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In recent years, circular RNAs (circRNAs), a new class of RNA molecules characterized by their covalently closed circular structure, have
become a new research paradigm in RNA biology. Many circRNAs are conserved among eukaryotes, localize in specific subcellular
compartments, and play different biological roles. Accumulating evidence shows that circRNAs regulate a diversity of cellular processes
by acting as miRNA sponges, anchors for circRNA binding proteins (cRBPs), transcriptional regulators, molecular scaffolds, and sources
for translation of small proteins/peptides. The emergence of the biological functions of circRNAs has brought a new perspective to our
understanding of cellular physiology and disease pathogenesis. Recent studies have shown that the expression of circRNAs is tissue-
and cell type-specific and specifically regulated through development or disease progression, where they exert specific biological
functions. However, the mechanisms underlying these remain largely unknown. A deeper understanding of how the specific expression
of circRNAs is regulated to exert specific biological functions will enable the use of circRNA as a biomarker in clinical practice and the
development of new therapeutic approaches. This review aims to summarize recent developments in circRNA biogenesis, functions,
and molecular mechanisms. We also provide some specific circRNAs as examples to show their tissue-specific distribution and evaluate

the possibility of applying circRNA technologies in molecular research and therapeutics.
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FACTS

® The number of circRNAs detected is significantly more than
the number of genes.

® The abundance of different circRNAs generated from the same
gene or different genes is very different.

® Many circRNAs are expressed at very low levels.

® An exon may be shared by different circRNAs.

QUESTIONS

® What splicing factors are controlling the biogenesis pathway
associated with the abundance of different circRNAs generated
from the same gene?

® Are the low abundant circRNAs tissue-, cell type-, and
developmental stage-specific or are they expressed at low
abundance all the time?

® Do these low abundant circRNAs affect cell activities?

® For the circRNAs sharing the same exon(s), do they also share
similar functions?

INTRODUCTION
CircRNAs, a novel class of non-coding RNA, were first identified
about 40 years ago, which are widely distributed in fungi,

protozoa, plants, mice, humans, etc. [1, 2]. The circRNAs have
been considered as the products of splicing errors for a long time
until recently the properties of circRNAs are successfully and
extensively investigated with the new generation of RNA-seq and
are demonstrated to play crucial roles in a variety of biological
processes [3]. Soon after, circRNAs become one of the hottest
topics in RNA biology [4]. CircRNAs have a unique covalently
closed circular form and are generated from precursor mRNA by
RNA polymerase Il [4, 5]. They are abundant, distinct, highly
conserved molecules which are expressed in tissue- and cell type-
specific manners during developmental and disease stages [6-8].
In this review, we focus on the tissue-specific expression and
functions of circRNAs. We also outline the probabilities of applying
circRNA technologies in molecular therapy.

General features of circRNA

CircRNAs are covalently closed-loop molecules that lack 5'-caps
and 3’-poly(A) tails and are resistant to RNA exonucleases-
mediated degradation [9, 10]. The abundance of circRNAs is
specific to cell types and tissues during development [7, 8]. In
humans, high levels of circRNAs are observed in the brain,
neural cells, heart, and lung [3, 11]. Some circRNAs are even
more abundant than their linear counterparts [4, 12]. Although
circRNAs are synthesized in the nucleus, they predominately
localize in the cytoplasm. Most exonic circRNAs (ecircRNAs) are
found to be transported to the cytoplasm by the nuclear export
system [13]. The circRNAs are sorted according to their length by
the nuclear export machinery and their localization is controlled
by UAP56/URH49. UAP56 controls the export of long circRNAs
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Biogenesis and functional mechanisms of circRNAs. a Linear mRNA is derived by the conventional splicing process. b Intron pairing

model of circRNAs biogenesis; The 3’ splicing donor site in the exon combines with the 5’ splicing acceptor site in the upstream intron that
forms a circRNA or ecircRNA by removing the introns between the exons. ¢ Intron pairing-driven circularization; reverse complementary
sequences (Alu sequences) direct insertion and generate an EICiRNA or ecircRNA through intron removed or retained. d RBP-induced
cyclization: RBPs assist the back-splicing event, in which the introns are removed to form circRNA. e ciRNA formation; ciRNAs are derived from
lariat introns. f circRNAs can serve as miRNA sponge. g circRNAs can interact with cRBPs and alter the functions of the proteins. h circRNAs can
encode peptides and proteins. i ciRNAs can directly interact with transcription complexes and thus regulate parental gene expression at the

transcriptional and translational levels.

(>1200nt) and URHA49 is required for short circRNAs (<400nt)
[14]. The m6A modification in circNSUN2 can facilitate its export
[15]. In cytoplasm, circRNAs may function as microRNA sponges,
interact with circRNA binding proteins (cRBPs), or serve
as templates for translation. The majority of intronic circRNAs
(ciRNAs) and exon-intron circRNAs (EIcCiRNAs) are retained in the
nucleus [16]. The circular form of the introns of C9ORF72
transcripts can be exported to the cytoplasm and serve as the
translation template [17].

Biogenesis and classification of circRNAs

CircRNAs are generated from precursor mRNAs by RNA polymer-
ase I, through which the 3-end splice site is linked with the
upstream 5’-end splice site to form a closed-loop, known as back-
splicing [5]. There are three models of circRNA loop formation
based on circRNA compositions: intron pairing-driven, RNA-
binding protein (RBP)-driven, and lariat-driven circularization
(Fig. 1) [18]. According to their genomic origin and cycling
mechanism, circRNAs are divided into ecircRNAs, ciRNAs, and
EIciRNAs [8, 16]. The ecircRNAs are mainly derived from single or
multiple exons of pre-mRNA [19]. The ciRNAs are derived from
introns by spliceosome-mediated splicing [20]. EIciRNAs consist of
both exonic and intronic sequences [21]. RBPs play roles in
circRNA biogenesis, while adenosine deaminase acting on RNA
(ADARs) participates in the formation of circRNAs through A-to-l
substitution [12].

Current approaches for circRNA detection and quantification

Different methodologies are employed to identify circRNAs to
elucidate their functions [22]. The predictive tools, including
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circRNA_finder, find_circ, CIRCexplorer, CIRl, and MapSplice,
determine circRNAs by aligning the reads of RNA-seq with a
reference or pseudo-reference genome to extract reads that
propagate to back-splicing junctions [18, 23]. The current online
databases (CircRNADD, Circ2Traits, Circlnteractome, CircBank, and
CircNet, etc.) provide the basic information and classification of
circRNAs, predictive analysis of circRNAs interactions, the relation-
ship between circRNA and disease, primer design, and siRNA
design [24-28]. Commonly used techniques for genome-wide
profiling and quantification of circRNAs include Ribo-RNA-seq,
poly(A)-RNA-seq, RNase R-treated RNA-seq, Reads per million
mapped reads, fragments per million mapped fragments, CIRC-
score, and circular over linear ratio [5].

Northern blotting is the initial assay for circRNA validation [29].
However, due to the complexity and the low sensitivity of
Northern blot, the most commonly used technique for circRNA
detection and validation is RT-PCR or quantitative PCR with
divergent primers flanking the back-splicing junctions. The copy
numbers of circRNA can be determined with digital droplet PCR
(ddPCR) [30]. Fluorescence in situ hybridization (FISH) is performed
with specific probes to visualize the subcellular location of
circRNAs [31, 32]. Identification of the circRNA-binding proteins
can be achieved by circRNA-pulldown method [33-35].

MOLECULAR MECHANISMS AND FUNCTIONS OF CIRCULAR
RNA

Accumulated evidence has provided a focus on the potential roles
of circRNAs. The known functional mechanisms of circRNAs include
sponging miRNAs, interacting with cRBPs, translating proteins, and
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regulating transcriptional or post-transcriptional gene expression
(Fig. 1) 121

microRNA sponge

CircRNAs can bind different types and numbers of microRNAs
and negatively regulate microRNA activity by competing with
MRNA-microRNA binding [36, 37]. The ciRS-7 has over 70 miR-7
binding sites and functions as miR-7 sponge [38]. CircRNAs have
been shown to be involved in many pathological processes
by sponging different microRNAs [39, 40]. The circCD44 was
demonstrated to promote tumorigenesis via sponging miR-502-
5p in triple-negative breast cancer [39]. Overexpression of
circLRP6 accelerated the development of atherosclerosis by
sponging miR-145 [40].

Protein interactions

CircRNAs can directly interact with circRNA binding proteins
(cRBPs). By binding with proteins, the circRNAs can regulate the
translocation of certain proteins. For example, circFOXO3 inter-
acted with stress and senescence associated proteins, preventing
the nuclear translocation of these proteins and suppressing their
roles against senescence and stress in cardiac fibroblasts [11]. In
addition, circRNAs can enhance or dissociate the interactions
between two proteins as a facilitator or competitor. The circYAP
enhances the interaction between tropomyosin-4 and y-actin,
leading to decrease in actin polymerization and the consequent
cardiac fibrosis [32]. The circCCNB1 interacts with CCNB1 and
CDK1 proteins and dissociates CCNB1/CDK1 complex, resulting in
loss-of-function of CCNB1 on tumorigenesis [41]. All these findings
show that circRNAs can regulate gene functions by interacting
with proteins.

Forming regulatory complex

CircRNAs also form complexes with mRNA or chromatin upon
the circRNA-protein complex. A circRNA may form a ternary
complex with protein and mRNA to regulate mRNA stability or
protein translation. The formation of circNSUN2-IGF2BP2 pro-
tein-HMGA2 RNA complex promotes the interaction of IGF2BP2
and HMGA?2, thus enhances the stability of HWGA2 mRNA, and
facilitates liver metastasis of colorectal cancer [15]. The circYAP
can form a complex with YAP mRNA and two translation
initiation machinery proteins, PABP and elF4G, through which it
blocks translation initiation of YAP protein [42]. A circRNA can
also form a complex with protein and chromatin to regulate
gene transcription. The circZNF827 engaged in a complex
containing hnRNP-ZNF827 and chromatin to block the tran-
scription of nerve growth factor receptors during neuronal
differentiation [43]. The circACTN4 can recruit YBX1 to FZD7
promoter forming circRNA-protein-chromatin complexes to co-
activate FZD7 transcription [44].

Transcriptional regulation

Some ecircRNAs, such as circZNF827 and circACTN4, which are
located in the nucleus, can activate gene transcription
by interacting with the promoter and recruiting transcription
regulator proteins to the promoter region [43, 44]. In addition,
ciRNAs such as ci-ankrd52, and EIciRNAs, are found to
regulate transcription by binding to RNA polymerase Il in the
nucleus of human cells [16, 45]. Moreover, some circRNAs
functionally regulate gene expression by competing with linear
splicing. For instance, during circMBI formation, circMBl com-
petes with pre-MBL mRNA splicing, and adversely affects
canonical splicing [6].

Translation

CircRNAs can be translated in a cap-independent manner [46].
Two cap-independent manners have been identified to mediate
the translation of circRNAs, which are internal ribosome entry site
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(IRES) mediated and N6-methyladenosine mediated. IRESs are
sequences that recruit initiation factors or ribosomes to mRNA for
cap-independent translation [47]. The circZNF609 contains a 753nt
ORF for translation to encode a protein via IRES-mediated cap
independence [48]. The circMBL3 can encode a protein of 37 kDa
via IRES-dependent translation [49]. Some circRNAs are translated
independent of IRES but rely on the N6-methyladenosine [50]. The
proteins translated from circRNAs play important roles in different
organs and diseases. For example, the peptide FBXW7-185aa
originating from circ-FBXW7 inhibits cell cycle progression [51].
Work from our lab demonstrated that circNIgn regulated cardiac
remodeling by producing a new protein isoform with a smaller
size and 9 additional amino acids being translated beyond the
splicing site [31].

Functions of circRNAs

The tissue- and age-specific expression of circRNAs suggests
their potential roles in tissue development and cell differentia-
tion [52, 53]. Many studies have shown that knockdown or
overexpression of circRNAs regulate cell proliferation indepen-
dently of their cognate linear RNAs [5, 11, 54-57]. The depletion
of circHIPK3 suppresses cell proliferation by sponging multiple
microRNAs in HEK293T cells [54]. The circFOXO3 is able to
interact with CDK2 and p21, and this triple complex inhibits cell
proliferation by increasing the inhibitory effect of p21 on CDK2
[55]. There is evidence that circRNAs play a direct role in
immune regulation. The circPAN3 regulates the regeneration of
human and mouse LGR5" intestinal stem cells and activates the
WNT signaling pathway [58]. Different circRNAs can regulate
cellular stress positively or negatively [59]. The circANRIL has
been shown to trigger prolonged nucleolar stress and is
associated with an increased risk of atherosclerosis [60]. The
highly enriched circRNA expression may be due to the stability
of circRNA and the slow division of these cells [5]. Disruption of
circRNAs has been reported in neurodegenerative diseases, such
as Alzheimer’s disease and autism spectrum disorder [61, 62].
Taken together, most circRNAs specifically express in particular
tissues or cells, or at different stages of development for their
distinct physiological functions. The physiological and patholo-
gical functions of circRNAs are summarized in Fig. 2.

TISSUE- AND DEVELOPMENTAL STAGE-SPECIFIC EXPRESSION
OF CIRCRNAS

Deep sequencing has revealed the characteristics of thousands of
circRNAs from a range of tissues and organisms [63]. CircRNAs
have been reported to be highly cell type and tissue-specific [53].
A comprehensive classification and characterization of circRNAs in
specific tissues or at developmental stages help significantly
for their functional studies [53, 64]. CircRNA expression has
been investigated in various human adult and fetal tissues. The
abundance and expression levels of circRNAs in fetal tissues are
relatively higher than in adult tissues, suggesting that circRNAs
may function in a tissue-specific and development-specific
manner [65].

Tissue-Specific CircRNA Database (TSCD) (http://gb.whu.edu.cn/
TSCD) is a comprehensive dataset for tissue-specific expression of
circRNAs [53]. The highly abundant tissue-specific circRNAs in
human adult, human fetus, and the mouse, obtained from TSCD,
are listed in Table 1. Tissue-specific circRNAs are thought to be
largely related to tissue development and differentiation. Some
circRNAs are expressed in all tissues, while highly abundant
circRNAs are expressed differently in various organs [65].
According to TSCD, circRNAs are expressed most highly and
specifically in the human brain, and secondly in liver and heart
compared to other tissues. In general, there is a significant
enrichment in clusters related to the biological functions of host
genes of organ-specific circRNAs in related tissues [66]. For
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Fig. 2 Physiological and pathological functions of circRNAs. CircRNAs have been reported to play important roles in regulating tissue
development, cell proliferation, innate immunity, autophagy, and neuronal functions under physiological conditions. CircRNAs are also
involved in the onset and progression of diseases, including cancers, cardiovascular diseases, metabolic diseases, inflammation, and

neurodegenerative diseases.

Table 1.

Specific circRNA for human development and mouse tissues in TSCD.

Systems Tissue type Human adult circRNAs Number Human fetal circRNAs Number Mouse circRNAs Number
Circulatory system Heart 15259 1608 797
Nervous system Brain = 89037 5083
Respiratory system Lung 5229 559 1066
Digestive system Liver 21525 7902 979
Intestine 15483 388 -
Genitourinary system Kidney - 318 624
Endocrine system Adrenal 3587 357 -
Thyroidgland 3599 4189 -
Other Skin 3966 9065 806

circRNA expression in different organs appears to vary throughout development.
Tissue-specific circRNAs in human and mouse tissues obtained from the TSCD (http://gb.whu.edu.cn/ TSCD) database (Browser-HG38) are shown in Table 1.

TSCD is a comprehensive database for tissue-specific circRNA [53].

example, brain circRNAs are enriched in the region of synaptic
transmission [67] and related to the process of aging [65],
developmental and adult neurogenesis [68], neuropsychiatric
disorders [69], and brain tumors [70]. It has also been reported
that some circRNAs are enriched in the heart for cardiac
remodelling [31], stress response [11], and endothelium-
mesenchyme transition [71]. Other examples of organ-specific
circRNA enrichment involve in urea cycle in the liver, striated
muscle myosin thick filament, and lung fibrosis [66, 72]. The
circRNAs that are expressed in different tissues are summarized in
Fig. 3. Some circRNAs are also expressed at different stages of
human cancers [73, 74]. A cancer-specific circRNA database (CSCD,
http://gb.whu.edu.cn/CSCD) contains different examples, espe-
cially cancer-specific circRNAs [75]. Understanding the potential
functions of tissue-specific circRNAs is essential for the diagnosis
and treatment of diseases. Here we discuss several most studied,
highly abundant circRNAs for their tissue-specific and stage-
specific expression in diseases. The association of their specific
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expression, biological functions, and functional mechanisms are
summarised in Fig. 4.

ciRS-7/CDR1ase

CDR1as is the best characterized circRNA and fairly abundant in
neurons [8] with specificity for complex tissue, cell type, and
developmental stage [76]. CDR1as expression was the highest in
brain tissue and much less in other tissues under physiological
conditions [67]. CDR1as expression in the midbrain suggests
its relationship with neurodegenerative diseases [77]. Recent
research has revealed that CDR1as has crucial roles in brain
development [78] and Alzheimer's disease (AD) [79]. Other
than in brain, studies also reported functions of CDR1las
in other diseases including liver cancer and myocardial
infarction [80, 81]. However, due to the high abundance of
CDR1as/ciRS-7 in the brain, the important physiological and
pathological functions of CDR1as/ciRS-7 are identified in
brain development and neurological disorders, which implies a
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Fig.3 Tissue- and development-specific of circRNA expression. The diagram shows the circRNAs that have been reported in various tissues.
The red font indicates downregulated circRNAs, while the black font shows upregulated circRNAs in the diseases of specific organs.

link between the tissue-specific expression of CDR1as/ciRS-7 and
its functions.

circFOX03

The circFOX03 is encoded by the transcription factor FOXO3 gene,
which is mainly localized in the cytoplasm and serves as a scaffold
for binding to various cRBPs to form stable complexes [55]. The
circFOXO03 is highly expressed in the tissues of aged mice that
promotes cellular aging in vitro and decreases cardiac functions
in vivo via interaction with ID1, E2F1, FAK, and HIF1a [11]. The
circFOXO3 is associated with cell cycle progression proliferation
[20, 55]. In peripheral blood, circFOXO3 was found to specifically
express in aged people compared to younger ones [82]. It has also
been suggested that circFOXO3 plays a role in the differentiation
of C2C12 myoblast cells, and may provide new clues for the
molecular basis of skeletal muscle development [83]. All these
studies suggest that circFOXO3 may have stage-specific functions
that associated with human development and senescence.

circHIPK3

The circHIPK3 has been reported to be preferably localized in the
cytoplasm and is stably and abundantly expressed in various
human tissues [54]. It has been stated that circHIPK3 is mostly
expressed in the brain, especially in the cerebellum [84], and is
one of the most abundant circulating RNAs in pancreatic islets
[85]. In addition, circHIPK3 is one of the highly expressed and
conserved circRNAs in the heart and is associated with cell
proliferation, migration, angiogenesis in the pathogenesis of
various cardiovascular diseases [86]. The circHIPK3 is also the
most abundant circRNAs in human colon, lung, and stomach
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tissues [65]. CircHIPK3 may be involved in intestinal epithelium
homeostasis, fibroblast-myofibroblast transition, and tumorigen-
esis [54, 87, 88].

circCDYL

The expression of circCDYL, a circular RNA originated from back
insertion from the fourth exon of the CDYL gene, was found to be
decreased in myocardial tissues and hypoxia myocardial cells [89].
It is a new regulator of myocardial formation, and it improves
cardiac function during myocardial regeneration after acute
myocardial infarction [89]. The circCDYL was found to be highly
expressed in different types of cancers, especially in the early
stages of hepatocellular carcinoma [73], bladder cancers [74], and
breast cancer [90]. Upregulation of circCDYL in the serum and
tumor tissue of cancer patients suggested circCDYL might be a
potential biomarker for an early stage of cancers.

Other circRNAs

To better understand the tissue-specific expression of circRNAs,
some studies conducted a landscape profiling of circRNAs in
specific organs. Tan et al. analyzed the circRNA profile in human
and mouse hearts. 1664 cardiac-specific circRNAs were identified
in human heart [91]. These cardiac-specific circRNAs were
confirmed to be actively involved in a variety of heart-specific
physiological processes. Some of the highest cardiac expressed
circRNAs are also highly enriched in liver, muscles, and brain [91],
while some are specific to the fetal heart [92]. Some other studies
also found the expression rates of circZkscan1 in liver are much
higher than other tissues [65]. These findings suggest the tissue-
specific pattern of circRNA may be associated with their special
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Table 2. Expression of circRNAs in different organs and stages, obtained by in vitro and in vivo studies.
circRNA Gene Models/Species

CircFoxo3 Foxo3 Mouse/Human

circHIPK3 HIPK3 Human

circCDYL CDYL Human

circCDYL CDYL Human

circHIPK3 HIPK3 Human

circNfix Nfix Mouse /Rat/ Human

cirAmot1 Amot1 Mouse /Human

CDR1as Cdr1 Mouse/Human

functions in these tissues. The tissue-specific expression and
stability offer important functions for these molecules. The
expression of various circRNAs in different organs and stages are
shown in Table 2. Although we do not yet understand all the
mechanisms responsible for regulating cell-type-specific isoform
expression and diversity, it may not be surprising to detect
different isoforms of circRNAs when alternative splicing occurs
and thousands of isoforms can be produced from a single gene.

POTENTIAL REASONS FOR CIRCRNA ABUNDANCY

Neuronal development

CircRNAs exhibit different expression levels during development.
Studies in Drosophila showed that the nervous tissues are highly
enriched for circRNAs [1]. In rat, only 72 circRNAs were expressed
in all organs throughout the whole development stage [93].
Another study reported that circRNAs might be differentially
regulated during development in the mouse hippocampus [94].
Slow cell-turnover and limited regeneration are thought to
contribute to the stability of circRNAs. Moreover, some circRNAs
are abundant at synapses, and synaptic neuropil revealed
increased expression of circRNAs [8, 94]. This may be one of the
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Organs Stages Ref
Heart Adult Tissue [11]
Thyroid Gland Fetal Tissue [65]
Liver Early Stages [73]
Bladder Early Stages [74]
Bladder Early Stages [74]
Heart Adult Tissue [140]
Heart Neonatal [141]
Brain Adult Tissue [142]

reasons why higher number of circRNAs are observed in humans
compared to mouse brains, as the synaptic density in the human
cerebral cortex is higher than that in the mouse brain [95].
Another possible reason may include that neuronal genes have
long introns and expression of circRNAs can be conserved by long
introns [96]. Transcription rate, RNA turnover, and cell division are
influenced by circRNA expression in neuron tissue [97]. High levels
of circRNA expression are observed in the cortex in early and mid-
pregnancy when neurogenesis occurs [98].

Culturing conditions and stress regulate circRNA abundance
Accumulating evidence has demonstrated that cellular conditions
and stress might regulate circRNA expression. The proliferative
status of cells is an effective factor on circRNA expression.
Proliferating cells, including cancer cells, express lower levels of
circRNA [72]. Song et al. revealed that human glioma tissues have
less amounts of circRNAs than healthy brain tissues, which may
result from the collapse of the back-splicing events under
abnormal conditions [99]. CircRNAs can be regulated by stress
events such as at high and low temperatures, or under oxidative
stress [6, 11]. It has been reported that under stress, circRNA levels
could potentially be altered by factors that bind and modulate
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intronic sequences [59]. For instance, Qiu et al. reported that
ADAR1 modulates circRNA expression during endoplasmic reticu-
lum stress [100]. However, the mechanisms regulating circRNA
levels during stress have not been fully understood.

Aging

RNA-seq studies have shown that circRNA levels are greatly
increased during aging, and multiple mechanisms are involved in
the accumulation of circRNAs associated with aging tissues [101].
Firstly, circRNAs are resistant to degradation from exoribonu-
cleases and have high stability [96], leading to accumulation.
Secondly, circRNA biogenesis might be affected by age-related
changes in alternative splicing. CircRNAs are produced by
alternative splicing, and thus it is reasonable to assume that
age-related changes in back-splicing, particularly splice factors,
affect alternative splicing results. For example, circRNA expression
is regulated by the FUS insertion factor in cultured mouse motor
neurons [102]. In addition, other mechanisms involved in circRNA
biogenesis may play a role during aging, such as RBPs, which
influence the stability of circRNAs [101]. Harries et al. demon-
strated that SRFR6 and SRFS1 splice factors were downregulated
during aging, which may be associated with the accumulation of
circRNAs [103]. Zhou et al. showed that circRNAs may be
necessary to regulate the spermatogenesis process in testicular
tissue, which is the most sensitive organ showing age-related
changes, and age-related changes in circRNA levels [104].

POTENTIAL REASONS FOR TISSUE-SPECIFIC EXPRESSION OF
CIRCRNAS

CircRNAs are conserved across species and often exhibit cell type-
or tissue-specific expression. However, the pattern of differential
expression of circRNAs across species and the underlying
mechanism is still under investigation. The following factors may
be considered when the tissue-specific expression of circRNAs is
discussed.

Host gene expression

CircRNAs are generally known to be specific to cells and tissues,
but in some cases, a circRNA is reported to have a function in a
particular tissue while the host gene has important physiological
roles in a different tissue [53]. Gene ontology analysis of host
genes was performed in different organs to understand the
possible functions of organ-specific circRNAs [93]. For example,
the brain host gene of a circRNA would be involved in neuronal
secretion and synaptic functions, while cardiac muscle differentia-
tion and development in the heart also activate the production of
certain circRNAs that may play a role in muscle contraction. From
this point of view, it is necessary to investigate whether the host
gene has a function in the tissue as well.

Organ-specific functions

Various studies have shown that circRNAs are highly expressed in
neuron/brain tissues and tissue-specific [8, 94]. Moreover, the
abundance appears to be dependent on the biogenesis and
functions of circRNA. Many circRNAs in the brain have been
reported to play a role in neurotransmitter functions, neuron
maturation, and synaptic activity [93]. For example, circHomer 1
originating from the Homer Scaffolding Protein 1 pre-mRNA is
demonstrated to regulate neuronal plasticity and structural
changes in the synapse during development [94]. Xia et al.
reported that the gene encoding the protein Corin produced 40
heart-specific circRNA isoforms. Among them, 25 isoforms are
specific to adults, suggesting that circRNAs from this gene are
specific to the functions of the adult heart. Aloumin, as another
example, generates 160 liver-specific circRNA isoforms, 95 of
which are specific for the adult liver and 33 are specific for the
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fetal liver. This suggests that tissue-specific circRNAs may be
related to the functions in development and differentiation [53].

Specific supporting systems in different organs

The feature of highly tissue-specific expression of circRNA raises
the question: What determines this tissue-preferred expression
pattern? How is the specific expression of circRNAs regulated?
CircRNA biogenesis is precisely controlled by the presence of
many cis-acting elements and trans-acting factors to maintain
physiological balance within cell [105]. Repetitive elements (cis-
elements), especially human Alu sequences, play roles in circRNA
biogenesis [106]. The back-splicing exons are associated with Alu
elements in the surrounding long introns [96]. Alu has the
potential to create inverted repetitive Alu sequences [107], and
IRAlus supports circRNA production leading to alternative cycliza-
tion [106]. The repetitive elements are responsible for most
circRNA formation in humans [108].

Apart from cis-elements, various protein factors positively or
negatively regulate circRNA biogenesis [6, 8]. It is stated that RBPs
are key regulators of the tissue-preferred expression pattern of
circRNAs [109]. The first RBP identified to regulate circRNA
expression was Muscleblind protein in Drosophila [6]. MBL plays
a role in various RNA processing steps, including mammalian
homologues, RNA localization, alternative polyadenylation, and
alternative splicing [110]. Immune factors NF90/NF110, each
containing two dsRNA binding domains, can directly bind to the
IRAlus formed in pre-mRNA, promoting circRNA formation [36].
Expression of double-stranded RNA-specific  adenosine
deaminase-1 (ADAR1) destabilizes the base-pairing interactions
required for circRNA biogenesis and reduces circRNA expression
[8]. A nuclear RNA helicase-9 (DHX9) containing both a dsRBD and
an RNA helicase domain has been shown to inhibit circRNA
production by unraveling RNA structures and by binding directly
to Alu elements to regulate circRNA-producing genes, RNA
processing, and translation [111]. Many circRNAs are also
generated through splicing factor Quaking, which lack dsRBD
during human epithelial-mesenchymal transition [36, 112].
Regarding tissue-specific regulation, it has been reported that
heterogeneous nuclear ribonucleoprotein-L plays roles in circRNA
regulation in human prostate cancer, and RNA-binding motif
protein-20 (RBM20) is essential for the formation of a subset
circRNA that originate from the Titin gene in mammalian hearts
[113, 114]. It reveals that circRNA biogenesis is highly dependent
on the biological setting and is tightly regulated in tissues and
cells using different cis-elements and trans factors.

CIRCRNA-BASED BIOMARKERS AND THERAPEUTIC
STRATEGIES

The ability to characterize circRNAs function in a tissue-specific
manner is crucial to studying disease mechanisms. Due to the high
stability and tissue- or cell-type-specific expression, circRNAs have
emerged as promising biomarkers and therapeutic targets [115].

CircRNAs serve as prognosis related biomarkers

The circRNAs have much longer half-life than linear RNAs [116],
which make them ideal candidates for being biomarkers. Studies
have revealed the potential of circRNAs serving as diagnostic
biomarkers in various diseases [117]. More than 2400 circRNAs
have been detected in human whole blood. In addition, the total
circRNA levels in human blood are comparable to those in the
brain, indicating the high abundance of circRNAs in blood and the
great potential for using circRNAs as biomarkers [118]. Researchers
are seeking the application of circRNAs as biomarkers for early
stage diagnosis or prognosis. In patients with acute myocardial
infarction, circRNA levels were identified to be significantly lower
than healthy controls in peripheral blood and strongly predicted
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the dysfunction of left ventricle in these patients [119]. In addition,
a significant decrease in circ_0003391 was found in the peripheral
blood of AD patients, suggesting circ_0003391 might be used to
distinguish AD patients from other dementia [120]. Recently, an
atlas of blood-based biomarkers for early diagnosis of cancers
(http://bbcancer.renlab.org/) has been established. It includes
expression data of different types of RNAs across different types
of cancers from 7184 samples, among which 5040 are blood
samples [121]. Other than serving as biomarkers for diagnosis,
circRNAs can also be used for predicting the prognosis. The circ-
KIAA1244 was identified to have lower expression levels in the
plasma of gastric cancer patients and negatively correlated with
metastasis stage and patient lifespan [122]. Another study in acute
ischemic stroke found levels of circRNAs were significantly
increased in patients’ plasma and the outcomes can be predicted
by the changes of these circRNAs [123].

Exosome derived circRNAs

Exosomes are extracellular vehicles, widely presenting in blood and
other body fluids, that carry a variety of nucleic acid molecules,
proteins, and signaling lipids to assist the intercellular communica-
tions [124, 125]. The circRNAs are found to be enriched in exosomes,
and a large number of circRNAs were identified in human serum
exosomes [125-127]. The expression profiles of exosomal circRNAs
in colon cancer could distinguish patients from the healthy
individuals, suggesting the potential of exosomal circRNAs serve
as biomarkers in cancer diagnosis [127]. The serum exosomal
circlARS levels were significantly increased in the patients with
metastatic pancreatic cancer and also correlated with the TNM
stages and poor prognosis, which suggested serum exosomal
circlARS could be a potential non-invasive biomarker [128].
Exosomal circRNA can also be used for early diagnosis of immune
diseases. The levels of exosomal hsa_circ_0087862 and hsa_-
circ_0012077 in cerebrospinal fluid were identified to be biomarkers
for immune-mediated demyelinating disease [129]. Several data-
bases are employed for searching circRNAs in human body fluid. A
database exoRBase was created showing the abundance and
diversity of circRNAs in exosomes of human biofluid [130, 131].

Using circRNA as therapeutic strategies

Due to the tissue-specific and cell type-specific expression,
different circRNAs have been identified to serve as therapeutic
targets in various diseases including cardiovascular diseases,
nervous system disorders, cancers, musculoskeletal diseases, etc
[117]. With the explosive growth and successful application of
RNA therapy in the recent years, researchers are eager to seek
better RNA candidates which are more stable and less immune-
stimulatory than mRNA. CircRNAs are more resistant to exonu-
cleases than linear RNAs, and lack of free-end allows endogenous
circRNAs to escape from RNA-mediated innate immune response
[132]. Although there are controversial opinions in the immuno-
genicity of circRNA, it is still regarded as one of the most
promising candidates for RNA therapy.

For effectively and safely delivering the circRNAs to the target
organs, various techniques have been employed including adeno-
associated virus (AAV), nanoparticles, adenovirus, and plasmids
[133-135]. The circRNAs can be delivered to multiple tissues
in vivo using recombinant AAV vectors, thereby providing a proof-
of-concept study for in vivo delivery of artificial or natural circRNA
[134]. Our team successfully deliver several nanoparticle-
conjugated circRNA plasmids and siRNAs into mice [31, 32]. As
one of the most challenging aspects of circRNA therapy, delivering
circRNA to specific organs or tissues for precise treatment is of
great importance.

Methods to overexpress or knockdown circRNAs

Researchers have developed different methods to either over-
express or knockdown circRNAs in vitro and in vivo [18, 136].
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Overexpression can be performed by delivering plasmids contain-
ing circRNA-producing exons in animals or cells [31, 32]. Synthetic
circRNAs that are transcribed and cyclized in vitro and delivered to
specific tissue with AAV is another therapeutic approach. Synthetic
circRNAs have been engineered to contain more microRNA
binding sites or pursue long-term and large-scale translation
[137, 138]. Compared to gain-of-function studies with plasmids,
researchers encounter much more challenges in circRNA knock-
down due to the shared sequences between circRNA and its linear
cognate. Small interfering RNAs (siRNA), short hairpin RNAs
(shRNA), CRISPR/Cas9, and RNA-targeting Cas13 system have
been successfully used to silence tissue-specific circRNAs in mice
[67, 117, 139]. The shRNAs and siRNAs have been widely used in a
large body of circRNA functional studies to trigger RNA
interference for a variety of circRNAs in vitro and in vivo [117].
CRISPR/Cas9 system has also been used to knockdown circRNAs in
different cells and establishes the first circRNA knockout mice
model of CDR1as without apparent off-target effect [67]. CRISPR/
Cas13 was reported to effectively knockdown circRNAs expression
without affecting their cognate mRNA by the guide RNAs
targeting back-splicing junction [139]. The therapeutic strategies
of circRNAs may contribute to tissue-specific treatment.

CONCLUSION AND PERSPECTIVE

CircRNAs have been acknowledged to be stable, abundant,
conserved, and often exhibit tissue-specific and developmental
stage-specific expression. Based on these advantages, the focuses
in this field are not limited in functional and mechanistic studies
but also expanded to the applications of circRNAs in pre-clinical
and clinical therapy of human diseases. Advanced RNA-seq and
bioinformatics technologies have exposed the prevalence of
circRNAs in eukaryotic transcriptomes, and these molecules have
become an important research hotspot.

Although progress has been made in identifying and character-
izing circRNAs, many more questions have arisen than answers.
Firstly, circRNA biogenesis is elaborately processed by cis-
elements and trans-acting factors in normal cells, and the change
of the state of these factors in pathological conditions can
accelerate or suppress circRNA production. However, our under-
standing of the function-related circRNA biogenesis and localiza-
tion, and specifically how tissue-specific expression contributes to
their unique regulatory patterns in various biological processes are
limited. What regulates the tissue-specific expression of circRNAs
and the association between the specificity and abundance in
certain tissues and stages remain ambiguous.

It's of great interest to investigate how the findings from
circRNA studies can be applied in the clinical scenarios for early
diagnosis and predicting prognosis of certain human diseases.
Currently, many studies have identified the levels of specific
circRNAs are elevated or downregulated in certain types of body
fluid or circulating extracellular vesicles and have corroborated the
possible correlation of such circRNAs with certain diseases.
Nevertheless, the data derived from a large scale of clinical
samples are still needed to validate the reliability and sensitivity of
these circRNA biomarkers.

The tissue-specific expression pattern of circRNA could be sine
qua non for delivery of circRNAs to specific organs or cell types in
gene therapies, since it is a precise and cost-effective way for
circRNA therapy. The current delivery methods in pre-clinical
circRNA therapy are limited to systemic delivery via intravenous or
intraperitoneal injection or administering the circRNAs direct into
targeting organs. For the aim of therapeutic application in terms
of specificity and efficacy, new methods based on the feature of
tissue-specific expression of individual circRNA are expected to be
explored in the future via systemic administration but targeting to
certain organs in a specific disease. Taken together, further
understanding and profiling the tissue-specific and stage-specific
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expression patterns of circRNAs may lay the ground for the
applications of circRNAs in the therapy of human diseases.
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