hétuin, D., and Bailleul, B. (1993). Mis-splicing yields
circular RNA molecules. FASEB J. 7, 155–160.

14. Zaphiropoulos, P.G. (1996). Circular RNAs from transcripts of the rat cytochrome
P450 2C24 gene: correlation with exon skipping. Proc. Natl. Acad. Sci. USA 93,
6536–6541.

15. Hansen, T.B., Kjems, J., and Damgaard, C.K. (2013). Circular RNA and miR-7 in
cancer. Cancer Res. 73, 5609–5612.

16. Memczak, S., Jens, M., Elefsinioti, A., Torti, F., Krueger, J., Rybak, A., Maier, L.,
Mackowiak, S.D., Gregersen, L.H., Munschauer, M., et al. (2013). Circular
RNAs are a large class of animal RNAs with regulatory potency. Nature 495,
333–338.

17. Rybak-Wolf, A., Stottmeister, C., Gla�zar, P., Jens, M., Pino, N., Giusti, S., Hanan, M.,
Behm, M., Bartok, O., Ashwal-Fluss, R., et al. (2015). Circular RNAs in the mamma-
lian brain are highly abundant, conserved, and dynamically expressed. Mol. Cell 58,
870–885.

18. Du, W.W., Yang, W., Liu, E., Yang, Z., Dhaliwal, P., and Yang, B.B. (2016). Foxo3
circular RNA retards cell cycle progression via forming ternary complexes with
p21 and CDK2. Nucleic Acids Res. 44, 2846–2858.

19. Guo, J.U., Agarwal, V., Guo, H., and Bartel, D.P. (2014). Expanded identification
and characterization of mammalian circular RNAs. Genome Biol. 15, 409.

20. Zhang, X.O., Wang, H.B., Zhang, Y., Lu, X., Chen, L.L., and Yang, L. (2014).
Complementary sequence-mediated exon circularization. Cell 159, 134–147.

21. Geng, H.H., Li, R., Su, Y.M., Xiao, J., Pan, M., Cai, X.X., and Ji, X.P. (2016). The cir-
cular RNA Cdr1as promotes myocardial infarction by mediating the regulation of
miR-7a on its target genes expression. PLoS ONE 11, e0151753.

http://refhub.elsevier.com/S2162-2531(21)00010-X/sref1
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref1
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref1
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref2
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref2
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref2
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref2
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref3
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref3
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref3
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref4
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref4
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref4
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref5
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref5
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref5
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref6
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref6
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref6
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref7
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref7
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref7
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref8
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref8
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref9
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref9
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref9
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref10
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref10
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref10
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref11
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref11
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref12
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref12
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref12
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref13
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref13
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref14
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref14
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref14
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref15
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref15
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref16
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref16
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref16
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref16
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref17
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref17
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref17
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref17
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref17
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref18
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref18
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref18
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref19
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref19
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref20
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref20
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref21
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref21
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref21
http://www.moleculartherapy.org


www.moleculartherapy.org

Review
22. Dang, R.Y., Liu, F.L., and Li, Y. (2017). Circular RNA hsa_circ_0010729 regulates
vascular endothelial cell proliferation and apoptosis by targeting the miR-186/
HIF-1a axis. Biochem. Biophys. Res. Commun. 490, 104–110.

23. Innes, H., Barclay, S.T., Hayes, P.C., Fraser, A., Dillon, J.F., Stanley, A., Bathgate, A.,
McDonald, S.A., Goldberg, D., Valerio, H., et al. (2018). The risk of hepatocellular
carcinoma in cirrhotic patients with hepatitis C and sustained viral response: role of
the treatment regimen. J. Hepatol. 68, 646–654.

24. Zhang, S., Liao, K., Miao, Z., Wang, Q., Miao, Y., Guo, Z., Qiu, Y., Chen, B., Ren, L.,
Wei, Z., et al. (2019). circFOXO3 promotes glioblastoma progression by acting as a
competing endogenous RNA for NFAT5. Neuro-oncol. 21, 1284–1296.

25. Zhang, Y., Zhang, X.O., Chen, T., Xiang, J.F., Yin, Q.F., Xing, Y.H., Zhu, S., Yang, L.,
and Chen, L.L. (2013). Circular intronic long noncoding RNAs. Mol. Cell 51,
792–806.

26. Conn, S.J., Pillman, K.A., Toubia, J., Conn, V.M., Salmanidis, M., Phillips, C.A.,
Roslan, S., Schreiber, A.W., Gregory, P.A., and Goodall, G.J. (2015). The
RNA binding protein quaking regulates formation of circRNAs. Cell 160,
1125–1134.

27. Wang, K., Long, B., Liu, F., Wang, J.X., Liu, C.Y., Zhao, B., Zhou, L.Y., Sun, T.,
Wang, M., Yu, T., et al. (2016). A circular RNA protects the heart from patholog-
ical hypertrophy and heart failure by targeting miR-223. Eur. Heart J. 37, 2602–
2611.

28. Du, W.W., Fang, L., Yang, W., Wu, N., Awan, F.M., Yang, Z., and Yang, B.B. (2017).
Induction of tumor apoptosis through a circular RNA enhancing Foxo3 activity.
Cell Death Differ. 24, 357–370.

29. Legnini, I., Di Timoteo, G., Rossi, F., Morlando, M., Briganti, F., Sthandier, O.,
Fatica, A., Santini, T., Andronache, A., Wade, M., et al. (2017). circ-ZNF609 is a cir-
cular RNA that can be translated and functions in myogenesis. Mol. Cell 66, 22–
37.e9.

30. Pan, H., Li, T., Jiang, Y., Pan, C., Ding, Y., Huang, Z., Yu, H., and Kong, D. (2018).
Overexpression of circular RNA ciRS-7 abrogates the tumor suppressive effect of
miR-7 on gastric cancer via PTEN/PI3K/AKT signaling pathway. J. Cell.
Biochem. 119, 440–446.

31. Liu, L., Liu, F.B., Huang, M., Xie, K., Xie, Q.S., Liu, C.H., Shen, M.J., and Huang, Q.
(2019). Circular RNA ciRS-7 promotes the proliferation and metastasis of pancre-
atic cancer by regulating miR-7-mediated EGFR/STAT3 signaling pathway.
Hepatobiliary Pancreat. Dis. Int. 18, 580–586.

32. Hansen, T.B., Jensen, T.I., Clausen, B.H., Bramsen, J.B., Finsen, B., Damgaard, C.K.,
and Kjems, J. (2013). Natural RNA circles function as efficient microRNA sponges.
Nature 495, 384–388.

33. Holdt, L.M., Stahringer, A., Sass, K., Pichler, G., Kulak, N.A., Wilfert, W.,
Kohlmaier, A., Herbst, A., Northoff, B.H., Nicolaou, A., et al. (2016). Circular
non-coding RNA ANRIL modulates ribosomal RNA maturation and atheroscle-
rosis in humans. Nat. Commun. 7, 12429.

34. Kenyon, C.J. (2010). The genetics of ageing. Nature 464, 504–512.

35. Willcox, B.J., Tranah, G.J., Chen, R., Morris, B.J., Masaki, K.H., He, Q., Willcox,
D.C., Allsopp, R.C., Moisyadi, S., Poon, L.W., et al. (2016). The FoxO3 gene and
cause-specific mortality. Aging Cell 15, 617–624.

36. Zhou, J., Zhou, L.Y., Tang, X., Zhang, J., Zhai, L.L., Yi, Y.Y., Yi, J., Lin, J., Qian,
J., and Deng, Z.Q. (2019). circ-Foxo3 is positively associated with the Foxo3 gene
and leads to better prognosis of acute myeloid leukemia patients. BMC Cancer
19, 930.

37. Shen, Z., Zhou, L., Zhang, C., and Xu, J. (2020). Reduction of circular RNA Foxo3
promotes prostate cancer progression and chemoresistance to docetaxel. Cancer
Lett. 468, 88–101.

38. Jeck, W.R., Sorrentino, J.A., Wang, K., Slevin, M.K., Burd, C.E., Liu, J., Marzluff,
W.F., and Sharpless, N.E. (2013). Circular RNAs are abundant, conserved, and asso-
ciated with ALU repeats. RNA 19, 141–157.

39. Li, Z., Huang, C., Bao, C., Chen, L., Lin,M.,Wang, X., Zhong, G., Yu, B., Hu,W., Dai,
L., et al. (2015). Exon-intron circular RNAs regulate transcription in the nucleus.
Nat. Struct. Mol. Biol. 22, 256–264.

40. Jeck, W.R., and Sharpless, N.E. (2014). Detecting and characterizing circular RNAs.
Nat. Biotechnol. 32, 453–461.
41. Deininger, P. (2011). Alu elements: know the SINEs. Genome Biol. 12, 236.

42. Ashwal-Fluss, R., Meyer, M., Pamudurti, N.R., Ivanov, A., Bartok, O., Hanan, M.,
Evantal, N., Memczak, S., Rajewsky, N., and Kadener, S. (2014). circRNA biogenesis
competes with pre-mRNA splicing. Mol. Cell 56, 55–66.

43. Suzuki, H., Zuo, Y., Wang, J., Zhang, M.Q., Malhotra, A., and Mayeda, A. (2006).
Characterization of RNase R-digested cellular RNA source that consists of lariat
and circular RNAs from pre-mRNA splicing. Nucleic Acids Res. 34, e63.

44. Xu, T., Wu, J., Han, P., Zhao, Z., and Song, X. (2017). Circular RNA expression pro-
files and features in human tissues: a study using RNA-seq data. BMC Genomics 18
(Suppl 6 ), 680.

45. Zeng, X., Lin,W., Guo, M., and Zou, Q. (2017). A comprehensive overview and eval-
uation of circular RNA detection tools. PLoS Comput. Biol. 13, e1005420.

46. Zheng, Q., Bao, C., Guo, W., Li, S., Chen, J., Chen, B., Luo, Y., Lyu, D., Li, Y., Shi, G.,
et al. (2016). Circular RNA profiling reveals an abundant circHIPK3 that regulates
cell growth by sponging multiple miRNAs. Nat. Commun. 7, 11215.

47. Jakobi, T., Czaja-Hasse, L.F., Reinhardt, R., and Dieterich, C. (2016). Profiling and
validation of the circular RNA repertoire in adult murine hearts. Genomics
Proteomics Bioinformatics 14, 216–223.

48. Li, Y., Zhang, J., Huo, C., Ding, N., Li, J., Xiao, J., Lin, X., Cai, B., Zhang, Y., and Xu, J.
(2017). Dynamic organization of lncRNA and circular RNA regulators collectively
controlled cardiac differentiation in humans. EBioMedicine 24, 137–146.

49. Werfel, S., Nothjunge, S., Schwarzmayr, T., Strom, T.M., Meitinger, T., and
Engelhardt, S. (2016). Characterization of circular RNAs in human, mouse and
rat hearts. J. Mol. Cell. Cardiol. 98, 103–107.

50. AbouHaidar, M.G., Venkataraman, S., Golshani, A., Liu, B., and Ahmad, T. (2014).
Novel coding, translation, and gene expression of a replicating covalently closed cir-
cular RNA of 220 nt. Proc. Natl. Acad. Sci. USA 111, 14542–14547.

51. Aufiero, S., Reckman, Y.J., Pinto, Y.M., and Creemers, E.E. (2019). Circular RNAs
open a new chapter in cardiovascular biology. Nat. Rev. Cardiol. 16, 503–514.

52. Lim, T.B., Lavenniah, A., and Foo, R.S. (2020). Circles in the heart and cardiovascu-
lar system. Cardiovasc. Res. 116, 269–278.

53. Barrett, S.P., and Salzman, J. (2016). Circular RNAs: analysis, expression and poten-
tial functions. Development 143, 1838–1847.

54. Siede, D., Rapti, K., Gorska, A.A., Katus, H.A., Altmüller, J., Boeckel, J.N., Meder, B.,
Maack, C., Völkers, M., Müller, O.J., et al. (2017). Identification of circular RNAs
with host gene-independent expression in human model systems for cardiac differ-
entiation and disease. J. Mol. Cell. Cardiol. 109, 48–56.

55. Gupta, S.K., Garg, A., Bär, C., Chatterjee, S., Foinquinos, A., Milting, H., Streckfuß-
Bömeke, K., Fiedler, J., and Thum, T. (2018). Quaking inhibits doxorubicin-medi-
ated cardiotoxicity through regulation of cardiac circular RNA expression. Circ.
Res. 122, 246–254.

56. Li, X., Li, C., Liu, Z., Ni, W., Yao, R., Xu, Y., Quan, R., Zhang, M., Li, H., Liu, L., and
Hu, S. (2020). Retraction. Cells 9, 2504.

57. Huang, W., Huang, F., and Feng, C. (2020). circFoxo3 promotes adriamycin resis-
tance through regulation of miR-199a-5p/ATP binding cassette subfamily C mem-
ber 1 axis in hepatocellular carcinoma. OncoTargets Ther. 13, 5113–5122.

58. Xiang, T., Jiang, H.S., Zhang, B.T., and Liu, G. (2020). circFOXO3 functions as a mo-
lecular sponge for miR-143-3p to promote the progression of gastric carcinoma via
upregulating USP44. Gene 753, 144798.

59. Denzler, R., Agarwal, V., Stefano, J., Bartel, D.P., and Stoffel, M. (2014). Assessing
the ceRNA hypothesis with quantitative measurements of miRNA and target abun-
dance. Mol. Cell 54, 766–776.

60. de la Mata, M., Gaidatzis, D., Vitanescu, M., Stadler, M.B., Wentzel, C., Scheiffele, P.,
Filipowicz, W., and Großhans, H. (2015). Potent degradation of neuronal miRNAs
induced by highly complementary targets. EMBO Rep. 16, 500–511.

61. Kleaveland, B., Shi, C.Y., Stefano, J., and Bartel, D.P. (2018). A network of noncod-
ing regulatory RNAs acts in the mammalian brain. Cell 174, 350–362.e17.

62. Sheu-Gruttadauria, J., Pawlica, P., Klum, S.M., Wang, S., Yario, T.A., Schirle
Oakdale, N.T., Steitz, J.A., and MacRae, I.J. (2019). Structural basis for target-
directed MicroRNA degradation. Mol. Cell 75, 1243–1255.e7.
Molecular Therapy: Nucleic Acids Vol. 23 March 2021 915

http://refhub.elsevier.com/S2162-2531(21)00010-X/sref22
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref22
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref22
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref23
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref23
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref23
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref23
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref24
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref24
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref24
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref25
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref25
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref25
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref26
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref26
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref26
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref26
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref27
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref27
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref27
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref27
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref28
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref28
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref28
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref29
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref29
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref29
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref29
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref30
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref30
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref30
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref30
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref31
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref31
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref31
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref31
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref32
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref32
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref32
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref33
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref33
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref33
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref33
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref34
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref35
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref35
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref35
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref36
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref36
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref36
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref36
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref37
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref37
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref37
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref38
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref38
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref38
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref39
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref39
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref39
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref40
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref40
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref41
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref42
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref42
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref42
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref43
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref43
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref43
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref44
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref44
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref44
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref44
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref45
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref45
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref46
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref46
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref46
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref47
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref47
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref47
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref48
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref48
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref48
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref49
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref49
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref49
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref50
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref50
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref50
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref51
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref51
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref52
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref52
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref53
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref53
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref54
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref54
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref54
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref54
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref55
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref55
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref55
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref55
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref56
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref56
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref57
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref57
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref57
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref58
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref58
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref58
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref59
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref59
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref59
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref60
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref60
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref60
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref61
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref61
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref62
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref62
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref62
http://www.moleculartherapy.org


www.moleculartherapy.org

Review
63. Yang, A.C., Shao, T.J., Bofill-De Ros, X., Lian, C.J., Villanueva, P., Dai, L.S., and Gu,
S. (2020). AGO-bound mature miRNAs are oligouridylated by TUTs and subse-
quently degraded by DIS3L2. Nat. Commun. 11, 2765.

64. Fuchs Wightman, F., Giono, L.E., Fededa, J.P., and de la Mata, M. (2018). Target
RNAs strike back on microRNAs. Front. Genet. 9, 435.

65. Du, W.W., Yang, W., Chen, Y., Wu, Z.K., Foster, F.S., Yang, Z., Li, X., and Yang,
B.B. (2017). Foxo3 circular RNA promotes cardiac senescence by modulating mul-
tiple factors associated with stress and senescence responses. Eur. Heart J. 38,
1402–1412.

66. Kos, A., Dijkema, R., Arnberg, A.C., van der Meide, P.H., and Schellekens, H.
(1986). The hepatitis delta (d) virus possesses a circular RNA. Nature 323,
558–560.

67. Perriman, R., and Ares, M., Jr. (1998). Circular mRNA can direct translation of
extremely long repeating-sequence proteins in vivo. RNA 4, 1047–1054.

68. Chen, C.Y., and Sarnow, P. (1995). Initiation of protein synthesis by the eukaryotic
translational apparatus on circular RNAs. Science 268, 415–417.

69. Wesselhoeft, R.A., Kowalski, P.S., and Anderson, D.G. (2018). Engineering circu-
lar RNA for potent and stable translation in eukaryotic cells. Nat. Commun. 9,
2629.

70. Yang, Y., Fan, X., Mao, M., Song, X., Wu, P., Zhang, Y., Jin, Y., Yang, Y., Chen, L.L.,
Wang, Y., et al. (2017). Extensive translation of circular RNAs driven by N6-meth-
yladenosine. Cell Res. 27, 626–641.

71. Liang, W.C., Wong, C.W., Liang, P.P., Shi, M., Cao, Y., Rao, S.T., Tsui, S.K.W.,
Waye, M.M.Y., Zhang, Q., Fu, W.M., and Zhang, J.F. (2019). Translation of the cir-
cular RNA circb-catenin promotes liver cancer cell growth through activation of the
Wnt pathway. Genome Biol. 20, 84.

72. Myatt, S.S., and Lam, E.W. (2007). The emerging roles of forkhead box (Fox) pro-
teins in cancer. Nat. Rev. Cancer 7, 847–859.

73. Schips, T.G., Wietelmann, A., Höhn, K., Schimanski, S., Walther, P., Braun, T.,
Wirth, T., and Maier, H.J. (2011). FoxO3 induces reversible cardiac atrophy and
autophagy in a transgenic mouse model. Cardiovasc. Res. 91, 587–597.

74. Cho, E.C., Kuo, M.L., Liu, X., Yang, L., Hsieh, Y.C., Wang, J., Cheng, Y., and Yen, Y.
(2014). Tumor suppressor FOXO3 regulates ribonucleotide reductase subunit
RRM2B and impacts on survival of cancer patients. Oncotarget 5, 4834–4844.

75. Anderson, M.J., Viars, C.S., Czekay, S., Cavenee, W.K., and Arden, K.C. (1998).
Cloning and characterization of three human forkhead genes that comprise an
FKHR-like gene subfamily. Genomics 47, 187–199.

76. Chang, Z.S., Xia, J.B., Wu, H.Y., Peng, W.T., Jiang, F.Q., Li, J., Liang, C.Q., Zhao, H.,
Park, K.S., Song, G.H., et al. (2019). Forkhead box O3 protects the heart against
paraquat-induced aging-associated phenotypes by upregulating the expression of
antioxidant enzymes. Aging Cell 18, e12990.

77. Xie, Y.Z., Yang, F., Tan, W., Li, X., Jiao, C., Huang, R., and Yang, B.B. (2016).
The anti-cancer components of Ganoderma lucidum possesses cardiovascular
protective effect by regulating circular RNA expression. Oncoscience 3,
203–207.

78. Lin, S.P., Hu, J., Wei, J.X., Ye, S., Bu, J., Xu, W., Chen, S., Wu, Y., Wu, G., Zhu, L.,
et al. (2020). Silencing of circFoxO3 protects HT22 cells from glutamate-induced
oxidative injury via regulating the mitochondrial apoptosis pathway. Cell. Mol.
Neurobiol. 40, 1231–1242.

79. Lu, W.Y. (2017). Roles of the circular RNA circ-Foxo3 in breast cancer progression.
Cell Cycle 16, 589–590.

80. Zhang, Y., Zhao, H., and Zhang, L. (2018). Identification of the tumor-suppressive
function of circular RNA FOXO3 in non-small cell lung cancer through sponging
miR-155. Mol. Med. Rep. 17, 7692–7700.

81. Kong, Z., Wan, X., Lu, Y., Zhang, Y., Huang, Y., Xu, Y., Liu, Y., Zhao, P., Xiang, X.,
Li, L., and Li, Y. (2020). Circular RNA circFOXO3 promotes prostate cancer pro-
gression through sponging miR-29a-3p. J. Cell. Mol. Med. 24, 799–813.

82. Xing, Y., Zha, W.J., Li, X.M., Li, H., Gao, F., Ye, T., Du, W.Q., and Liu, Y.C. (2020).
Circular RNA circ-Foxo3 inhibits esophageal squamous cell cancer progression via
the miR-23a/PTEN axis. J. Cell. Biochem. 121, 2595–2605.
916 Molecular Therapy: Nucleic Acids Vol. 23 March 2021
83. Karimi, P., Islami, F., Anandasabapathy, S., Freedman, N.D., and Kamangar, F.
(2014). Gastric cancer: descriptive epidemiology, risk factors, screening, and preven-
tion. Cancer Epidemiol. Biomarkers Prev. 23, 700–713.

84. Park, J.M., Lee, J.E., Park, C.M., and Kim, J.H. (2019). USP44 promotes the tumor-
igenesis of prostate cancer cells through EZH2 protein stabilization. Mol. Cells 42,
17–27.

85. Louis, D.N., Perry, A., Reifenberger, G., von Deimling, A., Figarella-Branger, D.,
Cavenee, W.K., Ohgaki, H., Wiestler, O.D., Kleihues, P., and Ellison, D.W.
(2016). The 2016 World Health Organization Classification of Tumors of the
Central Nervous System: a summary. Acta Neuropathol. 131, 803–820.

86. Küper, C., Beck, F.X., and Neuhofer, W. (2014). NFAT5-mediated expression of
S100A4 contributes to proliferation and migration of renal carcinoma cells. Front.
Physiol. 5, 293.

87. Yu, H., Zheng, J., Liu, X., Xue, Y., Shen, S., Zhao, L., Li, Z., and Liu, Y. (2017).
Transcription factor NFAT5 promotes glioblastoma cell-driven angiogenesis via
SBF2-AS1/miR-338-3p-mediated EGFL7 expression change. Front. Mol.
Neurosci. 10, 301.

88. Center, M.M., Jemal, A., Lortet-Tieulent, J., Ward, E., Ferlay, J., Brawley, O., and
Bray, F. (2012). International variation in prostate cancer incidence and mortality
rates. Eur. Urol. 61, 1079–1092.

89. Rawla, P. (2019). Epidemiology of prostate cancer. World J. Oncol. 10, 63–89.

90. Palmieri, F. (2013). The mitochondrial transporter family SLC25: identification,
properties and physiopathology. Mol. Aspects Med. 34, 465–484.

91. Chen, W. (2015). Cancer statistics: updated cancer burden in China. Chin. J. Cancer
Res. 27, 1.

92. Patel, T.H., Norman, L., Chang, S., Abedi, S., Liu, C., Chwa, M., Atilano, S.R.,
Thaker, K., Lu, S., Jazwinski, S.M., et al. (2019). European mtDNA variants are asso-
ciated with differential responses to cisplatin, an anticancer drug: implications for
drug resistance and side effects. Front. Oncol. 9, 640.

93. Pastorino, U. (2010). Lung cancer screening. Br. J. Cancer 102, 1681–1686.

94. Wörmann, B. (2017). Breast cancer: basics, screening, diagnostics and treatment.
Med. Monatsschr. Pharm. 40, 55–64.

95. Haupt, Y., Maya, R., Kazaz, A., and Oren, M. (1997). Mdm2 promotes the rapid
degradation of p53. Nature 387, 296–299.

96. Miller, K.D., Nogueira, L., Mariotto, A.B., Rowland, J.H., Yabroff, K.R., Alfano,
C.M., Jemal, A., Kramer, J.L., and Siegel, R.L. (2019). Cancer treatment and survi-
vorship statistics, 2019. CA Cancer J. Clin. 69, 363–385.

97. Huang, F.L., and Yu, S.J. (2018). Esophageal cancer: risk factors, genetic association,
and treatment. Asian J. Surg. 41, 210–215.

98. Worby, C.A., and Dixon, J.E. (2014). PTEN. Annu. Rev. Biochem. 83, 641–669.

99. Antoni, S., Ferlay, J., Soerjomataram, I., Znaor, A., Jemal, A., and Bray, F. (2017).
Bladder cancer incidence and mortality: a global overview and recent trends. Eur.
Urol. 71, 96–108.

100. Pal, S.K., Miller, M.J., Agarwal, N., Chang, S.M., Chavez-MacGregor, M., Cohen, E.,
Cole, S., Dale, W., Magid Diefenbach, C.S., Disis, M.L., et al. (2019). Clinical Cancer
Advances 2019: annual report on progress against cancer from the American Society
of Clinical Oncology. J. Clin. Oncol. 37, 834–849.

101. Li, Y., Qiao, L., Zang, Y., Ni, W., and Xu, Z. (2020). Circular RNA FOXO3 sup-
presses bladder cancer progression and metastasis by regulating miR-9-5p/
TGFBR2. Cancer Manag. Res. 12, 5049–5056.

102. Mátyás, G., Arnold, E., Carrel, T., Baumgartner, D., Boileau, C., Berger, W., and
Steinmann, B. (2006). Identification and in silico analyses of novel TGFBR1 and
TGFBR2 mutations in Marfan syndrome-related disorders. Hum. Mutat. 27,
760–769.

103. Wang, C., Tao, W., Ni, S., and Chen, Q. (2019). Circular RNA circ-Foxo3 induced
cell apoptosis in urothelial carcinoma via interaction with miR-191-5p.
OncoTargets Ther. 12, 8085–8094.

104. Song, Z., Ren, H., Gao, S., Zhao, X., Zhang, H., and Hao, J. (2014). The clinical sig-
nificance and regulation mechanism of hypoxia-inducible factor-1 and miR-191
expression in pancreatic cancer. Tumour Biol. 35, 11319–11328.

http://refhub.elsevier.com/S2162-2531(21)00010-X/sref63
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref63
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref63
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref64
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref64
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref65
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref65
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref65
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref65
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref66
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref66
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref66
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref67
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref67
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref68
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref68
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref69
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref69
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref69
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref70
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref70
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref70
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref70
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref71
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref71
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref71
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref71
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref72
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref72
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref73
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref73
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref73
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref74
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref74
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref74
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref75
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref75
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref75
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref76
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref76
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref76
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref76
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref77
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref77
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref77
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref77
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref78
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref78
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref78
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref78
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref79
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref79
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref80
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref80
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref80
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref81
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref81
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref81
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref82
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref82
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref82
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref83
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref83
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref83
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref84
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref84
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref84
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref85
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref85
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref85
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref85
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref86
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref86
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref86
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref87
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref87
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref87
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref87
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref88
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref88
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref88
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref89
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref90
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref90
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref91
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref91
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref92
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref92
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref92
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref92
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref93
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref94
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref94
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref95
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref95
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref96
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref96
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref96
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref97
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref97
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref98
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref99
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref99
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref99
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref100
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref100
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref100
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref100
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref101
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref101
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref101
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref102
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref102
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref102
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref102
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref103
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref103
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref103
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref104
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref104
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref104
http://www.moleculartherapy.org


www.moleculartherapy.org

Review
105. Chen, P., Pan, X., Zhao, L., Jin, L., Lin, C., Quan, J., He, T., Zhou, L., Wu, X., Wang,
Y., et al. (2018). MicroRNA-191-5p exerts a tumor suppressive role in renal cell car-
cinoma. Exp. Ther. Med. 15, 1686–1693.

106. Cui, X., Wang, J., Guo, Z., Li, M., Li, M., Liu, S., Liu, H., Li, W., Yin, X., Tao, J., and
Xu, W. (2018). Emerging function and potential diagnostic value of circular RNAs
in cancer. Mol. Cancer 17, 123.
107. Vo, J.N., Cieslik, M., Zhang, Y., Shukla, S., Xiao, L., Zhang, Y., Wu, Y.M.,
Dhanasekaran, S.M., Engelke, C.G., Cao, X., et al. (2019). The landscape of circular
RNA in cancer. Cell 176, 869–881.e13.

108. Chen, A., Zhong, L., Ju, K., Lu, T., Lv, J., and Cao, H. (2020). Plasmatic circRNA
predicting the occurrence of human glioblastoma. Cancer Manag. Res. 12, 2917–
2923.
Molecular Therapy: Nucleic Acids Vol. 23 March 2021 917

http://refhub.elsevier.com/S2162-2531(21)00010-X/sref105
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref105
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref105
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref106
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref106
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref106
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref107
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref107
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref107
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref108
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref108
http://refhub.elsevier.com/S2162-2531(21)00010-X/sref108
http://www.moleculartherapy.org

	Pathogenic mechanisms and the potential clinical value of circFoxo3 in cancers
	Outline placeholder
	The biogenesis and characteristics of circRNAs
	The action mechanisms of circRNAs
	circRNAs can act as miRNA sponges
	circRNAs can serve as RBP sponges
	circRNAs can be templates for protein translation
	circRNAs can serve as transcriptional regulators of the parental genes

	The origin of circFoxo3
	circFoxo3 and cancers
	Cancers promoted by circFoxo3
	GC
	Glioblastoma
	PCa
	Hepatocellular carcinoma

	Cancers suppressed by circFoxo3
	Non-small cell lung cancer
	PCa
	Breast cancer
	ESCC
	Bladder cancer


	Clinical significance of circFoxo3
	Concluding remarks and future perspectives

	Acknowledgments
	Author contributions
	Author contributions
	References


