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SUMMARY

CircRNAs are abundant stable noncoding RNAs with covalently closed circular
structure. The first characterized circRNA, ciRS-7 (CDR1as), acts as a ‘sponge’, or
decoy, that regulates the stability and activity of miR-7 micro RNA. Here we
demonstrate the definitive biosynthesis pathway of this important ciRS-7. By
anti-sense oligoribonucleotide targeting of the relevant splice sites, we found that
ciRS-7 is directly generated by back-splicing between the flanking splice sites rather
than by subsequence splicing of the excised lariat RNA containing skipped exon and
introns. We further validated this observation by CRISPR/Cas9-mediated genomic
deletion of the relevant splice sites. Back-splicing circularization events are
promoted by the flanking intronic complementary sequences, and only inverted
repeats of Alu, primate-specific SINE, was previously identified. ciRS-7 lacks flanking
available Alu elements, however, we identified conserved flanking inverted elements of
MIR (mammalian-wide interspersed repeat). Splicing reporter assays in stably
transfected HEK293 cells with mini-genes, with and without the inverted MIR elements,
demonstrated they are required to generate ciRS-7. Using bioinformatics searches
followed by mini-gene reporter tests, we identified several other MIR-dependent
circRNAs. The MIR-dependent circRNAs are thus a new category of widely conserved
mammalian circRNAs.

INTRODUCTION

Endogenous circular RNAs (circRNAs) were first observed as scrambled exon transcripts
(Nigro et al., 1991) and these kinds of transcripts were found to have circular structures with
covalently closed ends (Capel et al., 1993; Cocquerelle et al.,, 1993). For two decades,
however, they were disregarded as rare oddities, or regarded as poorly expressed mis-spliced
products.

High-throughput sequencing of full transcriptomes (RNA-Seq) has identified thousands of
circRNAs in eukaryotes, which are now considered as common byproducts of many
protein-coding genes (Salzman et al., 2012; Jeck et al., 2013; Memczak et al., 2013). The
functions of the vast majority of these circRNAs remain unknown. However, some of these
circRNAs have important biological functions. For instance, certain circRNAs control the
stability and activity of micro RNAs (miRNAs), regulate transcription or alternative splicing,
affect translation of host genes, or they can even be translated and produce proteins
themselves (reviewed in Wilusz, 2018). ciRS-7 (also known as CDR1as) was one of the first
functionally annotated circular RNAs. It is conserved among mammals and is mainly
expressed in brain. ciRS-7 has many binding sites for a particular miRNA, miR-7, and a
single binding site for miR-671 that triggers Argonaute2-catalized slicing of ciRS-7 (Hansen et
al., 2011). In cellulo experiments suggested that ciRS-7 may function as sponges, or decoys,
that reduce the available free miR-7 and thus prevent repression of miR-7 targeted mRNAs
(Hansen et al., 2013; Memczak et al., 2013). Knockout mice lacking the ciRS-7 genomic
locus down-regulated miR-7 in brain, suggesting ciRS-7 has a role in stabilizing or
transporting miR-7 (Piwecka et al., 2017). As a result, the ciRS-7 knockout mice had
impaired sensorimotor gating, which is associated with neuropsychiatric disorders.

Recent gene editing experiments revealed a comprehensive regulatory network in mouse
brain, between a long non-coding RNA (ncRNA), circRNA, and two miRNAs (Kleaveland et al.,
2018). This network involves Cyrano ncRNA that promotes the degradation of miR-7, which
in turn enhances the miR-671-directed degradation of ciRS-7, and thus Cyrano causes an
accumulation of ciRS-7. ciRS-7 is apparently a key component in a gene-regulatory network
in brain, however, understanding the biosynthesis and transport of this particular circRNA
remains an important challenge.

Two major circRNA biosynthesis pathways have been proposed (Figure 1A; reviewed in
Jeck and Sharpless, 2014; Wilusz, 2018). Splicing reaction between downstream 5’ and
upstream 3’ splice sites of circularized exon(s) are involved in both pathways. However, this
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specific splicing occurs either directly on the loop-structure formed via the flanking intronic
complementary sequences (Figure 1A; ‘Back-splicing’ pathway), or on the lariat-structure
generated by exon-skipping splicing (Figure 1A; ‘Intra-larat splicing pathway). In human, the
pair of inverted repeats of Alu, primate-specific repetitive element, stimulates direct
back-splicing (Jeck et al., 2013; Liang and Wilusz, 2014; Zhang et al., 2014). However, it is
not known if similar intronic inverted sequences promotes back-splicing in non-primate
circRNAs. In an artificial ciRS-7 expression vector, an insertion of 800 nucleotides (nt) of
perfectly complementary sequences in an intron is technically sufficient to circularize ciRS-7
(Hansen et al., 2013). There is, of course, no such extensive complementarity around the
endogenous CiRS-7 gene, and thus the mechanism of its production remains to be defined.

Here we elucidate definitive generation pathway of the endogenous ciRS-7. Remarkably,
we identified highly conserved mammalian-wide interspersed repeat (MIR) sequences in the
flanking introns of the ciRS-7, and we demonstrated that these flanking inverted MIR
elements are required to generate ciRS-7. Bioinformatics analyses followed by reporter
assays identified other distinct circRNAs generated by inverted MIR sequences. We
conclude that a certain set of mammalian circRNAs that lack primate-specific Alu sequences
are generated by mammalian-wide MIR-mediated back-splicing.

RESULTS

Genomic structure around ciRS-7 and pathways for ciRS-7 biosynthesis

To determine whether ciRS-7 is biosynthesized through the ‘Intra-lariat splicing pathway’ or
‘Back-splicing pathway’ (Figure 1A), it is crucial to examine the genomic structure around the
corresponding sequence of ciRS-7. We therefore investigated the assembled transcripts
from the RNA-Seq dataset of human brain (Gill et al., 2014). The ciRS-7 precursor extends
over ~80 kb and this non-coding transcript has six exons and five introns (Supplemental
Figure S1).

Our analysis of 3' rapid amplification of cDNA ends (RACE) showed that the 3’ terminal of
ciRS-7 precursor contained canonical poly (A) tail (from downstream of chrX: 139873517).
The last exon 6 of the locus is long (~10 kb) and contains the entire ciRS-7 sequence
(Supplemental Figure S1). We found the splice junction reads within the last two exons 5, 6
across the ciRS-7 locus (Supplemental Figure S2), which might be outer alternative splice
sites to generate lariat RNA including ciRS-7 locus in the ‘Intra-lariat splicing pathway’ (Figure
1A; left panel).

The ciRS-7 precursors and multiple products were identified

To identify the intermediates and final products that could be generated by splicing events
around the ciRS-7 locus, we performed RT-PCR analysis with human brain total RNA (Figure
1B). We took advantage of the RNase R (E. coli 3' to 5’ exonuclease) digestion prior to RT—
PCR that can distinguish opened linear RNA from closed RNA, such as circRNA and lariat
RNA (Suzuki et al., 2006). The PCR-amplified products were analyzed by sequencing.

We successfully detected final closed circular form of ciRS-7 (C) together with linear form of
several final spliced products (M) due to multiple alternative 5’ and 3’ splice sites (Figure 1B,
C). The detection of precursor transcript (P) using primers across the 3’ end of ciRS-7 exon,
even after RNase digestion, appeared to be lariat RNA (L1), suggesting that ciRS-7 is
produced via a lariat precursor (Figure 1A; ‘Intra-lariat splicing pathway’). However, we
could not rule out the possible detection of the looped form of precursor (P') due to the
incomplete RNase R digestion. If this was the case, the ciRS-7 is likely produced by direct
back-splicing (Figure 1A; ‘Back-splicing pathway’).

Splice site targeting experiments demonstrates ciRS-7 generation by back-splicing

These two pathways can be distinguished by blocking of specific splicing events using
antisense oligoribonucleotides (ASOs). The ASOs 1+2 targeting the flanking 5’ and 3’ splice
sites of ciRS-7 exon (Figure 1A, C; blue bars) can prevent circular ciRS-7 generation via both
pathways, so these ASOs 1+2 were used as the positive control (Figure 1A). In contrast, the
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ASOs 3-6 targeting alternative 5' and 3’ splice sites outside of ciRS-7 exon (Figure 1A, C; red
bars) can prevent the exon-skipping and the following circular ciRS-7 generation in the
‘Intra-lariat pathway’ (Figure 1A; left panel). In the ‘Back-splicing pathway’, these same
ASOs 3-6 cannot interfere with the back-splicing event, and thus allow circular ciRS-7
generation (Figure 1A; right panel).

We transfected human SH-SY5Y cells with these ASOs and we found that the ASOs 1+2
targeting 5" and 3' splice sites of ciRS-7 exon significantly repressed ciRS-7 production, given
the efficiencies of transfection and annealing of ASOs (Figure 1D; blue lane). However,
none of the ASOs 3-6 targeting alternative 5' and 3' splice sites outside of the ciRS-7 exon
inhibited ciRS-7 production (Figure 1D; red lane). These data thus imply that the
‘Back-splicing pathway’, but not ‘Intra-lariat pathway’, produces circular ciRS-7 (Figure 1A).

To further validate this finding, we made a genomic deletion of the same relevant splice
sites by CRISPR/Cas9-mediated technology (Supplemental Figures S3A and S3B). The
deletion of either the alternative 5’ splice sites (between gRNA2 and gRNA3) or the 3’ splice
sites (between gRNA4 and gRNAS) outside of ciRS-7 exon barely prevented the generation
of ciRS-7 (Figure S3C), confirming that circular ciRS-7 is biosynthesized through the
‘Back-splicing pathway’ rather than ‘Intra-lariat pathway’.

The ciRS-7 locus is flanked by inverted MIR sequences

Several human circRNAs are biosynthesized through the ‘back-splicing pathway’ facilitated by
RNA pairing between inverted repeats of Alu elements, which are the most abundant
transposable elements in the human genome (Jeck et al., 2013; Liang and Wilusz, 2014;
Zhang et al.,, 2014; Zheng et al., 2016). Since we found that ciRS-7 is made by
‘Back-splicing pathway’, we searched for the prerequisite inverted Alu elements on the UCSC
RepeatMasker track. There are two human Alu elements upstream of ciRS-7 within exon 5
and exon 6 (Supplemental Figure S1). However, there is no Alu element downstream that
could generate the required base-pairing around the ciRS-7. Therefore, flanking inverted
Alu elements cannot generate ciRS-7.

Despite this fact, we did find two relatively conserved regions inside the last exon 6 of
ciRS-7 precursor (Figure 2A). These regions overlapped with mammalian-wide interspersed
repeats (MIRs), which is an ancient short interspersed nuclear elements (SINE) conserved
among mammals and marsupials (Jurka et al., 1995; Krull et al., 2007). Remarkably, these
MIRs were located upstream and downstream of ciRS-7 exon in an inverted orientation that is
conserved both in human and mouse (Figure 2A). This observation led us to postulate that
ciRS-7 is generated via ‘Back-splicing pathway’ using inverted MIRs, instead of Alus.

Inverted MIRs promote ciRS-7 biosynthesis

To test the above hypothesis, we used a doxycycline (DOX)-inducible circRNA expression
system in a HEK293 stable cell line that efficiently generates a 5-kb transcript containing
ciRS-7 exon flanked by upstream and downstream inverted MIRs (Figure 2B).

The ciRS-7 circular product and its precursor RNA were both detected, 24 h after induction
with DOX (Figure 2C, left panel). We verified that the final ciRS-7 product was indeed
circular by RNase R treatment prior to RT-PCR (Suzuki et al., 2006). RNase R degraded
the linear control GAPDH, whereas the circular ciRS-7 product remained intact (Figure 2C,
right panel). These results demonstrate that our mini-gene, covering the ciRS-7 exon and its
inverted MIRs, recapitulates the endogenous generation of circular ciRS-7.

To confirm whether ciRS-7 generation from the mini-gene system was splicing-dependent,
we used the general pre-mRNA splicing inhibitor Spliceostatin A (SSA) (Kaida et al., 2007;
Yoshimoto et al., 2017). SSA inhibited ciRS-7 production, suggesting that ciRS-7 is indeed
generated by splicing (Figure 2D). The observed modest inhibition by SSA is consistent with
previous data in fruit fly cells where back-splicing was largely unaffected by splicing inhibition,
either by SF3b knockdown or with splicing inhibitor Pladienolide B (Liang et al., 2017). Both
SSA and Pladienolide B bind to SF3b sub-complex and interfere with branch site recognition
(Corrionero et al., 2011; Folco et al., 2011; Yoshimoto et al., 2017). We still cannot rule out
unknown splicing mechanism involved specifically in back-splicing on the looped structure,
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which might be distinct from the established mechanism of canonical splicing.

Using this stable cell line system, we next made a series of MIR-deleted mini-genes to
analyze the role of MIRs in human ciRS-7 biosynthesis (Figure 3A). The wild-type mini-gene
efficiently generated ciRS-7 (Figure 3B; WT), whereas the deletion of either upstream or
downstream MIR element seriously impaired ciRS-7 production (Figure 3B; A5'MIR, A3'MIR,
A5'3'MIR), demonstrating that ciRS-7 generation depends on the inverted MIRs. We
conclude that the ciRS-7 is biosynthesized via the ‘Back-splicing pathway’ promoted by its
flanking inverted MIR sequences.

Other MIR-dependent and MIR-independent circRNAs were identified

Since MIRs are ancient SINEs and ubiquitous in mammal genomes (Jurka et al., 1995), it
would be expected that the utilization of MIRs in promoting back-splicing is a globally
conserved strategy rather than a gene-specific event.

Since we found that MIRs neighboring ciRS-7 are conserved in both human and mouse
(Figure 2A), we searched for other MIR-dependent circRNAs. Using the RepeatMasker
track in human hg19 coordinates, we found a total 595,094 of MIRs. Comparing with mouse
mm9 coordinates, 104,074 are conserved between human and mouse. Previously, 7,771
circRNAs were identified from RNA-Seq data of foreskin cells (Jeck et al., 2013). Using
these data sets, we screened 170 circRNA candidates that contains inverted MIRs within
1,000 nt upstream and downstream of the circularized exons.

We selected five circRNAs as representatives; circCDK8, circSPNS1, circTMEM109,
circZYMNDS8, and circSRGAP2C, according to the size of precursors (<5 kb) and their
ubiquitous expressions. With these five circRNAs, we searched for the located inverted
MIRs in the flanking introns (Supplemental Figure S4). To test for MIR-dependent
biosynthesis of these circRNAs, we made a series of MIR-deleted mini-genes as we had done
for ciRS-7 (Figure 4A). With these human mini-genes, we transfected mouse N2A cells, in
which ectopically expressed human circRNAs could be discriminated from the endogenously
expressed mouse circRNAs. All the circRNAs, whose circular structures were verified by
RNase R digestion, were successfully detected from the wild-type mini-genes (Figure 4B).
Deletion of either upstream or downstream MIRs prevented the production of circCDK8 and
circSPNS1 (Figure 4C; MIR-dependent circRNAs), but had no effect on the production of
circTMEM109, circZYMNDS8 and circSPGAP2C (MIR-independent circRNAs).

MIR-MIR base-pairing stability is critical for circRNA generation

MIRs are older SINEs than Alus (~130 vs. ~60 million years ago), and MIR elements have
often become truncated during this time (Jurka et al., 1995). We assumed that such
truncations would cause instability of MIR-MIR base-paring, which is required for efficient
circRNA production.

To examine this hypothesis, we evaluated the integrity of MIRs located around
MIR-dependent and MIR-independent circRNAs by comparing them to the MIR consensus
sequence using a Smith-Waterman (SW) alignment score (Smith and Waterman, 1981). As
we predicted, flanking MIRs of MIR-dependent circRNAs had markedly higher alignment
scores than those of MIR-independent circRNAs (Figure 5A; Supplemental Figure S4 for the
individual score of all MIRs). We also observed that the MIRs of MIR-dependent circRNAs
are significantly longer than those of MIR-independent circRNAs (Figure 5B).

Using these criteria of SW alignment score, we estimated the number of MIR-dependent
circRNAs from our identified 170 circRNAs with flanking inverted MIRs. We found 118 and
19 circRNAs that have higher SW scores than 250 and 500, respectively (Figure 5C).
Because of the high MIR-SW scores (573—-1077) of MIR-dependent circRNAs (Supplemental
Figure S4), these 19 circRNAs (>500 MIR-SW scores) are very likely to be MIR-dependent
circRNAs. We calculated the thermal stability of MIR-MIR pairing of these groups of
circRNAs. The results indicated that the inverted MIRs with higher SW alignment scores can
form more stable MIR-MIR paring (Figure 5D).

Finally, we tried to predict the complementarity of inverted MIRs of all six selected circular
RNAs together with three Alu-dependent circRNAs. The MIR-MIR base-paring of
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MIR-dependent circRNAs are apparently more stable than those of MIR-independent
circRNAs (Figure 6). Together, we conclude that well conserved MIRs close to the
consensus sequence can promote back-splicing by forming adjacent stable RNA paring.

DISCUSSION

The circular RNA ciRS-7 was first characterized as a regulator of a specific miRNA, miR-7.
Here we demonstrate the definitive pathway for the biosynthesis of ciRS-7, using human cells
stably expressing ciRS-7 precursor. Although ciRS-7 precursor has available alternative
splice sites for the ‘Intra-lariat splicing pathway’, our experimental evidence proves the
‘Back-splicing pathway’ that is facilitated by the newly found inverted sequences from MIR, a
well conserved mammalian SINE. We found a new category of mammalian circRNAs, in
which MIRs promote back-splicing and RNA circularization.

Previous results are consistent with the MIR-dependent back-splicing of ciRS-7
Previous CciRS-7 back-splicing assays used the reporter plasmid that includes the
endogenous flanking genomic sequence, i.e., 1 kb upstream and 0.2 kb downstream from
ciRS-7 exon (Hansen et al., 2013). This reporter could not produce ciRS-7 and this
observation is consistent with the fact that the critical inverted MIRs for back-splicing are
located ~3.0 kb and ~0.6 kb away from the 3’ and 5’ splice sites of ciRS-7 exon, respectively.

Recently, the genomic structure around the ciRS-7 precursor has also been independently
reported (Barrett et al., 2017). In agreement with our analysis, they showed that the
promoter region of ciRS-7 overlaps an upstream long non-coding transcript (LINC00632
locus), suggesting that ciRS-7 precursor is a long non-coding RNA (Barrett et al., 2017).
Their obtained BAC clones (185 and 200 kb) cover from the promoter of this non-coding
transcript (LINC00632) to far downstream of the ciRS-7 exon, and they showed that these two
clones could produce mature ciRS-7. The rationale is that these two BAC clones includes
upstream and downstream MIRs that are essential for ciRS-7 generation. Our evidence for
the requirement of these MIRs using mini-gene reporters will be further confirmed by
endogenous ciRS-7 genomic deletion of the MIRs by CRISPR/Cas9-mediated editing, which
is in progress.

MIR-dependent back-splicing is widely utilized for mammalian circRNA biosynthesis
The direct back-splicing pathway is commonly used to generate circRNA in metazoans
(lvanov et al., 2015), however only flanking inverted Alu sequences have been identified to be
essential for back-splicing. Indeed Alus are likely major players in the biosynthesis of human
circRNAs (Jeck et al., 2013; Zhang et al., 2014) because of their abundance (~10% in human
genome)(Price et al., 2004). However, the Alu-SINEs are relatively young (~60 million years)
and they only exist in primates. MIR-SINEs are much older (~130 millon years ago) and
globally functional in mammalian (Krull et al., 2007). Therefore, it is reasonable that MIRs
are generally used in the biosynthesis of mammalian circRNAs.

Due to their age many MIR sequences lost their 5 and 3' regions that reduced their
potential to form complementary duplexes, whereas the more recently appeared Alu
sequences have remained more complementary with one another. It was reported that short
complementary sequences (30—40 nt) in the inverted Alu elements are required to support
efficient back-splicing (Liang and Wilusz, 2014). This complementarity criteria for
back-splicing would be applicable for MIR elements, and therefore, we found the
MIR-independent circRNAs that must not be fulfilled this criteria. Interestingly, the difference
between MIR-dependent and MIR-independent circRNAs can be apparently reflected in the
predicted secondary structures of their MIR sequences (see Figure 6).

MIR-derived circRNAs likely have important functions

Our bioinformatics analysis selected 19 circRNAs having conserved flanking MIRs with the
highest complementarity, which are thus expected to be biosynthesized via a MIR-dependent
pathway. Among these, we verified that circCDK8 and circSPNS1, as well as ciRS-7, were
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indeed generated through flanking inverted MIR elements. Since circRNA often regulates
the expression of the host gene (reviewed in Wilusz, 2018), these MIR-derived circRNAs
likely have important functions.

The CDKBS kinase is a component of the mediator complex that regulates transcription by
RNA Polymerase Il (Galbraith et al., 2010). CDKS8 acts as a coactivator in the B-catenin
pathway, the p53 pathway, the serum response pathway, and the TGF-§ signaling pathway.
CDKS8 functions as an oncogene in colon cancers through effects on Wnt/p-catenin signaling,
and chemical inhibitors targeting CDK8 kinase could inhibit the growth of cancers (Clarke et
al., 2016). The circRNA derived from the CDK8 transcript (circCDK8) that consists of coding
exons 10-12 was previously described based on RNA-Seq data (Salzman et al., 2012; Jeck
et al., 2013; Zhang et al., 2014; Song et al., 2016). We could find two and three target sites
for miR-615-5p and miR-7162-3p, respectively (data not shown); however, whether the
circCDK8 functions as so called ‘sponges’ of these miRNAs remain to be elucidated. It was
demonstrated that circRNA generation via back-splicing and mRNA production via
conventional splicing are mutually exclusive events (Ashwal-Fluss et al., 2014). Since the
generated circCDK8 accounts for ~5% of the CDK8 transcripts (Jeck et al., 2013), it
potentially competes under certain conditions with the production of CDK8 mRNA. The
circCDK8 product may act as a modulator for these important CDK8 activities.

The SPNS1 gene is a human homologue of fruit fly spinster gene. SPNS1 protein is a
putative lysosomal H*-carbohydrate transporter that is required for autophagy (Sasaki et al.,
2014). In cellulo evidence suggested that SPNS1 could ameliorates dysfunction of
autophagy in lysosomal storage disorder known as Niemann-Pick type C disease
(Yanagisawa et al., 2017). The circSPNS1 consists of coding exons 4-8 that accounts for
~1% of the SPNS1 transcripts (Jeck et al., 2013).

To examine the function of such MIR-derived circRNA, it is essential to knock-out the target
circRNA while retaining the host gene expression, or the normal spliced mRNA. Now, we
can take advantage of the detected MIRs to specifically attenuate circRNA expression using
CRISPR/Cas9 editing. To determine the biological and physiological functions of circCDK8
and circSPNS1 using this technology is underway.

EXPERIMENTAL PROCEDURES

Analysis of RNA-Seq datasets

We used RNA-Seq datasets from non-neoplastic brain tissue (GSE59612; Gill et al., 2014).
Obtained data were aligned to reference human genome hg19 using HISAT2 (Kim et al.,
2015) and the aligned sequence reads were assembled by StringTie (Pertea et al., 2015).
Repeated sequences were downloaded from the RepeatMasker track in the UCSC table
browser (https://genome.ucsc.edu/cgi-bin/hgTables) and analyzed with BEDtools
(http://bedtools.readthedocs.io).

The box plots were constructed using the R/Bioconductor package
(http://www.bioconductor.org). For statistical comparisons of groups, Wilcoxon rank-sum
tests were used to calculate P-values.

Possible RNA pairings between inverted MIRs were predicted using the RNAcofold
program from the Vienna RNA package (Lorenz et al., 2011). Thermodynamic stability of the
base-paired MIRs was calculated with the RNAup program in the Vienna RNA package using
‘~b’ option to include the probability of unpaired regions (Lorenz et al., 2011). Exceptionally
weak MIR-MIR base-pairings that the RNAup program could not -calculate their
thermodynamic stabilities were set to zero values (‘All circRNAs’ in Fig. 5D).

RT-PCR assays

RT-PCR analysis was performed essentially as previously described (Yoshimoto et al., 2017).
Human cerebral cortex total RNA was purchased from Clontech (CLN 636561). From
culture cells, total RNA was isolated with a Nucleospin RNA kit (Machery Nagel) according to
the manufacturer’s instructions. ‘On-column’ DNase | digestion was performed to remove
contaminated DNA. Purified RNA was reverse-transcribed using PrimeScript Il (Takara Bio)
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with oligo-dT and random primers, and cDNA was amplified by PCR (20-30 cycles) with
Ex-Taq (Takara Bio) and specific primers (Supplemental Table S1). PCR-amplified products
were analyzed by 8% polyacrylamide gel electrophoresis.

For nested PCR, the first PCR reaction mixture (30 cycles) was purified with a PCR cleanup
column (Takara Bio) and the eluate was used for the second PCR reaction (30 cycles). The
purified RNase R (1 pg) was added to digest 1ug of total RNA to remove linear RNA in a 20 uL
reaction mixture at 30°C for 30 min as described previously (Suzuki et al., 2006).

The Eco Real-Time PCR system (lllumina) was used to perform quantitative PCR (QPCR)
with the same primers (Supplemental Table S1) that were used in the regular PCR. For the
gPCR reactions, KAPA Taq PCR kit was used according to the manufacturer’s protocol (Kapa
Biosystems).

Antisense oligoribonucleotide-mediated splicing repression

Antisense 2'-O-methyl-modified phosphorothioate oligoribonucleotides (ASOs) were
purchased from Integrated DNA Technologies (Supplemental Table S1). These chemically
modified ASOs were electroporated into SH-SY5Y cells (Gene Pulser Xcell, Bio-Rad). Fully
confluent SH-SY5Y cells grown on 10 cm plate in D-MEM/Ham’s-F12 medium (Fuijifilm Wako)
were trypsinized and the washed cell pellets were suspended in 1 mL OPTI-MEM medium
(Thermo Fisher Scientific). This cell suspension (0.2 mL) plus ASO (2.5-10 uyM final
concentration) were transferred into 0.4 cm cuvette (BEX) and electroporated at 200 V for 20 ms
square-wave pulses. After electroporation, cell suspensions were transferred into 6-well plates
supplemented with 1.8 mL D-MEM/Ham’s-F12 that was cultured for 24 h before RT—PCR analysis.

Construction and expression of circRNA-reporter plasmids

The expression plasmids for ciRS-7, circCDK8, circTMEM109, circZMYNDRS, and
circSRGAP2C were constructed by subcloning the PCR-amplified fragments into
FLAG-pcDNAZ3 vector using BamHI and Xhol sites (Yoshimoto et al., 2009). The expression
plasmids for circSPNS1 was constructed by subcloning the PCR-amplified fragments into
FLAG-pcDNA3 plasmid using an In-Fusion HD cloning kit (Takara Bio) according to the
manufacturer’s protocol. The deletion of MIR element of these expression plasmids were
made by conventional extension PCR method.

To establish HEK293T cells stably expressing ciRS-7, PCR-amplified a ciRS-7 fragment
was subcloned into pcDNA5 FRT-TO vector (Thermo Fisher Scientific) using BamHI and Xhol
sites, and transfected into Flp-In T-REx 293 cells (Thermo Fisher Scientific) along with Flp
recombinase vector pOG44. The transfected cells were treated with 1 pg/mL DOX for 24 h
and total RNA was prepared for the RT-PCR analysis. To inhibit the splicing reaction, 100
ng/mL SSA was added 18 h after DOX treatment.

Mouse N2A cells were transiently transfected with these expression plasmids using
Lipofectamine 2000 (Thermo Fischer Scientific) according to the manufacturer’s instructions.
The transfected cells were incubated for 24 h and total RNA was prepared for RT-PCR
analysis.

Targeted genomic deletion of the ciRS-7 locus by CRISPR/Cas9

Cas9 RNP was introduced with the AIt-R CRISPR-Cas9 System (Integrated DNA
Technologies) according to the manufacturer’s instructions. Briefly, HEK-293 cells were
seeded into a 96-well plate at a density of 4x10* cells/well. The cells were transiently
transfected with 0.75 pmol of Cas9 RNP using Lipofectamine RNAIMAX (Life Technologies).
After culture for 2 weeks, genomic DNA was extracted and PCR was performed to verify the
deleted region. The gRNA and primer sequences are listed in Supplemental Table S1.
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Figure 1. Evidence for ‘Back-splicing’ rather than ‘Intra-lariat splicing’ to produce ciRS-7

(A) Two proposed pathways for circRNA biosynthesis. Left panel: the generation by an intra-lariat splicing of
lariat precursor (L1) that is excised by the preceding exon(s)-skipped splicing of pre-mRNA (P). Right panel: the
circRNA (C) generation by a direct back-splicing event that is promoted by the looped pre-mRNA (P') formed by
base-paring of the flanking intronic complementary sequences. Blue and red bars indicate the antisense
oligoribonucleotides (ASOs), numbered 1-6 in (C) and (D), annealed to prevent the following pathways
(Exon-skipping, Intra-lariat splicing, Back-splicing, or Second-splicing).

(B) Detection of intermediates and products from the ciRS-7 precursor. Total RNA from human cerebral cortex
was treated with (+) or without (—) RNase R to discriminate the circularize structure from the linear structure. The
purified RNA was analyzed by RT-PCR with indicated primers (arrowheads) to detect ciRS-7 precursor (P),
mature ciRS-7 (C), and the spliced isoforms (M), generated by alternative splicing in the last exon of the ciRS-7
precursor. Either the lariat precursor (L1) or the looped pre-mRNA (P’) was also detected.

(C) Schematic representation of the ciRS-7 precursor and the alternatively spliced isoforms generated in (B) (see
also Supplemental Figure S1). ASOs (1-6) to block specific alternative splicing are indicated with bars.

(D) The quantified data of splicing prevention using ASOs (1-6) depicted in (C). SH-SY5Y cells were
electroporated with each ASO. After 24 h incubation, RT-PCR analysis was performed with ciRS-7 primers and
the control GAPDH primers. The detected ciRS-7 expression levels were normalized to the control expression
level of GAPDH (ciRS-7/GAPDH) and plotted as ratios to the value of control cells treated with GFP-ASO. Means
+ standard deviation (SD) are given for three independent experiments (***P < 0.001).
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Figure 2. The production of ciRS-7 depends on the flanking inverted sequences of MIRs

(A) The ciRS-7 locus (human/mouse ciRS-7) and the identified conserved inverted MIR elements (MIRs) in the
genome browser track. The vertebrate basewise conservations of human (upper) and mouse (lower) genomic
sequences around the ciRS-7 precursor were displayed in the UCSC Genome Browser.

(B) Schematic structure of ciRS-7-expressing reporter plasmids. Transcription is driven by a CMV promoter and
an arrow denotes the initiation site. The tetracycline response element (TRE), inverted MIR elements, ciRS-7
coding exon (ciRS-7) are indicated. Red and blue triangles indicate the positions of PCR primers to detect ciRS-7
and its precursor, respectively.

(C) The generation of ciRS-7 from reporter in stably transduced HEK293 cells. The cells were treated with DOX
and extracted total RNA was analyzed by RT-PCR using primers against mature ciRS-7, precursor of ciRS-7, or a
control, GAPDH (left panel). To validate the circular structure of generated ciRS-7, total RNA was also treated
with RNase R prior to the RT-PCR analysis (right panel).

(D) The effect of splicing inhibitor, SSA, on the production of ciRS-7. The same stably transduced cells described
in (C) were treated with DOX followed by SSA addition. After 24 h culture, extracted total RNA was analyzed by
RT-PCR to detect ciRS-7. The E2F2 mRNA, as a positive control (Yoshimoto et al., 2017), was also detected
(with primers against exon 3 and exon 4). The graphs show the relative values of ciRS-7 expression, normalized
to the control level of 18S rRNA, and plotted as ratios to the value of control non-SSA-treated cells. Means = SD
are given for three independent experiments (**P < 0.01 for ciRS-7, ***P < 0.001 for E2F2).
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Figure 3. Deletion of either upstream or downstream MIRs aborts the production of ciRS-7

(A) Schematic structure of ciRS-7-expressing reporters with or without MIR sequence (see Figure 2B for the
abbreviations). Red triangles indicate the positions of PCR primers to detect ciRS-7 in (B).

(B) Generation of ciRS-7 from reporters, with or without MIR sequences, in stably transduced HEK293 cells.
Total RNA extracted from DOX-treated cells was analyzed by RT-PCR using primers against mature ciRS-7 and
an internal control GAPDH. The graph shows quantification of the ciRS-7 generation. The ciRS-7 expression
levels were normalized to the control expression level of GAPDH and plotted as ratios to the value of control
wild-type (WT) plasmid-expressing cells. Means + SD are given for three independent experiments (***P <
0.001).
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Figure 4. Several other human MIR-dependent circRNAs were identified

(A) Generalized schematic structures of three kinds of reporters, expressing wild-type (WT) or MIR-deletions
(A5'MIR, A3'MIR) plasmids, which were constructed for five circRNAs. Red and blue triangles indicate the
positions of PCR primers to detect these circRNA and the precursors, respectively.

(B) RT-PCR detections of indicated five circRNAs that were expressed in mouse N2A cells transfected with the
plasmids in (A). Total RNA from the cells was treated with (+) or without (-) RNase R to discriminate the
circularized structure from the linear structure.
(C) Identification of MIR-dependent and MIR-independent circRNAs. RT-PCR analysis of circRNAs and their
precursors, which were expressed from plasmids described in (A).
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Figure 5. MIR-dependent circRNAs likely depend on stable paring between highly conserved MIRs

(A) The identified MIR-dependent circRNAs have MIRs with near-consensus features. Box plot of SW alignment
scores of all reported MIRs, three MIR-dependent circRNAs, and three MIR-independent circRNAs (***P < 0.001;
**P <0.01). See Supplemental Figure S4 for each SW score of these MIRs.

(B) The identified MIR-dependent circRNAs have longer MIRs than those of MIR-independent circRNAs. Box
plot of the MIR lengths of all reported MIRs, three MIR-dependent circRNAs, and three MIR-independent circRNAs
(***P < 0.001; *P < 0.05).

(C) We identified 170 circRNAs (left bar) that have inverted MIRs within 1000 nt of the circRNA coding exon.
Among these circRNAs, 118 circRNAs had MIRs with SW score >250 (middle bar) and 19 circRNAs had MIRs with
SW score >500 (right bar).

(D) The inverted MIRs with higher SW scores have potential to form more stable MIR-MIR base-pairs. Box plot of
the corrected thermal stabilities (—kcal/mol) of inverted MIRs from groups of the circRNA shown in (C), which are
calculated by the RNAup program (*P < 0.05).
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circTMEM109 (-7.38 kcal/mol)

circSRGAP2C (-6.43 kcal/mol)

C Alu-dependent circRNAs

C=— ~
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circZKSCAN (—31.66 kcal/mol)
== St
= >]
circPOLR2A (-33.34 kcal/mol)
Cr==

ﬁ\’)

circHIPK3 (-35.94 kcal/mol)

Figure 6. Inverted sequences are less complementary in MIRs than those in Alus

RNA secondary structures were predicted by RNAcofold of vienna RNA package. The cofold structure of
MIR-dependent circRNAs (A), MIR-independent circRNAs (B), and Alu-dependent circRNAs (C) are shown. The
corrected thermal stability (—kcal/mol) of each MIR was calculated by the RNAup program.
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