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Emerging Functions of Circular RNAs
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Many thousands of Circular RNAs (circRNAst) have recently been identified in metazoan genomes by
transcriptome-wide sequencing. Most circRNAs are generated by back-splicing events from exons of pro-
tein-coding genes. A great deal of progress has recently been made in understanding the genome-wide ex-
pression patterns, biogenesis, and regulation of circRNAs. To date, however, few functions of circRNAs
have been identified. CircRNAs are preferentially expressed in neural tissues and some are found at
synapses, suggesting possible functions in the nervous system. Several circRNAs have been shown to func-
tion as microRNA “sponges” to counteract microRNA mediated repression of mRNA. New functions for
circRNAs are arising, including protein sequestration, transcriptional regulation, and potential functions in
cancer. Here, we highlight the recent progress made in understanding the biogenesis and regulation of cir-

cRNAs, discuss newly uncovered circRNA functions, and explain the methodological approaches that
could reveal more exciting and unexpected roles for these RNAs.

INTRODUCTION

Individual examples of circular RNAs (circRNAs)
have been sparsely described in the literature starting in
the early 1990s [1-3]. Long written off as low abundance
splicing errors with no function, circRNAs have recently
been thrust into the spotlight as a newly appreciated class
of non-coding RNAs. This reemergence sprung from
new RNA-seq technology and analysis methods that have
revealed pervasive, and in some cases abundant expres-
sion of circRNAs in various organisms, including plants,
Caenorhabditis elegans, Drosophila melanogaster, mice
and humans [4-7].

Today, the term “circRNA” is commonly applied to
describe exonic circRNAs that arise from direct back-
splicing events that covalently link the 3" end of an exon
with the 5" end of either the same exon, or a further up-
stream exon (Figure 1). This generates a single or multi-
exon RNA that usually has intronic sequence spliced out.
These exonic circRNAs are distinct from intron lariat
precursor RNAs (intronic circRNAs) that are also circu-

lar in form [8]. Other species of RNA in circular form
that have long been appreciated, include single stranded
circular RNA viruses [9] and plant viroids [10]. Due to
the lack of free ends, circRNAs are not capped, and thus
are not predicted to be translated by cap-dependent mech-
anisms. Thus, they are classified as non-coding RNAs.
Another consequence of the lack of free ends is that cir-
cRNAs avoid degradation by exonucleases and thus have
enhanced stability compared to linear RNAs [5,11].

As is the case in general with non-coding RNAs, the
big question to answer is, “what do they do?”” The first
examples of functional circRNAs were found to act as
microRNA sponges in 2013 [5,12]. Now, only a few
years later, additional functions of circRNAs are being
uncovered. Information on the mechanism of circRNA
biogenesis, regulation and expression patterns are impli-
cating them in multiple aspects of biology and disease,
including potential roles in cancer, heart disease, synap-
tic transmission, and aging.
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PROPERTIES OF CircRNAs

Methods to Detect CircRNAs

RNA-seq, a high-throughput sequencing technology
for sequencing RNA, is a widely used technology to an-
notate new RNA species and quantify RNA abundance
[13]. Continually advancing progress in high-throughput
sequencing and quantification methods has led to the dis-
covery of a plethora of diverse coding and non-coding
RNA species [14,15]. Until recently, RNA-seq methods
to detect long RNAs were confined to the polyadenylated
fraction of the transcriptome, which is dominated by mes-
senger RNAs (mRNAs). This approach, which uses an
oligodT primer for reverse transcription, is used to enrich
for mRNAs, but most importantly, to avoid ribosomal
RNA, which is highly abundant and constitutes > 90 per-
cent of total RNA in eukaryotic cells. More recent library
cloning methods have been established that employ ef-
fective ribosomal RNA depletion and random priming for
cDNA synthesis (ribo-depleted total RNA-seq) [16]. The
resulting library thus includes large RNAs that are not
polyadenylated. It is through analysis of such libraries
using custom mapping tools that the compendium of cir-
cRNAs in the genomes of diverse species has been re-
vealed [17].

Back-splicing is much less favorable than linear splic-
ing [11], causing most circRNAs to be of low abundance
in cells. Thus, the detection and quantification of circR-
NAs by ribo-depleted total RNA-seq requires a much
greater depth of sequencing than what would be required
to quantify the protein-coding transcriptome. The simplest
method for quantification counts split back-spliced reads,
and does not include reads that align directly to exons as
these could emanate from circRNA or mRNA (Figure 2)
[5,7,18,19]. Multiple algorithms have been devised to an-
notate and quantify circRNAs from RNA-seq data. These
can yield quite different results with regard to detection
and quantification, and thus many groups are working to-
ward improved bioinformatics pipelines [17,19,20]. Split,
back-spliced reads tend to constitute less than 1 percent
of the reads generated from a total RNA-seq experiment,
whereas the majority of reads align to expressed mRNAs
[20,21]. Because most published and publically available
RNA-seq datasets are derived from polyA+ selected RNA
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Figure 1. CircRNA biogenesis. In-order
splicing occurs to produce linear mMRNAs with
the introns removed. CircRNAs are most
commonly produced from back-splicing
events, usually from exons of protein-coding
genes. Shown is an example of a single exon
circRNA. Note that circRNAs can contain
multiple exons and the intervening intronic
sequence in multi-exon circRNAs is usually
removed.

or lack sufficient depth, they are unsuitable for circRNA
profiling.

CircRNAs can also be detected using microarrays that
employ probes spanning back-spliced junctions. Several
studies have employed this approach, although it is not
clear to what degree these probes also might erroneously
detect linear species [22-25]. Individual circRNAs can be
distinguished from their linear counterparts by RT-PCR
using “outward facing” primer sets (Figure 2) and North-
ern blotting [7,26,27]. RNase R, a 3" to 5" exoribonucle-
ase that preferentially degrades linear over circular RNAs,
has been used to validate whether a detected RNA is in
fact circular, and to enrich for circRNAs from a total RNA
pool [21,28]. However, there is debate as to the efficacy of
RNase R as an enrichment method for circRNASs, since
some linear RNAs are resistant to RNase R [29], different
circRNAs can show drastically different levels of RNase
R resistance [30], and RNase R can lead to an artifactual
enrichment of circRNA levels, potentially due to interfer-
ence with reverse transcription reactions [21]. One of the
best characterized circRNAs, CDR1-as, is sensitive to
RNaseR treatment [28].

Genomic Properties of CircRNAs

CircRNAs have been annotated in a diverse set of
species, tissues and cell types. Several general features
have arisen from these studies. Perhaps the most surpris-
ing is the breadth and diversity of circRNA molecules.
CircRNAs can contain one to many exons, and it is com-
mon that multiple circRNAs can be produced from a sin-
gle gene [5,28]. For instance, 18 circRNAs are generated
from the pangolin gene in Drosophila [7]. For multiexon
circRNAs, the vast majority lack retained introns [5,7].
There is, however, a subclass of nuclear retained circR-
NAs called Exon-Intron circRNAs (EIciRNAs) that retain
introns [31]. In addition, intronic lariats that are normally
a degraded byproduct of splicing generate intronic circu-
lar RNAs [8].

What genomic features determine circRNA biogene-
sis? Early work noted that back spliced exons are followed
by unusually large introns [2], and in Drosophila, flanking
intron length is highly predictive of whether the contained
exons will circularize [7]. It is possible that overall intron
length influences back-splicing dynamics, and also that
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Figure 2. Quantification of circRNA expression. RNA-seq reads (orange) can align directly to the genome or be
split, indicating a spliced junction. Back-spliced split reads that do not align in linear fashion are consistent with detec-
tion of a circRNA. PCR primers (red) can be used to detect linear RNAs (inward facing orientation), or circRNAs (out-

ward facing orientation) from cDNA preparations.

the increased intronic landscape provides more binding
sites for splicing factors. Complementary A/u elements in
introns flanking back-spliced exons have been uncovered
as critical factors for RNA circularization in mouse and
human [28,32]. These elements on either side of the cir-
cularizing exon(s) base pair together to bring splice ac-
ceptor and donor sites in close proximity. It is estimated
that ~80 percent of human circRNA loci are flanked by
Alu elements [32]. Several studies have shown that the en-
tire sequence of the 4/u element is not necessary but only
a highly complementary region along with the canonical
splicing elements [27]. This idea has been successfully
tested for some human circles such as the ZKSCANI cir-
cRNA using mini-gene constructs with small flanking in-
trons [33]. Flanking, intronic short repeats, including Alu
elements, were also found to play a role in Drosophila cir-
cRNA biogenesis [33]. Alu repeats are only found in a
subset of vertebrates, thus they do not explain back-splic-
ing in all organisms. However, in C. elegans, which lack
Alu repeats, it was found that reverse complementary
matches (RCMs) promote circularization. These RCMs
were found to be more predictive of circularization than
intron length [32].

Abundance of CircRNAs

In most organisms, the number of individual circR-
NAs is greater than the count of protein coding genes. Re-
cent work on circRNA annotation from various brain

regions and neural cells detected 15,849 distinct circR-
NAs in mouse, and 65,731 in human [26]. Note that the
differences in the number of circRNAs in human versus
mouse might be attributed to different read depth among
experiments. CircRNAs are expressed in all eukaryotes
tested [34] and, in addition to mice and human, detailed
annotations are available for Drosophila (2,513 circR-
NAs), and C. elegans (1,111 circRNAs) [5,7]. These
model organisms are advantageous systems for studying
the regulation and function of circRNAs.

As sequencing methods improve with greater depth,
accuracy, and read length [35], additional circRNAs will
undoubtedly be uncovered. These annotations of circR-
NAs includes extremely low abundance species, which
one might assume to be by-products of splicing as op-
posed to functional RNAs. Annotation of as little as two
unique back-splice junction spanning reads have been
used as a minimum cutoff for annotation [5,18], whereas
other groups have been more conservative, requiring a 10
read cutoff [7], or only annotating a circRNA if it consti-
tutes > 10 percent of the fraction of transcript isoforms
from a given gene [20].

Not all circRNAs are of low abundance. For some
genes the major product is not a protein coding mRNA,
but instead is a circRNA. This is the case for hundreds of
genes found in human cell lines [6]. In Drosophila, a sin-
gle circRNA is the major product of the mb/ gene [7]. In
another study of cell line derived circRNAs, 57 circRNAs
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were found to constitute more than half of transcript iso-
forms from their parent gene, including CDR1-as [20]. In
brain tissues, circRNAs were found to be the major iso-
form of multiple genes, including Rims2, Tulp4 and Elf2
[26]. Interrogation of functions is likely to focus on the
most highly expressed circRNAs and ones that are regu-
lated under particular cell conditions.

REGULATION OF CircRNA ABUNDANCE

Neural Determinants of CircRNA Abundance

Profiling of circRNAs among diverse tissues and de-
velopmental timepoints in Drosophila revealed that the
nervous system is enriched for circRNAs compared to
other tissues. Of the ~2500 circRNAs annotated in
Drosophila, > 90 percent were detected in the head [7].
Moreover, the categories of genes from which circRNAs
were expressed were enriched for nervous system func-
tions as determined by gene ontology analysis [7,18]. This
suggests that circRNAs might have neural functions in
Drosophila.

Importantly, this neural enrichment trend also applies
to mammals. Profiling of multiple tissues in mouse has re-
vealed that brain tissue expresses the most circRNAs com-
pared to other tissues. Of five tissues profiled in mice
(brain, heart, liver, lung, testis) for circRNA expression,
occurrence of back-splicing, and number of tissue specific
circRNAs, brain ranked first [36]. Interestingly, testis was
the tissue that ranked second. In human, RNA-seq profil-
ing of cortex, muscle, thyroid and liver revealed that cor-
tex contains the most back-spliced reads [26]. Other
studies have found similar trends of a bias for brain ex-
pressed circRNAs over other tissues in mice and human
[11,19]. Thus, this enrichment pattern appears to be a phe-
nomenon conserved in evolution.

Is the enrichment of circRNAs detected in brain tis-
sue due to neural-specific expression? RNA profiling of
cells during neural differentiation revealed strong patterns
for increased circRNAs in neural tissue, as assayed in P19
and SH-SYSY cells undergoing neural differentiation, and
in primary cortical neurons in early versus late stages of
differentiation [26]. This suggests that factors expressed in
neurons might be directly enhancing circRNA biogenesis
and stability. Slow cell-turnover and limited neurogene-
sis are thought to contribute to the stability of circRNAs
in the brain, and may explain why circRNAs are less abun-
dant in other tissues like the liver and lung, which have a
higher capacity for regeneration.

Some circRNAs in neurons appear to be enriched at
synapses. RNA sequencing of synaptosomes and mi-
crodissected synaptic neuropil have revealed enhanced ex-
pression of circRNAs [26,36]. Interestingly, some genes
were found to express circRNAs preferentially at
synapses, whereas mRNAs from the same genes were
found to be primarily cytoplasmic [26]. This suggests that
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circRNAs might bind to proteins and molecular motors
that direct them to synapses. CircRNAs also appear to be
regulated by neuronal activity. Cultured primary hip-
pocampal neurons treated with bicuculline (an antagonist
to inhibitory GABAA receptors) to induce homeostatic
plasticity caused upregulation of 37 circRNAs whereas
only five were downregulated [36]. What could be the
function of circRNAs at synapses is an open question.
Roles as scaffolds for RNA-protein complex assembly
have been suggested [26].

In addition to the synaptic localization of circRNAs,
several circRNAs have been detected by in situ hy-
bridization in dendrites [36]. Global RNA profiling of
neuronal compartments, including soma, axons, and den-
drites [37,38] could reveal whether this is a general prop-
erty of neuronal circRNAs. Localized translation can
occur in axons and dendrites [39], thus circRNAs might be
acting as scaffolds to assemble translational machinery
and RNA-binding proteins.

Conditions/stresses Regulating CircRNA Abundance

Multiple recent studies have uncovered cellular con-
ditions and stresses that can modulate circRNA expres-
sion levels. Specific regulation of circRNAs was first
suggested by discordant changes in circRNA versus
mRNA abundance among multiple cell lines on a genome-
wide level [21]. These patterns provide clues that can help
identify specific factors involved in circRNA biogenesis
and regulation.

A key factor contributing to the levels of circRNAs in
cells and tissues is circRNA stability and the proliferative
status of the cells in which they are expressed. If one as-
sumes a steady transcription rate for a gene, where mRNA
products are continually degraded over time and circRNA
products persist, then the ratio of circRNA to mRNA is
expected to increase as time passes. In proliferative cells,
this increased circRNA/mRNA ratio is diluted when cell
division takes place and when cells die. In contrast, ter-
minally differentiated cells that rarely turnover would be
expected to have progressively increased levels of circR-
NAs.

In line with this hypothesis, proliferating cells, in-
cluding cancer cells, express lower levels of circRNAs
compared to terminally differentiated cells on a genome-
wide level [30]. Further supporting this assertion, circR-
NAs are less abundant in human gliomas compared to
healthy brain sample controls [40]. This expression trend
has been studied in detail for a circRNA from the Foxo3
locus. Cancer cells show reduced expression of circ-Foxo3
compared to non-transformed cell lines, and the inverse
pattern is found for Foxo3 mRNA [41]. In addition, Epi-
dermal Growth Factor (EGF) treatment decreases circ-
Foxo3, whereas treatment with an EGF inhibitor increases
circ-Foxo3. CircRNAs were found to be regulated by Ep-
ithelial-mesenchymal transition (EMT) [42]. EMT is crit-
ical for morphogenesis, and understanding the
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mechanisms behind EMT has important relevance to
metastasis of epithelial tumors [43]. In a model of EMT
involving TGF-p treatment of human mammary epithelial
cells, a strong trend for circRNA upregulation independ-
ent of mRNA expression from the same genes was iden-
tified [42]. This suggests that circRNAs might have
functions related to the mesenchymal phenotype.
CircRNAs are dynamically expressed during devel-
opment. Many circRNAs from maternal genes were found
to be expressed prior to fertilization and were detected
throughout human pre-implantation development [44].
This persistent expression of maternally derived circR-
NAs could be attributed to evasion of maternal degrada-
tion pathways due to enhanced stability. Multiple studies
have found a general trend for increased circRNA levels
during development. Ribo-depleted RNA-seq data from
human fetal tissues ranging from 10 to 21 weeks of age
revealed an upregulation trend for circRNAs in heart and
lung tissues [19]. A global trend for upregulation of cir-
cRNAs was also uncovered during development of mouse
brain between embryonic day 18 and postnatal day 30
[36]. Confirmation of individual circRNAs by RT-qPCR
revealed that the upregulation is unique to the circRNAs
and not reflective of increased transcription of the host
genes. Upregulation of circRNAs was also evident during
embryonic development in Drosophila [7]. It remains to
be determined what specific factors underlie the increased
circRNA levels during development in multiple tissues
and species. Various interpretations have been proposed,
including shifts in cell populations during these develop-
mental timepoints, development of synapses, and in-
creases in the population of post-mitotic cells.
CircRNAs appear to be regulated in response to
aging. In a study that profiled circRNAs from compre-
hensive ribo-depleted total RNA datasets of various
Drosophila tissues, cell types, and developmental time-
points, thousands of circRNAs were identified [7]. These
samples included adult samples of various ages. Unex-
pectedly, a strong trend for upregulation of circRNAs dur-
ing aging was uncovered. In Drosophila head samples,
over 250 circRNAs were significantly upregulated greater
than 2-fold during aging (comparing 1 day versus 20 day
old flies). It will be interesting to determine if this trend
holds in other organisms and whether it occurs in other
tissues as well. It is possible that the increase of circRNAs
concomitant with aging is due to intrinsic circRNA sta-
bility and the post-mitotic status of neurons, but this re-
mains to be directly demonstrated. It is also possible that
age-regulated trans-factors influencing circRNA stability
or biogenesis might also play a role in this phenomena.
Additional stress events such as high versus low tem-
perature, and oxidative stress can regulate circRNAs
[18,45]. In summary, these emerging studies show that
circRNA expression levels are highly regulated in differ-
ent cellular contexts, in many cases independently of lin-
ear transcripts produced from their host gene.
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Undoubtedly, we are only beginning to uncover cellular
conditions, stresses, physiological and pathological con-
ditions that influence circRNA abundance.

Factors Regulating CircRNA Biogenesis

Multiple factors have been identified to regulate cir-
cRNA biogenesis. Here, we focus discussion on factors
and mechanisms regulating the biogenesis of exonic cir-
cRNAs via direct back-splicing. There is an alternative to
the direct back-splicing model to generate exonic circR-
NAs. The “exon-skipping” or “lariat-precursor’” model has
been found to regulate production of some exonic circR-
NAs [46,47], although from genome-wide studies this ap-
pears to not constitute a major mechanism of circRNA
formation [6,28]. Stable intronic lariats are another class
of circular RNAs identified genome-wide [8] that have
unique mechanisms regulating their abundance [48,49].

Back-splicing appears to utilize the same canonical
splicesomal machinery employed in linear splicing
[18,27]. Thus, it is likely that many factors and mecha-
nisms already known to regulate alternative splicing [50]
might also influence circRNA biogenesis. Along these
lines, it was found that multiple SR proteins (SR2, SRp54,
B52) and an hnRNP protein (Hrb27c¢) suppress biogenesis
of several Drosophila circRNAs in a combinatorial man-
ner [51].

The regulation of circRNA abundance among cell
types, tissues, and in response to stress suggests that there
are tissue-specific trans-factors that can regulate circRNA
biogenesis or stability. RNA binding proteins (RBPs) are
the most likely candidates. In one case, the observation of
circRNA regulation in response to a cellular stress led to
the discovery of a novel circRNA biogenesis suppressing
factor [42]. In the previously discussed study that found
circRNA abundance increased during EMT, the authors
also examined how RBPs were regulated by EMT. Each
RBP that increased or decreased more than 2-fold was ex-
amined in a targeted screen for regulation of circRNA bio-
genesis using a dual-fluorescence reporter system for a
circRNA from the SMARCAS5 gene. Strikingly, out of 20
RBPs screened, knockdown of only one decreased cir-
cRNA biogenesis- the RBP Quaking (QKI). QKI is a
member of the STAR family of KH domain RNA binding
proteins. QKI has described roles in multiple steps of
RNA processing, including splicing and translation
[52,53]. Knockdown of QKI reduced many circRNAs, and
those circRNAs reduced showed a bias for containing QKI
target sites in their flanking introns. Mutation of QKI
binding sites reduced circRNA biogenesis, and most con-
vincingly, the insertion of QKI binding sites in introns
flanking exons that do not normally circularize caused
back-splicing to occur [42].

Although targeted screens or full genome-wide
screens provide an unbiased approach to identifying new
circRNA regulating factors, to date most have been iden-
tified through hypothesis-based tests. As previously men-
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Figure 3. Methods to manipulate cir-
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tioned, evidence for base-pairing between flanking introns
is a strong indication of exon circularization [32,33]. Dou-
ble-stranded RNA regions are targeted by the RNA edit-
ing enzyme ADARI, and significant adenosine to inosine
editing was found in introns flanking circularized exons
[32]. It was thus a reasonable hypothesis to test if ADARI
influences circularization. Knockdown of ADARI and
ADAR?2 by RNAIi in HEK293 cells led to 84 circRNAs
upregulated more than 2-fold. A model was devised in
which ADARI binds to stem structures of these reverse
complementary intron pairs, and “melts” or disrupts the
pairing to suppress the formation of circRNAs [32].

Muscleblind (MBL) is another recently uncovered
regulator of circRNA biogenesis [18]. The mbl gene ex-
presses the most abundantly expressed circRNA in
Drosophila heads, emanating from the second exon and
flanked by large introns [7]. The mammalian homologues
of MBL are well studied RBPs with roles in various steps
of RNA processing, including RNA localization, alterna-
tive polyadenylation, and alternative splicing [6,54,55].
Target sites for MBL binding were identified in the in-
trons flanking exon 2 of mb/. This presented the intriguing
possibility that MBL can regulate circularization from its
own gene. An elegant feedback system was uncovered in
which MBL binds to the introns flanking exon 2 of mbl to
enhance circRNA production. This back-splicing com-
petes with linear splicing; thus, MBL downregulates its
own expression by producing circRNA in expense of
mRNA from the mb/ gene. This is accomplished largely
by MBL protein binding to introns, but some additional
evidence suggested that the circRNA could also modulate
MBL protein by directly binding it [18]. It remains to be
determined if MBL regulation of circularization occurs on
a genome-wide scale (several Drosophila circRNAs were
found in another study to not be regulated by MBL [51]).
Perhaps additional RBPs autoregulate their expression
levels via enhanced back-splicing to produce circRNAs
from their host genes.

Alternative splicing is known to be regulated by the
kinetic rate of RNA pol II, which is influenced by events

mRNA [11].

such as phosphorylation targeting the pol II carboxy-ter-
minal domain [56]. It was found that Drosophila bearing
the pol I C4 mutation, previously shown to slow elonga-
tion rate [57], expressed less circRNA overall than con-
trol flies [18]. Thus, pol II elongation rate is positively
correlated with circRNA production. Studies in cultured
mouse cells support these findings: transcription elonga-
tion rate was found to be faster for circRNA producing
genes, and expression profiling of nascent circRNAs from
cells expressing either fast or slow pol II mutants strongly
revealed a positive correlation between transcription elon-
gation rate and circRNA biogenesis [11]. Although tran-
scription elongation influenced circRNA biogenesis
suggesting co-transcriptional biogenesis of circRNAs, the
majority of back-splicing was found to occur post-tran-
scriptionally [11]. Post-transcriptional biogenesis of cir-
cRNAs is also supported by a study that found 3" end
processing signals on pre-mRNA were required to gener-
ate the ZKSCANI circRNA [33].

The knowledge gained in understanding the regula-
tion of circRNA expression points the way toward what
functions circRNAs might have in cells. Next, we discuss
functions of circRNAs that have recently been uncovered.

ARISING FUNCTIONS OF CircRNAs

Methods to Interrogate CircRNA Functions

New approaches to overexpress and knock-down cir-
cRNAs have been recently developed (Figure 3). One of
the challenges for circRNA overexpression has been that
vectors that overexpress circRNA also overexpress linear
RNA, making it difficult to determine if a circular species,
per se, is responsible for a given phenotype. Newly de-
veloped expression vectors that drive almost exclusively
circular and not linear exons [51] by employing flanking
introns with base-pairing repeats will be useful for identi-
fying new circRNA functions (Figure 3A).

Experimentally suppressing circRNA function has
particular technical hurdles to overcome. The challenge is
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Figure 4. CircRNA localization and molecular functions. A) EICIRNAs retain introns and seem to interact with U1
snRNA and Pol Il, acting as regulators of their parental genes’ expression [31]. B) Circular intronic RNAs (cCiRNAs)
have a characteristic 7nt GU-rich element near the 5’ splice site and an 11nt C-rich element close to the branch
point, and interact with phosphorylated Pol Il regulating parental gene mRNA expression [8]. C) Not all the circRNAs
generated from intronic lariats are in the nucleus. In Xenopus tropicalis oocytes circular lariats are abundant in the
cytoplasm [71]. Lariat species can interact with proteins such as TDP-43 [48]. D) f-circRNAs arise from chromoso-
mal translocated regions. They stimulate proliferation and contribute to cellular transformation and tumorigenesis
[70]. E) Recent reports refer to the interaction of circ-Foxo3 with several proteins to regulate senescence [45] and
cell cycle progression [41]. F) Multiple circRNAs have been shown to have activity as microRNA sponges, most no-

tably CDR1-as [5,12].

to disrupt circRNA expression without affecting linear
protein coding RNAs generated from the same locus. One
method that has been commonly applied is siRNA knock-
down of circRNAs (Figure 3B). In this case the siRNA is
designed to specifically span the back-spliced junction so
that the protein coding mRNA is unaffected. However,
this severely hampers design of siRNA, and makes tar-
geting in some cases impossible. Off-targeting of siRNAs
is a common problem which is usually accounted for by
performing experiments with multiple unique siRNAs.
Since it is usually not possible to design multiple siRNAs
to a circRNA junction, one must be cautious in interpret-
ing the results of circRNA knockdown studies.

The pioneering work that uncovered the key impor-
tance of complementary pairing of intronic elements to
circRNA generation [28,32] has formed the basis for new
methods to disrupt or ectopically express circRNAs. It was
recently demonstrated that disrupting one intronic com-
plementary sequence using CRISPR abolished the ex-
pression of circGCNI1L1 from its endogenous locus [11].
Although this was demonstrated in cultured cells, the strat-
egy should work in vivo as CRISPR is now routinely used
to create deletion mutants in model organisms. The strat-

egy could thus be widely employed to create circRNA
knockout animals (Figure 3C).

Competition with Linear Splicing

Although most researchers are focused on identify-
ing circRNA trans-functions, circRNA biogenesis itself
might have functions in the cell. Back-splicing of exons
generally occurs in expense of linear splicing to produce
mRNAs. Thus, the production of back-spliced circRNAs
has a cis function--the downregulation of protein coding
mRNAs. Given the sizeable fraction of genes that gener-
ate circRNAs, this has been suggested to constitute a
major gene regulatory mechanism. Exons that generate
circRNAs are seldom removed by alternative splicing
mechanisms [6,28], thus the decision to back-splice or
splice linearly serves as a switch point that typically can-
not be bypassed.

As previously discussed, back-splicing of mbl exon
2 is directed by the MBL protein, forming an autoregula-
tory loop [18]. Previous studies have established that al-
ternative splicing can be used to generate mRNA isoforms
that do not encode proteins as a way to regulate gene ex-
pression. This non-productive splicing can result in RNAs
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that are targeted for degradation by the nonsense-medi-
ated decay (NMD) pathway. This has previously been
termed Regulated Unproductive Splicing and Translation
(RUST), and occurs for thousands of genes [58,59]. In
some cases, RUST can be autoregulated. For instance, al-
ternative splicing to include exon2 in the tra2f gene leads
to a non-translatable protein, which is regulated by TRA2(
protein, thus forming an autoregulatory loop [60].

Future work will reveal whether the mb! circRNA au-
toregulatory loop is particularly selected for to generate
circRNA with trans function, or whether the major con-
sequence is tailoring MBL protein levels in the cell. Tar-
get sites for MBL are found in the circularized mb/ exon.
It is enticing to speculate that in addition to being pro-
duced in expense of linear protein coding mbl transcripts,
the mbl circRNA might itself sequester, or “sponge” MBL
protein [18].

MicroRNA Sponges

MicroRNAs are a class of small RNAs that negatively
regulate gene expression of mRNAs. This occurs most
commonly through interaction with target sites in mRNA
3" UTRs that leads to deadenylation, decreased mRNA
stability and translation suppression [61]. Multiple lines
of evidence have shown that other RNAs with microRNA
target sites can compete with mRNAs for microRNA
binding [62]. These competitive endogenous RNAs (ceR-
NAs), however, are themselves targets of destabilization
and degradation by microRNAs. In contrast, circRNAs
have no free ends, and thus would be predicted to evade
microRNA-mediated deadenylation (however, see [63]).

The strongest evidence for a functional circRNA
sponge comes from studies on the CDR1-as circRNA
(also known as cIRS-7) [5,12] (Figure 4F). In contrast to
most circRNAs, CDR1-as is expressed antisense to a pro-
tein-coding gene in mammals. Remarkably, the CDR1-as
locus harbors > 70 highly conserved target sites for the
neural microRNA miR-7. Convincing evidence that
CDRI1-as acts as a sponge in vivo comes from studies
where it was ectopically expressed in zebrafish (which do
not express CDR1-as) [5]. This remarkably resulted in a
decrease in midbrain size, that was shown to be partially
rescued by overexpressing miR-7. This in vivo evidence
for a circRNA function thrust circRNAs into the spotlight
and has spurred a slew of studies searching for functional
circRNA sponges.

Could microRNA sponge function be a general fea-
ture of circRNAs? Bioinformatics studies have led to
mixed support for this idea. One study found conservation
in the third nucleotide position codons of circularizing
exons [5], suggesting these sequences might be conserved
for reasons other than protein coding potential. Another
found decreased single nucleotide polymorphisms in mi-
croRNA target sites of circularized exons, showing they
are under similar selective pressure as microRNA target
sites within 3" UTRs [64]. However, another study failed
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to observe enhanced conservation of microRNA target
sites in circRNA exons versus control protein coding
exons [20]. Although preferred conservation of 7-mer se-
quences has been found for circRNAs in another study,
enhanced conservation of specifically microRNA target
sites was not [26]. If sponging is an important function for
circRNAs, one would expect that enrichment of mi-
croRNA target sites would be found for circRNAs regu-
lated by cellular stresses, cell differentiation or
development. However, Conn et al. described that circR-
NAs enhanced during EMT do not show enrichment of
circRNAs with reiterated microRNA target sites [42]. An-
other argument against microRNA sponging being a major
function of circRNAs is that their low abundance makes
them unsuitable to effectively sponge microRNAs or other
proteins, with perhaps only a few exceptions [20].

Despite these perhaps disappointing genome-wide
trends, evidence for functional circRNA sponges is emerg-
ing. In vivo evidence for a circRNA sponge with relevance
to heart failure has recently been uncovered. This cir-
cRNA, named HRCR (mm9-circ-012559), was found to
harbor six predicted target sites for miR-223. Mice ex-
pressing a miR-223 transgene exhibited severe cardiac hy-
pertrophy and HRCR was found to be downregulated in
failing mouse hearts [65]. The authors hypothesized that
HRCR might act as a sponge for miR-223. To test this, a
construct predicted to induce circularization of the HRCR
exon was overexpressed in cardiomyocytes in vivo. Re-
markably, this mitigated isoproterenol-induced cardiac hy-
pertrophy. Overexpression of HRCR also increased levels
of the ARC protein, which is strongly regulated in vivo by
miR-223 through interaction with target sites in the Arc
3" UTR. Overexpression of HRCR might prove to be an
attractive therapeutic avenue for treating heart failure. Al-
though perhaps not critically relevant to its ability as a po-
tential therapeutic, from this study it is not clear what
amount of linear versus circular RNA was produced from
the overexpression constructs. Determination of the im-
portance of HRCR as an endogenous microRNA sponge
in the heart awaits additional circRNA-specific loss of
function evidence for its protective role against heart fail-
ure.

Several circRNAs have been found to sponge mi-
croRNAs and enhance cell growth, implicating a role for
circRNAs in cancer. Recently, a circRNA from the H/PK3
gene (circHIPK3) was found to sponge multiple circR-
NAs, including miR-124. Remarkably, siRNA knock-
down of circ-HIPK3 reduced proliferation of cultured
HEK-293T cells [66]. Thus, a mechanism was proposed in
which circHIPK3 sponges miR-124 to enhance prolifera-
tion. Other studies have linked circRNA sponge activity to
cell growth. CircRNAs that promote cell survival have
purported roles in cancer including circRNA-CER, which
sponges miR-136 [67], and circRNA 001569, which
sponges miR-145 [68]. Another circRNA, circZNF292
was found to enhance proliferation, but seemingly not
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through microRNA sponging [69]. It is unclear whether
fusion circRNAs (see Other Functional CircRNAs, below)
might exert their tumor promoting properties via interac-
tion with microRNAs [70].

Sequestering Proteins

Mounting evidence suggests most circRNAs are pref-
erentially expressed in the cytoplasm versus the nucleus
[28,70]. Several studies of circ-Foxo3 provide evidence
that it can sequester proteins in the cytoplasm and prevent
their nuclear entry (Figure 4E). Circ-Foxo3 was found to
interact with stress-related proteins FAK and HIF-1a [45].
The authors demonstrated that knockdown of circ-Foxo3
enhanced nuclear expression of these proteins. It appears
that circ-Foxo3 can bind these proteins in the cytoplasm
and prevent their nuclear translocation to inhibit their anti-
senescence and anti-stress functions [45]. Future work is
required to uncover the cis-elements mediating the cir-
cRNA to protein interaction and whether this association
truly depends on the noncoding RNA of interest being cir-
cular in form. It is especially encouraging that siRNA
knockdown of circ-Foxo3 attenuated multiple markers of
doxorubicin-induced cardiomyopathy in mice. These hall-
marks of cardiomyopathy were exacerbated by circ-Foxo3
overexpression. Thus, circ-Foxo3, in contrast to HRCR
(see above) appears to be detrimental to heart function.

Circ-Foxo3 also appears to bind to cell-cycle proteins.
Consistent with the general trend for reduced expression
of circRNAs in proliferative cells [30], cancer cell lines
showed reduced expression of circ-Foxo3 versus linear
Foxo3 compared to non-cancer cell lines [41]. Circ-Foxo3
overexpression reduced cell proliferation. Circ-Foxo3 was
found to form a ternary complex with the cell cycle asso-
ciated proteins CDK2 and P21, offering a potential mech-
anism for the anti-proliferative effect [41]. The generation
and study of specific circ-Foxo3 knockout animals will be
essential to demonstrate that Foxo3 has endogenous func-
tions in vivo.

Other Functional CircRNAs

Some of the circRNAs arising from lariat precursors
have been described as possible interacting partners with
RBPs (Figure 4C). Amyotrophic lateral sclerosis (ALS)
involves an accumulation of the RBP TDP-43 in degen-
erating neurons. It has been shown that in yeast with sup-
pressed activity of the debranching enzyme Dbrl, circular
lariats accumulate and interact with TDP-43. This main-
tains circular lariats in the cytoplasm and mitigates cyto-
toxicity of the protein [48]. A similar cytoplasmic
accumulation of circular intronic lariats has been reported
for in the oocytes of Xenopus tropicalis and Xenopus lae-
vis, but their function roles have not been investigated
[71].

It appears that EICiIRNAs can function as regulators of
transcription. EIciRNAs are mainly confined to the nu-
cleus, and retain intronic sequences between back-spliced
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exons [31]. EIciRNAs interact by RNA-RNA base paring
with Ul snRNP and this complex has been shown to bind
to Pol II and regulate the transcription of their parental
genes [31] (Figure 4A). It is possible that the intronic re-
tained sequences promote the interaction of this class of
circRNAs with multiple RBPs.

A very recently described class of circRNAs have
been dubbed fusion-circRNAs (f-circRNAs) (Figure 4D).
These originate from cancer-associated chromosomal
translocations. f-circRNAs were shown to be confer re-
sistance to apoptosis-inducing drug therapy, and remark-
ably have tumor promoting effects in vivo [70].

FUTURE STUDIES OF CircRNA FUNCTION

It is notable that many circRNAs are expressed in the
testis [7,36]. Could circRNAs mediate transgenerational
epigenetic inheritance of acquired traits [72]? Although
transgenerational epigenetic inheritance is a controversial
topic, the inherent stability of circRNAs make them an en-
ticing candidate to be transmitted across generations.
Moreover, as we have discussed, circRNAs are regulated
by stress events and aging. Increased levels of circRNAs
resulting from experienced stress could be passed down
to offspring and thus constitute an epigenetically trans-
mitted memory. There is some early evidence that circR-
NAs can be transmitted across generations. Circular
intronic lariats in Xenopus tropicalis oocytes are highly
stable and are transmitted to the fertilized egg after the
germinal vesicle breakdown, persisting until the blastulae
stage of embryogenesis [71] (Figure 4C). Undoubtedly,
whether circRNAs mediate the inheritance of experience-
acquired traits, as has been described for some small
tRNA derived fragments [73], is under intense investiga-
tion.

The consequence of the enhanced stability of circR-
NAs is that they accumulate as time passes in post-mitotic
cells such as neurons [7,11]. Could this accumulation be
deleterious for nervous system function? Could it have an
impact on the cognitive decline and susceptibility to neu-
rodegenerative disease that is associated with aging?

Finally, it might be that some circRNAs are in fact
not “non-coding.” Several studies have shown that circu-
lar RNAs are capable of protein synthesis in artificial con-
texts when an Internal Ribosome Entry Site (IRES) is
placed within the circularized RNA to allow for transla-
tion initiation [42,74,75]. The field awaits conclusive ev-
idence that any endogenous circRNA can produce a
protein, and whether such proteins have functions, per-
haps detrimental ones. This could have important impli-
cations for disease as protein-generating circRNAs could
theoretically undergo multiple rounds of translation due
to their exceptional stability and perhaps lead to patho-
logical levels of accumulated protein in old age.
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CONCLUDING REMARKS

CircRNAs are gaining considerable interest and we
have here highlighted very recent work providing evi-
dence that individual circRNAs have biologically relevant
roles. The next few years will be interesting times for the
circRNA field. RNA-seq analysis has revealed the identity
and expression patterns of circRNAs in major model or-
ganisms, diverse cellular conditions have been identified
to regulate circRNAs, and new methodologies have been
devised to overexpress and knockdown circRNAs. The fu-
ture is thus ripe for uncovering the in vivo functions of cir-
cRNAs. As is so often the case for diverse classes of new
RNAs being discovered, there will certainly be many
more fascinating twists in the circRNA story.
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