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SUMMARY

Circular RNAs (circRNAs), an important class of regulatory RNAs, have been shown to be the most
prevalent in the brain compared with other tissues. However the processes governing their biogen-
esis in neurons are still elusive. Moreover, little is known about whether and how different biogenesis
factors work in synchrony to generate neuronal circRNAs. To address this question, we pharmacolog-
ically inhibited the spliceosome and profiled rat neuronal circRNAs using RNA sequencing. We identi-
fied over 100 circRNAs that were up-regulated and a few circRNAs that were down-regulated upon
spliceosome inhibition. Bioinformatic analysis revealed that up-regulated circRNAs possess signifi-
cantly longer flanking introns compared with the un-changed circRNA population. Moreover, the
flanking introns of up-regulated circRNAs harbor a higher number of distinct repeat sequences and
more reverse complementary motifs compared with the unchanged circRNAs. Taken together, our
data demonstrate that the biogenesis of circRNAs containing distinct intronic features becomes
favored under conditions of limited spliceosome activity.

INTRODUCTION

Covalently closed circular RNA molecules (circRNAs) have reemerged as an important class of regulatory
RNA. Originally viewed as aberrant splicing by-products with little functional potential (Cocquerelle
etal., 1993; Nigro et al.,, 1991; Pasman et al., 1996), recent studies have uncovered their widespread expres-
sion (Barrett et al., 2015; Hansen et al., 2013; Ivanov et al., 2015; Jeck et al., 2013; Memczak et al., 2013;
Salzman et al.,, 2012; Wang et al., 2014; Westholm et al., 2014). Many circRNAs are stable, highly conserved
between species (Cocquerelle et al., 1993; Guo et al., 2014; Jeck et al., 2013; Rybak-Wolf et al., 2015; Veno
et al., 2015), and show distinct tissue- and cell-type-specific expression (Memczak et al., 2013; Salzman
et al., 2013).

CircRNAs are the most abundant in the brain, where a distinct expression pattern is found across different
brain regions (Rybak-Wolf et al., 2015; Westholm et al., 2014; You et al., 2015). Several observations suggest
aregulatory role of neuronal circRNAs for synaptic response and functions: circRNAs are highly enriched at
synapses and often derived from genes with neuronal and synaptic function (Rybak-Wolf et al., 2015; You
etal., 2015). The expression of circRNAs is regulated throughout neuronal development (Rybak-Wolf et al.,
2015; Westholm et al., 2014), with an increase coinciding with the onset of synaptogenesis in hippocampus
(You et al., 2015). Moreover, a dynamic change in neuronal circRNA expression is observed upon induction
of homeostatic plasticity (You et al., 2015). Importantly, these findings also highlight that circRNA biogen-
esis must be under tight control in the brain. However, the mechanisms of neuronal circRNA biogenesis and
the conditions under which neuronal circRNA formation is favored or suppressed are still elusive. Although
the spliceosome has been implicated as a critical element of circRNA biogenesis (Ashwal-Fluss et al., 2014;
Liang et al., 2017; Liang and Wilusz, 2014; Starke et al., 2015; Stegeman et al., 2018), alongside other fea-
tures such as the presence of complementary sequences in circRNA-flanking introns (Dong et al., 2017; Iva-
nov et al., 2015; Kramer et al., 2015; Liang and Wilusz, 2014; Zhang et al., 2014) and RNA-binding proteins
(Ashwal-Fluss et al., 2014; Conn et al., 2015; Errichelli et al., 2017; lvanov et al., 2015; Kristensen et al., 2018;
Lietal, 2017; Liang et al., 2017), studies performed on primary neurons are missing. Moreover, the inter-
play between circRNA biogenesis factors and theirimpact on the circRNA population as a whole has not yet
been addressed.

We address this issue here using pharmacological inhibition of the splicecosome and RNA sequencing

"Max Planck Institute for Brain
Research,
Max-von-Laue-Str.4, 60438
Frankfurt am Main, Germany

2Max-Delbrueck-Center for
Molecular Medicine, 13125
Berlin, Germany

3Institute for Cell Biology and
Neuroscience, Goethe
University, 60438 Frankfurt,
Germany

“Department of Biology,
Southern University of
Science and Technology,
Shenzhen 518055, China
SLead Contact

*Correspondence:
erin.schuman@brain.mpg.de

https://doi.org/10.1016/j.isci.

(RNA-seq) in rat primary hippocampal neurons. We observed a shift in the circRNA landscape following 2019.08.058
L) -
Gheskior iScience 20, 237-247, October 25, 2019, 2019 © 2019 The Author(s). 237

updates.

This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


mailto:erin.schuman@brain.mpg.de
https://doi.org/10.1016/j.isci.2019.08.058
https://doi.org/10.1016/j.isci.2019.08.058
http://crossmark.crossref.org/dialog/?doi=10.1016/j.isci.2019.08.058&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/

iIScience

spliceosome inhibition, with a large population of circRNAs becoming up-regulated in their expression.
We analyzed the up-regulated population of circRNAs and identified several features that could contribute
to their preferential formation under reduced spliceosome activity. Our findings shed new light on the
mechanisms generating neuronal circRNAs and point to a complex, multilayered regulation of circRNA
biogenesis.

RESULTS
Profiling circRNA after Spliceosome Inhibition in Rat Hippocampal Neurons

To investigate how splicing affects neuronal circRNA biogenesis, we inhibited spliceosome assembly in pri-
mary rat hippocampal neurons using Isoginkgetin, a pre-mRNA splicing inhibitor (Figure 1A) (O'Brien et al.,
2008). Neurons were incubated with 33uM Isoginkgetin for 24 h, a treatment that resulted in the most effec-
tive spliceosome inhibition (Figure STA). Control neurons were treated with DMSO for 24 h, and rRNA-
depleted total RNA was then deep sequenced (see Transparent Methods). From three biological replicates
for each condition, we obtained a minimum of 22 million and a maximum of 79 million reads, with the map-
pable reads ranging from 91.7% to 96.1% (Table S1). The replicates of the same conditions correlated well
with one another (Figure S1B).

We first validated the efficiency of spliceosome inhibition by Isogingketin in primary neurons using two in-
dependent methods. As a readout of spliceosome inhibition, we assessed the percentage of unspliced
pre-mRNA in the total mMRNA population. For this we determined the relative abundance of exon-intron
junction reads (pre-mRNA) to the sum of exon-exon junction reads (mature mRNA) and exon-intron junc-
tion reads (pre-mRNA). As reads that map to the body of exons cannot be clearly assigned either to pre- or
mature mRNA they were not considered. We found a significant 73.5% increase in pre-mRNA expression
after Isoginkgetin treatment (6.8% pre-mRNA in control condition versus 11.8% pre-mRNA in Isoginkgetin,
Figure 1B). Second, using gRT-PCR we validated the pre-mRNA expression of candidate transcripts using
primers amplifying an exon-intron junction (see Transparent Methods). For ActB (B-actin) and ATP5I| (ATP
synthase membrane subunit E), we observed a 2.3- and 1.8-fold increase in pre-mRNA levels after Isogink-
getin treatment, respectively (Figure 1C).

It has previously been found that Isoginkgetin can also partially inhibit transcription (Boswell et al., 2017).
Therefore, we investigated the expression of total mRNA, pre-mRNA, mature mRNA, and introns in Iso-
ginkgetin versus control condition by using exon-exon reads, exon-intron junction reads, and intron-
body reads, respectively, for differential expression analysis (see Transparent Methods). We identified
11,052 Isoginkgetin-enriched and 10,166 control-enriched transcript features (Figure S1C). Although the
total mRNA expression showed minor differences between Isoginkgetin and control (median logFC
[fold change] of —0.16), we observed a larger reduction in mature mRNA levels (median logFC of —0.33)
and the strongest difference in pre-mRNA and intron levels (median logFC of 0.62 and 0.92) after spliceo-
some inhibition (Figure S1D), indicating that Isoginkgetin treatment primarily affects splicing rather than
transcription. Together, these results validate the use of Isoginkgetin as a tool to reduce spliceosome ac-
tivity in primary neurons.

To identify and quantify circRNA expression, we developed a pipeline to identify reads that map to the
back-splice junction and are unique for circRNAs. For this, we used the detection of chimeric alignments
in STAR, a high-performance aligner for RNA-sequencing data (Dobin et al., 2013). A chimeric alignment
consists of two “segments” that map to the genome in a non-canonical order. We searched for back-
splice junction reads by filtering all chimeric alignments for those wherein both segments originate
from the same chromosome and strand and the 5 segment aligns downstream of the 3’ segment. We
furthermore required that the segments possess splice junctions and be at least 20 bp long. These reads
were then realigned to the rat genome and, when originating from the same gene, were used to deter-
mine the position of the back-splice junction and quantified. CircRNAs that mapped with at least one
unique back-splice junction read and were consistently found in all replicates and conditions were
kept. Using this pipeline we identified on average 13,917 neuronal circRNAs in each sample (Table
S1). Of these, 1,659 and 1,911 circRNAs were detected in all Isoginkgetin-treated and control samples,
respectively. A total of 776 circRNAs overlapped between the Isoginkgetin and control conditions (Fig-
ure 1D, Data S1). We verified the circularity of three candidate circRNAs using RNase R treatment fol-
lowed by qRT-PCR. Primers amplifying the back-splice junction were used to quantify circRNA levels.
For the quantification of the parent mRNA transcript, we used a primer set targeting the exon-exon
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Figure 1. Profiling circRNA after Spliceosome Inhibition in Primary Rat Hippocampal Neurons

(A) Experiment and analysis pipeline.

(B) The abundance of pre-mRNA in a total mMRNA sample was quantified after Isoginkgetin (purple) or control (gray) treatment. Assessed by RNA-seq,
Isoginkgetin treatment led to a significant increase in the pre-mRNA population (**p < 0.01, unpaired t test, two-tailed, n = 3).

(C) Relative pre-mRNA expression for two candidate ActB and ATP5I transcripts under control and Isoginkgetin treatment conditions assessed with qRT-PCR
(***p < 0.001, unpaired t test, two-tailed, n = 3).

(D) Number of circRNAs identified in all replicates in the Isoginkgetin and control conditions.

(E) Validation of circularity using RNase R treatment followed by gRT-PCR. CircRNAs increased in expression, whereas linear transcripts were depleted after
RNase R incubation (****p < 0.0001, ***p < 0.001, **p < 0.01, unpaired t test, two tailed, n = 4).

(F) Numbers of exons that comprise the population of 776 circRNAs.

(G) Length distribution of back-spliced exons. A median length of 957 and 124 bp was found for single- and multi-exon circRNAs, respectively (***p < 0.0001,
Kruskal-Wallis test followed by Dunn’s multiple comparisons test). Error bars represent SD (B, C, and E). Box-whisker plots show minimum, first quartile,
median, third quartile, and maximum of a set of data (G).

junctions up- or downstream of the exons involved in the back-splice junction formation (see Transparent
Methods). As expected, all tested circRNAs showed a strong enrichment after RNase R treatment,
whereas the linear parent transcripts were depleted (Figure 1E).
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The group of 776 robustly expressed circRNAs was used for subsequent analyses. We investigated the exon
distribution of the identified circRNAs and found that 37.2% of them were generated by the circularization
of a single exon (Figure 1F). In addition, we found that exons of “single-exon” circRNAs were significantly
longer (median of 957 bp) compared with the average rat exon or exons from circRNAs formed by several
exons ("multi-exon” circRNAs; median of 124 bp) (Figure 1G). Taken together, we successfully inhibited the
spliceosome in primary rat hippocampal neurons and identified hundreds of neuronal circRNAs, many of
which are generated by a single, long exon.

Neuronal circRNAs Are Up- and Down-regulated after Spliceosome Inhibition

We next asked whether and how neuronal circRNA and parent mRNA expression are affected by reduced
spliceosome activity. Using the back-splice junction reads of the 776 robustly expressed circRNAs and the
exon-exon junction reads of their parent mRNAs, we performed a differential expression analysis in
Isoginkgetin versus control condition (see Transparent Methods). Looking at the FC differences, we
observed a general increase in the expression of circRNAs after spliceosome inhibition compared with their
parent mRNAs (Figure 2A). A total of 142 circRNAs were significantly altered between Isoginkgetin and
control conditions. The majority of circRNAs was unchanged after spliceosome inhibition, whereas we
observed 134 up-regulated circRNAs. Interestingly, we also identified few circRNAs that showed signifi-
cantly reduced expression after Isoginkgetin treatment (Figures 2A and S2A, Data S1). Our observation in-
dicates that reduced spliceosome activity favors the production of a large subset of neuronal circRNAs,
whereas in a small minority of cases it can also inhibit circRNA processing. For almost all the up-regulated
circRNAs, the parent mRNA expression was either unchanged or decreased, suggesting that an increase in
circRNA production can occur at the cost of processing the parent mRNA. Interestingly, in 11 cases both
the circRNA and mRNA expression levels were up-regulated (Figures 2A and S2A, Data S1). The fraction
of multi-exon circRNAs was higher in the regulated group compared with the unchanged circRNA popu-
lation (Figure S2B), whereas there was no significant difference in exon length between regulated and
unchanged circRNAs (Figure S2C).

To validate the expression changes of circRNAs and parent mRNAs after Isoginkgetin treatment we per-
formed gRT-PCR on four candidates (Figure S2D). Consistent with our RNA-seq data, we observed for
previously reported circHomer1, a circRNA derived from the synaptic scaffolding molecule Homer1 tran-
script (Brakeman et al., 1997), and circGigyf2, a circRNA derived from a tyrosine kinase receptor signaling
regulator (Giovannone et al., 2009), a 2.1- and 1.8-fold increased expression after Isoginkgetin treatment,
respectively, whereas the parent mRNA level was either unchanged or down-regulated (Figures 2B and
2C). In addition, we confirmed the down-regulation of circHook3 and the unchanged expression of
circKIhl2 using qRT-PCR (Figure 2B). Furthermore, gRT-PCR investigation of expression changes of the
linear variants of our candidate transcripts also matched the results of the RNA-seq data (Figure 2C).
Taken together, gRT-PCR validation experiments yielded results highly consistent with our RNA-seq re-
sults for both circRNA and parent mRNA transcripts, strengthening the validity of our sequencing
approach.

In addition, we directly visualized circRNAs in cultured hippocampal neurons using high-resolution in
situ hybridization optimized for the detection of circRNAs (Figures 2D and S2E; You et al., 2015).
We observed circHomer1 particles in both the cell body and dendrite of neurons (Figure 2D).
Consistent with our RNA-seq and gRT-PCR data, the number of circHomer1 particles in the cell body
increased significantly after Isoginkgetin treatment. Interestingly, when we treated the neurons
simultaneously with Isoginkgetin and a cocktail of transcription inhibitors (see Transparent Methods),
circHomer1 expression remained at levels similar to that observed in control conditions (Figures 2D
and 2E). This suggests that spliceosome inhibition triggers the generation of newly synthesized
circHomer.

Next, we asked whether the depletion of core spliceosome components would have a similar effect on
circRNA generation as pharmacological inhibition of the spliceosome. Therefore, we knocked down
SF3B1 and SF3A2, two components of the U2 snRNP (Will and Luhrmann, 2011), and investigated the
expression of circHomer1. We observed a 52% reduction of SF3B1 and a 38% reduction of SF3A2 expres-
sion in knockdown cells compared with the scrambled control (Figures 2F and 2G). In agreement with the
results obtained after Isoginkgetin treatment, depletion of SF3B1 or SF3A2 led to a significant increase in
circHomer1 levels (Figure 2H).
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Figure 2. Spliceosome Inhibition Leads to Expression Changes of circRNAs and Their Parent mRNAs

(A) Scatterplot showing the log2 fold change (FC) of 776 robustly expressed circRNA (y axis) and their parent mRNA (x axis) between Isoginkgetin and control
conditions. Magenta dots indicate circRNAs that are significantly up-regulated in Isoginkgetin. The shade of magenta (from light to dark) indicates whether
the parent mRNA was down-regulated, unchanged, or up-regulated, respectively. Green dots represent significantly down-regulated circRNAs, with the
parent mRNA being also down-regulated (light green dots) or unchanged (dark green dots). Gray dots indicate circRNAs that are unchanged. Inset shows
that the general abundance of circRNAs was higher than that of the parent mRNA after Isoginkgetin treatment (****p < 0.0001, unpaired t test, two-tailed).
(B) gRT-PCR validation of circHomer1, circGigyf2, circKIhl2, and circHook3 expression after Isogingketin treatment (**p < 0.01, unpaired t test, two-
tailed, n = 3).

(C) gRT-PCR validation of parent Homer1, Gigyf2, KIhI2, and Hook3 mRNA expression (***p < 0.001, **p < 0.01, unpaired t test, two-tailed, n = 3).

(D) Validation of circRNA expression changes using high-resolution in situ hybridization for circHomer1 in control, Isoginkgetin, and Isoginkgetin and
transcription-inhibitor treated neurons. Neuronal somata and dendrites were identified using anti-MAP2 immunostaining. Scale bar, 25 um.

(E) Somatic circHomer1 expression was significantly up-regulated in Isoginkgetin-treated neurons compared with control. The inhibition of transcription
prevented the Isoginkgetin-induced up-regulation of circHomer1 (***p < 0.0001, Kruskal-Wallis test followed by Dunn’s multiple comparisons test, n = 73,
76, and 63).

(F and G) CircHomer1 expression after RNAi-mediated depletion of (F) SF3B1, (G) SF3A2, or scrambled control. The expression of SF3B1 or SF3A2 (magenta)
in positively transfected cells (green) was validated after 4 days (***p < 0.0001, Mann-Whitney U test, n = 46, 39, 52, and 25). Scale bar, 25 um.

(H) CircHomer1 fluorescence in situ hybridization after SF3B1 or SF3A2 depletion. Somatic circHomer1 was significantly up-regulated in SF3B1 and SF3A2
knockdown cells compared with scrambled control (***p < 0.0001, Mann-Whitney U test, n = 37, 63, and 57). Scale bar, 25 um. Error bars represent SD. (B and
C). Boxplot whiskers show minimum, first quartile, median, third quartile, and maximum (A, E, F, G, and H).

Long Flanking Introns with Repeat Sequences Facilitate circRNA Formation under
Spliceosome Inhibition

As spliceosome inhibition increased the generation of certain circRNAs but not others, we wondered which
features of circRNA transcripts may have facilitated their expression. To address this, we investigated the
characteristics of the introns flanking circularizing exons, as they have been shown to influence circRNA
generation (Jeck et al., 2013; Westholm et al., 2014). First, we compared the length of all rat introns, introns
flanking circularizing exons, and the remaining circRNA introns that are not flanking the back-splice junc-
tion (henceforth referred to as circRNA middle intron). We found that the introns flanking circularizing
exons are significantly longer than all rat introns and circRNA middle introns (Figures 3A and S3A). No dif-
ference in intron length distribution was observed between all neuronal circRNAs and those that were un-
changed or down-regulated after the Isoginkgetin treatment. Intriguingly, we found that circRNAs whose
expression was facilitated by reduced spliceosome activity possessed the longest flanking introns (Fig-
ure 3A), with the up- and downstream flanking introns sharing a similar length (Figure S3B). Our results sug-
gest that these long introns confer an increased probability of circRNA formation under conditions of
reduced spliceosome activity.

There are two possible explanations for why circRNAs with very long flanking introns become up-regu-
lated. First, it could be that long introns are more effectively retained than short introns after Isoginkgetin
treatment. Second, the long introns could contain certain features in their sequences that promote circu-
larization. To test the first hypothesis, we determined the differential expression of each detected intron
between Isoginkgetin and control condition (see Transparent Methods). We observed 9,667 up-regu-
lated introns after spliceosome inhibition (Figure S3C), with the Isoginkgetin-enriched introns being
slightly shifted toward the first intron (Figure S3D). However, we found that intron length does not influ-
ence the strength of intron retention (Figure S3E). The fact that long introns are not preferentially re-
tained suggests that information contained in the intron sequences is responsible for enhanced circRNA
formation.

We therefore investigated the features of the flanking introns of up-regulated circRNAs. Specifically, we
examined the presence and frequency of repeat sequences, as well as their complementarity, which can
bring splice sites in close proximity and thus facilitate circRNA formation (Jeck et al., 2013; Liang and Wi-
lusz, 2014; Zhang et al., 2014). The frequency of repeat sequences observed per 1 kb of flanking intron was
similar between all circRNAs, unchanged circRNAs, and up-regulated circRNAs (Figure 3B). However, flank-
ing introns of up-regulated circRNAs possessed overall more repeat sequences per intron (Figure 3C),
most likely due to their increased length, with the up- and downstream flanking introns harboring a similar
number of repeats (Figure S3F). Moreover, intron pairs of up-regulated circRNAs carried a significantly
higher number of reverse complementary motifs when compared with intron pairs of unchanged circRNAs
(Figure 3D). Interestingly, we found several repeat families to be enriched in the flanking introns of up-regu-
lated circRNAs compared with the unchanged circRNA population. Among them, the number of simple
repeats, L1, and Alu repeats were increased the strongest (Figure 3E), with 63.8% of the Alu repeats found
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Figure 3. Distinct Intronic Features Facilitate circRNA Formation under Conditions of Reduced Spliceosome Activity

(A) Length distribution of introns. Introns flanking back-spliced exons are significantly longer than the median rat intron and circRNA middle introns (***p <
0.0001, Kruskal-Wallis test followed by Dunn’s multiple comparisons test). Flanking introns of up-regulated circRNAs are significantly longer than flanking
introns of unchanged circRNAs and all circRNAs (***p < 0.0001, **p < 0.01, Kruskal-Wallis test followed by Dunn’s multiple comparisons test).

(B) Frequency of repeat sequence occurrence per 1 kb. No difference is observed between all introns, all circRNA-flanking introns, flanking introns of
unchanged circRNAs, and up-regulated circRNAs (ns > 0.05, Kruskal-Wallis test followed by Dunn’s multiple comparisons test).

(C) Number of repeat sequences detected per flanking intron. Flanking introns of circRNAs harbor more repeats than the average rat intron. Up-regulated
circRNAs contain significantly more repeat sequences than the flanking introns of unchanged circRNAs (***p < 0.0001, *p < 0.05, Kruskal-Wallis test followed
by Dunn’s multiple comparisons test).

(D) Number of Reverse complementary motifs (RCM) detected in flanking intron pairs. Flanking introns of up-regulated circRNAs possess significantly more
RCMs compared with unchanged circRNAs (*p < 0.05, Mann Whitney U test).

(E) Comparison of the average number of repeats observed in the flanking intron. Distinct repeat families (x axis) are more abundant in flanking introns of up-
regulated circRNAs compared with unchanged circRNAs, whereas the number of repeat families observed between all circRNAs and the unchanged
population is similar. Box-whisker plots show minimum, first quartile, median, third quartile, and maximum of a set of data (A-D).

in intron pairs arranged in a complementing orientation (Figure S3G). When we looked into the structural
properties of a subset of flanking introns (see Transparent Methods), introns of unchanged circRNAs
showed a slightly lower minimum free energy normalized to intron length (norm.MFE) than up-regulated
circRNAs that were tested (Figure S3H). This result indicated that unchanged circRNAs possessed a
more stable secondary structure in their flanking introns than up-regulated circRNAs.

Our data suggest that reduced spliceosome activity prolongs the presence of introns, enabling long and
repeat-rich flanking introns to interact with one another, thus facilitating the biogenesis of circRNAs. An
increase in intron presence could be also achieved by increasing the number of transcripts produced.
Therefore, we over-expressed human POLR2 in primary neurons and investigated the expression of
circHomer1 (see Transparent Methods). Immunostaining against CTD phosphor Ser5 was used to measure
the levels of active RNA-Pol2 in the nucleus of transfected and untransfected neurons. We observed a sig-
nificant increase in CTD phospho Ser5 4 days after transfection (Figure S3I). In agreement with our hypoth-
esis, we detected elevated levels of circHomer1 in cells that over-expressed RNA-Pol2 compared with un-
transfected controls (Figure S3J).
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Figure 4. Proposed Model for Neuronal circRNA Formation When Spliceosome Activity Is Reduced

The pre-mRNA will give rise to a mature mRNA or circRNA isoform. Circularizing exons are flanked by short (black) or long introns (green). Under normal
spliceosome activity introns are timely removed, providing little opportunity for the flanking introns of circRNAs to interact with another. Generation of
circRNAs with short and long flanking introns is balanced (light green box). When the spliceosome activity is reduced, such as by treatment with Isoginkgetin,
introns are retained longer. These conditions are beneficial for long, repeat-rich flanking introns to interact with another and thus facilitate of the processing
of their cognate circRNAs (light purple box).

Taken together, we show that flanking introns play an important role in circRNA formation in rat neurons.
Our data suggest that under conditions of reduced spliceosome activity the generation of circRNAs with
longer flanking introns will be enhanced (Figure 4). This preference may be the result of the increased num-
ber and type of repeat sequences that these long introns harbor. Our data indicate that in rat neurons the
spliceosome and intron features work in synchrony to generate circRNAs.

DISCUSSION

The enrichment of circRNAs in the brain and their dynamic expression during development and plasticity
suggest that the biogenesis of neuronal circRNAs must be under tight regulation. Although some biogen-
esis factors of circRNAs have been previously described, owing to the lack of studies performed in primary
neurons the mechanisms by which neuronal circRNAs are generated remain elusive. In this study, we phar-
macologically inhibited the spliceosome and used RNA-seq to obtain a full view of the circRNA landscape
in rat primary hippocampal neurons (Figure 1A). We found hundreds of robustly expressed circRNAs that
were generated by a single exon or multiple exons (Figures 1D and 1F, Data S1). Intriguingly, a minimal
sequence length seems to be required for successful circularization, as single-exon circRNAs were pro-
cessed from one unusually long exon, whereas multi-exon circRNAs were generated by several shorter
exons (Figure 1G). This is in line with observations in human circRNAs (Zhang et al., 2014). Previously, phar-
macological inhibition or depletion of the spliceosome was shown to either decrease (Starke et al., 2015) or
increase the expression of the circRNAs tested (Kramer et al., 2015; Liang et al., 2017; Stegeman et al.,
2018). However, we found that reduced spliceosome activity has distinct effects on circRNA expression:
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whereas some circRNAs become up- or down-regulated, others remain unchanged in their expression level
(Figure 2A). We successfully validated our results using several independent methods and further ruled out
potential contribution of circRNA accumulation to the up-regulation during the Isoginkgetin treatment
(Figures 2B, 2D, 2E, and 2H). It could be that the extent of spliceosome inhibition we achieved differed
from those of previous studies or that reduced spliceosome activity affects circRNA biogenesis in distinct
species differently. However, our RNA-seq approach offers two advantages over existing studies: first, we
captured a wider view of the expression changes of the circRNA landscape after spliceosome inhibition.
Second, the identification of hundreds of changed and unchanged circRNAs enabled us to investigate
gene features that determines the directionality of their regulation.

To this end, we focused on the characterization of the introns flanking circularizing exons, as they can
facilitate back-splicing (lvanov et al., 2015; Jeck et al., 2013; Liang and Wilusz, 2014; Zhang et al.,
2014, 2016). Interestingly, flanking introns of up-regulated circRNAs were nearly double the length
of flanking introns of all other circRNA populations and harbored 57% more repeat elements and
reverse complementary motifs than the unchanged circRNA population (Figures 3A, 3C, and 3D).
When we looked into the type of repeats, we found that certain repeat classes and families were enriched
in up-regulated circRNAs (Figure 3E). While we detected inversely oriented Alu repeats (Figure S3G),
which have been previously associated with facilitation of circRNA biogenesis (Jeck et al., 2013; Liang
and Wilusz, 2014; Zhang et al., 2014), we also identified many new repeat elements that may benefit
exon circularization, such as LINE (L1) and long terminal repeats (ERVL_MALR, ERVK). For the investiga-
tion of the structural properties of flanking introns, we had to restrict the analysis to the 66 shortest in-
trons of up-regulated and an equivalent number of unchanged circRNAs. Here, we found that unchanged
circRNAs were predicted with slightly lower norm.MFE than the tested up-regulated circRNAs
(Figure S3H).

We propose that under conditions of reduced spliceosome activity, when introns become strongly retained
(Figures S3C-S3E), long and repeat-rich flanking introns can interact easier with another and thus facilitate
the processing of their cognate circRNAs. Following our hypothesis, a modulation of transcription rate
would also affect intron retention and therefore circRNA formation. Indeed, we observed a significant in-
crease in circHomer1 expression when RNA polymerase 2 was over-expressed in primary neurons (Figures
S3land S3J). Along the same line, increase of transcription speed in 293T cells has been previously shown
to enhance the production of some circRNAs (Zhang et al., 2016).

We propose the following working model based on our observations (Figure 4): The pre-mRNA transcript is
spliced into mRNA or circRNA isoforms. Under conditions of normal spliceosome activity, introns are removed
in a timely fashion thus reducing the opportunity for back-splicing to occur. Under these conditions the pro-
duction of circRNAs flanked by short and long introns is balanced. Isoginkgetin interferes with the spliceo-
some assembly (O'Brien et al., 2008). As a consequence, introns are retained for longer. circRNA flanked
by long and repeat-rich introns will benefit from these conditions, as the opportunity for their flanking introns
to interact with another increases, therefore enhancing the biogenesis of their cognate circRNAs. As the inter-
action with intron features can affect how the spliceosome processes the circRNA, our findings show that a
delicate interplay between biogenesis factors determines the circRNA output of a given gene loci. Our model
is in line with previous work in Drosophila (Liang et al., 2017) - suggesting that the regulation of circRNA bio-
gensis is evolutionarily conserved across species. Many human diseases are closely linked to a disruption of
the basal splicing machinery, such as retinitis pigmentosa and spinal muscular atrophy (Faustino and Cooper,
2003). It will be interesting to investigate the expression of circRNAs under these pathological conditions, as it
may shed light on the role of circRNA abundance on disease states and their potential as targets for designing
therapeutic approaches.

Limitations of the Study

In this study, we described the role of the spliceosome on circRNA formation in primary hippocampal neu-
rons, specifically the fact that under conditions of reduced spliceosome activity the generation of neuronal
circRNAs flanked by long and repeat-rich introns becomes favored. As our experiments were performed on
cultured neurons, future studies would be needed to confirm similar regulation in vivo. Moreover, it is
known that the expression of circRNAs varies across distinct brain regions (Rybak-Wolf et al., 2015; West-
holm et al., 2014; You et al., 2015). Therefore, it would be interesting to investigate how reduced splicing
activity affects circRNA formation in different brain areas.
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METHODS

All methods can be found in the accompanying Transparent Methods supplemental file.
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Figure S1 (related to Figure 1). Optimization of Isoginkgetin treatment conditions, reproducibility
of RNA-seq and transcript feature expression. (A) gRT-PCR validation of the efficiency of
spliceosome inhibition by treating primary neurons with different Isoginkgetin concentrations and
durations. Strongest increase of ActB pre-mRNA measured after 24h treatment with 33uM Isogingketin
(***p < 0.0001, *p < 0.05, one-way ANOVA followed by Bonferroni multiple comparisons test, n = 3).
Error bars represent s.d. (B) Correlation of RNA-sequencing between replicates and conditions. Values
on x- and y-axis denote the log10 transformed raw mRNA counts (Pearson’s correlation). (C)
Differential expression of transcript features in Isoginkgetin vs control condition. Red dots indicate
significantly up-regulated and blue dots significantly down-regulated transcript features. Grey dots show
transcript features that are un-changed. (D) Violin plot showing the fold-change distribution of total
mRNA, mature mRNA, pre-mRNA and introns. Red dots indicate median.
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Figure S2 (related to Figure 2). Quantification of circRNA and parent mRNA expression changes,
exon features of regulated circRNAs, identification of validation targets and FISH probe
specificity. (A) Pie chart showing the fraction of significantly up- and down-regulated circRNAs
grouped according to the direction of the circRNA and parent mRNA modulation. (B) Bar graph showing
the fraction of circRNAs in regulated and un-changed groups that consists of a single exon, multiple

exons or mixed introns and exons. (C) Exon length distribution of single- and multi-exon circRNAs
between regulated and un-changed groups (ns > 0.05, Kruskal-Wallis test followed by Dunn’s multiple

Scramble probe




comparisons test). (D) Scatterplot of log2 fold-change between circRNA expression (x-axis) and parent
mRNA expression (y-axis). Red dots indicate the four candidates choosen for qRT-PCR validation. (E)
High-resolution in situ hybridization of scrambled negative control probe in control, Isoginkgetin, and
Isoginkgetin and transcription-inhibitor treated neurons. Neuronal somata and dendrites were identified
using MAP2-immunostaining. Scale bar = 25 ym. Box-plot whiskers show minimum, first quartile,
median, third quartile, and maximum of a set of data (C).
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Figure S3 (related to Figure 3). Characteristics of circRNA flanking introns and differentially
expressed introns, and RNA-Pol2 over-expression analysis (A) Length distribution of middle introns
compared to all introns and flanking introns of up-regulated circRNAs. No significant difference in middle
intron length was observed between all circRNA middle introns, middle introns of un-changed circRNAs
and up-regulated circRNAs (*** p < 0.0001, ns > 0.05, Kruskal-Wallis test followed by Dunn’s multiple
comparisons test). (B) Up- and downstream flanking introns of up-regulated circRNAs share a similar
length (ns > 0.05, Wilcoxon-matched pairs signed rank test). (C) Differential expression analysis of
individual introns between Isoginkgetin and control condition. Orange dots indicate significantly up-
regulated introns and blue dots significantly down-regulated introns, respectively. Grey dots are un-
changed introns. (D) Frequency of intron number occurrence of Isoginkgetin- (orange bars) and control-
enriched introns (blue bars). Frequency of intron occurrence of all detected introns is shown in grey.
(E) Cumulative frequency plot of binned intron length for Isoginkgetin- and control-enriched introns. (F)
Up- and downstream flanking introns of up-regulated circRNA harbor similar number repeat elements
(ns > 0.05, Wilcoxon-matched pairs signed rank test). (G) Fraction of flanking intron pairs that
possessed complementary, non-complementary or single Alu repeats. (H) Structural properties of
flanking introns of up-regulated (orange) and un-changed (blue) circRNAs. Un-changed circRNAs
showed lower norm.MFE compared to up-regulated circRNAs (*p < 0.05, unpaired t-test, two-tailed, n
=66 and 63). (I) CTD Ser5 phospho expression (magenta) was significantly increased in the nucleus 4
days post-transfection of positively transfected neurons (green). Neuronal somata and dendrites were
identified using MAP2-immunostaining (***p < 0.0001, Mann Whitney U test, n = 98 and 98). Scale bar
= 25 um. (J) RNA-Pol2 over-expression caused increased levels of circHomer1 (*p < 0.005, Mann
Whitney U test, n = 45 and 92). Scale bar = 25 ym. Box-plot whiskers show minimum, first quartile,
median, third quartile, and maximum of a set of data (A, B, F, H, I, J).



Supplemental Table

DMSO Isoginkgetin [33uM]

Replicate 1 | Replicate 2 | Replicate 3 | Replicate1 | Replicate2 | Replicate 3
total number of | 48775167 | 45505590 | 79203700 | 46558089 | 45724427 | 21831475
reads
number of 46902334 | 42075498 | 75172588 | 42708588 | 42337404 | 20194243
mapped reads
number of 38566396 | 30894509 | 48283505 | 25809414 | 29450692 14387638
uniquely
mapped reads
exon-body 17912355 | 14989485 | 22172891 9818742 11423787 | 5255304
reads
exon-exon 7656382 6343313 9500829 4012615 4492982 2194226
junction reads
intron body 3968750 2614698 4949182 3145322 3505727 2217062
reads
exon-intron 547044 481658 867525 563174 572267 319903
junction reads
back-splice 24155 18060 25692 23244 27633 15986
junction reads
number of 14382 11066 14984 14520 16603 11946
circRNAs
detected
number of 5384 6426 6014 6481 5238
circRNA host
genes

Table S1 (related to Figure 1). Details on RNA-seq samples

circRNA Primers
cHomer1 AACACCCGATGTGACACAGA
GCTCGAGTGCTGAAGATAGGTT
cKihi2 TGGACCCTGAGGATGCTAAT
TCTGATGACCCTGCTTTGTG
cGigyf2 AAAGATGTAGGCTCCGTGCT
TCGGCCATATCGATAATCTGCT
cHook3 ACAAGAGACAGACTAGAAGCAG
CATCGTTCTGTTGCCGAAGC
mRNA Primers
pre-ActB (1) GCCAGTGCTGAGAACGTTGTT
CGCCCACGTAGGAGTCCTT
pre-ActB (2) TGTGGCTTTAGGAGCTTGAC
CTGGGGTGTTGAAGGTCTC
ActB GGGTATGGGTCAGAAGGACT
GGGTACTTCAGGGTCAGGAT
pre-Atp5i CCGGTACTCCGCTCTGAT
CCTCCCAATCCCCAAACT
Atpbi GGCAGAGGAGGAGAGAAGAA
TCTCTCAATCCGTTTCAACTCA
Homer1 GAGCTGGAAGAGACCCTAAAAG
TCAAAGAGTCCCTCTGTTCTTG
Kihi2 TGTGAAGAAGACATGCTGTGAA
TTTATTCAGGAGGTCTGTGCAT
Gigyf2 TTGCTGAAAACCTCTTGCTGTG
TGCTGCCATTCTTCTCCGTA
Hook3 GACATTTGCAACTTCAGACCCA




| | GCCATCCTGGCACCCTCTAT |

Table S2 (related to Figure 1 and 2). List of circRNA and mRNA gRT-PCR primers

circRNA Probes
cHomer1 TTTCACATAGGGAACAACCT
scramble control GTGTAACACGTCTATACGCCCA

Table S3 (related to Figure 2). Sequence of circRNA FISH probes



Transparent Methods

Primary hippocampal neurons. Hippocampi from postnatal day 0-1 rat pups of either sex (Sprague-
Dawley stain; Charles River Laboratories) were dissected and dissociated with papain (Sigma). For
RNA isolation, neurons were plated at a density of 700K onto a 6¢cm poly(D-lysine)-coated petri dish.
For fluorescence in situ hybridization (FISH), 30K cells were plated onto a poly(D-lysine)-coated glass-
bottom Petri dish (MatTek). Hippocampal neurons were maintained at 37°C and 5% CO2 in growth
medium (Neurobasal-A supplemented with B27 and GlutaMax-I, Life Technologies).

Pharmacological treatments. To test the efficiency of spliceosome inhibition, neurons grown in 6¢cm
petri dishes were treated at DIV28-30 i) with 33uM or 50uM Isoginkgetin (Merck, dissolved 0.1% v/v in
DMSO) for 12h or ii) with 33uM or 66uM Isogingketin for 24h. Neurons treated with 0.1% v/v DMSO
(VWR) for the matching duration of 12h or 24h were used as negative controls. Cells were scraped
using Trizol (Invitrogen) followed by RNA extraction and gRT-PCR. The treatment with 33uM
Isoginkgetin for 24h resulted in the strongest spliceosome inhibition and was applied for the RNA-seq
and in situ hybridization experiments. To inhibit transcription and splicing, neurons were incubated
with Isoginkgetin and a cocktail of 40uM Actinomycin D (Sigma), 1uM Triptotide (Sigma) and 50uM
5,6-Dichlorobenzimidazole (Sigma) for 24h.

FLAG-Pol2 over-expression analysis. Cultured hippocampal neurons were co-transfected using
Magnetofectamine (OZ Biosciences) at DIV 9-12 with 0.5ug of pAcGFP1-N1 (Clontech) and 1ug of
FLAG-Pol2-WT plasmid construct (a gift from Benjamin Blencowe (Addgene plasmid #35175, Rosonina
and Blencowe, 2004)). Immuno-staining against RNA-Polymerase || CTD (Abcam ab5131, 1:2000
dilution) and high-resolution in situ hybridization were performed 4 days post-transfection to quantify
RNA-Polymerase Il and circHomer1 expression, respectively.

SF3A2 and SF3B1 knock-down analysis. Cultured hippocampal neurons were transfected at DIV 9-
12 with 1ug of SF3A2, SF3B1 or scrambled control shRNA-plasmid constructs (OriGene) using
Magnetofectamine (Oz Biosciences). Knock-down efficiency was quantified after 4 days by
immunostaining against SF3A2 (Thermofisher PA5-61969, 1:500 dilution) or SF3B1 (Abcam ab172634,
1:500 dilution). To quantify circHomer1 expression high-resolution in situ hybridization was performed.

RNA isolation and RNA-sequencing. Neurons were scraped using Trizol (Invitrogen) and RNA was
extracted following the manufacturer’s protocol. RNA clean up including the on-column DNase | digest
was performed using the RNeasy Mini kit (QIAGEN). Ribosomal RNA was depleted using the
RiboZero Gold kit (Epicentre Bio-technologies). RNA-seq library was then generated using Illlumina
stranded RNA Sample Prep kit according to the manufacturer’s instructions and sequenced for 150nt
from single end on an lllumina HiSeq2000.

Transcript feature identification and differential expression. After removing the Illlumina
sequencing adaptor, the reads were aligned to the rat (rn5.0) genome reference sequences using
STAR aligner (Dobin et al., 2013). We used the BEDTool software suit (Quinlan and Hall, 2010) to
annotate each read by intersecting its genomic coordinates with the Ensembl gene annotation for rat
(ro5.0). To identify and count the reads that mapped to the exon- and intron-body, as well as exon-
exon and exon-intron junction, we applied a custom script. To evaluate the differential expression of
total mMRNA, pre-mRNA, mature mRNA and introns between the Isoginkgetin and control conditions,
we input the summed exon-exon and exon-intron junction reads, exon-intron junction reads, exon-
exon junction reads and intron-body reads per transcript into the edgeR software (Robinson et al.,
2010). Transcript features were filtered (CPM >1, detected in 4 out of 6 replicates) and library size
adjusted. Model fitting and testing was performed using the exactTest function. A false discovery rate
(FDR) of < 0.05 was used to determine differentially expressed events.

circRNA identification and differential expression. Using a custom script, chimeric aligments from
a Chimeric.out.junction file were converted into BED12 files. The BEDTools software suit was
employed to annotate the reads by intersecting their genomic coordinates with the Ensembl gene
annotation for rat (rno5.0). If partial aligned segments within a chimeric read were i) at least 20bp
long, ii) mapped to the same chromosome and strand, iii) showed the presence of a splice junction
and iv) originated from the same gene but in reversed order, they were kept as back-splice junction
read supporting the expression of a circRNA. Back-splice junction reads mapping to the X and Y
chromosome, as well as mitochondrial chromosome were removed. Only circRNAs that were present



with at least 1 unique read in all replicates and conditions were used for further analyses. To evaluate
the differential expression of circRNAs between the Isoginkgetin and control conditions, we input the
back-splice junction reads and exon-exon junction reads of the parent mRNAs into the edgeR
software. Model fitting and testing was performed using the exactTest function. Due to the low
number of reads that were used as input, we decided to use a P value instead of false discovery rate
(FDR) to determine differentially expressed events. The significance threshold value was set to 0.05.

Exon and intron feature analyses. The length of all rat exons and introns were determined using the
Ensembl gene annotation for rat (rno5.0). The identity of the exons spanning the back-splice junction
was used i) to distinguish between circRNAs comprised of a single exon or multiple exons, and ii) to
identify the upstream and downstream flanking introns. A separate list of all introns located between
the upstream and downstream flanking intron (a.k.a middle introns) was generated. The length of
circRNA exons, flanking introns and middle introns were determined by cross-referencing their identity
with the list containing the length of all rat exons and introns. Differentially expressed introns were
identified as described above. However, instead of using intron-body reads per transcript, we applied
the counts of each intron, together with all other transcript features as an input into the edgeR
software. Length for up- and down-regulated introns was determined using the Ensembl gene
annotation for rat (rno5.0).

Repeat feature analyses. A list of repeat family and class, and their coordinates in the rat genome
were obtained using the repeatMasker track of the UCSC table browser. Subsequently, the number of
repeat families present in each circRNA flanking intron and the frequency of repeat family occurrence
per 1kb intron length was determined. To calculated the average number of repeats per intron, we
normalized the total number of each detected repeat family to the number of introns for up-regulated,
un-changed and all circRNAs.

Reverse complementary motif (RCM) analysis. |dentification of reverse complementary motifs was
conducted as previously described (Ivanov et al., 2015; Zhang et al., 2014). In short, intron
alignments using BLAST (Altschul et al., 1990) were carried with the parameters "blastn -word_size 7
-gapopen 5 -gapextend 2 -penalty -3 -reward 2” and only local alignment with a BLAST score >25
were kept.

Alu repeat analysis. Orientation of Alu repeats in flanking intron pairs was determined as described
previously (Jeck et al., 2013). In brief, paired flanking introns were analyzed for repeatMasker Alu
elements using the BEDTools software suit. When at least one plus and one minus stranded Alu
family element were detected on either side of the flanking introns a complementary Alu pair was
identified. Alu repeats that showed the same orientation were termed non-complementary. Single Alu
repeats were designated as those that were found in one of the flanking introns but not both.

Minimum free energy calculation. RNA-fold was used to calculate the minimum free energy per intron
sequence (Lorenz et al., 2011). Only sequences with a size ranging from 100-10000nt were included
into the analysis. Obtained MFE values were normalized to intron length.

RNase R treatment. Total RNA (3ug) was incubated for 45 min at 37°C with 10 U of RNase R
(Epicentre). RNA was subsequently purified using the RNA Clean and Concentrator kit (Zymo
Research) according to manufacturer’s protocol. Reverse transcription was performed using the
QuantiTect Reverse Transcription kit (QIAGEN).

cDNA synthesis and Quantitative real-time PCR. RNA was isolated as described above. Reverse
transcription was performed using the QuantiTect Reverse Transcription kit (QIAGEN). For circRNA
detection, the primers were designed to amplify the back-splice junction. To quantify the parent
mRNA, the primers were designed to amplify the exon-exon junction upstream or downstream of the
back-splicing exons.

High-resolution in situ hybridization in primary hippocampal neurons. Cultured neurons were
fixed for 25min in 4% paraformaldehyde/PBS. The in situ hybridization was performed using the
ViewRNA miRNA ISH Cell Assay kit (Thermo Fisher Scientific) following the manufacturer’s protocol,
omitting the dehydration/rehydration step as well as the protease treatment. Dendrites were then
stained with an anti-MAP2 antibody (Millipore AB5622, 1:1000 dilution).



Image acquisition and processing. Confocal microscopy was performed using a Zeiss LSM880
confocal laser fluorescence microscope system. Maximum intensity projections of image series of 20-
32 confocal planes taken at 0.485um intervals using a 40x oil immersion objective were used for
image analysis. The circRNA in situ signal in the cell body was quantified using a custom MATLAB
script and normalized to cell body area.

Statistical analysis. After pretesting the normality of each dataset using the D’Agostino-Pearson-test
and Kolmogorov-Smirnov-test, the following statistical analyses were conducted: two-tailed unpaired
t-test (Figs.1B,C, E and 2A,B,C), Mann-Whitney U-test (Figs.2F,G,H, 3D and suppl.Fig.3I, J),
Kruskal-Wallis test followed by Dunn’s multiple comparisons test (Figs.1G, 2E, 3A,B,C and suppl.
Figs. 2C, 3A), one-way ANOVA followed by Bonferroni multiple comparisons test (suppl.Fig.1A) and
Wilcoxon-matched pairs signed rank test (suppl.Fig3B,F). In Figs.1G, 2A,E,F,G,H, 3A,B,C,D and
suppl.Figs.2C, 3A,B,F,l,J box-whiskers plots show minimum, first quartile, median, third quartile, and
maximum.

Data and Software availability.

The accession number for the raw sequencing data reported in this paper is NCBI BioProject:
PRJNA561523. Processed data used for analyses in this manuscript are included in Data S1. All
scripts used are briefly described in methods, and will be available upon request.
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