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Past, present, and future of circRNAs
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Abstract

Exonic circular RNAs (circRNAs) are covalently closed RNA mole-
cules generated by a process named back-splicing. circRNAs are
highly abundant in eukaryotes, and many of them are evolutionary
conserved. In metazoans, circular RNAs are expressed in a tissue-
specific manner, are highly stable, and accumulate with age in
neural tissues. circRNA biogenesis can regulate the production of
the linear RNA counterpart in cis as back-splicing competes with
linear splicing. Recent reports also demonstrate functions for some
circRNAs in trans: Certain circRNAs interact with microRNAs, some
are translated, and circRNAs have been shown to regulate immune
responses and behavior. Here, we review current knowledge about
animal circRNAs and summarize new insights into potential
circRNA functions, concepts of their origin, and possible future
directions in the field.
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Introduction

“All truth passes through three stages. First, it is ridiculed. Second, it is
violently opposed. Third, it is accepted as being self-evident.” — Arthur
Schopenhauer

From past to present—a summary

Circular RNAs (circRNAs) were first found in pathogens. In 1976,
Sanger et al (1976) described viroids that contain “single-stranded
and covalently closed circular RNA molecules”. A second study
published in 1979 by Hsu et al (1979) described RNAs that
contained no free ends and their circularity was independent of
associated proteins (Hsu & Coca-Prados, 1979). These circRNAs
were likely derived from viruses, but these findings were not
followed up, probably due to the overwhelming evidence supporting
the importance of linear RNAs and the excitement regarding the
recent discovery of splicing.

After these initial reports, sporadic studies identified and charac-
terized circRNAs generated from endogenous RNAs. The first of

these reports, in 1991, described the serendipitous discovery of tran-
scripts produced from non-canonical splicing (“scrambled exons”)
that originated from the deleted in colon cancer gene (DCC; Nigro
et al, 1991). A year later, Cocquerelle et al (1992) reported similar
findings for the human EST-I gene and linked the generation of
those isoforms to the presence of large flanking introns (Cocquerelle
et al, 1992).

A year later, two reports identified this type of non-polyadeny-
lated RNA with scrambled exons as covalently closed circular RNAs.
The first study demonstrated the specific circularization of DCC and
EST-1 transcripts (Cocquerelle et al, 1993). Although the authors
refer to the molecules as mis-spliced, they raised the possibility that
they might be functional. Cocquerelle et al (1993) also showed that
the circularized RNAs were localized in the cytoplasm and were
stable after a 48-h treatment of cells with actinomycin D. In the
second study, the authors determined that the Sry RNA scrambled
products are indeed circular (Capel et al, 1993). Capel et al (1993)
showed that this circular RNA is mainly cytoplasmic, tissue specific
and is present in three different mice species.

In the following years, a few studies proposed mechanisms by
which these molecules could be generated. These included the
hypothesis that inverted repeats are necessary for Sry circularization
(Dubin et al, 1995) and the finding that circRNAs can be produced
in vitro from nuclear extracts (Pasman et al, 1996; Schindewolf
et al, 1996).

During the late 1990s and early 2000s, additional circular RNAs
were shown to be produced from the rat cytochrome P450 2C24
gene (Zaphiropoulos, 1996), the human cytochrome P450 gene, the
rat androgen-binding protein (ABP) gene (Zaphiropoulos, 1997), the
human dystrophin gene (Surono et al, 1999), and human Inhibitor
of cyclin-dependent kinase 4 (INK4/ARF)-associated non-coding
RNA (Burd et al, 2010). In addition, many studies classified other
presumptive circular RNAs as scrambled-exon, exon-shuffling prod-
ucts, or just “non-linear mRNAs” (Dixon et al, 2005; Al-Balool et al,
2011). Although these early studies clearly documented the exis-
tence of circular RNA molecules, their potential impact was under-
appreciated.

Beginning in about 2010, the advancement of RNA-seq technolo-
gies, together with the development of specialized computational
pipelines, led to an explosion in circRNA research. Several studies
in the early 2010s revealed that thousands of types of circRNAs are
expressed in metazoans (Salzman et al, 2012; Hansen et al, 2013;
Jeck et al, 2013; Memczak et al, 2013). Despite the low levels of
most circRNA, some are highly abundant. Moreover, in many cases,
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like in the early discovered Sry gene (Capel et al, 1993), the circRNA
can be the main product generated from the host gene (Salzman
et al, 2012; Hansen et al, 2013; Jeck et al, 2013; Memczak et al,
2013). Moreover, two studies in 2013 not only identified thousands
of circRNAs in different mammalian systems, but also showed that
two circRNAs, CDR1as (also known as ciRS-7) and circSry, can bind
to and likely modulate activities of specific microRNAs (miRNAs;
Hansen et al, 2013; Memczak et al, 2013). These and other works
also showed that circRNAs are expressed in a tissue- and develop-
mental stage-specific manner in humans, mice, and flies (Westholm
et al, 2014; Rybak-Wolf et al, 2015; Gruner et al, 2016).

Further, these studies described novel methods for identifying
and validating circRNAs. Among them was the analysis of non-poly-
adenylated libraries enriched for circRNAs by pre-treatment with
RNase R (a 3’ exonuclease that only affects linear RNAs; Jeck et al,
2013; Memczak et al, 2013). This method allows enrichment for
circRNAs as well as differentiation of real circRNAs from mRNAs
with scrambled exons. Importantly, the presence of scrambled junc-
tions can be due to other types of non-canonical splicing (i.e., trans-
splicing), as well as common artifacts of the reverse transcriptase
(i.e., template switching; Cocquet et al, 2006). Given the particular
characteristics of the circRNA junction, circRNA identification and
quantification requires specifically designed bioinformatic pipelines.
Nowadays, there are a number of pipelines for annotating and quan-
tifying circRNAs (reviewed by Hansen et al, 2016; Zeng et al, 2017;
and compared by Hansen, 2018) as well as databases for circRNA
reference (reviewed by Xu, 2017). It is worth mentioning that new
circRNA detection methods and pipelines can also determine the
existence of potentially internal alternative splicing of circRNAs
(Gao et al, 2016; Data ref: Rahimi et al, 2019).

Despite their high abundance and cell specificity, the lack of
additional insights raised questions about the functionality of
circRNAs. For example, circRNAs could be side products of splic-
ing. This hypothesis was backed up by the lack of evidence of
translation of these molecules, as well as doubts about their cell
specificity (Jeck et al, 2013; Guo et al, 2014). These conclusions
were mainly based on the analysis of data collected from cell
lines, which do not contain large amounts of circRNAs compared
with tissues or primary cultured cells (Ashwal-Fluss et al, 2014;
Rybak-Wolf et al, 2015). In recent years, the tissue-specific and
developmental stage-regulated production of circRNAs has been
confirmed. Four independent works showed that many circRNAs
are highly abundant in the brain and that the levels of these RNAs
increase during neuronal differentiation and development
(Westholm et al, 2014; Rybak-Wolf et al, 2015; Veno et al, 2015;
You et al, 2015). In addition, circRNA production is modulated by
neuronal activity and enriched in synaptosomes, the synaptic
neuropil, and dendrites (You et al, 2015). The prevalence of
circRNAs in neuronal tissue is even more evident in aging
animals, which accumulate large amounts of circRNAs (Westholm
et al, 2014; Gruner et al, 2016; Cortes-Lopez et al, 2018). These
findings were in line with previous work that had suggested a
negative correlation between circRNA levels and cell division rates
(Bachmayr-Heyda et al, 2015). Along with functional experiments,
these reports helped to remove doubts about the functionality of
at least some circRNAs. Additional functional studies are essential
to determine how many circRNAs have functions in vivo and to
understand how common (or uncommon) this is.
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Theoretically, circRNAs can act in cis or in trans. In 2014,
Ashwal-Fluss et al (2014) showed that circRNAs are produced co-
transcriptionally and in competition with regular splicing. Hence,
biogenesis of circRNA results in reduced synthesis of mRNAs from
the same locus. In this situation, production of the circRNA acts as
an RNA trap for mRNA production. Several groups identified
requirements for splicing and circularization of exons and demon-
strated that circularization signals are located within the introns
flanking the circularizable exons (Jeck et al, 2013; Ashwal-Fluss
et al, 2014; Liang & Wilusz, 2014; Wang et al, 2014; Zhang et al,
2014; Ivanov et al, 2015; Rybak-Wolf et al, 2015; Starke et al, 2015;
Veno et al, 2015; Sun et al, 2016; Zhang et al, 2016b). Ashwal-Fluss
et al (2014) also suggested the existence of a negative-feedback
loop for the regulation of circMbl production in flies and identified
the first protein involved in exon circularization [the splicing factor
muscleblind (MBL) in Drosophila and the vertebrate homolog
muscleblind-like protein 1 (MBNL1)]. Later works identified other
RNA-binding proteins (RBPs) that regulate exon circularization in
different systems and organisms; these include adenosine deami-
nases acting on RNA (ADAR), quaking (QKI), FUS, nuclear factors
NF90/NF110, DExH-Box helicase 9 (DHX9), epithelial splicing regu-
latory protein 1 (ESRP1), and serine/arginine (SR)-rich proteins
(Conn et al, 2015; Ivanov et al, 2015; Kramer et al, 2015; Rybak-
Wolf et al, 2015; Aktas et al, 2017; Errichelli et al, 2017; Li et al,
2017a; Yu et al, 2017).

Finally, current works have uncovered the relevance of
circRNAs in different systems. A subset of circRNA produces
proteins in the fly brain and in murine and human cells (Legnini
et al, 2017; Pamudurti et al, 2017; Yang et al, 2017), and others
seem to be related to the immune response (Li et al, 2017a; Liu
et al, 2019). Several reports demonstrated in vivo functions for
circRNAs in the mouse and fly brains, as well as in bone marrow
(Piwecka et al, 2017; Kleaveland et al, 2018; Xia et al, 2018; Data
ref: Pamudurti et al, 2018). In addition, a number of studies
suggest an association between circRNAs and cancer (reviewed in
Kristensen et al, 2018; Patop & Kadener, 2018). These develop-
ments show a clear change of view in the scientific community
toward circRNAs, representing a turning point in this exciting and
rapidly developing field.

The making of a circRNA

The mechanism of back-splicing

Exon-derived circRNAs are generated by a particular type of splicing
known as back-splicing, in which a 5 splice donor attacks an
upstream 3’ splice site. This leads to a 3/-5" phosphodiester bond
that generates a circular RNA molecule (Fig 1.1). While circRNAs
are produced by the spliceosome in most (if not all) eukaryotes, the
exact mechanism seems to differ between yeast, plants, and meta-
zoans. Contrary to animals, circRNAs in plants are produced from
regions flanked by long introns but with very short complementary
sequences or sequences with no complementarity at all (Ye et al,
2015; Sun et al, 2016). Interestingly, in Archaea the circularization
process is independent of the spliceosome (Nielsen et al, 2003;
Salgia et al, 2003) and results in a variety of circRNAs, of which
only 16% derive from coding genes and a lesser portion from exons
(Danan et al, 2012).
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In metazoans, previous studies showed that splice sites flanking
circularizable exons are canonical and that back-splicing is
performed by the spliceosome (Cocquerelle et al, 1993; Zaphi-
ropoulos, 1997; Ashwal-Fluss et al, 2014; Guo et al, 2014;
Westholm et al, 2014; Starke et al, 2015; Sun et al, 2016). Interest-
ingly, circRNAs generally contain complete exons and are mostly
generated from coding exons, particularly those located in the 5
untranslated regions (UTRs) of protein-coding genes (Guo et al,
2014; Westholm et al, 2014; Rybak-Wolf et al, 2015). This results in
back-splice junctions formed by coding sequence to coding
sequence regions (CDS-CDS) and 5’ UTR-CDS regions and tends to
include the second exon of the gene (Salzman et al, 2012; Westholm
et al, 2014). This might be related to their biogenesis, which
requires longer and less efficiently spliced introns than average;
both criteria are usually met with the first introns (Ashwal-Fluss
et al, 2014). While circRNA biogenesis might require inefficient
canonical splicing, the introns within circRNAs seem to be mostly
spliced out (Westholm et al, 2014; Guo et al, 2014; Gao et al, 2016;
Data ref: Rahimi et al, 2019; Ji et al, 2019). These findings suggest
that the inefficient splicing of the introns flanking circularizable
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Figure 1. circRNAs at a glance.
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exons is specific and not related to a poor processing of those tran-
scripts in general.

In many cases, the production of circRNAs derives from intricate
alternative splicing decisions (Zhang et al, 2016a; Gao et al, 2016).
Since some genes produce dozens of alternative splicing isoforms
and circRNAs, this suggests that back-splicing and alternative splic-
ing might be functionally related (Gao et al, 2016; Zhang et al,
2016a).

Sequence- vs. protein-driven exon circularization

The production of exon-derived circRNAs strongly depends on at
least one of two mechanisms: introns with long inverted repeats or
binding of RBPs. Both mechanisms bring the circRNA flanking
introns in close proximity to each other. Introns flanking circRNAs
are less efficiently spliced out than canonical splicing events at the
junction sites, suggesting that linear splicing is the default splicing
process (Zhang et al, 2016b). In addition, circularizable exons are
flanked by long introns in fly, human, mouse, pigs, and also in
plants (Jeck et al, 2013; Guo et al, 2014; Westholm et al, 2014;
Veno et al, 2015; Ye et al, 2015; Zhao et al, 2017). Many of these
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circRNA can be generated either with the help of reverse complementary repeats or RNA-binding proteins and exported from the nucleus (1). In the cytoplasm, the circRNA
might be bound by multiple factors. These can be RNA-binding proteins (2), Argonaute proteins loaded with miRNAs as sponge or scaffold (3) or for direct degradation (5),
ribosomes (4) or endonucleases that would cause degradation of the circRNA (6). From the non-degradative binding, the circRNA-factor complex might diffuse in the
cytoplasm or been actively transported in into particular regions of the cell [e.g., the synapse (7)] where it can release its bound cargo or starts to be translated. The enclosure of
circRNAs or circRNA factor complexes in vesicle that would be released into the extracellular space would remove circRNAs from the cytoplasm (8). However, protected by the
vesicle, the circRNAs or circRNA complexes could reach other cells or tissues and therefore act as messenger molecules or fulfill other unknown functions (9).
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introns display extensive reverse complementarity (Capel et al,
1993; Jeck et al, 2013; Liang & Wilusz, 2014; Zhang et al, 2014).
Indeed, introns flanking exons that generate circRNAs are enriched
in reverse complementary matches in Caenorhabditis elegans,
human, mouse, and pig (Liang & Wilusz, 2014; Zhang et al, 2014;
Ivanov et al, 2015; Rybak-Wolf et al, 2015; Veno et al, 2015). More-
over, the presence of reverse complementary repeats in the introns
can be used to predict which exons are likely to circularize (Ivanov
et al, 2015). Reverse complementary elements show different motif
enrichment depending on the analyzed species. In humans, 88% are
ALU repeats, while in mouse, 22% are ALU-like repeats, and in
worms, only 11% are enriched for one specific motif (Jeck et al,
2013; Ivanov et al, 2015). Sequence alignment between these motifs
points to a possible evolutionary relationship (Ivanov et al, 2015).
Interestingly, ALU elements are believed to originate from trans-
posons during evolution (Quentin, 1992). Moreover, the distribution
of reverse elements among and within introns can have a strong
influence on the amount and type of circRNAs produced (Zhang
et al, 2014). While long inverted repeats in flanking introns promote
exon circularization, the presence of additional repeats within one
of these introns can inhibit inter-intronic interactions in favor of
intra-intronic interactions. The latter tend to inhibit exon circulariza-
tion, likely by competing with inter-intronic secondary structures
(Zhang et al, 2014).

Not all exons flanked by long introns are circularized, and there
are many cases in which it is not possible to identify long stretches
of complementing sequences. For instance, only 40% of circRNAs
expressed in human fibroblasts are expressed from genes that
contain ALU repeats in their flanking introns, from which 20% are
also complementing (Jeck et al, 2013). In pigs, only approx. 30% of
the circRNAs expressed in cortex have complementary short inter-
spersed elements (SINEs, a group that includes the primate-specific
ALUs) in the introns flanking the circularizable exons (Veno et al,
2015). This proportion is similar to the 38% observed in C. elegans
(Ivanov et al, 2015). The absence of inverted repeats in many
introns flanking circularizable exons strongly suggests the presence
of additional mechanisms of exon circularization. In fact, the splic-
ing factor MBL mediates one alternative mechanism (Ashwal-Fluss
et al, 2014). MBL binds to several highly conserved intronic sites
and promotes circularization of its own second exon. Interestingly,
the Drosophila mbl gene produces mRNAs encoding several protein
isoforms, not all of which promote exon circularization: Only
MBL-C (the predominant MBL isoform in fly heads) and MBL-A do
so. Conceivably, circMbl production is regulated in tissue and cell-
specific manner by the tissue-specific MBL isoform production. Both
fly MBL-C and MBL-A isoforms also promote circularization in the
endogenous human MBNLI locus, suggesting the existence of a
highly conserved mechanism (Ashwal-Fluss et al, 2014). circMbl
also strongly binds to the MBL protein, pointing to the existence of
a regulatory loop between these two molecules. Two of the MBL
mammalian homologs (MBNLI and MBNLZ2) generate circRNAs in
mouse and humans (Salzman et al, 2012; Rybak-Wolf et al, 2015).
While these circRNAs are expressed at relatively low levels
compared to the fly, they contain more than twice the number of
binding sites for the MBL/MBNL1/MBNL2 protein, keeping the MB
(N)L/circMbl(n)l ratio comparable between the different species
(Ashwal-Fluss et al, 2014). Interestingly, the introns flanking the
second exon of mbl contain short inverted sequences that are likely
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to stabilize inter-intron interactions, but may be too weak to
promote exon circularization in the absence of MBL binding
(Ashwal-Fluss et al, 2014). This strongly suggests that MBL
promotes circularization by binding to the flanking introns and
promoting intron-intron interactions. The MBL molecules may
dimerize, bringing the two ends of the exon together to allow
circRNA formation (Yuan et al, 2007).

Other RBPs, such as QKI, FUS, and ESRP1, can also regulate exon
circularization. QKI promotes global circRNA production during the
epithelial-to-mesenchymal transformation in human cell culture by
binding to intronic sequences surrounding the circularized exons
(Conn et al, 2015). Interestingly, like MBL, QKI might dimerize to
facilitate circularization (Teplova et al, 2013). FUS regulates
circRNA formation in murine embryonic stem cell-derived motor
neurons by binding to specific exon-intron junctions (Errichelli
et al, 2017). In addition, the splicing factor ESRP1 mediates circular-
ization of circBIRC6 (derived from the baculoviral IAP repeat-
containing 6 gene) by binding to specific sites that are present in the
introns flanking the circularizable exon (Yu et al, 2017). Last, the
biosynthesis of a laccase-2-derived circRNA in Drosophila is regu-
lated by a combination of different RBPs, such as heterogeneous
nuclear ribonucleoproteins (hnRNPs) and SR proteins, suggesting
that the circularization efficiency of a given exon can be the result
of the integration of several signals (Kramer et al, 2015).

As mentioned, the presence of intronic long inverted repeats and
the binding (and probably dimerizing) of RBPs facilitate intron—
intron interactions leading to circRNA formation. This enhancement
of circularization through intron—intron interaction could also be at
least partially due to the steric inhibition of linear splicing. In this
context, factors that promote or disrupt RNA structure, and hence
putative intron-intron interactions, should alter circRNA biosynthe-
sis. Indeed, recent work showed that RNA editing by the double-
stranded RNA (dsRNA)-specific adenosine deaminase ADAR
modulates circRNA biogenesis in human and mouse cell culture
(Ivanov et al, 2015) and in fly heads (Rybak-Wolf et al, 2015).
Furthermore, the A-to-I editing signature of ADAR is enriched 200
600 nucleotides upstream and downstream of the splice sites in
circRNA-proximal introns in C. elegans (Ivanov et al, 2015). In addi-
tion, the RNA helicase DHX9 limits circRNA production by disrupt-
ing secondary structures like those based on ALU inverted repeats
(Aktas et al, 2017). DHX9 interacts directly with an interferon-indu-
cible isoform of ADAR (p150), and this complex is responsible for
disrupting RNA secondary structures, including many that could
promote exon circularization. Interestingly, DHX9 downregulation
doubles the population of uniquely detected circRNAs (~26,000 to
~50,000). This seems to be a correction mechanism to reduce the
widespread production of circRNAs and suggests that some
circRNAs are no more than “processing defects” or splicing noise.
However, it also suggests a potential requirement for the circRNAs
which are produced even in the presence of DHX9.

Particular physiological situations that involve the appearance of
dsRNA structures can also alter circRNA biogenesis. For example,
the immune response factors NF90 and NF110 (Patifio et al, 2015)
regulate circRNA production. Interestingly, these proteins bind to
viral RNA upon infection and interact with dsRNA structures formed
during transcription. This union seems to stabilize such transient
RNA duplexes and promotes back-splicing of a subset of circRNAs
(Li et al, 2017a). Interestingly, NF90-binding sites are selectively
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enriched in ALU motifs of introns that bracket circRNA-forming
exons. Thus, circularization of these exons can also be subjected to
ADAR and/or DHX9 control. Moreover, poly(I:C) (polyinosinic:poly-
cytidylic acid) stimulation, which mimics viral infection, promotes
the export of NF90/NF110 to the cytosol. Under these conditions,
the circRNAs produced via the binding of NF90/NF110 are down-
regulated (Li et al, 2017a). NF90/NF110 binds not only to nascent
circRNAs in the nucleus but also to at least two circRNAs in the
cytoplasm (circPOLR2A and circDHX34). Upon poly(I:C) treatment
or vesicular stomatitis virus infection, the interaction of both
circRNAs with NF90/NF110 is reduced. This may also be the case
for other circRNAs. Therefore, circRNAs might trigger the release of
NF90/NF110 allowing it to bind to viral RNA upon viral infections
(Li et al, 2017a). RIG-1, a protein that detects dsRNAs and triggers
antiviral cytokine production (Yoneyama & Fujita, 2008), alters
circRNA production in HeLa cells as shown by siRNA treatment and
gPCR of a reporter circRNA (Li et al, 2017a). This protein is at the
core of a mechanism that allows the distinction between endoge-
nous and foreign circRNAs (Chen et al, 2017). However, the magni-
tude of RIG-1 activation due to exogenous circRNA was challenged
by later reports (Wesselhoeft et al, 2018, 2019).

Our understanding of the mechanisms that promote, disturb, or
modulate circRNA formation will very likely increase in the follow-
ing years. It will be highly interesting to evaluate the degree of
evolutionary conservation of mechanisms that generate circRNAs.
Moreover, one wonders whether circRNAs that have functions in
trans are generated by a specific type of mechanism.

Regulation of circRNA biosynthesis

circRNAs are transcribed by RNA polymerase II and generated by
the spliceosome (Cocquerelle et al, 1993; Zaphiropoulos, 1997;
Ashwal-Fluss et al, 2014; Starke et al, 2015; Sun et al, 2016). Impor-
tantly, many of the exons forming circRNAs are not alternatively
spliced (Aufiero et al, 2018). Hence, some highly abundant
circRNAs regulate in cis the production of mRNAs from the host
gene. Further evidence for the widespread importance of this cis-
regulation is the fact that in addition to splicing circRNA production
is also linked to inefficient cleavage and polyadenylation (Liang
et al, 2017).

Our understanding of circRNA biogenesis is hampered by the fact
that circRNA production differs depending on the system used. In
cell culture, circRNA biosynthesis seems to be post-transcriptional
(Liang & Wilusz, 2014; Zhang et al, 2014). This might constitute an
idiosyncrasy of a system (cell culture) in which circRNAs are known
to be produced at very low levels compared to neural tissue
(Ashwal-Fluss et al, 2014). If circRNA production is in competition
with canonical splicing, changes in splicing efficiency should modu-
late the production of circRNAs. This could be achieved by modula-
tion of trans-acting splicing factors or by changes in the kinetics of
RNA polymerase II transcription, which are known to modulate
alternative splicing (Kadener et al, 2001, 2002; de la Mata et al,
2003). In this context, changes in circRNA production can be seen
as a consequence of alterations in the efficiency of global RNA
processing events that are influenced by variations in transcription
rates. Indeed, downregulation of general splicing regulators (e.g., SR
protein SF2) or core spliceosome components [e.g. small ribonucle-
oprotein particle Ul subunit 70K and C (snRNP-U1-70K, snRNP-U1-C),
pre-mRNA processing 8 (Prp8, Slu7), cell division cycle 40
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(CDC40)] shifts the production from linear toward circular RNAs
(Kramer et al, 2015; Liang et al, 2017). Moreover, inhibition of tran-
scriptional termination increases circRNA biosynthesis (Liang et al,
2017). In some cases, circRNAs can be generated after read-through
transcription from upstream genes resulting, for example, from the
inhibition of the upstream gene cleavage (Liang et al, 2017). Inter-
estingly, chromatin structure could modulate all these co-transcrip-
tional processing events and it would not be surprising if changes in
chromatin structure underlie changes in circRNA production in
specific loci.

Degradation of circRNAs

circRNAs do not have free ends and therefore are not accessible to
many canonical RNA decay pathways. An in vitro study of 60
circRNAs in cell culture using 4-thiouridine metabolic labeling
demonstrated that most of the assayed circRNAs have longer half-
lives (18.8-23.7 h) than their linear counterparts (4.0-7.4 h; Enuka
et al, 2016). Other studies support this finding (Ashwal-Fluss et al,
2014; Zheng et al, 2016; Liang et al, 2017). circRNAs might have
even longer half-life in vivo, particularly in cell types that do not
divide. Indeed, the age-dependent accumulation of circRNAs in the
brain is likely due to the high stability of these molecules. Vice
versa, it appears that circRNAs do not accumulate in tissues with a
high proliferation rate (Bachmayr-Heyda et al, 2015). This might be
due to dilution of the circRNAs if the proliferation is higher than the
production.

Very little is known about the mechanisms and rates at which
circRNAs are degraded in vivo. In theory, circRNA degradation
could be initiated by an endonuclease and followed through a
combination of exo- and endonucleases. A first hint for circRNA
degradation via endonuclease activity has been shown using RNase
H and Rrp44 in vitro (Mackie, 1998; Schaeffer et al, 2009). In both
cases, the authors tested artificial circular RNA constructs and cleav-
age of these circRNA species was very low. Small RNA-mediated
degradation of circRNAs is so far the best characterized circRNA
degradation pathway. However, the only example until now,
besides artificial shRNA/siRNA-based systems (Jeck et al, 2013;
Legnini et al, 2017; Pamudurti et al, 2017; Yu et al, 2017), is the
degradation of CDRIas by miR-671 (Hansen et al, 2011). Notably,
the miRNA-binding site in the circRNA is almost fully complemen-
tary to the miRNA. The amount of CDR1as is directly modulated by
miR-671 through AGO2-mediated degradation (Hansen et al, 2013).
CDR1as, miR-671, and its binding site are highly conserved (Hansen
et al, 2013), and the deletion of this site results in a significant
increase in CDRIas levels (Kleaveland et al, 2018). Interestingly,
CDRIas levels are modulated by miR-7 likely through slicing, which
is also dependent on miR-671 (Kleaveland et al, 2018).

A recent study suggests that the RNA modification N°-methyla-
tion of adenosine (m°A) facilitates the recruitment of endonucleases
potentially able to degrade circRNAs (Park et al, 2019). Another
study found global degradation of circRNAs upon poly(I:C) stimula-
tion or encephalomyocarditis virus (EMCV) infection in HeLa cells
(Liu et al, 2019). Both treatments lead to activation of the endori-
bonuclease RNase L and degradation of circRNAs. Interestingly, a
subset of the circRNAs bind and inhibit PKR (protein kinase dsRNA-
activated), an activator for response to viral infections. Moreover,
the authors found spontaneous RNase L activation, an increased
phosphorylation of PKR and reduction of circRNAs in peripheral
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blood mononuclear cells derived from systemic lupus erythemato-
sus patients (Liu et al, 2019).

In addition to degradation, circRNAs might be eliminated from
cells by exocytosis. Several studies have detected circRNAs in
exosomes (Li et al, 2015; Lasda & Parker, 2016; Preufier et al,
2018). However, it is not yet known whether the secretion of
circRNAs contributes significantly to lowering their intracellular
levels (Fig 1.8). Alternatively, circRNA secretion might constitute a
communication mechanism (Fig 1.9). In sum, given the growing
body of evidence that circRNAs are functional molecules, questions
about their degradation and extracellular transport are of impor-
tance and should be the focus of future studies.

circRNA properties and features

Evolutionary conservation of circRNAs

circRNAs are present in most organisms, including Archaea, plants,
yeast, and most metazoans (Danan et al, 2012; Wang et al, 2014;
Broadbent et al, 2015; Lu et al, 2015; Sun et al, 2016; Ji et al,
2019). However, it is not clear how they have evolved, as they seem
to be produced by different mechanisms. Understanding the details
of their evolutionary conservation might shed light on both circRNA
function and possible mechanisms of evolution.

CircRNA production can function in cis by balancing the produc-
tion rates of their linear counterpart. As function and conservation
are usually related, the first level of analysis is to determine whether
orthologous (similar gene in different organisms) or paralogous loci
(close related genes in the same organism) generate circRNAs.
While the second approach focuses on specific circRNAs, the
comparison of circRNAs derived from orthologous genes can be
used more widely. For instance, 22% (457) of circRNAs detected in
Hs68 cells (human fibroblast line) and murine testis are generated
from homologous loci (Jeck et al, 2013). Another study compared
circRNAs in heads of three different Drosophila species. The authors
found that roughly 300 (between 30 and 40%) of these circRNAs
were present in the orthologous genes and exons (Westholm et al,
2014). If an orthologous or paralogous locus is producing a
circRNA, the next question is the level of circRNA production
compared to its linear counterpart in each species (circRNA to linear
RNA ratio). For those circRNAs with a function related to their
production rate (cis regulatory function), we expect to see relatively
constant circRNA/mRNA ratio across evolution, but not necessarily
sequence conservation of the circRNA. In those cases, evaluating
nascent transcripts would allow the analysis of production rates and
putative mRNA-trap-like regulation by circRNAs. One such example
is circRims2, which in mouse and human is approximately 20-fold
more abundant than the linear mRNA (Rybak-Wolf et al, 2015).
This form of conservation (presence of circRNAs in orthologous
loci) also has been reported in more distant species: human TTBK2
(tau tubulin kinase 2), murine Ttbk2 and Drosophila asator, as well
as human CELF2 (CUGBP elav-like family member 2), murine Celf2
and Drosophila bru-2 (bruno 2), also the MBNL1 and mbl in humans
and flies (Rybak-Wolf et al, 2015).

Some circRNAs are generated from the same or equivalent exons
in multiple species. The conservation can extend in those cases to
the particular splice sites flanking the circRNA. Splice site conserva-
tion of specific circRNAs was observed in flies, mice, macaque, and
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humans (Westholm et al, 2014; Rybak-Wolf et al, 2015; Ji et al,
2019). While only 3% of all circRNAs share the exact splice junc-
tion in Hs68 cells and murine testis, this seems to be the exception
rather than the rule (Jeck et al, 2013). A similar splice-junction
study analyzed circRNAs from brains of humans and mice by
mapping the circularizing splice sites (Rybak-Wolf et al, 2015).
About one-third (4,522 out of 15,849) of the detected circRNAs
share both splice sites, another third (4,527) share one splice site,
demonstrating a very high degree of conservation within the
mammalian brain. The degree of conservation is even higher for
circRNAs with higher expression (Rybak-Wolf et al, 2015).
However, these results have to be taken with caution, as highly
expressed circRNAs mostly derive from exons close to the transcrip-
tion start site and conservation is not homogeneous along the gene
sequence (Rybak-Wolf et al, 2015). Many of the introns flanking
these conserved circRNAs contain inverse complementary repeats
in both mouse and humans (Ivanov et al, 2015; Rybak-Wolf et al,
2015). Many of these complementary sequences are repetitive
elements, which usually evolve rapidly (Ivanov et al, 2015; Rybak-
Wolf et al, 2015). As the general assumption is that the introns
flanking the circularizable exons are the main drivers of circRNA
biogenesis, it is possible that transcriptional features of these loci
lead to the generation of circRNAs without exact evolutionary
conservation of the inverted repeats. Therefore, even if the
sequences are not conserved, their presence among different species
indicates evolutionary pressure for the generation of circRNAs from
one particular region. This evolutionary conservation is likely
linked to the conserved presence of short or long inverted repeats
or binding sites for RBPs. The latter might reflect a more specific
regulation. The conservation of specific sequences and/or RNA-
binding sites might indicate that the circularization has a particular
adaptive importance (Fig 2).

The last level of evolutionary conservation is related to the
functional elements within a given circRNA which could suggest a
function in trans. These could include binding sites for RBPs,
miRNAs, or elements necessary for functional secondary structures
within the circRNA (Fig 2.4 and 2.5). For example, Rybak-Wolf
et al (2015) searched for miRNA-binding sites within circRNA-
producing exons. The authors did not observe an enrichment of
conserved miRNA-binding sites compared to other short
sequences. However, this study found that short sequences (some
of which might be RBP-binding sites) are enriched in exons
present in circRNAs, pointing out a higher conservation level of
circularized exons. Another study included 5'UTRs and confirmed
a higher density of miRNA-binding sites in circularized exons of
flies (Westholm et al, 2014). The fact that Drosophila has more
conserved miRNA target sites in their coding sequences than
mammals might explain part of this difference (Schnall-Levin et al,
2010). Further insights could be obtained by trying to determine
evolutionary conservation in translated circRNAs, in particular to
the regions surrounding the stop codons. Although stop codons of
translated circRNAs are generally more evolutionarily conserved
than other stop codons in the same 5 UTR, their proximity to the
splice site makes it impossible to determine whether the conserva-
tion is due to the importance of the splicing or the translation
signal (Pamudurti et al, 2017). Another interesting feature is the
secondary structure. Some human circRNAs might develop imper-
fect hairpins that are not detected in their linear counterparts
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To determine the level of conservation of a circRNA between two or more organisms, we offer to ask several general questions: 1. Are circRNAs present in both organisms? 2. Is
a circRNA produced from the same (homolog or orthologue) gene in both organisms? 3. Is a circRNA produced from the same exon(s)? 4. Are the potential features conserved?
This would imply the potential presence of an RBP and microRNA-binding sites, presence of IRES(s) and translational stop(s). 5. Is a potential 3D structure conserved? 6. If the

circRNA is translated, is also the peptide sequence homolog?

(Liu et al, 2019). These hairpins are bound by RBPs responsible
for intracellular immune response. Investigating if the hairpins are
present in circRNA orthologues in other species and can still bind
the same subset of RBPs could shed light not only on the conser-
vation of circRNAs but also on the whole mechanism they are
regulating.

Experimental validation of the putative interactions (i.e., with
miRNAs) and/or translation capacity of circRNAs with putative
conserved elements is necessary to fully understand the conse-
quences of the conservation of one particular circRNA-producing
locus within different species (Fig 2.6). This is achievable by identi-
fying translated circRNAs through ribosome footprinting, while
protein—circRNA or circRNA-miRNA interactions can be tested by
various methods as RIP, PAR-CLIP (Photoactivatable Ribonucle-
oside-Enhanced Crosslinking and Immunoprecipitation) and precipi-
tation of the circRNA followed by protein identification and/or
small RNA sequencing.

Tissue-, developmental stage-, and subcellular

location-specific expression

Genes hosting circRNAs are highly enriched for brain-related genes
(Ashwal-Fluss et al, 2014; Westholm et al, 2014; Rybak-Wolf et al,
2015; You et al, 2015). Hence, it is not surprising that circRNAs are
highly enriched in neural tissue. This CNS-specific enrichment
seems to be a general feature of circRNAs in all the studied species
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(Guo et al, 2014; Westholm et al, 2014; Rybak-Wolf et al, 2015;
You et al, 2015). Notably, the expression of circRNAs within the
brain is highly specific and, in many cases, independent of the
expression of the linear isoform generated from the hosting gene
(Rybak-Wolf et al, 2015; Veno et al, 2015; You et al, 2015).

The notable enrichment of circRNAs in the CNS may be due to
one or more factors. First, the brain and, more specifically, the
neurons display the highest rates of alternative splicing in the body
(Yeo et al, 2004; Pan et al, 2008), and circRNA biogenesis can be
defined as a particular type of alternative splicing. Second, circRNAs
are long-lived, and, as neurons generally do not divide, circRNAs
should in theory accumulate as the brain develops and ages even if
produced at low rates (Westholm et al, 2014; Veno et al, 2015;
Gruner et al, 2016). Indeed, circRNAs strongly accumulate with age
in the brains of flies and mice (Westholm et al, 2014; Gruner et al,
2016), leading to the suggestion that circRNAs may be involved in
age-related brain diseases (reviewed in Hanan et al, 2017). As
already mentioned, there is a strong anti-correlation between the
amount of circRNAs and cell replication rate (Bachmayr-Heyda
et al, 2015). Hence, it might seem that accumulation is the main
reason behind the high levels of circRNAs in the brain. However,
cardiomyocytes usually do not divide, but circRNAs do not accumu-
late in the heart as the animal ages (Gruner et al, 2016). A partial
explanation might be that the heart displays a much smaller reper-
toire of alternatively spliced isoforms (Yeo et al, 2004). This
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suggests that the high levels of circRNAs observed in the CNS are
related to the specific generation of these spliced isoforms, as well
as accumulation due to low degradation and low or no cell division.

Another interesting feature of circRNAs is their subcellular local-
ization. Unlike aberrantly spliced products, which localize near the
site of transcription, circRNAs are predominantly cytoplasmic
(Nigro et al, 1991; Capel et al, 1993; Cocquerelle et al, 1993;
Salzman et al, 2012; Memczak et al, 2013; Werfel et al, 2016). This
conclusion is mainly based on biochemical fractionation and in situ
hybridization experiments (Hansen et al, 2013; Jeck et al, 2013).
Moreover, reports show that subsets of circRNAs in neurons are
localized to axons, dendrites, and synaptosomes (Rybak-Wolf et al,
2015; You et al, 2015). Interestingly, some circRNA display a
regulated switch in their nucleocytoplasmic localization during
development (Veno et al, 2015).

A recent study identified Drosophila Hel25E (a DExH/D-box heli-
case) and human UAP49/56 as key factors for nuclear export of
circRNAs (Huang et al, 2018). Hel25E, UAPS56, and UAP49 promote
nuclear export in a manner that depends on the length of the
circRNA. After depletion of the Drosophila helicase Hel25E in DL1
cells, circRNAs longer than 800 bases accumulate in the nucleus.
Interestingly, this phenomenon is independent of the circRNA
sequence. URH49 and UAP56 are human homologs with similar
functions. URH49 seems responsible for the export of circRNAs
shorter 356nts and UAP56 for circRNAs bigger than 1,298nts. For
intermediate sizes, a more complex recognition mechanism might
take part (Huang et al, 2018). In the future, exploring these interme-
diate length circRNAs for human cells and shorter circRNAs for fly
cells will shed light over additional mechanism of circRNA export. It
is unclear whether there is a direct or indirect interaction between
the circRNAs and these proteins and whether other binding partners
are involved. In most cases, the only features shared by circRNAs
are their circularity, the presence of the exon junction complex, and
the absence of the cap structure and the polyA tail. Therefore, recog-
nition and export mechanisms have to be either highly specific for
particular circRNAs or must recognize one or more of these
features.

The localization of circRNAs to axons, dendrites, and synapses is
also intriguing. It is still not clear whether the observed accumula-
tion is due to a directed transport or to diffusion and retention of
those molecules in these compartments (e.g., through binding to
membrane proteins or just impossibility to come back). Further
genetic and biochemical experiments should shed light on the mech-
anism that drives the subcellular localization of circRNAs within
neurons.

As stated above, a large fraction of the genes hosting circRNAs
encode for synaptic proteins and many brain circRNAs are strongly
enriched in synaptosomes and in microdissected synaptic neuropil.
As in many cases circRNAs and mRNAs share 5 UTR regions
(Pamudurti et al, 2017), it is possible that these sequences drive the
localization of both the circular and linear forms produced from a
given locus. Moreover, the mRNA and circRNA could compete for
binding to transport and/or effector proteins. Competition for
effector proteins might regulate translation and/or stability and
could be a way in which circRNAs regulate gene expression in trans
(Fig 1). To date, no studies have investigated circRNA production
and transport using live-cell imaging, and this type of approach will
be key to test some of these hypotheses. Also, the field still lacks a
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precise description of the numbers and types of circRNA molecules
in different cellular compartments.

circRNA as modulators of miRNA function

Some long non-coding RNAs can regulate miRNA levels and/or
activity by selective sponging (Cesana et al, 2011; Tay et al, 2011;
Bitetti et al, 2018; Kleaveland et al, 2018). The initial observation
that some circRNA possess many miRNA-binding sites led to the
speculation that these molecules could work as miRNA sponges. For
example, CDR1as has 73 seed-binding sites for miR-7 (Hansen et al,
2013). Moreover, AGO2 CLIP data demonstrate that miR-7 occupies
many of these sites (Piwecka et al, 2017). As mentioned in previous
sections, miR-671 has one binding site with almost perfect comple-
mentarity to CDRIas. This suggests that while miR-671 can mediate
cleavage of CDRIas, this circRNA might regulate miR-7 levels and/
or activity.

The recent development of CDRIas knockout mice offers some
insights into the functional consequences of miR-7 binding to
CDRI1as (Piwecka et al, 2017). Piwecka et al (2017) showed that
miR-7 levels are modestly but significantly decreased and miR-671
increased in the CDRIas knockout mice, suggesting that the pres-
ence of this circRNA stabilizes miR-7 and destabilizes miR-671.
Moreover, the brains of CDRIas-knockout animals show increased
levels of several miR-7 targets, again pointing out that this circRNA
stabilizes rather than titrates miR-7. Some of the miR-7 targeted
mRNAs are known to be induced by neuronal activity, and the
knockout mice show specific excitatory and behavioral phenotypes
(Piwecka et al, 2017). Thus, CDRIas may regulate storage and
release of miR-7 upon a specific signal. CDR1as could also transport
and release miR-7 to a particular cellular compartment, regulating
miR-7 function. This function might be harnessed in the future to
deliver miRNA-based therapeutics by taking advantage of the
extreme stability of circRNA molecules.

Recent work showed that CDRIas is part of an even more
complex regulatory circuit that involves the long intergenic non-
coding RNA (lincRNA) Cyrano (Kleaveland et al, 2018). By generat-
ing and using different CRISPR-Cas9 engineered mice, Kleaveland
et al (2018) show that Cyrano binds and targets miR-7 for degrada-
tion. This effect of Cyrano on miR-7 indirectly modulates the degra-
dation of CDRIlas by miR-671. Thus, these non-coding RNAs
interact and regulate one another. However, as Cyrano’/ ~ and
miR-7 double-knockout mice had no observable phenotype, key
details of this RNA network functionality remain unknown.

Although thorough inspection of circRNA sequences and analysis
of AGO2 PAR-CLIP data revealed that most circRNAs do not bind
extensively to miRNAs (Guo et al, 2014), there are further examples
of circRNAs that interact with miRNAs. For example, circSry has
been shown to interact with miR-138 (Hansen et al, 2013), but the
physiological importance of this interaction has not been yet estab-
lished. In addition, many other reports suggested interaction of
circRNAs and miRNAs, but these putative contacts have not been
biochemically demonstrated yet. For example, circHIPK3 (derived
from the homeodomain interacting protein kinase 3 gene) has been
described to interact with nine different miRNAs (miR-124, miR-
152, miR-193a, miR-29a, miR-29b, miR-338, miR-379, miR-584, and
miR-654) and regulate cell growth (Li et al, 2017b). Also, circFOX03
(derived from the forkhead box O3 gene) reportedly regulates cell
growth by sponging specific miRNAs that regulate the production of
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FOXO3 mRNA (Du et al, 2016). circITCH (derived from the Itchy E3
ubiquitin-protein ligase gene) might regulate the activity of onco-
genic miR-7 and miR-214 in human cell lines (Huang et al, 2015),
and it has been reported that circBIRC6 controls the pluripotency of
human embryonic stem cells by sequestering miR-34 and miR-145
(Yu et al, 2017).

However, the circRNA-miRNA sponge hypothesis must be seen
critically. The abundance of specific circRNAs (besides MBL in
flies or CDRIas in humans) is generally low. This matter contra-
dicts possible sponge theories (Denzler et al, 2014; Jens &
Rajewsky, 2015), since the miRNA might be more abundant than
the total RNA in which the miRNA can bind and titrate, and there
are more miRNA-binding sites available than miRNA molecules.
However, it is still possible that some circRNAs could act catalyti-
cally (i.e., by mobilizing, inactivating, and/or degrading miRNAs)
but there are no indications that this is the case. Therefore, stud-
ies focusing on the sponge function of circRNAs would highly
benefit from solid stoichiometric quantifications. The use of small
RNA libraries and Argonaute-RNA immunoprecipitation or
crosslinking immunoprecipitation (AGO-RIP/CLIP) techniques will
be crucial to determine that there are direct interactions between
the circRNAs and the regulated miRNAs. Generation of inducible
knockdowns or knockout strains will be very helpful to determine
the effect (if any) of the circRNAs on the putative miRNA func-
tion and levels.

Translation of circRNAs

In 2017, several groups reported that circRNAs are translated
(Legnini et al, 2017; Pamudurti et al, 2017; Yang et al, 2017).
Pamudurti et al (2017) utilized ribosome footprinting, mass spec-
trometry, and cellular assays to demonstrate translation of a subset
of circRNAs in Drosophila heads and mammalian muscle cells.
Interestingly, translated circRNAs tend to share a start codon with
the hosting gene and have a stop codon that is evolutionary
conserved and that is unique to the circular open reading frame.
The same study found that circRNAs are translated by membrane-
associated ribosomes (Pamudurti et al, 2017). A simultaneously
published study demonstrated the translation of circZNF609
(derived from the zinc finger protein 609 gene) in the context of
murine and human skeletal muscle (Legnini et al, 2017). This study
demonstrated the existence of a circRNA-derived protein by poly-
some and Western blot assessments. Legnini et al (2017) also
offered some insights into the function of the circRNA, as they
showed that inhibition of the expression of circZNF609 caused a
strong reduction in myoblast proliferation. In addition, Yang et al
(2017) identified several small peptides generated from a subset of
circRNAs in cancer cell lines and human fibroblasts (Yang et al,
2017). Interestingly, the authors found that RRACH motifs (R=G or
A; H=A, C or U) upstream of the start codon enhance circRNA trans-
lation when the adenosine is methylated (Yang et al, 2017).

As circRNAs do not contain a 5’ cap, their translation needs to be
cap-independent. Indeed, Pamudurti et al (2017) showed that some
of the translated circRNAs have internal ribosome entry sites (IRES)
and can be translated in a cap-independent way, both in vivo and
in vitro (Pamudurti et al, 2017). Translation of circMbl in vivo is
enhanced by signals that suppress cap-dependent but not cap-
independent translation, like starvation or FOXO overexpression.
Additional evidence of IRES-mediated translation of circRNAs
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in vitro (Chen & Sarnow, 1998) and in cell culture experiments
(Wang & Wang, 2015) was previously reported.

These studies do not provide much insight into the functions of
the circRNA-encoded protein products. A recently published report
showed a potential molecular function of a circRNA-encoded
peptide in cancer (Yang et al, 2018). While encouraging, this study
is based on circRNA overexpression. Forced expression of circRNAs
in cell lines can result in concatemers (linear RNA molecules which
contain several times the circRNA sequence) by trans-splicing (e.g.,
see Liang & Wilusz, 2014; Pamudurti et al, 2017). Hence, definitive
experiments will require exclusion of concatemer formation (i.e., by
characterizing the RNA population following overexpression) as
well as loss of function experiments (i.e., by generating cells with
lower levels of the circRNA).

Interestingly, most of the predicted peptides are likely to be iden-
tical to the N-terminal regions of the protein encoded from the
circRNA hosting gene. These truncated proteins might act as
competitors to their full-length counterparts expressed from linear
mRNAs. One possible case might be transcription factors like Mef2.
Its N-terminal DNA-binding domain might be expressed from the
circRNA (Legnini et al, 2017) and might compete for the DNA-
binding sites with the full-length Mef2 or even have a function on
its own (He et al, 2011; Legnini et al, 2017). The most straightfor-
ward hypothesis is that the circRNA-encoded proteins have a func-
tion per se. Considering the rapid development of the field, we
expect appearance of studies showing the physiological impact of
circRNA translation and the resulting peptides in the next few
years.

circRNAs as decoys, transporters, or scaffolds

As circRNAs are long-lived and bind to RBPs, they can act as decoys
or transporters for these factors. In some of the cases, there might
be a direct or indirect crosstalk between the circRNA and the protein
product of the host gene. This seems to be the case for circMbl,
which might sequester/transport MBL protein. This is one compo-
nent of a putative negative-feedback loop in circMbl regulation
(discussed in previous sections). Another circRNA, circPABPN1
(derived from the poly(A)-binding protein nuclear 1 gene), binds
the RBP HuR (ELAVL1 or Hu-Antigen R). As HuR mediates the
translation of the linear form of PABPNI mRNA, the binding of
circPABPN1 to HuR might inhibit it. Moreover, the interaction
between HuR and the circRNA generally reduces translation (Abdel-
mohsen et al, 2017).

Another circRNA, circANRIL, is generally expressed at higher
levels than the linear isoform and controls ribosomal RNA (rRNA)
maturation by binding to PES1 (pescadillo ribosomal biogenesis
factor 1; Holdt et al, 2016). Increased levels of circANRIL impair
rRNA maturation and provoke nucleolar stress. circANRIL seems to
form a stem loop structure that mimics rRNA and binds PES1, thus
blocking its interaction with the PeBoW complex (Pesl, Bopl,
WDR12), which is a key regulator of the 60S ribosome subunit
biogenesis (Holdt et al, 2016).

In 2016, a study showed for the first time that circRNA can serve
as a protein scaffold (Du et al, 2016). circFOX0O3 was found to
repress the transition through the cell cycle and to interact with both
p21- and cyclin-dependent kinase 2 (CDK2) in NIH3T3 murine
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fibroblasts. The formation of the circFOX03-p21-CDK2 ternary
complex arrests the function of CDK2 and consequently blocks the
cell cycle progression. This ternary complex was validated by dif-
ferent complementary approaches, such as circRNA pulldown with
specific probes, siRNA and RNase A protective assays (Du et al,
2016).

Some genomic studies indeed suggest that other circRNAs might
regulate RBP function. For example, analysis of PAR-CLIP data of 20
different RBPs suggested that circular exons have slightly higher
cluster densities compared with their neighboring exons (Guo et al,
2014). However, this might not be a general phenomenon for all
RBPs, as the motif density of 38 RBP expressed in the mouse brain
is lower on exons that make circRNAs when compared with coding
sequences and 3’ UTR (You et al, 2015).

Assessing the function of circRNAs in vivo

Two studies investigated the role of CDRIas in vivo (Piwecka et al,
2017; Kleaveland et al, 2018). Although this circRNA is embedded
in a long non-coding RNA locus (Barrett et al, 2017), the circular-
ization of CDRIlas is so efficient that previous studies could not
detect any linear counterpart (Hansen et al, 2011, 2013; Memczak
et al, 2013). Also, Piwecka et al (2017) could not detect any RNAs
generated from the opposite strand and concluded that CDRIas is
the only gene directly affected by the deletion (Piwecka et al,
2017). Deletion of CDRIas results in a behavioral phenotype that is
associated with neuropsychiatric disorders (Piwecka et al, 2017).
Kleaveland et al (2018) modulated CDRIas levels more mildly by
doing a double knockout of Cyrano lincRNA (Cyrano™~) and a
mutant (Cyran0M3/M3) mice, which had a five nucleotides deletion
in the miR-7 site (Kleaveland et al, 2018). The authors also could
increase CDRIas levels up to 4-fold by disrupting the miR-671 site
within CDR1as. None of these mice, however, had evident pheno-
type.

A recent study evaluated mice deficient in a circRNA called
cia-cGAS (Cyclic GMP-AMP synthase). The production of this
circRNA was inhibited by deletion of the reverse complementary
sequence in the downstream flanking intron using Cas-9 (Xia et al,
2018). cia-cGAS is normally highly expressed in the nuclei of long-
term hematopoietic stem cells. The authors claim that cia-cGAS
binds cGAS, blocking its activation. cia-cGAS-deficient mice had a
reduced long-term hematopoietic stem cell population compared
with wild-type mice. Also, the lack of cia-cGAS causes elevated
production of type I interferons in bone marrow leading to stem cell
exhaustion (Xia et al, 2018).

A recent report investigates the consequences of knocking down
the most abundant fly circRNA: circMbl (Data ref: Pamudurti et al,
2018). In this study, circMbl was knocked down using genetically
encoded shRNAs directed against the back-splice junction. This
approach downregulates the circRNA of interest post-transcription-
ally without disturbing the linear RNA. Knocking down circMbl in
the whole fly body leads to altered gene expression, male develop-
mental lethality, behavioral defects, and defects in wing posture and
flight. What is more, downregulation of circMbl in the fly central
nervous system caused abnormal synaptic function. These pheno-
types were recapitulated when using an additional shRNA, and no
off targets were found. Interestingly, overexpression and knock-
down of circMbl alter the expression of many common genes but in
the opposite direction.
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Potential additional functions of circRNAs

What other molecular functions could circRNAs have? A fascinating
feature of circRNAs is their stability and accumulation over time.
Hence, the population of circRNAs at a given time could provide the
cell (or just us, the observer) a snapshot of the transcriptional
history of a cell or even cell ancestry. From this perspective,
circRNAs could serve as molecular memory molecules or “flight
recorders” of the transcriptional history of the cell. This feature
could potentially be exploited for researchers to determine exposure
to stresses or specific situations. From the physiological point of
view, long-lived circRNAs could serve as reservoirs with protein-
coding potential. Considering that some circRNAs are known to be
translated from IRES elements (Legnini et al, 2017; Pamudurti et al,
2017), upon developmental changes or stress these reservoirs could
be translated into proteins that regulate stress response or physio-
logical changes.

Local translation of circRNAs could be potentially important in
synapses where other RNAs are translated (Bramham & Wells,
2007). Since some circRNAs bind RBPs (Du et al, 2016; Chen et al,
2017) as well as miRNAs, circRNAs might act by binding, deliver-
ing, and releasing their cargo at specific cellular compartments. On
the other hand, circRNAs might compete in specific subcellular loca-
tion for RBPs present in limiting amounts (i.e., translation factors or
miRNAs). New biochemical, genetic, and imaging experiments are
required to test these types of hypotheses, even more in vivo.

Going one step further and considering that circRNAs have been
found in vesicles (Lasda & Parker, 2016; Preufier et al, 2018), they
might also have a function as signaling molecules. Enclosed in vesi-
cles they can be transported through the body, perhaps to specific
receiver tissues. A circRNA loaded with one or several cargo mole-
cules (miRNAs, RBPs) could be transported to an organ or a tissue.
At its destination, the degradation of the circRNA or a different
mechanism would release the cargo. However, it seems unlikely that
this type of regulation could be very specific, as this would require
very large amounts of circRNAs of a given type being secreted.

Conclusions and future directions

The studies described in this review suggest that circRNAs can act
as scaffolds for proteins, can recruit other RNA species, and,
through binding of miRNAs, can affect the transcriptional silencing,
translation, and/or decay of specific mRNAs. The asymmetric distri-
bution of circRNAs in neurons suggests the possibility of a directed
transport of these RNAs across the cell.

circRNAs can encode proteins ranging from small peptides to
proteins. Although physiological functions for most of these possible
proteins have not yet been identified, it is likely that they will share
some of the abilities of their full-length protein counterparts
encoded by the linear form of the transcript. As a side note, the
coding ability and stability of circRNAs could be used in biotechno-
logical applications that require production of peptides (Wesselhoeft
et al, 2018, 2019).

As RNA technologies advance steadily, we foresee a great devel-
opment of the circRNA field in the next years. Further understand-
ing of circRNA localization, transportation, degradation in live cells,
a completed circRNA interactome, and single-cell profiling are some
of the expected progress in the field.
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