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SUMMARY

Circular RNAs (circRNAs) are widely expressed
noncoding RNAs. However, their biogenesis and
possible functions are poorly understood. Here, by
studying circRNAs that we identified in neuronal
tissues, we provide evidence that animal circRNAs
are generated cotranscriptionally and that their pro-
duction rate is mainly determined by intronic se-
quences. We demonstrate that circularization and
splicing compete against each other. These mecha-
nisms are tissue specific and conserved in animals.
Interestingly, we observed that the second exon of
the splicing factor muscleblind (MBL/MBNL1) is cir-
cularized in flies and humans. This circRNA (circMbl)
and its flanking introns contain conserved muscle-
blind binding sites, which are strongly and specif-
ically bound by MBL. Modulation of MBL levels
strongly affects circMbl biosynthesis, and this effect
is dependent on the MBL binding sites. Together, our
data suggest that circRNAs can function in gene
regulation by competing with linear splicing. Further-
more, we identified muscleblind as a factor involved
in circRNA biogenesis.

INTRODUCTION

Circular RNAs (circRNAs) are unusually stable RNAs produced by
circularization of exons through a poorly characterized mecha-
nism (Capel et al., 1993; Hansen et al., 2013; Memczak et al.,
2013; Salzman et al., 2012, 2013; Jeck et al., 2013). Two of
them, CDR1as/ciRS-7 and Sry, can act as miRNA sponges (Han-
sen et al., 2013; Memczak et al., 2013), but no function is known
for the other thousands of circRNAs that have been found across
the animal kingdom (Danan et al., 2012; Hansen et al., 2013; Jeck
et al., 2013; Memczak et al., 2013; Salzman et al., 2012, 2013;
Wang et al., 2014). Since CDR1as is an extreme case with > 70
miRNA binding sites, we and others have speculated that circR-
NAs may have other functions, for example, they could be
involved in protein and/or RNA transport, they could be involved
in complex assembly, or they could act in trans (Memczak et al.,
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2013). It has been argued that circRNA expression levels cannot
be generally explained by simple correlation with the expression
of their linear isoforms (Salzman et al., 2013), indicating a poten-
tially widespread layer of previously unknown gene regulation.
Most circRNAs are hosted by protein coding genes and contain
complete exons, which indicates that RNA polymerase Il (RNA
pol ll) transcribes them and that their biogenesis is likely mediated
by the spliceosome. In vitro experiments show that the splicing
machinery can circularize exons (Braun et al., 1996; Pasman
et al., 1996). Moreover, in the majority of cases canonical splice
sites precisely flank head-to-tail junctions of circular transcripts.
Exons that generate circRNAs are typically not alternatively
spliced (Jeck et al., 2013; Salzman et al., 2012). Thus, circRNAs
are typically generated at the expense of canonical mRNA iso-
forms, which can be much less abundant than the circRNAs
they host (Salzman et al., 2012). This suggests that circRNA
biogenesis per se might be an important regulator of mRNA
production.

Most RNA pol Il transcripts are capped, spliced, and polyade-
nylated cotranscriptionally (for review see Bentley, 2014). The
carboxyl-terminal domain (CTD) of RNA pol Il coordinates RNA
synthesis and pre-mRNA processing (Bentley, 2014) events by
direct interaction between the CTD and pre-mRNA processing
factors (i.e., capping and splicing factors [Bentley, 2014]). RNA
pol Il can also influence pre-mRNA processing through changes
in the transcription elongation rate, a well-characterized modu-
lator of alternative splicing (Kornblihtt et al., 2013). Although
well coordinated, RNA-processing events can compete with
each other as in alternative splicing, cleavage, and polyadenyla-
tion in intronic regions (Kaida et al., 2010; Zhao and Manley,
1996) and synthesis of pre-miRNAs located at intron-exon junc-
tions (Melamed et al., 2013).

It has been shown that circRNA-forming exons are often
bracketed by unusually long introns in which splicing is thought
to be less efficient. Moreover, these introns in humans are en-
riched in ALU repeats (Jeck et al., 2013), and in the single case
of the Sry circRNA it has been shown that intronic elements
can be sufficient to promote circularization (Dubin et al., 1995).
However, these introns contain almost perfect complementary
regions of 15 kb on either side of the SRY circRNA, which is high-
ly exceptional. In summary, there are links between splicing and
circRNA biogenesis, but it is still unknown whether circRNAs are
generated cotranscriptionally or posttranscriptionally and which
cis- or trans-acting factors can regulate exon circularization.
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Figure 1. circRNAs Are Produced Cotran-
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(A) Identification of circRNA candidates in fly
heads (n = 4). The y axis represents the percentage
of circRNA candidate relative to a given exon
junction.

(B) Identification of circRNA candidates in
Drosophila S2 cells (n = 1). The y axis represents
the percentage of circRNA candidate relative to a
given exon junction.
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(C) Validation of the circRNA hosted in the second
exon of the muscleblind (mbl) gene. Sanger
sequencing of a PCR product resulting from
divergent primers demonstrates the head-to-tail
splicing of this exon.
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reads, and the amounts correlate with the total
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Here we provide evidence that circRNAs are generated co-
transcriptionally and that their production rate is mainly deter-
mined by their flanking introns. In addition, we demonstrate
that canonical pre-mRNA splicing can compete with circulariza-
tion of exons. Mechanisms of this competition are tissue specific
and conserved from flies to humans. Strikingly, we observed that
the second exon (which contains the start codon of the main
coding sequence) of the splicing factor muscleblind (MBL/
MBNLA1) is circularized in both flies and humans. The introns
flanking this circRNA as well as the circRNA itself contain highly
conserved muscleblind binding motifs, and we show that MBL
strongly and specifically binds to the circRNA generated from
its own RNA. Furthermore, exogenous expression of Drosophila
MBL stimulates circRNA production from endogenous fly and
human muscleblind transcripts. The capacity of MBL to increase
circMbl production is dependent on the presence of functional
MBL binding sites in the flanking intronic sequences. However,
sequences in both introns are necessary suggesting that MBL in-
duces circularization by bridging between the two flanking in-
trons. Finally, downregulation of MBL in both cell culture and
fly neural tissue leads to a strong and significant decrease in
circMbl production. Together, our data suggest that circRNAs
have a conserved function in gene regulation by competing
with canonical splicing. Moreover, we identified muscleblind as
a regulatory factor that can promote circRNA biogenesis.

RESULTS
Cotranscriptional Production of circRNAs

Inspecting our own data (Memczak et al., 2013), we noticed that
many circRNAs are generated from transcripts expressed in
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Drosophila head circRNA abundance by
generating and analyzing sequencing
data from libraries prepared from rRNA-
depleted RNA from fly heads by using
our previously published computational method (Memczak
et al., 2013; http://www.circbase.org; Glazar et al., 2014). In
agreement with a previous report (Salzman et al., 2013), we
found thousands of circRNA candidates expressed in fly heads
(Figure 1A, blue dots; Table S1 available online). We also pre-
treated the RNA with RNase-R after rRNA depletion to make
sure that sequencing reads are due to bona fide circRNAs. After
RNase-R treatment, most of the identified circRNAs (2,615 out of
3,117) were highly enriched in comparison with linear mRNA iso-
forms (Figure 1A, compare blue and red dots). Interestingly,
genes that encode neuronal proteins, with special enrichment
for synaptic factors (e.g., Pkn, 5-HT2, CamKI, and many others;
Figures S1A-S1C) host a highly significant number of circRNAs.
To complement these data, we performed a similar experiment
in Drosophila S2 cells. We found hundreds of circRNA candi-
dates in this cell type as well (Figure 1B; Figure S1D; Table S1).
Similarly, we also identified circRNA candidates from fly heads
using an independent RNA sequencing (RNA-seq) library prepa-
ration method in which RNA fragmentation and linker ligations
are done prior to reverse transcription (Figure S1B and Table
S2). We confirmed the circular junctions of some of the circRNAs
found in fly heads and S2 cells by quantitative RT-PCR (qRT-
PCR) followed by Sanger sequencing (Figure 1C and data not
shown).

To study if circRNAs are generated cotranscriptionally, we
searched for circRNA reads in published data sets of chro-
matin-bound (nascent) RNA from fly heads (Rodriguez et al.,
2013). We identified hundreds of head-to-tail junction reads in
these data sets, strongly suggesting that circRNAs are generated
cotranscriptionally (Figure 1D; Figure S1A; Table S3). The pres-
ence of circRNAs in these samples is unlikely to be due to
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contamination with nucleoplasmic or cytoplasmic RNA as Kho-
dor et al. (2011) showed that they contain primarily nascent
RNA. The abundance of circRNAs associated with chromatin is
lower than in the total RNA sample, likely due both to high stability
of cirRNAs and the quick release of these molecules from chro-
matin after maturation. Indeed, the level of chromatin association
of circRNAs is comparable to the one observed for the 3’ ends of
long genes (data not shown). In addition, we found a significant
correlation between the chromatin-bound and the total number
of reads falling on head-to-tail junctions (Figure 1D; r = 0.697,
p < 0.00001), suggesting that circRNA abundance is controlled
at the biosynthesis level. We also observed circRNAs associated
to chromatin in mouse liver, suggesting that circRNAs are cotran-
scriptionally generated also in mammals (Table S4).

Sequences that Control Exon Circularization

To study circRNA biogenesis, we used minigenes in Drosophila
S2 and human HEK293 cells. In Drosophila S2 cells we focused
on one highly abundant circRNA (circLuna; Figure S1D; Table
S1) and two lowly expressed circRNAs: circMbl and circZfh1.
These circRNAs are generated from the second exon of the
gene Luna, the second exon of muscleblind (mbl), and the sec-
ond and third exons of the gene zfh1. First, we determined the
relative levels of pre-, mature, and circRNAs from the circRNA-
forming exons in Luna, mbl, and zfh1 by quantitative-scaled
RT-PCR (see standard calibration curves in Table S5). In agree-
ment with the RNA-seq data, Luna produces circRNAs with high
efficiency, while mbl and zfh1 generate much smaller fractions of
circRNAs (Figures 2A and 2B).

We generated minigene constructs that express transcripts
containing the circRNA exons and flanking intronic sequences
(see Figure 2A). The only canonical 5’ or 3’ splice sites present
in these minigenes are the ones flanking the “circularizable”
exon. We generated constructs for circLuna, circZfh1, and
circMbl and for an exon that is not circularized in any of our
data sets: the 15" exon of the gene timeless (tim, CG3234-RA).
The relative level of circularization of the RNA produced by the
minigenes in Drosophila S2 cells strongly resembles the one
observed for the endogenous genes: the Luna minigene gener-
ates more circRNA molecules than the Zfh1 or Mbl minigenes
(Figure 2B). Moreover, we observed that circRNAs account for
less than 45% of the RNA molecules generated from the Tim
construct, demonstrating that exon circularization is not the
default pathway for this type of minigene. To determine whether
the high levels of the circRNAs generated from the minigenes are
due to the production rate and/or stability, we cotransfected the
minigenes into Drosophila S2 cells and followed in time the accu-
mulation of pre- and circRNA forms generated from them. Tran-
scription in all these minigenes is under the control of the metal-
lothionein (MT) promoter, which is copper inducible (Bunch et al.,
1988). We observed very high levels of circRNA isoforms for Luna
after only 3 hr of transcriptional induction (Figure S2A). Interest-
ingly, we found that the levels of circRNAs from the pMT-Tim min-
igene are very low few hours afterinduction (e.g., less than 10% of
total RNA molecules at 24 hr, see Figure 2C), demonstrating that
this construct generates very few (although stable) circRNAs.

We utilize a similar approach in HEK293 cells. Briefly, we
generated minigenes carrying the circRNA-forming exons of

the PVT1 or CRKL genes and flanking intronic sequences (Fig-
ure 2A). We also built a minigene carrying the exon 25 of EGFR,
which has not been found to circularize in any system. As in
Drosophila, circularization is more efficient for these minigenes
than for the endogenous loci (Figure 2D; e.g., compare PVT1
with pcDNA-PVT1). Moreover, the EGFR exon was hardly circu-
larized as in the context of the endogenous locus (Figure 2D).

To uncover the sequences that dictate circRNA biogenesis,
we generated a new set of constructs in which we trimmed the
intronic sequences in the circLuna and circMbl minigenes (Fig-
ures 2E and 2F). For the circLuna constructs, we found no differ-
ence in the circ- to pre-mRNA ratio between the minigenes car-
rying 1,200 or 600 bases of flanking introns and only a small
decrease after reducing the length of these introns to 300 bases
(Luna-300 construct; Figure 2E). However, minigenes carrying
one hundred bases of the flanking Luna introns fail to produce
almost any circRNA (Figure 2E). This is not due to deletion of
consensus splicing sequences as this construct conserves
both splice sites as well as a putative branching point. Moreover,
introduction of an additional 500 bases of the downstream (but
not upstream) intron triggered a strong increase of the circRNA
levels (Figure 2E). Interestingly, this is not due to specific se-
quences present in the Luna intron, as introduction of 500 bases
from the tim intron also rescues the circularization defects
observed in the minigene carrying 100 bases of flanking introns.

Similar experiments performed with the mb/ minigene also
suggest a key role for flanking intronic sequences in regulation
of exon circularization. The mbl/ minigene generates approxi-
mately 60% of circRNA molecules (Figures 2B and 2F). While
truncation of 130 bases from the flanking introns does not affect
circularization efficiency, further truncation of the intronic se-
quences (mbl-300 construct) results in a strong decrease in the
amount of circRNAs produced from the minigene (see Figure 2F,
bottom panel). Intriguingly, additional deletion in the flanking
introns results in increase in the levels of circRNAs. To explain
these results, we searched for complementary sequences be-
tween the two flanking introns present in the mb/ minigene.
Indeed, we found numerous reverse complementary repeats be-
tween the two flanking introns (see Figure S2B), suggesting that
circRNA biogenesis in this minigene might be mediated by
sequence-dependent folding of the pre-mRNA (as previously
proposed for alternatively spliced exons; see Raker et al.
2009). We therefore assessed the abilities of the pre-mRNAs
generated from the different mb/ minigenes to fold into second-
ary structures using RNAfold (Lorenz et al., 2011). Briefly, for
each nucleotide in the upstream intron we summed up the prob-
abilities of pairing with any of the nucleotides in the downstream
intron. Subsequently, the same procedure was applied to the nu-
cleotides in the downstream intron. The results of this analysis
mirror the circularization efficiencies observed with the truncated
mbl minigenes (compare Figure 2F with Figure S2C). The flank-
ing intronic sequences in the mbl-730, mbl-600, and mbl-
100 minigenes are predicted to interact strongly (Figure S2C)
and produce circRNAs efficiently (Figure 2F). The intronic se-
quences in the mbl-300 minigene, which generate circRNAs
with lower efficiency (Figure 2F), are not predicted to interact.
Together, these results point toward a key role for flanking in-
trons in determining circularization efficiency.
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Figure 2. Sequences that Control Exon Circularization

(A) Strategy utilized for detecting endogenous or minigene-derived circRNAs.

(B) gRT-PCR measurements of the levels of pre-mRNA, circRNA, or mRNA from the endogenous or the minigene-expressed exons (n = 9). Measurements were
performed 48 hr after copper stimulation.

(C) gRT-PCR measurements for pre- and circRNA from the specified minigenes at 24 hr following copper stimulation (n = 4).

(D) Levels of pre-mRNA, circRNA and mRNA for the endogenous or the minigene-expressed PVT1, CRKL, and EGFR (measured by qRT-PCR, n = 4).

(E) Sequences in the intron downstream of circLuna are necessary for efficient exon circularization (n = 4, normalized to rp49; mean + SE). Black lines indicate
circLuna flanking intronic sequences and gray tim intronic sequences.

(F) Truncation of the intronic sequences flanking circMbl suggests that they are involved in regulation of exon circularization. The upper panel represents the data
normalized to rp49 (n = 4, mean + SE), and the bottom panel represents the percentage of both forms in each sample.

(G) Introns flanking Luna second exon are enough to drive circularization of tim exon (n = 6, normalized to rp49; mean + SE).
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To determine whether flanking intronic sequences are suffi-
cient to promote efficient circularization, we generated a mini-
gene containing the tim exon flanked by the introns from the
circLuna minigene. Indeed, in this tim-Luna hybrid minigene,
circularization efficiency of the tim exon reaches levels compara-
ble to the Luna exon (Figure 2G, compare with Figure 2B).
Thus, Luna introns are sufficient to promote efficient exon
circularization.

To test whether sequences in the Luna exon could also have a
role in exon circularization, we generated a minigene containing
the control tim exon flanked by 300 bases of the Luna intron
(Luna300-Tim-Luna300 construct). While the Luna-300 con-
structs generate mostly circLuna molecules (Figure 2E), the new
construct failed to generate significant amounts of circTim (Fig-
ure 2G). These results suggest that although introduction of in-
trons flanking circRNAs are sufficient to promote efficient exon
circularization, sequences in the exon that is circularized are
also important to determine the circularization rate when flanking
introns are short. Interestingly, addition of longer introns (600 or
1,200 bases) upstream of the circularizable exon is not enough
to promote circularization (Figure 2G, last two constructs).

To determine whether the circularization mechanisms are
conserved, we tested if the Luna minigene could also produce
circRNAs in human cells. Strikingly, we observed that the
Drosophila construct generates circRNAs also in mammalian
cells (HEK293; data not shown).

To explore the relationship between splicing and circRNA
biogenesis, we compared the levels of circRNAs generated
from Luna and zfh1 with the splicing efficiency of their flanking
exons in S2 cells and fly heads. We generated and sequenced
stranded RNA-seq libraries from rRNA-depleted S2 cells RNA
and compared sequencing results with the ones generated
from fly heads. We observed that both genes, which generate
circRNAs to much higher degrees in S2 cells, are less efficiently
spliced in these cells than in fly heads (Figure S3A), suggesting
that circRNA generation and splicing are in competition.

CircRNA Production and Pre-mRNA Splicing Compete
with Each Other

To determine globally the relationship between circRNA bio-
genesis and canonical splicing, we measured the efficiency
of cotranscriptional splicing genome-wide. We utilized the
nascent-seq data sets (Rodriguez et al., 2013). We found that
the splicing efficiency of the introns flanking the 50 highest ex-
pressed circRNAs is significantly lower than the splicing effi-
ciency of all introns (Figure 3A). This is likely due to the fact
that circRNAs are flanked by considerably longer introns (see
Jeck et al., 2013 and Figure S3B), which are less efficiently
spliced cotranscriptionally (Khodor et al., 2012).

To determine whether there is a genome-wide competition be-
tween canonical splicing and circRNA generation, we increased
the efficiency of linear splicing and monitored the effect on
circRNA biogenesis. If there is competition, circRNA abundance
should decrease in a context where linear splicing is more effi-
cient. To test this possibility, we used flies carrying a variant of
the large subunit of the RNA polymerase Il. This mutation de-
creases the elongation capacity of RNA pol Il (C4 flies or “slow
polymerase flies” [Coulter and Greenleaf, 1985]), which has

been shown to increase cotranscriptional splicing efficiency
both in flies and in mammals (de la Mata et al., 2003; Ip et al.,
2011; Khodor et al., 2011). Briefly, we generated total and
circRNA-enriched (RNase-R treated) RNA-seq libraries from
the heads of flies carrying the C4 mutation and isogenic controls,
and we measured the ratios of linear to circular RNAs. We found
that flies with the mutation produce a significantly lower number
of circRNAs, even when normalized to the linear forms of the
same gene (Figure 3B). This was true for most circRNAs inde-
pendently of their expression level.

The negative correlation between splicing efficiency and
circRNA biogenesis rates suggests that circularization of exons
is carried out by the canonical splicing machinery. To test this
possibility we mutated the 5’ splice sites flanking the PVT1 or
CRKL exons in our minigenes. Mutation of the 5’ splice sites
from GU to CA strongly diminishes the generation of circRNAs
from this minigene, demonstrating that exon circularization is
spliceosome (or at least U1)-dependent (Figure 3C).

Our results suggest strong competition between circRNA
biogenesis and canonical splicing. As stated above, minigenes
carrying circRNA exons and flanking introns efficiently generated
circRNAs (Figures 2B and 2C). Interestingly, introduction of
flanking exons carrying strong 5’ and 3’ splice sites dramatically
decreases the circularization efficiency of the Drosophila Luna
minigene, demonstrating strong competition between exon
circularization and canonical splicing (Figures 3D and 3E). Even
the presence of just one exon downstream (Luna p-C-E
construct) was enough to decrease circRNA formation more
than 4-fold (Figures 3D and 3E).

To extend our observation to human cells, we introduced the
flanking exons to the mammalian minigenes described above,
transfected them into HEK293 cells, and determined relative
levels of the mRNA, pre-mRNA, and circRNA by scaled qRT-
PCR. Introduction of flanking exons strongly competed with
exon circularization, again demonstrating competition between
exon circularization and splicing (Figures 3D and 3E, see PVT1
and CRKL panels). Moreover, mutating the splice sites of the
flanking exons in the PVT1 almost fully restores the circulariza-
tion rate to the level of the construct without competition. The
lack of response to these mutations in the CRKL construct is
due to the presence of cryptic splice sites in the minigene that
are used by the spliceosome, and competition is therefore not
abolished (Figure 3F).

As shown above, introns flanking circRNAs are in general less
efficiently spliced cotranscriptionally than those that do not (Fig-
ure 3A). This is likely due in part to their increased length (Fig-
ure S3B). To determine if the generation of circRNAs per se
may also have an effect on the rate of canonical cotranscriptional
linear splicing, we measured the splicing efficiency of chromatin-
bound RNA that contain introns hosting circRNAs and of control
introns with similar lengths. In all cases we found that the introns
that bracket circRNAs are less efficiently spliced than other in-
trons of similar size or position in the gene (Figures 3G and
S3B). These data suggest that the decrease in linear splicing of
introns flanking circularized exons is dependent on intron se-
quences, which promote circularization at the expense of linear
splicing. Thus, circRNA production seems to have a negative ef-
fect on linear splicing and therefore on gene expression.
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Figure 3. Competition between Canonical and Scrambled Splicing Determines the Levels of circRNAs
(A) Introns bracketing circRNAs are less efficiently cotranscriptionally spliced than control introns. The splicing efficiency was calculated from chromatin-bound
RNA for each 5’ or 3’ splice site as mRNA reads/(mRNA reads + pre-mRNA reads + circRNA reads). The control group represents the distribution of splicing
efficiency for all junctions in the fly genome. Mann-Whitney U-test demonstrated significant difference between the groups (p < 0.0001).
(B) C4 (slow polymerase) flies have a significant lower number of circRNAs. The count of circRNA reads is normalized to the linear forms of the same junction. Data
are presented as a box-and-whisker plot (p < 0.0001, Mann-Whitney U-test).
(C) Disruptive mutations of the circRNA exon splice site by a GU to CA mutation strongly diminish the generation of circRNAs from the minigene (n = 3).
(D) Scheme of the minigenes containing 5’ and/or 3' competing exons.
(E) Introduction of flanking exons carrying strong 5’ and 3’ splice sites dramatically decrease the circularization efficiency of the minigenes, but mutating these
splice sites (GU to CA and AG to UC) abolishes competition for the PVT1 construct (measured by gRT-PCR, n = 4).

(legend continued on next page)
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muscleblind Can Regulate circRNA Production
Intriguingly, the most abundant circRNA in fly heads originates
from the second exon of the gene muscleblind (mbl/MBNL1; Fig-
ures 1C and 1D; Figure S1A; Table S1), a well-characterized
splicing factor (Wang et al., 2012). In fly heads, this circRNA
(Houseley et al., 2006) is more abundant than the canonical, pro-
tein-coding mRNA (Figure S1A), but circMbl is present at much
lower levels in Drosophila S2 cells (Figure 2B; Table S1). At the
same time, Drosophila S2 cells lack the MBL protein isoform pre-
dominantly expressed in fly heads (Figure 4A and Figure S4A,
first two lanes).

Interestingly, we discovered many putative MBL binding sites
in the intronic sequences flanking the second exon of mb/ (Fig-
ure 4B). The presence of these binding sites suggests that
some of the MBL isoforms (i.e., the form present in fly heads)
might promote the production of circRNA from its own exon.
To test this possibility, we transfected S2 cells with plasmids
driving the expression of three different MBL variants. Among
them was MBL-C, the predominant MBL isoform in fly heads
(Figures 4A and S4A) and MBL-A, also a short isoform of muscle-
blind, which may function similarly to MBL-C based on their anal-
ogous structure. The expression of MBL-A and MBL-C each lead
to a 3-fold increase in circMbl expressed from the endogenous
locus (Figure S4B). As transfection efficiency is less than 30%,
we repeated the experiments after purifying transfected cells
by fluorescence-activated cell sorting (FACS). Indeed, in this
cell population, we observed a 13-fold increase in circMbl levels
following expression of MBL-A or MBL-C (Figure 4C). The effect
is specific, as the levels of two other circRNAs, circFoxo, and
circPKN are not affected by MBL overexpression (Figure 4C).
Interestingly, the levels of a second circRNA, circLuna were
increased 3-fold. This may be explained by the presence of 17
putative binding sites (4-mer sites) for MBL in the Luna introns
and circRNA (Figure S4C). The strong effect of MBL-A and
MBL-C on the levels of circMbl is accompanied by a 2-fold
decrease in the levels of the endogenous mbl mRNA. Given
the relative levels of circMbl and mRNA in S2 cells prior to
MBL transfection, the 13-fold increase in circMbl correlates
well with the 2-fold drop in linear mbl. In light of our previous re-
sults about competition between circRNA biogenesis and
splicing, we infer that MBL promotes circularization of its own
exon 2 to the detriment of mMRNA production.

MBL-A overexpression leads to a strong increase of circMbl
production also from the pMT-Mbl minigene even in the pres-
ence of low amounts of MBL-expressing plasmid (Figure 4D).
The effect of MBL overexpression on the pMT-Mbl minigene is
specific, as we did not observe an increase of circTim levels
from the pMT-Tim minigene upon MBL overexpression (Fig-
ure 4D, right).

Strikingly, we noticed that the same exon of human MBNLA1
(the mammalian homolog of mbl), as well as the second exon

of mouse MBNL2, also generates putative circRNAs (Glazar
et al., 2014). The human MBNL1 exon and its flanking introns
also contain abundant putative mbl/ binding sites, which lie in re-
gions of very high evolutionary conservation (Figures S5A and
S5B). Moreover, utilizing previously published CLIP-seq (cross-
linking and immunoprecipitation followed by high-throughput
RNA-sequencing) data, we found that the murine homolog
of MBNL1 strongly binds to the same exon as well as to the
second exon of MBNL2 (Figure S5C). To determine whether
the role of muscleblind in circRNA biogenesis is conserved in
mammals, we transfected the Drosophila MBL isoforms into
HEK293 cells and measured the expression levels of the circRNA
generated by the endogenous MBNLT locus. Indeed, we
observed a consistent increase in the levels of the circRNA of
this exon upon expression of MBL-A and MBL-C, demonstrating
the conserved role for muscleblind in exon circularization
(Figure S5D).

As MBL is also involved in mRNA localization and stability, it is
possible that the observed effects of this protein on circRNA pro-
duction are due to regulation of circRNA stability rather than
biosynthesis. Therefore, we determined the stability of the different
mbl RNA species (MRNA, pre-mRNA, and circRNA) in S2 cells
(control) and in cells stably transfected with the MBL-A plasmid
upon arrest of transcription. Incubation of the cells with Actino-
mycin D leads to a quick decrease in the levels of an unstable
mRNA, the one encoding the circadian protein cycle (Figure 4E).
As previously reported for other circRNAs (Jeck et al., 2013; Mem-
czak et al., 2013), circMbl is unusually stable and its level did not
decrease inthe assayed time frame. Importantly, we did not detect
differences between the control cells and the cell line overexpress-
ing MBL (Figure 4E). Moreover, we did not observe any significant
effect of MBL overexpression on the decay rates of either mb/
mRNA or pre-mRNA. To complement these data, we measured
the decay rate of mbl pre- and circRNAs generated from the mb/
minigenes in the absence or presence of MBL overexpression.
We cotransfected S2 cells with either the mb/ minigene and a con-
trol or an MBL-expressing plasmid, induced transcription with
copper for 12 hr, and assessed the levels of circMbl and mb/
pre-mRNA from samples collected at different time points
following incubation of the cells in media without inducer. We did
not observe any clear effect of MBL overexpression in the stability
of mbl pre- or circRNA species (data not shown).

Requirements for MBL-Induced Circularization

To gain insights into the mechanism by which MBL induces
circMbl formation, we tested the effect of MBL overexpression
on the mbl-100, -300, and -600 minigenes. The circularization ef-
ficiency achieved in the presence of MBL overexpression is high-
ly dependent on the length of the mbl flanking intronic sequences
and more specifically on the number of putative MBL binding
sites (Figures 5A and 4B). While there are 25 predicted MBL

(F) Cryptic splice sites in the introns are used in the transcript expressed from the CRKL minigene. Longer PCR amplicons are produced from the mutated mRNAs
using upstream or downstream exons primers. Sanger sequencing of these amplicons reveals that a GU 45 nucleotides downstream of the mutated splice site

and an AG 34 nucleotides upstream of the mutated 3’ splice site are used.

(G) Exons harboring circRNAs display lower cotranscriptional splicing efficiency than exons of the same length. Splicing efficiency was calculated from
chromatin-bound RNA-seq data. Data are presented as a box-and-whisker plot. The Mann-Whitney U-test and sampling approach (1,000 samples) showed
significant difference between the groups (p < 0.0005 and p < 0.05, respectively).
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Figure 4. muscleblind Can Promote Exon Circularization

(A) Drosophila S2 cells express alternative mRNA isoforms of mbl. For easier visualization, only the 3’ end of the mbl gene is displayed.

(B) Predicted MBL binding sites in the sequences flanking the second exon of Drosophila mbl. Green lines indicate MBL putative binding sites, and the heights
indicate evolutionary conservation.

(C) Expression of MBL-A and MBL-C promote the formation of circMbl and circLuna. Drosophila S2 cells were cotransfected with a plasmid encoding an MBL
isoform or empty plasmid and a GFP-expressing plasmid. Transfected cells were purified by FACS sorting (n = 6, mean + SE). Expression levels were measured
by gRT-PCR and normalized to rp49.

(D) MBL expression increases circularization efficiency from the circMbl, but not from the circTim minigene. MBL OE refers to cotransfection of 0.25ug of an
MBL-A expressing plasmid with the minigenes (n = 15, mean = SE).

(E) MBL overexpression does not change the decay rates of either circMbl, mb/ mRNA, or pre-mRNA. Transcription arrest was induced by treating S2 cells
overexpressing MBL-A protein (stable line) and control S2 cells with 1pg/ml Actinomycin D for the indicated times. Expression was normalized to rp49 (n = 3,
mean =+ SE).
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binding sites in the circMbl flanking introns in the mbl-730
construct, there are 24 sites in the mbl-600 construct, 10 in the
mbl-300, and only 2 in the mbl-100 minigene. Strikingly, all con-
structs but mbl-100 produce circMbl with higher efficiency
following MBL overexpression, even mbl-300, which before
generated low levels of circRNAs (likely due to the lack of base
pairing between the flanking introns; Figures 2F and S2C). The
lack of response by mbl-100 to MBL overexpression is likely
due to the fact that it has only two MBL binding sites in the flaking
introns. Together these data suggest a direct effect of MBL on
circMbl biosynthesis.

In addition to the putative MBL binding sites present in the
flanking introns, the mbl exon 2 itself is significantly enriched in
predicted MBL binding sites. These sites are well conserved
among Drosophila species and are also present in mouse and
humans (see Figure S5A). Thus, MBL may bind directly to its
own exon and thereby regulate its circularization. To test this
possibility, we utilized the stable line expressing MBL-A protein
and performed an RNA immunoprecipitation (RIP). circMbl was
strongly associated with MBL, unlike other tested circRNAs
and mRNAs (Figure 5B).

To unequivocally establish the importance of the exonic and
intronic putative MBL binding sites, we generated plasmids con-
taining disruptive mutations (GC to CA as in Goers et al., 2010) in
all the flanking intronic or exonic MBL binding sites. Mutation in
the exonic binding sites affected only partially the ability of MBL
to increase circMbl biogenesis (Figure 5C, center, Mbl-Mut-Mbl).
However, mutation of the putative MBL binding sites in the in-
trons abrogates most of the effect of MBL on circMbl biogenesis
(Figure 5C, right, Mut-Mbl-Mut construct).

To determine whether the mbl intronic sequences alone are
sufficient to mediate mbl dependence, we generated a new
set of constructs carrying the TIM exon flanked by mbl introns
in their wild-type or mutated versions. Overexpression of MBL
leads to a more than 2-fold increase of circTim production
when it is flanked by mbl introns, whereas it does not affect
(or even decreases) the relative levels of circTim that arises
from the pMT-Tim construct (Figure 5D). Conversely, a minigene
in which the MBL exon is flanked by the tim intronic sequences
is insensitive to MBL overexpression. These experiments
demonstrate that the flanking circMbl intronic sequences can
confer MBL-dependent circularization. Thus, MBL regulation
is mostly achieved through binding to the flanking introns of
the circRNA (Figure 5D, center). In addition, mutations of the
MBL sites in the flanking mbl introns of the mbl-Tim-mbl mini-
gene abrogate most of the effect observed upon MBL overex-
pression (Figure 5E). Interestingly, mutation of the MBL sites
in only one of the flanking introns is sufficient to significantly
hinder the effect of MBL on circularization (Figure 5E). This sug-
gests that efficient MBL-induced circularization depends more
on the binding of MBL to both introns simultaneously than on
the total number of MBL binding sites (e.g., the mbl-300 mini-
gene has 10 and the Mut-Tim-Mbl and Mbl-Tim-Mut minigenes
have 12 and 13 binding sites respectively; the effect of MBL on
the mbl-300 minigene is much stronger, compare Figure 5A with
Figure 5E).

To test whether MBL binds the Mbl-Tim-Mbl pre-mRNA and if
mutating the MBL binding sites in the flanking introns abrogates

this association, we performed RIP against a myc-tagged MBL
protein from cells transfected either with a Mbl-Tim-Mbl or a
Mut-Tim-Mut minigene. While the MbI-Tim-Mbl pre-mRNA was
strongly associated with MBL (Figure 5F), mutation in the puta-
tive binding sites significantly diminished this association.
Importantly, we found a similar enrichment for circMbl in both
immunoprecipitates, demonstrating equal efficiencies in both
immunoprecipitations.

If MBL is a circRNA-promoting factor, knockdown of MBL
should decrease the levels of this circRNA. Indeed, knockdown
of endogenous mblin S2 cells by the use of mb/ double-stranded
RNA (dsRNA) leads to a 2-fold decrease in the levels of circMbl,
but not circPkn (Figure 5G and data not shown). Importantly, the
dsRNA targets the first exon of mbl and does not include any
sequence present in the circRNA. Moreover, the lower levels of
circMbl are not due to changes in transcription, as mbl pre-
mRNA levels were not affected in this experiment (Figure 5G).

As circMbl is highly abundant in fly heads, we decided to study
the effect of knocking down MBL in neural tissues by expressing
an RNAi hairpin against mbl/ under the control of the pan-
neuronal GAL4 driver elav. The construct used is directed
against the first exon of mbl and does not target the second
exon that generates the circRNA. In agreement with our previous
results, we observed a strong decrease (almost 6-fold, Figure 5H)
in the levels of circMbl. The results shown in Figure 4C demon-
strate that MBL can promote the formation of circMbl and cir-
cluna. As circLuna is very lowly expressed in fly heads we
searched for circRNAs that are present at high levels in fly heads
and are flanked by putative MBL binding sites (see Experimental
Procedures). We checked the levels of two of these candidates
(circHaspin and circPk61C) upon mbl knockdown. In agreement
with a more general role of MBL in circRNA biogenesis, we
observed a strong decrease (3-fold) in circHaspin upon knock-
down of mbl in fly neural tissue.

DISCUSSION

Here we present a comprehensive study of circRNA biogenesis.
Our data strongly suggest that circRNAs are processed cotran-
scriptionally. As mutating splice sites immediately flanking
circularized exons abolishes circularization, our data provide
evidence that circRNAs are generally produced by the spliceo-
some. The spliceosome is further implicated in circRNA produc-
tion since circularization rates were strongly dependent on the
presence of canonical splice sites of bracketing exons. Thus,
linear splicing of flanking exons can compete with circRNA
biogenesis. We note that these competition effects are strong
and can reduce circRNA levels by an order of magnitude.

We show that flanking intronic sequences are the main factor
that determines circularization efficiency of a given exon. Genes
harboring circRNAs are less efficiently spliced compared with
control genes of similar intron length. Thus, intronic sequences
that promote circularization appear to be responsible for a
reduction in linear splicing efficiency of flanking exons. Since
we have shown that splicing is directly involved in forming circR-
NAs, we conclude that circRNA production likely modulates
linear splicing. Together, our data suggest that linear splicing
and circRNA production mutually regulate each other by
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(A) MBL dependence is inversely proportional to the length of the mbl flanking intronic sequences (n = 4, mean + SE). The numbers below the schemes indicate
the number of MBL binding sites in the flanking introns of each construct.
(B) circMbl is strongly associated with MBL. RNA immunoprecipitation for myc-tagged MBL from Drosophila S2 cells (in MBL-A stable line). The fold-enrichment
was calculated as a ratio between the IP and INPUT fractions for the specific target and a control RNA (vri). Mean + SE (n = 6).
(C) Mutation of the putative MBL binding sites of circMbl flanking introns abrogates most of the effect of MBL on circMbl biogenesis (n = 6, mean + SE). Gray lines
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(legend continued on next page)
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competing for splice sites. In fact, it is entirely possible that the
main regulatory impact of most circRNAs is on linear splicing
of the host mRNA. Indeed, increasing the efficiency of canonical
splicing by diminishing the elongation capacity of RNA polymer-
ase Il (C4 flies) leads to a decrease in the levels of circRNAs. In
addition, our experiments suggest that exonic sequences are
also important in the context of short flanking introns. Lastly,
we found a factor that can promote circRNA biogenesis, the
splicing factor muscleblind. We show that modulation of mb/
levels affects the production rate of at least three circRNAs.
Our data support a direct role for MBL in circMbl biosynthesis.
The introns flanking circMbl have many MBL binding sites, which
are essential to make circularization rates of bracketed exons
dependent on MBL levels. Moreover, we found a strong and
direct interaction between this protein and circMbl. This raises
the possibility of a sophisticated control mechanism for MBL
levels. When the protein is in excess, it decreases the production
of its own mRNA by promoting circMbl production. This circRNA
could then sponge out the excess MBL protein by binding to it.

Our results suggest that general splicing factors may determine
the balance between circRNA biogenesis and canonical splicing.
They could do so by inhibiting or enhancing the splicing of the in-
trons upstream of the “circularizable” exons. Importantly, the
conserved role of mbl in exon circularization and the capacity of
mammalian cells to circularize a Drosophila exon demonstrate
that mechanisms of circRNA biogenesis are conserved between
these organisms. This is surprising because of the differences in
splicing mechanisms between flies and mammals: exon definition
is dominant in humans and mouse, whereas intron definition pre-
dominates in Drosophila (Khodor et al., 2012). Finally, the fact that
circRNA host transcripts are significantly enriched in neural-
related genes provides a link between RNA binding proteins and
brain function and/or maintenance. Indeed, alterations in the level
and/or function of RNA-binding proteins like TDP-43, Ataxin-1,
and muscleblind cause well-studied neurodegenerative disorders
(Burattiand Baralle, 2011; Osborne and Thornton, 2006; Yue et al.,
2001). This suggests that abnormal circRNA biogenesis may have
a role in these diseases or that circRNAs could be used for bio-
marking these disorders. In support of this idea, reduced levels
of CDR1as/ciRS-7 circRNA have already been reported in pa-
tients suffering from Alzheimer’s disease (Lukiw, 2013).

EXPERIMENTAL PROCEDURES

Detection of circRNAs by RNA-Seq and qRT-PCR

RNA was extracted using TRI Reagent (Sigma). Depletion of rRNA was per-
formed using Ribominus kit (Invitrogen). RNase-R treatments were performed
by adding 3U of RNase-R (Epicenter Biotechnologies) per png RNA and 15 min
incubation at 37°C. cDNA libraries were generated using the TruSeq RNA sam-

ple preparation kit and protocol (lllumina), and stranded, ligation-based li-
braries were performed as previously described (Engreitz et al., 2013).

Cell Culture Experiments

Drosophila S2 cells and HEK293 cells were cultured using standard protocols.
Transfections were performed using Mirus TransIT2020 (S2 cells) or Lipofect-
amine 2000 (HEK293).

RNA Immunoprecipitation
The protocol is based on Kadener et al. (2009).

Computational Analysis of circRNAs and Splicing Efficiency

circRNA detection in RNA-seq data was performed as previously described
(Memczak et al., 2013). Drosophila and mouse nascent RNA-seq data were
obtained from the Gene Expression Omnibus database (GEO) (under acces-
sion numbers GSE32950 and GSE36916, respectively). Comparison of circR-
NAs between wild-type and slow polymerase flies was done by counting the
reads aligned to the circRNA junctions and normalizing to the number of reads
from the linear exon-exon junctions at the same position.

Identification of circRNAs Enriched for Putative MBL Binding Sites
circRNAs were scanned for enrichment of the following 4-mer motifs:
5-CGCT-3, 5-TTGC-3, 5'-CTGC-3, 5-TGCT-3', and 5-GCTT-3'. The
p values were calculated as the fraction of permutation values that are at least
as extreme as in circRNA itself.
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All raw sequencing data are available for download from the National Center
for Biotechnology Information GEO database under accession number
GSEb55872.
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