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Circular RNAs: Isolation, characterization and their potential role in diseases
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ABSTRACT
Circular RNA (circRNA) generated by alternative splicing represents a special class of non-coding RNA
molecule. CircRNAs are abundant in the eukaryotic cell cytoplasm and have a characteristic organization,
timing of action and disease specificity. In contrast to linear RNA, circRNAs are resistant to RNA exonuclease.
Consequently, circRNA escapes normal RNA turnover and this improves circRNA stability. CircRNAs can be
degraded by microRNA (miRNA) and this results in linearization of the circRNA, which can then act as
competitor to endogenous RNA. Through interactions with disease-related miRNA, circRNA can play an
important regulatory role in specific diseases. Furthermore, circRNAs have significant potential to become
new clinical diagnostic markers.
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Introduction

Circular RNA (circRNA) describes a class of annular RNA mole-
cules comprising one or more exons. This type of RNA molecule
is abundant in eukaryotic cells, is highly organized, acts in a tem-
poral manner and is disease specific. CircRNA was originally
described as a “viroid,” consisting of a covalently closed circular
RNA molecule that was pathogenic to particular higher plants.1,2

Subsequently, researchers studying the tumor suppressor gene
DCC, human Ets-1 and mouse Sry, found that the corresponding
RNAs were processed by precursor mRNA (pre-mRNA) and
were annular, which demonstrated that circRNA existed in
eukaryotic cells.3-6 Only a few circRNAs were originally reported,
most likely as a result of very low expression levels. These mole-
cules were considered to be by-products generated by an error in
alternative splicing and were even described as a “genetic acci-
dent” or the result of experimental error.6,7

With the rapid advancement of RNA sequencing methodolo-
gies and bioinformatics, progressively more circRNAs have been
discovered following large scale transcriptome analyses. Danan
et al.7 found circRNA were present transcriptome-wide in
archaeal cells and suggested that circRNAs had potential biologic
function(s). Salzman et al.,8 performed RNA analysis on a variety
of human cells and not only detected circRNA but also suggested
were a general feature of the human transcriptome. In excess of
25,000 species of circRNA were identified in human fibroblasts
cells via a high-throughput RNA sequencing method (RNA-
seq).9 CircRNA was considered as a byproduct of RNA splicing

which could be degraded by small interfering RNA (siRNA).10

Ye et al.11 revealed that circRNAs are prevalent in plants and
have common, characteristic features that distinguish them from
circRNAs in animals. Memczak et al.12 isolated RNA from
humans, mice and nematodes, and subsequently sequenced and
bioinformatically analyzed them. They found that circRNAs were
abundant but had restricted expression to certain tissues and to
developmental stages and concluded that circRNAs were
involved in post-transcriptional control. Hansen et al.13 revealed
that circRNA can influence gene regulation and that circRNAs
can act as microRNA (miRNA) “sponges” through their action
in competing with endogenous RNA. Although the field of
circRNA research spans over 30 years, research has been
hindered primarily as a result of limitations in the technology to
isolate, identify and study circRNAs. Recently, discoveries of
circRNAs’ biofunctions12-14 have accelerated the research effort.
Here, we focus on functions of circRNA and supporting evidence
for the role of circRNA in diseases.

The formation of characteristics of circRNA

The biogenesis of circRNA

Generally, eukaryotic RNA processing removes non-coding
intron sequences by pre-mRNA splicing, and then links pro-
tein-coding exons to form the mature linear RNA molecule.
Higher eukaryotes can produce multiple mature RNAs and
their respective protein products through alternative splicing.
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About 90% of human genes are expressed as pre-mRNA
splicing isoform alternatives,15 which play important roles in
the functional diversity of the genome and proteome. A non-
canonical form of alternative splicing produces circRNA, how-
ever the detailed mechanism of circRNA biogenesis remains
elusive. The most plausible mechanism for RNA circularization
is back-splicing,9 where a downstream splice donor (SD) site is
ligated to an upstream splice acceptor (SA) site reversely.

CircRNA is generated by special alternative splicing of
pre-mRNA primarily by two means, exon circularization and
intron circularization. With regard to exon circularization, Jeck
et al.9 proposed two models of circRNA formation; intron-pair-
ing-driven circularization and lariat-driven circularization. In the
first model, within the spliced lariat containing exon skipping, a
downstream SD is joined to an upstream SA and undergoes inter-
nal splicing to form a circRNA (Fig. 1a). In another model, two
introns first form a cyclic structure via complementary base pair-
ing and then excision of introns is executed to form the circRNA
(Fig. 1b). Jeck et al.9 suggested that the presence of long flanking
introns and the existence of increased numbers of complementary
ALU repeat sequences about circularized exons was consistent

with both of the models described above. Recently, Wang et al.16

found that general splicing factors and cis-elements regulate
back-splicing by non-canonical splicing regulatory rules. Zhang
et al.17 discovered almost 10 thousand circRNAs in human
embryonic stem cell line H9 and showed that exon circulation
depends on the presence of flanking intronic complementary
sequences. Furthermore, they found that the efficiency of exon
circularization is related to RNA pairing across flanking introns
or to competition within individual introns.17 Moreover, they
showed that single gene loci produce many exon circularization
events, which expands our understanding of how genes are regu-
lated. For those genes lacking noticeable flanking intronic second-
ary structure, Barrett and his coworkers18 discovered that
circRNA can be spliced from an exon-containing lariat precursor,
and they suggested this could explain why circRNA was consid-
ered to be a by-product of exon skipping. Besides non-canonical
‘back-splicing’, Starke, et al.19 demonstrated a circular configura-
tion of circRNAs HIPK3 and LPAR1, and found that RNA circu-
larization requires canonical splice sites without specific circRNA
exon sequences. But circularization efficiency can be modulated
by potential flanking intron structures, indicating that circRNA

Figure 1. Formation of circRNAs. (a) Exon-skipping leads to a lariat, which undergoes internal splicing to form a circRNA. (b) Complementary base pairing is required,
which brings non-sequential donor-acceptor pairs into opposition, allowing circularization to occur. (c) Circular intronic RNA (ciRNA) represents another type of circular
RNA molecule derived from intron circularization. (d) Exons of EIciRNA are circularized with introns ‘retained’ between exons.
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biogenesis requires the canonical spliceosomal machinery.
Recently, Zhang et al.20 found that back-splicing is far less favor-
able than canonical splicing and back-splicing circularization is
associated with fast PoI II elongation rate. Evidence also showed
that shorter exons were less efficient than longer exons in circular-
ising, and the intronic repeats cooperate with the exonic sequen-
ces for circularization to occur.21 Previously, Zhang et al. reported
that circular intronic RNA (ciRNA) represented yet another type
of circular RNA molecule derived from intron circularization22

(Fig. 1c). Li et al.23 identified exons that are circularized with
introns retained between them, in a type of circRNA associated
with RNA polymerase II in human cells and these were termed
exon-intron circRNAs or ElciRNAs (Fig. 1d). EIciRNAs were
found exclusively in the cell nucleus. Evidence showed that RNA-
editing enzyme ADAR1 antagonizes circRNA biogenesis.24

Computational identification methods allowed Liu et al.25 to pos-
tulate that thermodynamic and conformational properties of
flanking introns are associated with circRNA formation.

The characteristics of circRNA

The current literature attributes important characteristics to
circRNA. CircRNA is produced by special alternative splicing
and circRNA is abundant in eukaryotic cells,6 and recently Li
et al. reported that circRNA is enriched and stable in exosomes.26

CircRNA is highly abundant in human cells, with the quantities
of circular molecules exceeding those of associated linear mRNA
bymore than 10-fold in some cases.8,9 RNase R, a 30 to 50 exoribo-
nuclease, can degrade linear RNA whereas circRNA is RNase R
resistant, which makes circRNA more stable than linear
RNA.9,27,28 CircRNA is highly conserved,8,9 and some circRNAs
show evidence of rapid evolutionary changes.17,22 Most circRNAs
derive from exons, while a small number are formed by direct
intronic circularization. CircRNA molecules are rich in the
miRNA response element (MRE), and can act as competing
endogenous RNA (ceRNA) by interacting with miRNA and sub-
sequently releasing target genes from miRNA and thus play a
miRNA sponge role in cells.13 Most circRNA are non-coding
RNA.8 Finally, one of the conserved features of circRNA biogene-
sis is presence of reverse complementary matches (RCMs) in

introns, which can be used to predict and experimentally validate
circRNA.24 Recently, evidence showed that back-splicing largely
occurs post-transcriptionally.20

The main function of circRNA

CircRNA is involved in post-transcriptional regulation

An antisense human circRNA derived from the cerebellar
degeneration-related protein 1 transcript (CDR1as), contains at
least 60 binding sites for microRNA-7 (miR-7) that are con-
served, which allows this circRNA to suppress miR-7 activity
and leads to an increase in miR-7 target gene expression.12,13

CDR1as and miR-7 co-expression is found at high levels in
parts of the developing midbrain.12 In zebrafish embryos, injec-
tion of circular CDR1as resulted in reduced midbrain size,
while injecting the miR-7 precursor could only partially rescue
this effect, suggesting that the effect of CDR1as was the result
of an interaction with miR-7, at least in part.12 That CDR1as
can behave in vivo as an miR-7 sponge,29 is consistent with
such an interaction. Moreover, by predicting microRNA-138
(miR-138) target sites in the testis-specific Sry RNA, Hansen
et al.13 identified 16 putative miR-138 target sites, and they also
determined that Sry circRNA could be captured by biotin-labeled
miR-138, indicating again that Sry circRNA can behave as a
miR-138 sponge. Yan Li et al.26 made the interesting observation
that when mimics of miR-7 were introduced into cells, the levels
of CDR1as circRNA within exosomes were significantly
decreased, but were increased in cells, suggesting that circRNAs
sorting into exosomes was controlled by changing levels of asso-
ciated miRNA in producer cells, at least in part. Furthermore,
they found that in recipient cells, CDR1as-containing exosomes
inhibited miR-7-induced growth.26 Recently, Li et al.30 reported
that circRNA cir-ITCH, controlled the expression of itchy E3
ubiquitin protein ligase (ITCH) by acting as a sponge for miR-
214, miR-17 and miR-7 in esophageal squamous cell carcinoma
(ESCC). Moreover, circHIPK3, which is a derivative of Exon2
from the HIPK3 gene, acts as a sponge for 9 miRNAs (miR-654,
miR-584, miR-379, miR-338, miR-193a, miR-152, miR-124,
miR-29a and miR-29b) with 18 potential binding sites,31 and

Figure 2. The main function of circRNA. (a) CircRNA acts as miRNA sponge. (b) CircRNA binds with proteins. (c) circRNA interacts with RNA.
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researchers have reported previously that all these nine miRNAs
could serve as growth-suppressive miRNAs.32-38

CircRNAs can act as miRNA sponges, competitively inhibit-
ing transcriptional regulation of miRNA, and in this respect
they represent a new type of ceRNA regulator (Fig. 2a). Com-
pared with other ceRNAs, circRNAs are abundant, highly sta-
ble in cells and contain more binding sites for miRNA, which
allows them to bind or release miRNA more rapidly and stably.
However, the specific mechanism of the interaction between
circRNA and miRNA requires further study.

Other biofunctions of circRNA

Enuka, et al.39 found that inmammary cells, miRNA seedmatches
in circRNAs didn’t significantly enrich, suggesting that circRNAs
may have other biofunctions. Indeed, in addition to acting as a
miRNA sponge, circRNA can bind with RNA-binding protein
(RBP) (Fig. 2b), or couple with other RNA via complementary
base pairing40,41 (Fig. 2c). Zhang et al.22 found that knockdown of
ciRNAs could reduce their parent genes’ expression, and such ciR-
NAs are abundant in the nucleus. One such RNA, ci-ankrd52, is a
positive controller of PoI II transcription. In addition, circRNA
can bind with Argonaute (AGO), influencing the transcription
and translation of mRNA12,13 (Fig. 2B). Furthermore, Du et al.42

demonstrated that circRNA circ-Foxo3 could bind to cell cycle
proteins CDK2 and p21, which results in the formation of a ter-
nary complex, thereby arresting CDK2 function and blocking pro-
gression of the cell cycle. Furthermore, in rabbit reticulocyte
lysate, circRNAs are translated into long proteins without involve-
ment of any specific elements such as a cap structure, or poly-A
tail for internal ribosome entry via a rolling circle amplification
mechanism. This transition system facilitates protein synthesis by
cyclisation, using a much simpler RNA as a template.43

The role of circRNA in diseases

CircRNAs play important regulatory roles in diseases through
interactions with disease-related miRNAs. Hansen et al.44 found
that miR-7 and CDR1as are co-expressed in the murine brain,
and could influence midbrain development.12 Ghosal et al.45

found that CDR1as may be associated with Parkinson disease.
Moreover, a deficiency in the ciRS-7 (also called CDR1as) spong-
ing effect could up-regulate miR-7 expression,46 which probably
results in down-regulating Alzheimer disease-related targets
including ubiquitin protein ligase A (UBE2A).47,48 miR-7 is
closely coupled to CDR1as in placental mammals, and modifying
the miR-7/miR-671/CDR1as axis may play an important role in
diseases like cancer.49 Our own work50 provides evidence that a
circRNA microarray can be used to screen for differential
circRNA expression in cases of HPH (hypoxia-induced pulmo-
nary hypertension) compared with controls, and that circRNAs
may be involved in the regulatory mechanisms underlying HPH.
Xu et al.51 identified a novel target of the CDR1as/miR-7 pathway,
Myrip, which regulates insulin granule secretion, and identified
an additional target, pax6, which promotes insulin transcription.
These results suggest that the CDR1as/miR-7 pair interact and
strongly influence insulin secretion, and they may becoming a
new target for therapies aimed at improvement of b cell function
in diabetes.

Deep RNA profiling in various mouse tissues was used by
You et al.52 to show that among these various tissues, circRNAs
were markedly enriched in the brain and that these circRNAs
originated from gene loci that encode synapse-related func-
tional proteins. A circRNA (circHomer1_a) which was derived
from a linear transcript of the Homer1 gene, could compete
with the biogenesis of Homer1b/c mRNA, because its head-to-
tail junction uses the splicing donor of intron 5, which is essen-
tial for splicing Homer1b/c transcripts, and this competition
could maintain the homeostatic synaptic downscaling.52 Fili-
ppenkov et al. also showed that circRNAs containing sequences
of the gene’s 50 untranslated region (50UTR) of the human
sphingomyelin synthase 1 gene (SGMS1) were found predomi-
nantly in different parts of the brain, and regulated the function
of the SGMS1 gene in the brain,53 while the SGNS1 gene enco-
des a transmembrane protein participating in sphingomyelin
synthesis, intracellular molecular transport regulation, choles-
terol metabolism, cell proliferation, and apoptosis.54-56 CircR-
NAs are very abundant in the mammalian brain, as well as
through neuronal differentiation, especially in synapses, and
with their high stability, neuronal termini might use them and
they might perform as synaptic tags to maintain a molecular
memory.57 Using their own algorithm, Szabo et al.58 revealed a
noticeable induction of general, as well as tissue specific circR-
NAs. They found developmentally induced circRNAs, which
are processed by the minor spliceosome, and these minor spli-
ceosome donors spliced into circRNA at un-annotated, instead
of annotated exons, suggesting a possibly important develop-
mental role for circRNA in humans.

Cir-ITCH was expressed at low levels in ESCC compared with
peritumoral tissue, and may inhibit ESCC by regulating the Wnt
pathway.30 Recently, Li et al.26 identified 257 new circRNAs in
exosomes from the serum of cancer patients compared with
healthy individuals. This shows the significant translational poten-
tial of exo-circRNAs (exosome circRNAs) as circulating bio-
markers for the diagnosis of cancer. Other researchers also
reported that circRNAs has_circ_002059,59 Rev3I, IGSF11,
MAML2 and LPP60 may be biomarkers for carcinoma diagnosis
or for carcinogenesis. Qu et al.61 explored the expression profile of
circRNAs in 4 pancreatic ductal adenocarcinoma (PDAC) samples
and paired adjacent normal tissues, indicating that circRNAs may
contribute to PDAC initiation and progression.

Wang et al.62 reported that circular RNA100783 could regulate
phosphoprotein expression during CD28 related CD8(C) T cell
aging, indicating that circular RNA100783 might be a novel bio-
marker for global immunosenescence. Recent evidence showed
that a circRNA, heart-related circRNA (HRCR), can prevent car-
diac hypertrophy and heart failure by acting as an endogenous
sponge for miR-223.63 Other studies revealed that circRNAs can
be biomarkers for the diagnosis and progression of diseases like
laryngeal squamous cell cancer,64 and pre-eclampsia,65 which
highlights the importance of circRNAs in human diseases.

Methods for the identification of circRNA

Molecular methods

CircRNAs have no 30 end compared with linear exonic RNAs,
leading to slower migration in a gel than the same length linear
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RNAs, and this difference in migration can be augmented by
increasing the degree of gel cross-linking.66 However, circRNAs
have shorter total nucleotide sequences which make them migrate
further in a gel with low cross-linking. Based on these characteris-
tics, a standard northern blot can be used to identify circRNAs.9,67

CircRNAs can be linearized into predictable, single products
following RNase H degradation or by single nicking using
hydrolysis.5,68 This allows the identification of circRNAs by
2-dimensional gel or gel trap electrophoresis.44,66,69 Enzymatic
methods provide good supporting evidence for circRNA studies.
RNase R exonuclease,27 terminator exonuclease13 and tobacco
acid phosphatase13 can degrade most linear RNAs, but not circR-
NAs. Thus, it is possible to enrich circular transcripts following
quantitative analysis of data gathered before and after treatment
with these 3 enzymes.

Like circRNAs, lariat RNA is also exonuclease insensitive,27

and migrates more slowly than linear RNA on a gel.66 However,
circRNA has a backsplice sequence, which allows circRNA to
be easily distinguished from lariat RNA. Moreover, lariat RNA
can be preferentially depleted by treatment with a debranching
enzyme before exonuclease digestion. Thus the two forms of
RNA can be easily distinguished from each other.

Genomic methods

Genomic studies use two general approaches to identify exonic
circRNAs. One method is to use existing transcript models and
select the candidate junctions,8,70 while the other is to identify
the joins through matching the reading frames to the genomic
sequence.71 circRNAs were first successfully identified in a geno-
mic study as the result of analyzing independent mapping of
paired-end reads sequence from opposite ends of a single cDNA
fragment.8 The other strategy identified circRNAs following anal-
ysis of rRNA-depleted RNA-seq data from nematode and
mammalian cells.12 Danan et al.7 and Jeck et al.9 used high-
throughput sequencing methods to analyze RNase R insensitive
RNAs. Such “CircleSeq” technology allows for more extensive
analysis of circRNAs, but requires more RNA input and is highly
sensitive to contamination by exonuclease enzyme.

Other methods

Recently, Gla�zar et al.72 built an online database called “circBase,”
which contains data sets of circRNA that were merged and unified.
This database provides a platform for circRNA research and can be
used to identify known and new circRNAs. CircNet (http://circnet.
mbc.nctu.edu.tw/) is another useful database that provides
information about new circRNAs, integrated miRNA-target
networks, circRNA isoform expression profiles, genomic anno-
tations of circRNA isoforms, and sequences of circRNA isoforms.73

Gao et al.74 presented a novel method called “CircRNA identifier”
(CIRI) for the identification as well as the annotation of circRNA
from RAN-seq reads. They used this method to identify and vali-
date the intronic /intergenic circRNAs in the human transcrip-
tome. Song et al.75 developed a computational pipeline called
“UROBORUS” to indentify circRNAs within total RNA-seq data,
which can be accessed freely at http://uroborus.openbioinfor
matics.org/. The UROBORUS tool can detect lowly expressed
circRNAs in total RNA-seq, without RNase R treatment. Zheng

et al.76 developed their deepBase v1.0 to deepBase v2.0 (http://
biocenter.sysu.edu.cn/deepBase/), providing more comprehen-
sive expression and evolution profiles of long non-coding
RNAs (lncRNAs), circRNAs and small RNAs.

Conclusion

The nomenclature for circRNAs is not standardized yet. The same
circRNA, has been called different names depending on the per-
spectives of particular research groups, which leads to inconsis-
tency in the naming of circRNA. For example, “ciRS-7” indicates
that the circRNA binds to miR-7, while “CDR1as” indicates that
the same circRNA is related to CDR1. Kosik77 recommended that
this circRNA should be called circR-1. Thus, the standardization
of nomenclature for circRNAs is an important and pressing issue.

With the discovery of increasing numbers of circRNAs and the
identification of their biologic characteristics, researchers are dis-
playing increasing interest in circRNAs. CircRNAs are promising
new players in the repertoire of regulatory RNAs and are of poten-
tial importance second only to miRNAs. Our current knowledge
of circRNA is rudimentary, and much effort is needed to unravel
the precise mechanism of circRNA biofunction. However, even
our initial forays into circRNA research reveal they act as natural
miRNA sponges, and this has expanded the horizon of our
knowledge with regard to the natural evolution of animals. The
canonical concept that RNA acts as an ordinary messenger
between DNA and its encoding protein has been undermined by
the potential for circRNAs to be drivers of evolution.77 The tissue
specificity and stability of circRNAs make them potentially useful
biomarkers. In recent years, studies of the structure and character-
istics of circRNA show that circRNA are closely associated with
certain diseases. CircRNAmay play a vital role in diseases through
interactions with disease-related miRNAs. Based on these charac-
teristics, circRNAs have great potential to become a new and
important addition to our collection of clinical diagnostic markers
and are likely to guide new therapeutic strategies for the treatment
and prevention of diseases.
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