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REVIEW

Circular RNAs: diversity of form and function
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ABSTRACT

It is now clear that there is a diversity of circular RNAs in biological systems. Circular RNAs can be produced by the direct ligation
of 5 and 3’ ends of linear RNAs, as intermediates in RNA processing reactions, or by “backsplicing,” wherein a downstream 5’
splice site (splice donor) is joined to an upstream 3’ splice site (splice acceptor). Circular RNAs have unique properties
including the potential for rolling circle amplification of RNA, the ability to rearrange the order of genomic information,
protection from exonucleases, and constraints on RNA folding. Circular RNAs can function as templates for viroid and viral
replication, as intermediates in RNA processing reactions, as regulators of transcription in cis, as snoRNAs, and as miRNA
sponges. Herein, we review the breadth of circular RNAs, their biogenesis and metabolism, and their known and anticipated

functions.
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INTRODUCTION

In addition to the classic tRNA, mRNA, and rRNAs, cells
contain a striking diversity of additional RNA types includ-
ing miRNAs, IncRNAs, piRNAs, siRNAs, tmRNAs, sRNAs,
tiRNAs, eRNAs, snoRNAs, snRNAs, and other noncoding
RNAs. A growing component of this family of diverse RNA
molecules is the increasing numbers and types of circular
RNAs.

Five general types of RNA circles have been identified in-
cluding viroids, intermediates in RNA processing reactions,
and products of spliceosomal backsplicing of normal nuclear
pre-mRNAs in eukaryotes (see Table 1, discussed below in
detail). RNAs are circularized through 53" linkages as well
as through 2’5" linkages formed by branchpoint nucleophil-
ic attack during splicing.

RNA circles may be prevalent in biology because they have
distinct properties that can be advantageous (Fig. 1). For ex-
ample, RNA circles can serve as templates for rolling circle
replication, which is a highly efficient manner of generating
many copies of a specific RNA. Circular RNAs also have
the ability to rearrange the order of genetic information pre-
sent in the DNA genome. Additionally, RNA circles can be
highly stable due to their inaccessibility to exonucleases.
Finally, circular RNAs can create a constraint on RNA fold-
ing, which may be beneficial in certain contexts.

In this review, we discuss the diversity of circular RNAs,
their modes of biogenesis and how their circularity may affect
their function.
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DIFFERENT TYPES OF RNA CIRCLES

Circular RNA genomes—viroid and
hepatitis delta virus circles

One class of circular single-stranded RNAs (ssRNAs) are vi-
roids and the hepatitis delta virus (HDV). Circular RNAs are
functionally important for viroids and HDV because circu-
larity allows for rolling circle RNA replication wherein mul-
tiple genomic copies are produced from a single initiation
event.

Viroids are small (~250-400 bases) nonencapsulated cir-
cular ssRNAs that do not encode any proteins, and infect
and replicate in plants as free RNA molecules (Ding 2010;
Flores et al. 2011; Navarro et al. 2012). The hepatitis delta vi-
rus (HDV) also has a circular ssRNA genome. It encodes a
single protein, and is a subviral satellite of hepatitis B virus
(HBV) that gets encapsulated within HBV virions and there-
by coinfects with HBV (Flores et al. 2011; Abbas and Afzal
2013; Alves et al. 2013).

Although there are some differences between how different
viroids and HDV replicate, the common theme is that the vi-
roid or HDV RNA recruits a host DNA-dependent RNA po-
lymerase to initiate rolling circle replication of the RNA
genome (Fig. 1). Following the production of linear conca-
temers, these RNAs are separated into monomer lengths by
either ribozyme or enzymatic cleavage, leaving 5'-hydroxyl
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TABLE 1. Types and characteristics of RNA circles

Possible function
(of the circular

RNA circle Type Organism Formed by molecule) Size
I. Circular Viroids Genomic and antigenomic  Pathogen of 3/-5" end ligation  Transcription of ~250-400 nt
RNA plants multimeric
genome copies, stability
Hepatitis delta  Genomic and antigenomic  Pathogen of 3/-5" end ligation  Transcription of 1.7 kb
virus (HDV) humans multimeric
copies, stability
II. Circular Excised group I RNA processing byproduct ~ Some eukaryotes, Ribozyme Genetic element 250-500 nt
RNA intron introns and end product (5 some bacteria, mobility (?)
truncated introns, introns some viruses
with additional residue at
site of circularization,
and full-length introns)
Group Il intron  mRNA processing Bacteria, some Ribozyme, 2'-5 Genetic element Up to 3 kb
circles and byproduct and end archaea, and bulged A attack mobility (?)
intron lariats product some
eukaryotic
organelles
Circular mRNA processing Eukaryotes 2'-5" branchpoint ~ May regulate <200 nt to
intronic byproduct and end attack transcription >3 kb
RNAs product (spliceosome
(CiRNAs) mediated) and
subsequent
degradation of
downstream
intron sequence
Excised tRNA  tRNA processing byproduct Some archaea 3/-5" end ligation ~ Can contain
introns and end product snoRNAs
Ill. Circular rRNA Intermediate in rRNA Some archaea 3/-5" end ligation
RNA precursors processing reaction
processing  Permuted Intermediate in tRNA Some algae and  3'-5" end ligation  Rearrange genomic
intermediate tRNAs processing reaction archaea order of sequence
IV. Circular Some snoRNAs Some archaea 3/-5" end ligation  Stability
noncoding ~ RNase P Some archaea 3/-5" end ligation  Stability
RNA
V. Circular Exonic circular mRNA processing Eukaryotes Backsplicing ceRNAs (sponges), <100 nt to
RNA spliced ~ RNAs byproduct and end (spliceosome regulators of >4 kb
exons (circRNAs) product mediated) mRNA levels or

translation, other

and 2',3'-cyclic phosphate termini (Flores et al. 1999). Final-
ly, a key step is ligation of the 5" and 3’ ends of these linear
monomeric molecules to produce negative stranded circular
RNAs. The negative strand circles then undergo rolling circle
amplification to produce a large number of positive strand
circular genomes, which then propagate the infection. The
exact mechanism of ligation is unclear; it could be a reversal
of the ribozyme cleavage reaction in some cases, or it could be
due to the action of a host cellular ligase that joins the 3’ and
5" ends of the RNA.

Circular RNA from introns

Sequences excised from precursor RNA in the cases of group
I introns, group II introns, spliceosomal splicing, and tRNA
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splicing can form circular molecules. Some of these excised
introns may be functional RNAs.

The first discovery of a circular excised intron was the
rRNA intervening sequence of Tetrahymena (Grabowski
et al. 1981; Kruger et al. 1982; Zaug et al. 1983). These, and
other group I introns, can form circular RNAs through auto-
catalytic ribozyme action requiring a guanosine cofactor
(Nielsen et al. 2003). The circles can comprise the full-length
intron when formed by hydrolysis at the 3’ splice site in con-
junction with transesterification at the 5" splice site, but
more often the circles are truncated at the 5’ end of the intron
when the excised linear intron undergoes a further internal
transesterification reaction. More recently, circular products
have been found that contain an additional residue, originat-
ing from the cofactor, at the site of circularization (Vicens
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FIGURE 1. Properties of circles. Circular RNAs can serve as a template for rolling circle amplification (A), provide a means to rearrange sequences
(B), evade exonucleolytic degradation (C), and constrain the RNA folding and structural stability (D).

and Cech 2009). Although circular forms of group I in-
trons can be detected in vivo (e.g., Dalgaard and Garrett
1992; Vader et al. 1999, 2002), whether the circular form of
the intron has any functional significance remains to be
established.

Group II introns are self-splicing ribozymes found in bac-
teria and in some eukaryotic organelle genes. Transesterifi-
cation reactions result in intron lariat products that are
circularized via 2’5’ linkages. These lariat RNAs can undergo
reverse splicing, inserting into both DNA and RNA, which
may contribute to their genetic mobility (Moérl and Schm-
elzer 1990; Lehmann and Schmidt 2003). Group II introns
can also generate full-length circles in vivo in what might
be an alternate splicing pathway initiated by a trans reaction
involving two introns to first release the 3’ splice site for sub-
sequent transesterification with the 5’ splice site (e.g., Murray
et al. 2001; Li-Pook-Than and Bonen 2006; Molina-Sanchez
et al. 2006).

A similar class of circular introns are those derived from
eukaryotic spliceosomal splicing. Circular intronic RNAs
(ciRNAs) are intron lariats that have been circularized at
the branchpoint 2’-5" linkage, degraded from the 3’ end up
to the branchpoint, but somehow escaped debranching and
degradation, and are thus stabilized (Fig. 2; Zhang et al.
2013). Such stable lariat introns were first described on a
gene by gene basis in the early 1990s and include the nuclear
accumulation of introns from the Delta transcript in

Drosophila (Kopczynski and Muskavitch 1992) and the
T cell receptor-B mRNA in T cells (Qian et al. 1992). More
recently, deep sequencing has revealed that a subset of
introns is strikingly over-represented and presumably has
features blocking the normal degradation pathway of
debranching and exonuclease digestion. For example, analy-
sis of mammalian ciRNAs indicates that debranching can be
inhibited by specific sequences near the 5 splice site and
branchpoint, which possibly form a structure that limits ac-
cess of the debranching enzyme to the branchpoint (Zhang
et al. 2013).

The functions of ciRNAs remain to be fully understood.
However, one recent study argues that some ciRNAs enhance
the transcription of the genes from which they are produced.
The key observations are that antisense oligos against a
ciRNA intron reduce expression of the resident gene, while
oligos against other introns, or the region between the
branchpoint and the 3’ splice site of the ciRNA intron, which
would be lacking in the stable ciRNA intron, do not have an
effect (Zhang et al. 2013). Moreover, ciRNAs can be shown to
associate with RNA polymerase II (Zhang et al. 2013). Taken
together, these observations suggest that ciRNAs might
modulate RNA polymerase II in cis and thereby alter the
expression of their gene. Consistent with this idea, ciRNAs
accumulate in the nucleus and, where examined, can be lo-
calized to their sites of transcription (Kopczynski and Musk-
avitch 1992; Qian et al. 1992; Zhang et al. 2013).
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FIGURE 2. Production of ciRNAs. Circular intronic RNAs are pro-
duced by eukaryotic spliceosome-mediated splicing. The lariat intron
generated from the splicing reaction evades normal debranching and
degradation, and instead the 3" “tail” downstream from the branchpoint
is trimmed resulting in a stable ciRNA.

Circular RNA intermediates in RNA processing reactions

Circular RNAs can be produced as intermediates in RNA pro-
cessing reactions. For example, in some archaea the 16S and

cleavage Vg 2
e + !‘f/
/’f"‘;-‘( e ligation

a A

23S rRNAs are excised from a precursor as linear molecules
that are then circularized by a ligase, much like the tRNA
introns, followed by further RNA processing reactions to pro-
duce the mature rRNAs (Fig. 3; Tang et al. 2002; Danan et al.
2012). More strikingly, in some algae and archaea circular
RNAs are critical intermediates in the biogenesis of permuted
tRNA genes where the order of the “5”” and “3"” regions of the
gene are reversed in the genome (Fig. 1B; Soma et al. 2007;
Soma 2014). In order to correctly produce mature tRNA,
the tRNA precursor is first circularized by a cellular ligase, fol-
lowed by cleavage between the mature 5 and 3’ ends.

The benefit of circularization in these types of reactions is
that it allows elasticity in RNA sequence order. The arrange-
ment of elements can be altered through circularization of
a linear RNA and subsequent relinearization at a different
position (Fig. 1B). The existence of RNA processing reactions
that ligate 5" and 3’ ends followed by internal cleavage of
such an RNA circle raises the intriguing possibility that there
are additional yet-to-be-described RNA processing pathways
that produce RNAs with reordered segments as compared
with the genomic template.

Circular, noncoding RNAs in archaea
with snRNP functions

In some archaeal species, circular RNAs have been described
for RNase P RNA and for some snoRNAs, which can be pro-
duced from excised circularized tRNA introns (Lykke-An-
dersen et al. 1997; Salgia et al. 2003; Starostina et al. 2004;
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FIGURE 3. In some archaea, circular RNA is formed as an intermediate in ribosomal RNA processing. Ribosomal RNA precursors containing the
bulge—helix—bulge motif are cleaved and ligated, forming circular intermediates which are further processed to release the 16S and 23S rRNA. rRNA
regions are indicated by light blue; upstream and downstream regions contained within the circular intermediate are yellow and green, respectively.
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FIGURE 4. A circRNA is formed by a backsplice event. Spliceosome-mediated splicing joins a 5 splice site (splice donor) of a downstream exon with
a 3’ splice site (splice acceptor) of an upstream exon to yield a circular RNA with a “scrambled exon” junction between exon 4 and exon 2. (Red line)
Backsplice and (arrowheads) 5'-3" direction.

Danan et al. 2012). Circularization of functional noncoding
RNAs may be beneficial in that it protects them from ex-
onucleases and could also increase proper folding by im-
posing structural constraints on the RNA (Fig. 1C,D). Such
circularization of functional RNAs might be particularly
important in thermophiles where circularization could limit
thermal denaturation of a terminal helix between the 5" and
3’ ends of an RNA.

Circular RNA from eukaryotic ‘backsplicing’

Another type of RNA circles in eukaryotes comes from splice-
osome-mediated pre-mRNA splicing wherein a down-

TABLE 2. Evidence for human circRNAs (transcriptome-wide)

5" splice site

(splice donor)

GURAGU

; ———AAAAAAA(,.,,

stream 5’ splice site (splice donor) is joined to an upstream
3’ splice site (splice acceptor), thereby generating a circular
product (circRNA) (Fig. 4). This process is referred to as
backsplicing. Backspliced RNAs were first detected on specif-
ic genes as cases wherein the exons were joined together in
something other than an expected linear order, so-called
“scrambled exons” or “exon shuffling” (Nigro et al. 1991;
Cocquerelle et al. 1992, 1993; Capel et al. 1993; Zaphiropou-
los 1996, 1997). Genome-wide RNA-sequencing analysis has
now suggested there are a staggering number of circles pro-
duced by backsplicing (Table 2; Salzman et al. 2012, 2013;
Jeck et al. 2013; Memczak et al. 2013; Ashwal-Fluss et al.

Support for exon

Organism Sample circRNA/gene scrambling Support for circularization References
Human 39 ENCODE data sets 7112 predicted circRNAs ~ RNA-seq Guo et al.
(circRNA fraction (2014)
>10%)
Cell line (HS68) 25,166 high-confidence RNA-seq RNA-seq enriched in RNaseR  Jeck et al.
circRNAs samples in two biological (2013)
replicates
Cell line, cells (HEK293, 1950 predicted circRNAs RNA-seq Memczak
CD19+ leukocytes, CD34+ etal. (2013)
leukocytes, neutrophils)
15 Cell lines (ENCODE data 46,866 predicted RNA-seq Salzman et al.
sets) circRNAs (2013)
Cell lines, cells (HeLa, H9, 2748 predicted circRNAs ~ RNA-seq Statistical approach inferred Salzman et al.
CD19+ leukocytes, CD34+ linear tandem duplication (2012)
leukocytes, neutrophils) for only 23 of these
www.rnajournal.org 1833
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2014; Guo et al. 2014; Zhang et al. 2014). Recent studies have
estimated that there are upward of 25,000 different circRNAs
in human cells, derived from >14% of transcribed genes in
fibroblasts (Jeck et al. 2013).

IDENTIFICATION AND VALIDATION
OF BACKSPLICED CIRCLES

Since most circles arising from backsplicing are identified
based on the interpretation of RNA-seq reads, an important
issue is how many of these “circles” really are circular RNAs.
As detailed in Tables 2 and 3, a variety of different assays are
used to identify and validate RNA circles.

Scrambled exons

One criterion for a circRNA is the presence of scrambled ex-
ons, where RNA sequences are out of order relative to the
corresponding genome due to the joining of downstream
and upstream splice sites. On individual genes, scrambled
exons are detected by RT-PCR using outward-facing prim-
ers for a specific gene (Fig. 5) or by Northern blot using a
probe spanning the exon junction. A variety of computational
approaches have now been used to identify vast numbers
of scrambled sequences in genome-wide RNA-seq data sets.
For example, Salzman et al. (2012) initially detected thou-
sands of potential circRNAs by using paired-end RNA-seq
reads that could not be aligned to a canonical transcriptome
database but could align to a custom database of all pos-
sible exon—exon pair junctions. Memczak et al. (2013) de-
signed a computational pipeline that mapped read ends
from a genomic anchor position to a “breakpoint” flanked
by GU/AG sequence, indicating exon junctions. Guo et al.
(2014) similarly mapped reads with a “dual alignment”
and GU/AG junctions. Jeck et al. (2013) used MapSplice
(Wangetal. 2010), an algorithm that segments reads allowing
detection of noncanonical junctions and fusions, and identi-
fied the “backsplice” events where spliced junctions occurred
in a nonlinear order. These methods allowed identification
of candidate circRNAs by detection of scrambled exons in
RNA-seq data as well as calculations of relative abundance
compared with corresponding nonscrambled transcripts.

It is notable that many of the circRNAs annotated by each
individual group are not detected by the other groups (Guo
etal. 2014). This may be because each method uses a different
set of thresholds and criteria to define a circRNA, and there-
fore may result in a different list of circRNAs. For example,
whereas Memczak et al. (2013) required at minimum two in-
dependent junction-spanning reads, Guo et al. (2014) re-
quired at least 10% abundance of the circular fraction. Jeck
et al. (2013) required enrichment in the RNase R sample,
and read fusions within 2 Mb, but did not require splice sites.

Scrambled exon—exon junctions can also originate by al-
ternative mechanisms including DNA rearrangements, tan-
dem duplications in the DNA, and trans-splicing (Fig. 5).

1834 RNA, Vol. 20, No. 12

Additionally, an apparently scrambled sequence could be
generated by artifacts of RT-PCR or RNA-seq. In principle,
scrambled exons arising from trans-splicing or genomic rear-
rangements can at least sometimes be identified compu-
tationally if the mate-pair of a read spanning a scrambled
exon—exon junction maps outside the region that would be
included within the circle of those exons (Salzman et al.
2012; Guo et al. 2014). Therefore scrambled exons are consis-
tent with a circRNA but not sufficient to prove circularity.

Additional criteria for circularity

Due to the absence of 5’ and 3’ ends, exonuclease resistance
has emerged as a common method for enriching for
circRNAs. For example, resistance to RNase R, which de-
grades most linear RNAs without destroying circular mole-
cules, is used as a criterion for circularity (Suzuki et al.
2006; Vincent and Deutscher 2006; Suzuki and Tsukahara
2014). Some groups used RNase R enrichment prior to
RNA-seq as a criteria for identifying global circRNAs (Jeck
et al. 2013; Ashwal-Fluss et al. 2014; Zhang et al. 2014).
Alternatively, treatment with TAP (tobacco acid pyrophos-
phatase), which removes the 5’ cap, and a 5'-3" exonuclease
also depletes samples of linear mRNAs.

Additional support for the circularity of scrambled exon
transcripts can include the absence of linear mRNA char-
acteristics. Linear mRNA, but not circRNA, transcripts are
typically capped and polyadenylated. Therefore RT-PCR re-
actions or RNA-seq of cap-enriched, poly(A) selected, or
oligo(dT) reverse-transcription-primed samples preferential-
ly detect linear (including those from trans-splicing), but
not circular, scrambled exon RNAs (Fig. 5B). Methods which
ligate adaptor molecules onto RNA ends also favor linear
transcript detection. Additionally, scrambled exons resulting
from DNA rearrangements or tandem duplications would
not only produce linear RNAs, but would be detectable in ge-
nomic DNA PCR reactions (Fig. 5C,D). Together, scrambled
exon enrichment in an RNase R treated sample and depletion
in a linear-selected (i.e., poly(A) or cap selected) sample pro-
vides reasonable confidence of a circRNA.

Another means of verifying the circularity of nucleic acid
molecules is “TRAP electrophoresis.” Loading samples in
melted agarose into the well of a preformed gel can selectively
trap circular molecules by electrophoresis, allowing linear
ones to migrate into the gel matrix. Following “TRAP electro-
phoresis” RNA can be recovered by phenol—chloroform ex-
traction and ethanol precipitation (Schindler et al. 1982;
Akerman and Cole 2002; Hansen et al. 2011).

Circles can also be distinguished by characteristic differ-
ences in mobility on a gel compared with their correspond-
ing linear molecules (Jeck et al. 2013; Memczak et al. 2013)
(although this can be due to differences in number of includ-
ed nucleotides). Indeed, group I intron circles from Tetrahy-
mena rRNA were initially detected as a distinct band
migrating aberrantly on nondenaturing and denaturing
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FIGURE 5. Scrambled exon junctions can be formed from different mechanisms. Outward-facing primers in exons 2 and 4 (green arrows) will not
yield an RT-PCR product if the exons are ordered linearly (A), but will yield a product, indicated by orange line above primers, if the exons are scram-
bled in the mRNA. Scrambled exons could occur through trans-splicing (B), genomic rearrangements (C), including tandem duplication within the
DNA (D), or backsplicing (E). (Red lines) Unusual (nonsequential) splicing, (arrowheads) 5'-3’ direction, (green arrows) outward-facing PCR prim-

ers, and (orange line) RT-PCR product.

electrophoresis gels (Grabowski et al. 1981). One- and 2D
polyacrylamide gel electrophoresis using different percentage
gels can also reveal characteristic migration patterns of circular
RNAs (Ruskin et al. 1984; Tabak et al. 1988). Single-hit nick-
ing or targeted RNase H cleavage should convert the circle
band to a single linear species with expected electrophoretic
mobility. Conversely, cleavage of a linear RNA would result
in two products on a gel. Finally, electron microscopy may
be used to visualize RNA circles under irreversibly denaturing
conditions to remove secondary structure (Sanger et al. 1976;
Arnberg et al. 1980; Halbreich et al. 1980; Grabowski et al.
1981).

PROPERTIES OF EUKARYOTIC circRNAS

There are several noteworthy properties of circRNAs pro-
duced by backsplicing. First, there is an incredible diversity

of such circRNAs. They are encoded by a variety of different
genes, of different sizes and expression levels, with different
sized introns flanking the backsplice sites. They can comprise
a single exon or multiple exons. The size of the spliced circle
molecule can range from under 100 nt to over 4 kb. A gene
that gives rise to a circRNA could encode a single isoform,
or many (Salzman et al. 2013; Zhang et al. 2014). Some,
but not all, are associated with exon skipping alternative
splicing of the corresponding linear transcript (Zaphiropou-
los 1996). Some circRNAs contain some of the same exons as
annotated mRNAs, and some are from noncoding RNAs.
Some are antisense to annotated genes.

Second, the existence of circRNAs is a widespread phe-
nomenon and may be a ubiquitous feature of pre-mRNA
splicing (Jeck et al. 2013; Memczak et al. 2013; Salzman et
al. 2013; Guo et al. 2014). Publicly available data sets from
a wide variety of cell types and organisms can be searched
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on the circBase website (circbase.org) developed by the
Rajewsky laboratory (Glazar et al. 2014). Nearly 2000 circ-
RNAs have been predicted in mouse sequences, and over
700 in C. elegans (Memczak et al. 2013). Drosophila has
RNA sequencing evidence for over 800 scrambled exon
spliced junctions (Salzman et al. 2013). Additionally, circ-
RNAs have been recently reported in plants (Arabidopsis
thaliana), yeast (Schizosaccharomyces pombe and Saccharomy-
ces cerevisiae), and protists (Plasmodium falciparum and Dic-
tyostelium discoideum) (Wang et al. 2014).

Some circRNAs are conserved between different species.
For example, genes encoding circles in one species are more
likely to also encode circles in the other (Salzman et al.
2013; Jeck et al. 2013; Memczak et al. 2013). Intriguingly,
Jeck et al. (2013) identified 69 circRNAs that contained pre-
cisely conserved backsplice junctions between mouse and hu-
man. Whether conservation of specific circRNAs reveals
functional roles, or conserved features of pre-mRNAs that
also promote circRNA formation remains to be determined.

Fourth, circRNAs are expressed at a variety of different
levels, and at altered levels in different cell types. Attempts
to calculate this have indicated that the majority of
circRNAs are present in quite low abundance (Jeck et al.
2013; Salzman et al. 2013; Guo et al. 2014). For most genes
with both linear and circular RNA species, the amount of
circRNAs is between 0.1% and 10% of the linear amounts,
with most <1%. However, for at least 50 genes the circular
form is thought to be more abundant that the linear RNAs

branch- 3' splice site
point  (splice acceptor)

—————A>—-YAG

(Jeck et al. 2013). Additionally, there are genes with scram-
bled exons/predicted circles with no corresponding forward
splicing at the backsplice sites. Given the wide variation in
circRNA levels, one anticipates that low abundance circ-
RNAs may primarily arise due to errors in pre-mRNA splic-
ing, while cells have also taken advantage of backsplicing both
to regulate alternative splicing and to produce functional
circRNAs.

Biogenesis, transport, and degradation of circRNAs

circRNA biogenesis

The features of circRNA biogenesis, subcellular localization,
and degradation are just beginning to emerge. Two features
of pre-mRNAs have been suggested to enhance the formation
of circRNAs by spliceosomal backsplicing. First, an intron
lariat generated by skipping alternative exons may also bring
nonlinear splice sites together (shown in Fig. 6A). Indeed,
there is some correlation between exons detected in circu-
larized transcripts and those skipped in mature mRNAs
(Fig. 5E; Zaphiropoulos 1996, 1997; Surono et al. 1999). In
fact Jeck et al. (2013) identified splicing sequencing reads
corresponding to the exon skipping events of 45% of the
circRNAs. This implies that a single pre-mRNA transcript
can yield both a linear spliced mRNA and a circRNA of the
skipped exons, and that either splicing event may influence
the other. This illustrates that backsplicing may itself be

5' splice site
(splice donor)
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FIGURE 6. Possible mechanisms for promoting circularization by bringing backsplice sites into close proximity. (A) An intron lariat resulting from
exon skipping. (B) Flanking inverted repeats or ALU elements forms an extended base-paired structure. (C) Interactions between RNA-binding pro-
teins form a bridge between the flanking introns. (Red line) backsplice and (arrowheads) 5-3’ direction.
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modulated by the efficiency of any given linear splicing event
and alternative splicing choices. As such, backsplicing will be
subject to all of the same regulatory inputs as alternative
splicing, which may provide an explanation for the cell-
type expression of different circRNAs (Salzman et al. 2013).

A second feature that can promote backsplicing is struc-
ture of the pre-mRNA that brings the two splice sites into
close proximity. Bioinformatic analysis demonstrated that
circularized exons are more likely to contain inverted ALU
repeat elements in the flanking introns than noncircularized
exons (Jeck et al. 2013). These ALU repeats likely base-pair
in the RNA transcript, and bring the backsplice splice sites
into proximity with one another, facilitating circularization
(Fig. 6B). Inverted repeats can allow spliced circularization
in cell culture (Dubin et al. 1995; Hansen et al. 2013a;
Zhang et al. 2014) and cell lysates (Pasman et al. 1996).
One anticipates that there will be additional mechanisms
to facilitate nonlinear splice site pairings, and these may in-
clude other cis-acting RNA sequences or frans-acting factors
(Fig. 6C). Recently, it was demonstrated that MBL can enable
backsplicing of an exon within its own pre-mRNA gene
(Ashwal-Fluss et al. 2014).

Cellular localization of circRNAs

Following biogenesis, circRNAs appear to be efficiently trans-
ported to the cytosol since the endogenous circRNAs that
have been analyzed are cytoplasmic (Nigro et al. 1991; Capel
etal. 1993; Cocquerelle et al. 1993; Salzman et al. 2012; Han-
sen et al. 2013a; Jeck et al. 2013; Memczak et al. 2013). The
manner by which circRNAs are tagged for export is not yet
clear but may involve the deposition of an exon-junction
complex during splicing, which could then recruit mRNA ex-
port factors (Le Hir et al. 2001).

Once in the cytosol, the circRNAs analyzed are not asso-
ciated with ribosomes (Capel et al. 1993; Jeck et al. 2013;
Guo et al. 2014) suggesting that circRNAs are not general-
ly translated. Two experiments using RNA fluorescence in
situ hybridization argue that circRNAs can accumulate in
RNP granules such as P-bodies (Hansen et al. 2013a; Jeck
etal. 2013). For example, the ciRS-7 circRNA, which appears
to modulate miRNA function (see below), was seen in cyto-
plasmic foci that colocalize with the P-body marker Dcpla in
amanner dependent on miR-7. Given that Argonaut proteins
(components of the RISC complex) can localize to P-bodies
(Liu et al. 2005), it makes sense that circRNAs bound to
miRNAs would be also found in P-bodies. Whether addition-
al circRNAs are targeted to specific locations in the cytosol re-
mains to be determined.

circRNA degradation

circRNAs would be predicted to escape the predominant
mechanisms of mRNA degradation, which are based on exo-
nucleolytic degradation from either the 3’ or 5" end. In ad-
dition, quality control systems that trigger endonuclease

cleavage on mRNAs with premature nonsense codons, or
strong translation stalls, would not be expected to work on
circRNAs since they are not translated. Consistent with
these generalities, specific endogenous circRNAs that have
been analyzed are quite stable (Cocquerelle et al. 1993; Jeck
et al. 2013). This high stability of circRNAs suggests that
circRNAs may be actually produced at very low rates but
then accumulate to detectable levels due to their high stabil-
ity. One anticipates that there will be degradation pathways
for at least some circRNAs, presumably involving endonucle-
ase cleavage. Indeed, the miRNA sponge ciRS-7/CDRlas is
subject to the slicer activity of Ago2 in a miR-671-dependent
manner (Hansen et al. 2011).

circRNA function

circRNAs can function to modulate miRNA activity

The diversity, abundance, and conservation of circRNAs
suggest that at least some circRNAs will have biological
functions. To date, this has only been clearly demonstrated
for circRNA ciRS-7/CDR1as (for circular RNA sponge for
miR-7 or CDRI antisense) and Sry, which function as
miRNA sponges (Hansen et al. 2013a; Memczak et al.
2013). The circRNA formed from the transcript antisense to
the CDR1 gene contains over 70 conserved seed matches for
the miRNA miR-7. Although this circRNA is densely Ago-
protein-bound, the seed matches are limited in complemen-
tarity, thereby preventing bound miR-7 from causing slicing
of the circRNA. This circRNA has a single target site match
for a different miRNA, with extended and near-perfect com-
plementarity. This miRNA, miR-671, can direct miRNA-me-
diated cleavage of ciRS-7/CDRl1as (Hansen et al. 2011). Two
groups demonstrated that circRNA ciRS-7/CDR1as was con-
served, stable, and modulated the activity of the associated
miR-7 (Hansen et al. 2013a; Memczak et al. 2013). This rep-
resents a newly discovered way to regulate miRNA activity,
through sequestering specific miRNA complexes and poten-
tially by releasing them again when the circRNA is cleaved
(Hansen et al. 2013b). Although the idea of competing endog-
enous RNA as a regulator is not novel (Ebert and Sharp 2010;
Bak and Mikkelsen 2014), albeit controversial (Denzler et al.
2014), the stability and other properties of circular RNAs
may afford these sponges additional advantages.

Murine Sry (Sex-determining region Y), the gene respon-
sible for mammalian sex determination, can encode a testis-
specific circular transcript (Capel et al. 1993). This 1.2-kb
single-exon circRNA contains 16 miR-138 target sites, and
likely also functions as a micro RNA sponge (Hansen et al.
2013a). Although both the circRNAs ciRS-7/CDRlas and
Sry function as competing endogenous RNAs (sponges),
the role is based on specific RNA sequences and repeats.
Therefore, it remains to be determined whether or not this
is a general principle of the thousands of circRNAs or a
gene-specific function.
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Production of circRNAs could function to regulate
alternative splicing

The production of circRNAs is almost certain to also play a
role in the regulation of alternative splicing. Such a role is
simply due to the fact that the splicing pattern of any pre-
mRNA is dictated by competitions between alternative
pairing of 5 and 3’ splice sites (Ashwal-Fluss et al. 2014;
Zhang et al. 2014). In this case once a backsplice occurs, it re-
moves the internal exons and dictates that the remaining pre-
mRNA splice in an alternative manner, or potentially be de-
graded (see Fig. 5E). In this manner, the production of
circRNAs plays a role in the regulation of alternative splicing
as a process, although the resulting circRNAs may not be
functional.

Other possible functions of circRNAs

A variety of other functions have been proposed for circRNAs
(Hentze and Preiss 2013), including “sponging” other fac-
tors, such as RNA-binding proteins or RNPs (ribonucleopro-
tein complexes). CircRNAs could bind and sequester such
factors, preventing them from acting, or perhaps provide a
protective reservoir of these molecules. This could be espe-
cially potent if the binding sites on the circRNA are repeated
as is the case for miR-7 on ciRS-7/CDR1las. However, given
the low abundance of most circRNAs, this may not substan-
tially affect target molecule levels (Denzler et al. 2014).

CircRNAs could be used to bind and store components,
to sort and deliver factors to particular subcellular locations,
or as scaffolds for the assembly of other complexes or reac-
tions. Although some circRNAs have start codons and/or rea-
sonable open reading frames, and translation can occur on
engineered circular RNAs containing IRESes in vitro (Chen
and Sarnow 1995), none of the endogenous circRNAs ana-
lyzed are associated with ribosomes and therefore evidence
for translation of circRNA is, at this time, still absent (Capel
et al. 1993; Jeck et al. 2013; Guo et al. 2014).

circRNAs in disease

It is possible that circRNAs will affect human disease. For ex-
ample, changes in the level of ciRS-7/CDRlas (the miR-7
circRNA sponge) alters the levels of miR-7 target genes
(both endogenous and reporter) (Hansen et al. 2013a; Mem-
czak et al. 2013). This is relevant since miR-7 has been char-
acterized as having both oncogenic and tumor suppressive
properties, and its function has been implicated in Parkinson
disease, stress handling, brain development, and cellular
proliferation (Hansen et al. 2013b; Memczak et al. 2013).
Additionally, this circRNA is less abundant in sporadic Alz-
heimer’s disease CA1 hippocampal regions relative to age-
matched controls (Lukiw 2013). Finally, expression of
ciRS-7/CDR1as is induced by stable overexpression of the
PrPC prion protein, leading to speculation regarding its po-
tential involvement in prion disease (Hansen et al. 2013b).

1840 RNA, Vol. 20, No. 12

At least one other (non-miRNA-sponge) circRNA is
known to correlate with a disease phenotype. ANRIL is a
long noncoding RNA near the INK4/ARF locus that encodes
multiple RNA isoforms, including circular variants. Intrigu-
ingly, expression of circular ANRIL (cANRIL) correlates with
atherosclerotic vascular disease risk (Burd et al. 2010).

Unanswered questions

The field of circular RNAs has a wealth of unanswered ques-
tions. While it is clear that natural circRNAs are an abundant,
diverse, and conserved class of RNA molecules, it is not
yet apparent what, if any, biological role the majority of
circRNAs play. Very little is known about the control of the
backsplicing events that generate circRNAs, and there is lim-
ited information about the localization and degradation of
most circRNAs.

Given the paucity of information on circRNA function, it
is possible that circRNAs, sponges, and nonsponges, will
emerge with roles in both disease phenotypes and disease
therapeutics. Considering the stability and cytoplasmic lo-
calization of circRNAs, engineered circRNAs could be ex-
ploited for a range of molecular tools or therapies. Circular
RNA constructs have been engineered both in vitro and in
vivo using group I permuted intron—exon (PIE) sequences
(Puttaraju and Been 1992; Ford and Ares 1994; Perriman
and Ares 1998), by including complementary sequences in
the sequences flanking spliceosomal backsplice sites (Pasman
et al. 1996; Hansen et al. 2013a; Ashwal-Fluss et al. 2014;
Zhang et al. 2014), as well as through splinted RNA ligation
(Chen and Sarnow 1995). Conceivably, this technology could
be applied to effectively sequester not only microRNAs or
other RNAs of choice, but any RNA-binding protein with
known sequence or structure specificity. Perhaps one could
also control the release of these stored molecules through di-
rected cleavage of the circRNA. Controlled inhibition and
subsequent derepression of any cellular process could be an
incredibly valuable tool for research in diverse areas.
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