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Abstract

Circular RNAs (circRNAs) are a newly appreciated class of RNAs that are
expressed in a wide range of organisms, tissues, and disease states. The factors
regulating circRNA biogenesis are poorly understood. CircRNAs are typically
produced from exons of protein-coding genes through a process termed
backsplicing. CircRNAs are enriched in the brain compared to other tissues in
humans, and increase globally in expression during neuronal differentiation. In
Chapter 2, we discovered that the neural-enriched splicing factor NOVA2
positively regulates hundreds of circRNAs in the developing mouse brain. We
found that this regulation occurs through NOVA2 binding within introns flanking
circRNA loci. This work identified the first RNA binding protein that facilitates
circRNA enrichment in the mammalian brain.

CircRNAs accumulate during aging across various organisms, especially
in the brain. What functions, if any, do these age-related circRNAs have? A
considerable roadblock to studying circRNA function has been the difficulty to
establish circRNA-specific mutants. In Chapter 3 we identified sequences in
introns that were important for circularization of two age-regulated circRNAs
expressed from the crh-1 gene in the nematode C. elegans. Using CRISPR-
Cas9, we generated intronic deletions that completely abolished crh-1 circRNAs
without interrupting linear crh-1 mRNA expression. Remarkably, we found that
elimination of these circRNAs increased mean lifespan in C. elegans, suggesting

that they contribute to age-related decline.
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CHAPTER 1: REGULATION AND FUNCTION

OF CIRCULAR RNAS

INTRODUCTION

Normal cell function depends on the accurate, timed expression of both
protein-coding RNAs (mRNAs) and non-coding RNAs (ncRNAs). ncRNAs
participate in a diverse array of functions ranging from transcriptional regulation,
to RNA processing and translation. Circular RNAs (circRNAs) represent one of
the many unique subcategories of ncRNAs with largely uncharacterized
functions. Recent advancements in RNA-sequencing (RNA-seq) have uncovered
the true propensity of circRNA expression in vertebrate and invertebrate species
(lvanov et al., 2015; Jeck et al., 2013; Memczak et al., 2013; Rybak-Wolf et al.,
2015; Salzman et al., 2012; Westholm et al., 2014). Tens of thousands of distinct
circRNAs have been discovered in humans (Jeck et al., 2013; Memczak et al.,
2013; Rybak-Wolf et al., 2015; Salzman et al., 2012), exhibiting remarkable
stability compared to their protein-coding counterparts (Jeck et al., 2013), and
featuring unique secondary structures allowing them to participate in a wide-
range of cellular functions (Liu et al., 2019; Xia et al., 2018). Notably, circRNAs
are enriched in the brains of several mammals (Rybak-Wolf et al., 2015; You et
al., 2015; Zhou et al., 2018), including humans (Rybak-Wolf et al., 2015) and
dramatically accumulate during development and aging (Cortes-Lopez et al.,

2018; Gruner et al., 2016; Westholm et al., 2014; Xu et al., 2018; Zhou et al.,



2018). Novel roles for circRNAs are continuing to emerge and suggest that they

are integral to maintaining normal cellular homeostasis.

Formation of circular RNAs through backsplicing

Alternative splicing is an essential mechanism to regulate eukaryotic gene
expression, resulting in the generation of multiple mRNA species from a single
gene. Alternative splicing is pervasive, occurring in approximately 95% of human
genes (Pan et al., 2008; Wang et al., 2008). The splicing reaction is catalyzed by
the spliceosome, a large RNA-protein complex [reviewed in (Matera and Wang,
2014; Will and Luhrmann, 2011). Here, small nuclear ribonucleoprotein particles
(snRNPs), and non-snRNP components recognize short, conserved motifs at the
junctions between exons and intervening introns to inform the final sequence
content of a mature RNA. These motifs include the 5’ splice site (5’'ss) at the
beginning of an intron (most frequently a GT dinucleotide), the 3’ splice site (3’ss)
at the end of an intron (AG dinucleotide), the branch point adenosine, and the
polypyrimidine tract (Matera and Wang, 2014; Will and Luhrmann, 2011).
Additional cis-acting elements recruit trans-acting factors to further regulate final
sequence content (Matera and Wang, 2014; Will and Luhrmann, 2011).

Alternative splicing is typically carried out through one of four modalities—
cassette exons (exon skipping or mutually exclusive exons), intron retention,
alternative 5’ splice site usage and alternative 3’ splice site usage (Wang et al.,
2008) (Figure 1A). However, circRNAs are formed via a newly recognized type

of alternative splicing termed backsplicing. Here, the 3’ss (splice donor) of a



circularizing transcript covalently bonds an upstream 5’ss (splice acceptor) to
form a closed loop (Li et al., 2018) (Figure 1B). Circularizing exons are almost
always flanked by the canonical AG/GT splice signals suggesting circRNAs are
produced by the U2 spliceosome (Panda et al., 2017; Starke et al., 2015; Vo et
al., 2019). Supporting this hypothesis, Cef1-purified spliceosome in yeast was
shown recently to contain circRNA transcripts catalyzed by exon-definition
complexes (Li et al., 2019). In addition, isoginkgetin treatment which blocks
U4/U5/U6-tri-snRNP spliceosome assembly dramatically reduced nascent
circRNA production in HeLa cells (Starke et al., 2015). The efficiency of
backsplicing is low compared to canonical splicing (Zhang et al., 2016). Thus,
most circRNAs are typically lowly expressed compared to linearly spliced mRNAs
from the same gene (Guo et al., 2014; Salzman et al., 2013). However, due to
their circular nature circRNAs are relatively resistant to exoribonuclease
degradation and thus exhibit remarkably long half-lives in cells (Enuka et al.,
2016; Jeck et al., 2013). CircRNAs are not polyadenylated (polyA) and as a
consequence were often excluded from traditional polyA-selected RNA-seq
libraries. Advancements in RNA-seq technologies, such as total RNA-seq, which
depletes ribosomal RNA but leaves polyA and non-polyA RNA transcripts behind

have facilitated the detection of circRNAs in numerous organisms.
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Figure 1. Alternative splicing produces distinct linear and circular
transcripts. (A) Schematic of the four basic types of alternative splicing. Dotted
black lines indicate splice site usage. Dotted red line indicates retained intron
event. (B) CircRNAs are produced via backsplicing. In linear splicing (/eft), an
upstream splice donor (SD) is joined to a downstream splice acceptor (SA). In
backsplicing (right) the splice donor of exon 2 is covalently bonded to the
upstream splice acceptor to form a circular transcript. This reaction may be
facilitated by reverse complementary matches (RCM) present in the flanking
introns of the circularizing locus. (C) Schematic of a paired-end (PE) read

mapping to a linear spliced or backspliced transcript. In the linear spliced



transcript, read pair one (PE1) maps to exon 3 while read pair two (PE2) maps
downstream to exon 4. In backsplice read alignment, PE1 is split between exon 3
and exon 2 representative of a backsplice junction (BSJ). Upper panel, PE2
maps to internal circRNA sequence predicted by PE1, signifying a true positive
circRNA. Lower panel, PE2 maps outside of the predicted circRNA sequence,
signifying a decoy read or false positive. (D) Alternative backsplicing can result in

multiple unique circRNA isoforms.



Identification of CircRNAs by RNA-seq

In the last decade, several circRNA prediction programs have been
developed (Chen et al., 2021). CircRNA detection by RNA-seq relies on split
read alignments to the unique backsplice junction (BSJ) sequence (Figure 1C).
For example, in a multi-exon circRNA, the downstream exon would appear to
precede the upstream exon. These so-called “out-of-order exons” led to the
original identification of circRNAs in mammalian cells in the early 1990’s
(Cocquerelle et al., 1992; Nigro et al., 1991). When designing a total RNA-seq
experiment to identify circRNAs, there are some aspects that can help improve
circRNA detection outcomes. For instance, the use of paired-end reads, which
arise from sequencing a cDNA fragment from both ends, can improve sensitivity
by identifying decoy read pairs that align outside the predicted circRNA
sequence, and thus reduce potential false-positives (Figure 1C). In addition, high
sequencing depth (e.g., the total number of RNA-seq reads that can be allocated
to individual samples) can further bolster circRNA detection and quantification by
increasing the number of reads that can potentially align to the circRNA BSJ
sequence. After circRNAs have been identified and quantitated, additional
reduction of false positives can be achieved by applying minimum BSJ read
thresholds across individual samples and requiring that a circRNA is detected in
a minimum number of replicates. Lastly, as a result of their low expression, it is
important to validate circRNA expression trends from RNA-seq analyses. RNase-
R, a 3’ to 5’ exoribonuclease which degrades most linear RNAs in the cell, is

typically used in conjunction with RT-gPCR to validate the circularity of a putative



circRNA, as circRNAs are relatively resistant to RNase-R mediated degradation
(Jeck et al., 2013). Although not widely adopted, RNase-R may also be used
prior to RNA-seq to enrich for BSJ aligning reads, leading to more robust
quantification and improved sensitivity.

Due to the many total RNA-seq experiments that have been performed
and/or analyzed in search of circRNAs, we now know many features regarding
their sequence content, expression patterns, and biogenesis. For instance,
circRNAs can contain exonic, intronic or both sequences originating from their
parental gene (Figure 1D) and can undergo any of the four splicing modalities
common to linear AS (Gao et al., 2016; Xin et al., 2021). CircRNAs display
tissue-specific expression patterns (Barrett and Salzman, 2016; Ji et al., 2019;
Xin et al., 2021) and are enriched in the brains of several vertebrates including
rats (Mahmoudi and Cairns, 2019), mice (Ji et al., 2019; Rybak-Wolf et al., 2015;
You et al., 2015), rhesus macaques (Ji et al., 2019), and humans (Ji et al., 2019;
Rybak-Wolf et al., 2015). In a recent metanalysis of transcriptomic data from
several mammals, Ji et al. investigated orthologous genes between species that
produce circRNAs with 1) the same BSJ sequence and 2) share at least 90% of
circularized primary sequence. Here, 19% of circRNAs were found to be
conserved between humans and macaque, whereas only 4% of human
expressed circRNAs were also expressed in mice (Ji et al., 2019). This could
suggest that circRNAs are actively evolving and circRNAs conserved between
species might have essential physiological functions. Along these lines, less than

0.1% of circRNAs have been individually characterized. Leveraging



transcriptomic data to identify abundant, conserved circRNAs, enriched in
specific tissues such as brain will likely aid in identifying additional functional

circRNAs.

Intronic elements facilitate backsplicing

Exons that generate circRNAs are often flanked by relatively long introns
compared to non-circularizing exon controls (Ilvanov et al., 2015; Jeck et al.,
2013; Salzman et al., 2012; Westholm et al., 2014). Perhaps one of the earliest
examples of this arises from circSry, a single-exon circRNA expressed from the
mouse Sry gene discovered in 1993 (Capel et al., 1993; Dubin et al., 1995). This
abundant circRNA is flanked by long introns containing several complementary
sequences or reverse complementary matches (RCMs) that facilitate its
expression (Capel et al., 1993; Dubin et al., 1995). Fast-forward twenty years
later, and in vivo transcriptomic data generated by total RNA-seq from human
fibroblasts demonstrated that genome-wide, circRNAs have significantly longer
flanking introns (Jeck et al., 2013). Furthermore, flanking introns were 6-fold
more likely to contain complementary Alu sequences, a type of RCM, relative to
non-circularizing exons (Jeck et al., 2013). Similar results were obtained for
circRNAs expressed in human embryonic stem cells and pig cortex samples
(Veno et al., 2015; Zhang et al., 2014). In the nematode C. elegans, circRNAs
were also significantly more likely to be flanked by long introns (lvanov et al.,
2015). C. elegans lacks Alus and repetitive elements in general (Consortium,

1998; Sijen and Plasterk, 2003; Stein et al., 2003) and yet, circRNA flanking



introns were also found to be enriched for RCMs compared to control exons that
don’t circularize (Cortes-Lopez et al., 2018; lvanov et al., 2015). Together, these
data suggest that RCMs are a conserved feature for generating circRNAs.

It has been hypothesized that RCMs, including inverted repeats such as
Alus (IRAlus) facilitate backsplicing by bringing participating splice sites into
closer proximity. To provide direct experimental evidence for RCM-mediated
circRNA biogenesis, in vitro minigenes have been designed to express
endogenous circRNAs (Kramer et al., 2015; Liang and Wilusz, 2014). In short, to
generate a circRNA from an expression vector, the circularizing exon(s) and their
flanking introns (typically 500-1000 nucleotides (nt) upstream and downstream of
the terminal circularizing exons) are cloned into a plasmid backbone.
Transfection of such minigenes expressing circPOLR2A which harbors IRAlus in
its flanking introns, demonstrated that they were required for circPOLR2A
biogenesis, as IRAlu deletion resulted in complete loss of circPOLR2A
expression (Zhang et al., 2014). Furthermore, insertion of other RCMs (non-
IRAlus) into circPOLR2A flanking introns could also promote its circularization.
Similar results have been obtained for other circRNA expressing vectors (Kramer
et al., 2015; Liang and Wilusz, 2014; Liu et al., 2018). Recently, deletion of
intronic RCMs flanking the endogenous cia-cGAS locus was able to abolish its
expression in vivo (Xia et al., 2018), further supporting a model for RCM-
mediated backsplicing.

Since distal genomic regions within a circRNA-producing gene must be

transcribed before RCM secondary structure can form, this would suggest that
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circRNA-producing genes must be transcribed to full or near completion before
backsplicing can occur. In agreement with this supposition, Zhang et al.
demonstrated that the majority of human expressed circRNAs are generated
post-transcriptionally (Zhang et al., 2016). In PA1 cells, most circRNAs were
undetectable until 2-14 hours after their host gene were fully transcribed (Zhang
et al., 2016). In support, a separate analysis demonstrated that inhibition of the
co-transcriptional 3’-end processing factor Cpsf73 led to increased circRNA
expression (Liang et al., 2017). Yet there are always exceptions to the rule. A
small subset of human circRNAs in PA1 cells were co-transcriptionally produced
(Zhang et al., 2016), and numerous chromatin-bound circRNAs were discovered
in Drosophila head and mouse liver samples (Ashwal-Fluss et al., 2014).
Together, these data suggest that the majority of circRNAs in human are
produced post-transcriptionally. The relative proportion of co- versus post-
transcriptional processing in other organisms enriched with RCMs such as C.
elegans, has not been evaluated. It would be interesting to uncover sequence
characteristics that might predict whether or not a circRNA will be co- or post-
transcriptionally processed, and would aid in understanding the backsplicing

mechanism.

Backsplicing is regulated by RNA binding proteins

In contrast to circRNAs expressed in humans or C. elegans, the flanking
introns of Drosophila expressed circRNAs are not enriched for RCMs (Westholm

et al., 2014). Although this is not to say that RCM-mediated circRNA biogenesis
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does not occur in Drosophila. Expression of a circRNA produced from the
laccaseZ2 gene was shown to require intronic RCMs (Kramer et al., 2015). Thus,
while RCM-mediated circRNA biogenesis is not absent in Drosophila, it appeared
likely that a separate mechanism might be responsible for the majority of
circRNAs.

The absence of cis-elements that could facilitate circRNA biogenesis in
Drosophila led to the search for regulatory trans-acting factors. The most notable
case investigated the biogenesis of circMbl. circMbl, which lacks RCMs in its
flanking introns, is generated from the second exon of the muscleblind
(mbl/MBNLT) gene and is the predominant mbl/ transcript in Drosophila heads
(Ashwal-Fluss et al., 2014). Instead, several intronic MBL binding sites were
identified, suggesting that MBL might promote production of circMbl. To test this
hypothesis researchers overexpressed MBL in Drosophila S2 cells co-
transfected with a circMbl expression vector containing the putative MBL binding
sites. A concomitant increase in circMbl expression was observed (Ashwal-Fluss
et al., 2014). Mutation of MBL binding sites within the flanking introns of circMbl
abrogated most of this effect. In fact, insertion of MBL binding sites into introns
flanking an unrelated circ-exon led to the generation of a circRNA responsive to
MBL expression (Ashwal-Fluss et al., 2014). Thus, MBL was identified as the first
trans-acting factor to regulate circRNA expression.

Around the same time, the splicing factor Quaking (QKI) was found to
promote circRNA biogenesis transcriptome-wide during epithelial-mesenchymal

transition in human cells (Conn et al., 2015). Similar to the regulation of circMbl,
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circRNAs regulated by QKI were also found to contain QKI binding sites within
their flanking introns. The deletion of either the upstream or downstream QKI
binding sites alone in an artificial circRNA reporter construct dramatically reduced
the amount of expressed circRNA. Remarkably, insertion of QKI binding sites
around exons that do not typically circularize, resulted in efficient circRNA
expression (Conn et al., 2015). Given that QKI can form dimerize with itself
(Teplova et al., 2013), it has been proposed that QKI might facilitate circRNA
biogenesis by dimerizing across an exon. Although direct evidence for this is still
lacking, it remains an intriguing possibility.

It is apparent that splicing factors and other various RNA-binding proteins
(RBPs) have the ability to regulate circRNA expression in cases when intronic
RCMs are lacking. Yet RCMs and regulation by RBPs need not be independent.
Analyses performed in Drosophila found that multiple hnRNPs and SR proteins,
which direct pre-mRNA splicing patterns, can positively or negatively regulate
circRNA biogenesis even when RCMs are present (Kramer et al., 2015). This
suggested that some factors might act to strengthen or weaken existing intronic
base-pairing. Indeed, the double-stranded RNA (dsRNA) binding proteins
ADAR1 and ADAR2 which deaminates adenosines to inosines (A-to-l) (Kim et
al., 1994; O'Connell et al., 1995) were found to largely inhibit circRNA expression
in C. elegans and in mammalian cell culture (Ilvanov et al., 2015; Rybak-Wolf et
al., 2015). It was hypothesized that ADAR binding and subsequent A-to-I editing
within RCMs weakens overall base-pairing interactions. Accordingly, RCMs

within the flanking introns of circRNA loci expressed in C. elegans were found to
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be highly enriched for A-to-l editing events (lvanov et al., 2015). Analysis of
ADAR editing in human datasets also found a greater frequency of editing in
circRNA flanking introns relative to length-matched introns or other introns from
the same host gene, and these edits typically occurred within 200-600 nt of the
circularized exons (lvanov et al., 2015).

What other RBPs might regulate circRNA expression through binding
intronic complementary regions? To address this, Li et al. performed a screen of
RBPs in PA1 cells using biotin-labeled RNA pull-down assays with in vitro
transcribed RNA containing inverted repeats (Li et al., 2017a). Perhaps
unsurprisingly ADAR1 was among the top associated proteins (Li et al., 2017a).
In addition, the nuclear factors NFO0 and NF110 were also among the most
enriched. Depletion of either factor in HelLa cells resulted in a global trend
towards reduced circRNA expression (Li et al., 2017a). Thus, similar to what has
been found in C. elegans (Ilvanov et al., 2015), dsRNA binding proteins in human
cells can also interact with RCMs to either enhance or reduce their stability.

Given that circRNAs are regulated by frans-acting factors, it is likely that
naturally occurring mutations within these proteins would impact endogenous
circRNA expression patterns. A prime example is the splicing factor FUS. C-
terminal mutations in FUS result in its mislocalization to the cytoplasm where it
forms protein aggregates linked to amyotrophic lateral sclerosis (ALS)
(Kwiatkowski et al., 2009; Lenzi et al., 2015; Vance et al., 2009). ALS-causative
mutations in FUS also alter its splicing patterns (Groen et al., 2013; Sun et al.,

2015). In mouse-derived induced pluripotent stem cell (iPSC) motor neurons
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(MNs) loss of FUS resulted in downregulation of over 100 circRNAs (Errichelli et
al., 2017). Attempts to rescue downregulated circRNAs by overexpressing wild-
type FUS (FUSWT) or with FUS variants carrying ALS-linked mutations
demonstrated that only FUSWT was able to rescue circRNA expression. This
observation is likely due to reduced nuclear localization of FUS carrying ALS-
linked mutations (Kwiatkowski et al., 2009; Lenzi et al., 2015; Vance et al., 2009).
How well these results are reflected in human tissues is unknown. Regardless,
changes in alternative splicing underlie many neurological diseases (Vuong et
al., 2016), and some phenotypes might be attributable in part to dysregulated
backsplicing. These data leads one to ask what the functional consequences of

aberrant backsplicing are and what roles do circRNAs play within the cell?

CircRNA functions

A significant obstacle to addressing the question of circRNA function
relates to the difficulty in selectively disrupting backsplicing without affecting
linearly spliced transcripts from the same host gene. Knockdown of circRNAs by
shRNAs that target the unique BSJ sequence (Figure 2A) of circularizing exons
have been used extensively (Du et al., 2017; Pamudurti et al., 2020; Stoll et al.,
2018; Zheng et al., 2016). Interestingly, lentivirus-mediated expression of
shRNAs for in vivo knockdown of circRNAs expressed in mammalian tissues
have had limited success (Huang et al., 2017; Zimmerman et al., 2020). In

contrast, adeno-associated virus (AAV) expression constructs demonstrate
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efficient knockdown over long periods of time (Liu et al., 2017; Shan et al., 2017).
Thus, AAV constructs might have more utility for in vivo experiments.
Nonetheless, the BSJ sequence is not always amenable to unique siRNA/shRNA
design without off-targeting risks.

More recently, CRISPR-Cas9 editing has been used effectively to disrupt
backsplicing by deleting intronic cis-elements that facilitate circularization (Xia et
al., 2018; Zhu et al., 2019) (Figure 2A). In one instance, CRISPR was used to
delete an entire circRNA loci in mice (discussed below), when linearly spliced
transcripts from the circRNA locus were not detected (Piwecka et al., 2017).
Given the prevalence of intronic RCMs, the former strategy will likely become
more common moving forward.

CircRNAs were initially believed to act primarily as decoys for microRNAs
(miRNAs) (Figure 2B). This idea stemmed from the observation that two of the
earliest identified circRNAs, circSry and CDR1as (also known as ciRS-7)
harbored numerous binding sites for miR-138 and miR-7, respectively (Hansen et
al., 2013). In several instances circRNAs have been shown to act as decoys or
“sponges” for miRNAs, resulting in changes in cell proliferation (Zheng et al.,
2016), insulin secretion (Stoll et al., 2018), pluripotency (Yu et al., 2017), and
astrocyte activation (Huang et al., 2017) in vitro. However, it is unknown if these
aforementioned phenotypes persist in an in vivo context. Analysis of AGO2-CLIP
data to identify circRNA-miRNA interactions in HEK293 cells demonstrated that

no circRNAs stood out as having convincing sponge potential besides CDR1as
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Figure 2. CircRNA loss-of-function approaches and in vivo functions. (A)
(left) CircRNAs may be targeted for knockdown by shRNAs. Knockdown of the

circRNA transcript only, requires the design of ShRNA (red) specific to the unique
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BSJ sequence. shRNA (orange) targeting the shared mRNA and circRNA
sequence will reduce expression of both transcripts simultaneously. (right)
CRISPR-Cas9 targeting of intronic cis-elements, such as RCMs (green arrows)
flanking the circularizing exon (blue rectangle) can specifically reduce or abolish
circRNA expression without affecting the linear spliced transcript from the same
host gene. (B) CircRNAs possess diverse cellular functions including (a)
regulation of host gene transcription by exon-intron circRNAs (ElcircRNA), (b)
protein scaffolding, (c) formation of unique secondary structures to bind double-
stranded RNA-binding proteins (dsRBPs), (d) facilitate protein-protein
interactions and (e) sequester micro-RNAs (miRNAs) away from intended

targets.
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(Guo et al., 2014). Coupled with the low expression of most circRNAs, these data
suggest that miRNA sponging is not a general function of circRNAs. As stated,
one notable exception is CDR1as, which contains 73 conserved binding sites for
miR-7 and one conserved binding site for miR-671 in humans and is highly
abundant in the mammalian brain (Hansen et al., 2013; Piwecka et al., 2017).
Notably, the miR-7 sites are only partially complementary to CDR1as such that
miR-7:AGO2 complexes cannot degrade the circRNA. However, CDR1as can be
degraded by miR-671 (Hansen et al., 2011; Kleaveland et al., 2018).
Interestingly, genetic knockout of CDR1as in mice resulted in neuropsychiatric
disorders and reduced excitatory synaptic transmission (Piwecka et al., 2017).
This phenotype shown in CDR1as null mice was initially believed to result from
sponging of miR-7 away from its targets (Piwecka et al., 2017). However, more
recently it has been proposed that CDR1as acts as a vehicle to deliver miR-
7:AGO2 complexes to targets within neuronal processes, a complex mechanism
regulated at least in part by the long non-coding RNA, Cyrano (Kleaveland et al.,
2018). Cyrano is suspected to enhance miR-671 mediated degradation of
CDR1as through modulation of miR-7 expression. In Cyrano deficient mice, miR-
7 levels increase 40-fold (Kleaveland et al., 2018), which might facilitate
degradation of CDR1as by localizing more AGOZ2 to the circRNA for enhanced
miR-671 mediated degradation. Upon degradation by miR-671, it is hypothesized
that bound miR-7:AGO2 complexes would then be released to downregulate
target genes in neurons (Kleaveland et al., 2018). While experimental evidence

for miRNA delivery by CDR1as is incomplete, these data nonetheless indicate
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that circRNAs might be important for normal brain function and might interact
with other ncRNAs in complex regulatory networks.

In addition to interacting with miRNAs, circRNAs can also function as
protein scaffolds with diverse outcomes [for detailed review see (Huang et al.,
2020)] (Figure 2B). For instance, circFoxo3 forms a tertiary complex with cell
cycle proteins cyclin-dependent kinase 2 (CDK2) and cyclin-dependent kinase
inhibitor 1 (p21) to reduce cell cycle progression by inhibiting CDK2 (Huang et
al., 2020). circMbl, which is regulated by MBL protein, can also bind and
sequester MBL to negatively regulate the expression of mb/ mRNA (Ashwal-
Fluss et al., 2014). Similarly, circPABPN1 can regulate the expression of
PABPN1 by sequestering the RBP HuR (Abdelmohsen et al., 2017). Together,
these data suggest that circRNAs might act as post-transcriptional regulators of
gene expression.

A noteworthy subtype of circRNAs which contain both exon and intron
sequence (known as ElcircRNAs) further supports this hypothesis. Interestingly,
unlike most circRNAs which are localized to the cytoplasm (Li et al., 2015),
ElcircRNAs are enriched in the nucleus and can act to regulate transcription of
their host gene via interactions with RNA pol Il and U1 SNP (Li et al., 2015)
(Figure 2B). Recently, long-read sequencing from human tissues found
hundreds of putative ElcircRNAs (Panda et al., 2017). What fraction of these
ElcircRNAs are localized to the nucleus and/or regulate transcription? Unlike
miRNA sequestration, which likely requires multiple binding sites and relatively

high expression from the circRNA to achieve a measurable effect, transcriptional
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regulation does not necessarily require high expression. For instance,
ElcircRNAs, circEIF3J and circPAIP2 have estimated copy numbers around 20-
30 in HeLa cells (Li et al., 2015). There is also evidence that post-transcriptional
regulation of gene expression by circRNAs might have some protective effects.
In an analysis of samples obtained from patients with coronary artery disease
(CAD), patients with high expression of circANRIL were associated with reduced
CAD burden (Holdt et al., 2016). circANRIL sequesters pre-ribosomal assembly
factor PES1 which in turn increases pre-rRNA abundance and impairs ribosome
biogenesis, resulting in apoptosis (Holdt et al., 2016). Atherosclerotic plaques
from human samples found significant correlations between circANRIL levels and
pre-rRNA abundance (Holdt et al., 2016). This might suggest that circANRIL is a
protective factor against atherosclerosis by inducing apoptosis.

The majority of circRNA are lowly expressed relative to protein-coding
MRNAs from the same gene (Guo et al., 2014; Memczak et al., 2013; Salzman et
al., 2012; Szabo et al., 2015). Thus, how can transcripts present at only a few
copies per cell exert a measurable effect? Moreover, the primary sequence of
most circRNAs are shared with their more abundant mRNA counterparts. This
would suggest that the same circRNA:RNA or circRNA:protein interactions would
exist for the parental mMRNA as well. To overcome low expression, circRNAs
might act in cooperation to exert their function. In addition, circRNAs might also
form unique secondary structures to mediate distinct RNA or protein interactions
that do not occur in the linear mRNA (Figure 2B). Recently, this was found to be

the case many circRNAs expressed in PA1 cells (Liu et al., 2019). Upon viral
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infection or poly(l:C) stimulation circRNA expression is dramatically reduced (Li
et al., 2017a; Liu et al., 2019). This is largely a result of RNase L activation, an
endoribonuclease capable of degrading circRNAs (Liu et al., 2019). NFOO/NF110
regulate circRNA biogenesis in the nucleus (Li et al., 2017a), but shuttle to the
cytoplasm to perform antiviral activities (Harashima et al., 2010; Pfeifer et al.,
2008), and their export relies on phosphorylated protein kinase R (PKR). PKR
can bind both short (<33 bp) and long (>33 bp) dsRNAs, with only the latter
leading to its activation (Nallagatla et al., 2011; Zheng and Bevilacqua, 2004).
Many circRNAs were found to possess unique, short dsRNA duplexes able to
bind PKR without leading to its activation. Thus, under normal conditions
circRNAs act as endogenous PKR inhibitors, but upon viral infection and RNase-
L mediated degradation, allow PKR to bind viral dsRNAs and shuttle
NF90/NF110 to the cytoplasm (Liu et al., 2019). Intriguingly, overexpression of
circRNAs with short dsRNA duplexes in primary cells obtained from patients with
systemic lupus was able to suppress interferon gene expression (Liu et al.,
2019), suggesting they have therapeutic utility in autoimmune diseases.

To what extent circRNAs can act individually to modulate the innate
immune response is ongoing. Recently, the circRNA, cia-cGAS was shown to
protect long term hematopoietic stem cells from inflammatory-mediated
exhaustion (Xia et al., 2018). Similar to dsRNA-mediated PKR inhibition, cia-
cGAS forms a distinct dsRNA duplex that can bind cGAS protein, a cytosolic
sensor of foreign DNA that activates type | interferons, without leading to its

activation (Xia et al., 2018). In mouse intestinal cells, circPAN3 was shown to be
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required for maintenance of intestinal stem cells, through stabilization of IL-13
receptor subunit-a1 (Zhu et al., 2019). Together these results suggest circRNAs

are intimately involved in innate immune system function.

CircRNAs are upregulated during neural differentiation and

accumulate during aging.

Note, portions of the following text have been adapted from (Knupp and Miura,
2018).

A fundamental hallmark of circRNA biology is their enrichment in the
mammalian brain relative to non-neural tissues (Rybak-Wolf et al., 2015; Szabo
et al., 2015; You et al., 2015). During neural differentiation and synapse
maturation, the expression of hundreds to thousands of circRNAs dramatically
increase (Rybak-Wolf et al., 2015; Veno et al., 2015; You et al., 2015) and they
are often derived from genes with synapse or neuron-related functions (Rybak-
Wolf et al., 2015; You et al., 2015). Interestingly, many of these circRNAs are
enriched at synapses (Rybak-Wolf et al., 2015; You et al., 2015). For instance, in
mice circHomer1A was significantly upregulated in the dendrites of neurons
following their activation (You et al., 2015), suggesting circHomer1A might have
neural function. In some instances, the circRNA is primarily localized to the
synapse whereas the linear transcript from the same host gene is remains
cytoplasmic, as is the case for circStau2a (Rybak-Wolf et al., 2015). How

circRNAs are trafficked to synapses is unknown. It is possible that similar to
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circRNAs involved in immune function, distinct secondary structures form and
allow the binding of dsRBPs which mediate their independent transportation long
distances to synapses. Interestingly, circRNA accumulation in neurons is not
limited to development.

Compelling evidence has amassed in various animals showing that
circRNAs globally accumulate during aging (Cortes-Lopez et al., 2018; Gruner et
al., 2016; Hall et al., 2017; Westholm et al., 2014; Xu et al., 2018; Zhou et al.,
2018). In Drosophila, circRNAs in aging head samples (1, 4, and 20 days post-
eclosion) showed that 262 circRNAs were significantly upregulated >2-fold in 20-
day vs 1-day old samples (Westholm et al., 2014) thus uncovering a global age-
increase in circRNAs during aging. Moreover, the observed increases were
independent of general transcription of the circRNA hosting genes. These
findings have since been expanded to a study of aging Drosophila photoreceptor
neurons (Hall et al., 2017). Here, Hall et al. sought to identify gene expression
changes contributing to visual senescence in photoreceptor neurons at a
comprehensive set of ages—10, 20, 25, 30, and 40 days post-eclosion. CircRNA
profiling revealed an age-accumulation trend from 10-days to 40-days, extending
the findings from Westholm et al, and providing evidence that global circRNA
levels continue to increase from 20 days to 40 days of age in Drosophila. Since
nuclei of photoreceptor neurons were profiled in this study, this suggests that
age-accumulation trends found from whole Drosophila heads (Westholm et al.,

2014) might be largely attributed to accumulation in neurons.
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To determine if age-accumulation of circRNAs also occurs in mammals,
Gruner et al. profiled circRNAs in aging male C57BI/6 mice (Gruner et al., 2016).
Using total RNA-Seq, circRNAs were identified in the cortex, hippocampus, and
heart of 1-month old and 22-month old mice. Comparing the old and young time
points, a highly significant increase in circRNA expression was observed for
hippocampus and cortex samples. Similar to findings in fly, expression of the
host genes of the circRNAs was not biased toward upregulation, meaning that
the increase in circRNA expression was likely not due to increased transcription
from the host genes. In contrast to the findings in brain tissues, global circRNA
levels were unchanged in the hearts of young versus old mice—instead,
relatively equal numbers of circRNAs were found to increase or decrease with
age (Gruner et al., 2016). These results are in agreement with independent
studies conducted in rats and Rhesus monkeys which found that circRNAs
accumulated in aging brain tissue but not in other tissues such as muscle
(Abdelmohsen et al., 2015; Xu et al., 2018; Zhou et al., 2018).

Recently, circRNA profiling was performed in aging C. elegans (Cortes-
Lopez et al., 2018), a model organism which has had incredible utility with
respect to the study of aging (see below, C. elegans as a model for aging). In
contrast to previous studies, whole worms were profiled instead of brain tissue or
isolated neurons. Total RNA-seq profiling at larval stage 4 (L4), day 1, day 7, and
day 10 adults uncovered the strongest circRNA age-accumulation trend to-date
(Cortes-Lopez et al., 2018). Over 90% of circRNAs detected increased at least

1.5-fold between L4 and day 10.
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Together, these studies in C. elegans, Drosophila, mice, rats and Rhesus
monkey demonstrate that age-accumulation of brain-expressed circRNAs is a
phenomenon conserved across phyla. Importantly, all these studies provide
various levels of evidence that age-related circRNA increases were independent
from host gene expression. This means that most circRNA increases were not
due to transcriptional upregulation of the host genes.

What mechanisms might account for the increased levels of circRNAs
during development and aging? Due to their lack of free ends, circRNAs are
resistant to degradation from exoribonucleases (Jeck et al., 2013). This, coupled
with the post-mitotic nature of neurons, implies that the increased levels of
circRNAs reported in multiple animals could be a result of accumulation as
opposed to specific gene regulation. Following this logic, linear RNAs from the
circRNA host genes would be synthesized in post-mitotic cells, and degraded,
whereas the turnover of circRNAs in the same cells would be much slower.
When cells divide or die, the stable circRNAs are lost, which would imply that
post-mitotic cells would have more circRNAs than proliferative cells. Supporting
this line of reasoning, circRNAs are less abundant in proliferative cells
(Bachmayr-Heyda et al., 2015; Song et al., 2016) and are negatively correlated
with increasing numbers of proliferative, glial subpopulations in cultured cells
(Rybak-Wolf et al., 2015). The strong age-accumulation circRNA trends found in
whole C. elegans samples also supports this explanation as the majority of cells

in adult C. elegans are post-mitotic (Sulston and Horvitz, 1977).



26

Aging is associated with global changes in splicing patterns in multiple
organisms, including humans (Harries et al., 2011; Mazin et al., 2013; Rodriguez
et al., 2016). Since circRNAs are products of alternative splicing, it is reasonable
to assume age-related changes in back-splicing might contribute to the
progressive age-accumulation of circRNAs. As discussed, several RBPs and
splicing factors have been found to regulate circRNAs in both invertebrate and
vertebrate systems, and several are expressed in neurons (see section,
‘Backsplicing is regulated by RNA binding proteins’). However, until recently
(Knupp et al., 2021), no RBPs had been identified that could explain the in vivo
accumulation of neural expressed circRNAs in mammals (also see Chapter 2).
This coupled with the fact that 1) not all circRNAs are upregulated during aging
and 2) that some circRNAs increase or decrease in expression during brain
development (Veno et al., 2015) signifies that their accumulation cannot be solely
attributed to enhanced stability.

Future work is needed to understand the cellular and subcellular
expression patterns of circRNAs in aging animals. Fluorescence-activated cell
sorting (FACS) of brain cell populations including endothelial cells, neurons, and
glia followed by circRNA profiling by bulk RNA-seq or by single-cell RNA-seq

should elucidate cell-type specific differences in circRNA accumulation trends.

C. elegans utility for identifying functional age-related circRNAs

Research using C. elegans has contributed significantly to our

understanding of aging as a process regulated by distinct cellular pathways
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(reviewed in (Denzel et al., 2019)). C. elegans has several convenient features
that make them suitable as a system for basic aging research. 1) C. elegans is
easy and inexpensive to culture and handle. 2) exhibit a relatively short (~3 days
at 20°C) generation time and lifespan (~3 weeks at 20°C). 3) Possess distinct
tissues including a well-characterized nervous system of reasonable complexity.
4) Multiple quantitative phenotypes (ex. egg-laying, chemotaxis, foraging,
lifespan) amenable to forward and reverse genetic screens.

As discussed, circRNAs are dynamically expressed throughout C. elegans
lifespan and display the most robust accumulation trends of any organism to-date
(Cortes-Lopez et al., 2018). What functions, if any, do these age-related
circRNAs have? Can circRNAs act individually or collectively to extend lifespan
or are they are detrimental consequence of aging? Similar to mammals,
circRNAs expressed in C. elegans show significant enrichment for RCMs in their
flanking introns (Cortes-Lopez et al., 2018; Ivanov et al., 2015), which can be
targeted for deletion by techniques such as CRISPR-Cas9 to diminish their
expression. Given that genetic manipulation in C. elegans relatively faster than in
mammals, C. elegans is positioned as a premier model for assessing circRNA
function on a large scale at speed. Indeed, several circRNAs have already been
disrupted successfully in C. elegans through such an approach (Cao, 2021).
Thus, C. elegans is a relatively untapped resource suitable for the screening of

functional circRNAs.
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Concluding remarks

The circRNA field has progressed significantly in the last decade.
Previously regarded as transcriptional noise, circRNAs are now well established
as transcripts with tissue-specific expression patterns and diverse functional
potential. Past work on understanding the regulation of circRNA expression has
identified several cis- and frans-acting factors integral to circRNA biogenesis.
Hundreds of circRNAs are enriched in brain tissues and accumulate with age, yet
the mechanism underlying this neural enrichment or age-accumulation is largely
uncharacterized. Moreover, the function of nearly all neural expressed or age-
related circRNAs are unknown. Model organisms such as C. elegans are
powerful resources that will be instrumental in addressing these knowledge gaps.
To what extent circRNAs are involved in immunity and diseases is also emerging
and suggest that they might serve as future therapeutic agents or disease targets

or biomarkers.
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Overview

My dissertation research investigates two key aspects regarding circRNA
biology, 1) circRNA enrichment in the developing mammalian brain and 2) the
function of age-related circRNAs. To address point 1, | sought out to identify a
neural-expressed, trans-acting factor that could at least in part underlie the high
expression of circRNAs in the mammalian brain. To address point 2, | leveraged
the model organism C. elegans as a tool to investigate the function of age-
accumulating circRNAs.

Chapter 2: To identify a regulator of circRNA biogenesis in the brain we
initially reanalyzed publicly available total RNA-seq datasets from wild-type (WT),
NOVA1 and NOVAZ2 knockout embryonic whole cortex tissues. We found that
global circRNA expression was significantly reduced in NOVA2-KO but not
NOVA1-KO mouse cortex samples. Investigating NOVA2 datasets more closely,
we found a modest bias toward downregulation of circRNAs in the absence of
NOVAZ2. This suggests that NOVAZ2 is a positive regulator of circRNA biogenesis
in the developing mouse brain. We next analyzed published RNA-seq datasets
from FAC-sorted mouse embryonic cortical neurons from WT and conditional
NOVA2-KO mutants (NOVA2-cKO). Given that NOVAZ2 is a neuron-enriched
splicing factor, and that circRNAs are expressed in multiple brain tissues apart
from neurons, we expected more robust circRNA expression changes in sorted
neuron populations relative to whole cortex. We observed striking downregulation

of circRNAs in NOVA2-cKO sorted cortical neurons relative to the whole cortex
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dataset. We constructed backsplicing minigenes for an endogenous NOVA2-
regulated circRNA, circEfnb2 and found that intronic NOVAZ2-binding sites were
important for its regulation. We investigated NOVAZ2-regulation more generally
using artificial backsplicing minigenes and found that NOVAZ2 binding in both
flanking introns of the circularizing exon was important for NOVA2 regulation.
Lastly, we analyzed published NOVA2-CLIP data obtained from embryonic
cortical neurons and found that both introns flanking a NOVA2-regulated circRNA
were bound by NOVAZ2 at a significantly greater frequency than non-regulated
control circRNAs. In sum, we describe a novel role for NOVAZ2 in the regulation of
backsplicing and identified the first RBP to regulate circRNAs in the developing
mammalian brain and neurons.

Chapter3: We previously identified hundreds of circRNAs that
accumulated during C. elegans lifespan. Two of the most abundant, age-
accumulating circRNAs in this analysis are spliced from exon 4 of the crh-1 gene,
the CREB homolog in worms. We found that long intronic RCMs flanked the crh-
1 circRNA locus. We show that crh-1 circRNA biogenesis is regulated by the
dsRNA binding protein ADAR1. We hypothesized that the intronic RCMs flanking
the crh-1 circRNA loci likely mediated their expression. Thus, to disrupt circRNA
expression we deleted the downstream RCM using CRISPR-Cas9. We examined
two independent mutant alleles and found that circ-crh-1 expression was
abolished, without interrupting linear crh-1 expression or active CREB
expression. We found that both mutant lines had significantly longer mean

lifespans compared to WT worms. Rescue of crh-1 circRNA expression in
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neurons was able to partially reduce lifespan extension. RNA-seq of WT and
mutant worms identified hundreds of gene expression changes, implicating
involvement of the innate immune system and transcription factor hih-11. Our
work identified the first circRNAs with a lifespan related phenotype in a loss-of-

function scenario and suggests that crh-7 circRNAs are detrimental to C. elegans

longevity.
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ABSTRACT

Circular RNAs (circRNAs) are highly expressed in the brain and their
expression increases during neuronal differentiation. The factors regulating
circRNAs in the developing mouse brain are unknown. NOVA1 and NOVA2 are
neural-enriched RNA-binding proteins with well-characterized roles in alternative
splicing. Profiling of circRNAs from RNA-seq data revealed that global circRNA
levels were reduced in embryonic cortex of NovaZ2 but not Nova1 knockout mice.
Analysis of isolated inhibitory and excitatory cortical neurons lacking NOVAZ2
revealed an even more dramatic reduction of circRNAs and establishes a
widespread role for NOVAZ2 in enhancing circRNA biogenesis. To investigate the
cis-elements controlling NOVA2-regulation of circRNA biogenesis, we generated
a backsplicing reporter based on the Efnb2 gene. We found that NOVA2-
mediated backsplicing of circEfnb2 was impaired when YCAY clusters located in
flanking introns were removed. CLIP (cross-linking and immunoprecipitation) and
additional reporter analyses demonstrated the importance of NOVAZ2 binding
sites located in both flanking introns of circRNA loci. NOVAZ2 is the first RNA-
binding protein identified to globally promote circRNA biogenesis in the

developing brain.
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INTRODUCTION

Alternative splicing (AS) affects approximately 95% of human multi-exon
genes (Pan et al., 2008). Through AS, hundreds of thousands of RNA isoforms
with distinct structural properties, localization patterns, and translation
efficiencies can be expressed as protein isoforms with diverse functions
(Kelemen et al., 2013). In the mammalian nervous system, AS is especially
pervasive and highly conserved (Barbosa-Morais et al., 2012; Merkin et al.,
2012). During brain development, AS is responsible for establishing neuron-
specific splicing patterns at defined stages, and developmentally regulated
alternative exons have essential roles in synapse formation, neuronal migration
and axon guidance (Dillman et al., 2013; Mazin et al., 2013; Molyneaux et al.,
2015; Vuong et al., 2016). Stage-specific AS patterns during development are
controlled by RNA binding proteins (RBPs) enriched or specifically expressed in
neurons and are critical for proper development as their dysregulation underlies
many neurological disorders (Gehman et al., 2011; Licatalosi and Darnell, 2006;
Ruggiu et al., 2009; Saito et al., 2016; Shibayama et al., 2009).

Circular RNAs (circRNAs) are generated through backsplicing, a type of
AS (Li et al., 2018). During backsplicing, the downstream 5' splice site (SS)
covalently bonds the upstream 3' SS of a circularizing exon creating a closed
loop “circle” that is resistant to exoribonuclease digestion (Li et al., 2018). Most
characterized circRNAs are derived from annotated exons of protein-coding

genes, and many are independently regulated from their host genes and exhibit
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unique expression patterns over various time-points (Veno et al., 2015). Thus far,
ascribed circRNA functions include sequestration of microRNAs, translation of
small peptides, modulation of the immune response, and transportation and
scaffolding of RBPs (Abdelmohsen et al., 2017; Du et al., 2016; Hansen et al.,
2013; Holdt et al., 2011; Huang et al., 2015; Legnini et al., 2017; Li et al., 2017a;
Li et al., 2017b; Liu et al., 2019; Pamudurti et al., 2017; Yang et al., 2017).
CircRNAs are enriched in brain tissues on a genome-wide level (Memczak et al.,
2013; Rybak-Wolf et al., 2015; Westholm et al., 2014; You et al., 2015) and are
dramatically upregulated during neural differentiation and maturation (Rybak-
Wolf et al., 2015; Veno et al., 2015; You et al., 2015). CircRNAs are also found to
accumulate during aging and this trend appears to be specific to brain tissues
and neurons (Gruner et al., 2016; Hall et al., 2017; Knupp and Miura, 2018).The
functional significance of brain-expressed circRNAs is emerging, with only a
handful of circRNAs found to have roles in the nervous system (Piwecka et al.,
2017; Suenkel et al., 2020; Zimmerman et al., 2020).

Several, RBPs have been identified to regulate circRNA biogenesis,
including Muscleblind, Quaking (QKI), ADAR, FUS, and several hnRNPs and SR
proteins (Ashwal-Fluss et al., 2014; Conn et al., 2015; Errichelli et al., 2017;
Ilvanov et al., 2015; Kramer et al., 2015). However, investigation of circRNA
regulation by RBPs from in vivo brain or neuron datasets is lacking. There are
several well-characterized splicing factors with roles in the nervous system
including RBFOX1/2/3, PTPBP1/2, nrSR100/Srrm4, Hu proteins, and NOVA1/2

(Vuong et al., 2016). Deletion or dysregulation of any of these splicing factors
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results in serious and often lethal neurological defects (Vuong et al., 2016).
Among the best characterized neural-enriched splicing factors are the NOVA
proteins, which were originally discovered as autoantigens in patients with
paraneoplastic opsoclonus-myoclonus ataxia, a neurological condition
characterized by motor and cognitive defects (Buckanovich et al., 1993; Luque et
al., 1991; Yang et al., 1998). NOVA1 and NOVAZ2 are paralogues that bind
clusters of YCAY motifs to regulate alternative splicing (Buckanovich and Darnell,
1997; Buckanovich et al., 1996; Lewis et al., 2000). Knockout (KO) of either
paralogue in mice results in early lethality. This has been attributed to death of
motor neurons in the case of NOVA1 deficiency, and aberrant migration of
cortical and Purkinje neurons in the case of NOVA2 (Jensen et al., 2000a; Saito
et al., 2016; Saito et al., 2019; Yano et al., 2010). Although both proteins
recognize the same RNA binding motif, their expression is largely reciprocal. For
instance, immunohistochemical and in situ hybridization data indicate NOVAZ2 is
lowly expressed in midbrain and spinal cord, whereas high expression is
observed in the cortex and hippocampus. In contrast, NOVA1 is highly expressed
in the midbrain and spinal cord and is relatively low expressed in the cortex
(Saito et al., 2016; Yang et al., 1998). Furthermore, NOVA1 and NOVAZ2 appear
to have different splicing regulatory networks in the developing cortex itself (Saito
et al., 2016). More recently, conditional knockout (cKO) of NOVAZ2 in either
excitatory (Emx1+) or inhibitory (Gad2+) neurons led to thousands of AS events
that were largely unique to each cell-type (Saito et al., 2019). In addition, loss of

NOVAZ in excitatory neurons resulted in disorganization of cortical and
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hippocampal laminar structures, whereas this was not observed in NOVA2-KO
inhibitory neurons. These findings showcase the importance of examining AS
outcomes among different neuron subtypes.

Here, we examined circRNA expression in RNA-Seq data from mouse
cortex samples lacking NOVA1 or NOVA2. We found that the absence of NOVA2
caused a reduction in global circRNA levels. In sorted excitatory and inhibitory
neurons, NOVAZ2 loss was found to dramatically reduce circRNA expression.
These changes in circRNA levels were largely independent from transcriptional
changes or changes in linear alternative splicing. Using CLIP data and
backsplicing reporter analysis, we found that NOVA2 binding sites in the introns

flanking circRNA exons are important for NOVA-2 mediated circRNA biogenesis.

MATERIALS AND METHODS

Accession numbers

Wild-Type (WT), Nova1-KO and Nova2-KO whole cortex RNA-seq data were
obtained from Gene Expression Omnibus (GEO) under accession number
GSE69711. Fluorescence-activated cell sorted (FACS) sorted Nova2-KO neuron
RNA-seq datasets were obtained from GEO under accession number
GSE103316. For individual Sequence Read Archive (SRA) accession numbers

see Supplementary File S1.
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Mouse tissue preparation, RNA extraction, RNaseR Treatment,

and RT-qPCR

All procedures in mice were performed in compliance with protocols approved by
the Institutional Animal Care and Use Committee (IACUC) of the Rockefeller
University or the University of Nevada, Reno. Mouse tissue samples were
pulverized using a mortar and pestle on dry ice, and RNA was extracted using
Trizol (ThermoFisher Scientific). For harvesting cultured cells PBS washes were
performed followed by Trizol extraction. For RNase R treatment, 100ug total RNA
from cortex or cultured HEK293 cells was treated with or without 1uL of RNaseR
[20 U/ul] (Lucigen), plus 1.9uL RNaseOUT [40 U/uL] (ThermoFisher Scientific)
and 1pL Turbo-DNase [2 U/uL] (Invitrogen) in a 60pL reaction volume for 30
minutes at 37°C. RNase R reactions were terminated and RNA was purified as
previously described (Cortes-Lopez et al., 2018). Equal amounts of RNase R or
mock treated RNA served as input for cDNA preparation. PolyA+ RNA and
polyA- RNA was obtained using previously described methods (Cortes-Lopez et
al., 2018). Briefly, the NucleoTrap mRNA column-based kit (Machery-Nagel) was
used according to the manufacturers protocol. RNA present in the flow-through
(not bound to oligo(dT) beads) was precipitated to isolate the polyA- fraction. For
RT-gqPCR experiments, Turbo-DNase (Invitrogen) treated RNA was reverse
transcribed using random hexamers (Invitrogen) and Maxima reverse
transcriptase (ThermoFisher Scientific) according to the manufacturer’s

specifications. RT-qPCR was performed on a BioRad CFX96 real time PCR
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machine using SYBR select mastermix for CFX (Applied Biosystems). The delta
delta Ct method was used for quantification. Target gene expression for both
circRNA and host-mRNA expression was normalized to Gapdh. Experiments
were performed using biological triplicates. Student’s t-test (two-tailed and

unpaired) was used to test for statistical significance.

Cell Culture

HEK293 cells (ATCC) were cultured in DMEM (ThermoFisher Scientific) with
10% FBS (Atlanta Biologicals). HEK293 cells were transfected with NOVA2
expression plasmid or empty vector control (Gifts from Dr. Zhe Chen at
University of Minnesota) in addition to the circEfnb2 or circMini backsplicing
reporters, using PEI transfection reagent (Polysciences), and reduced serum
medium Opti-MEM (ThermoFisher Scientific). The cells were cultured for 24

hours prior to RNA extraction.

Northern Blotting

RNA samples were denatured by mixing with 3 volumes NorthernMax
Formaldehyde loading dye (ThermoFisher Scientific) and ethidium bromide (10
pug/mL) for 15min at 65°C. Denatured samples were loaded onto a 1% MOPS gel
with 1x Denaturing Gel Buffer (ThermoFisher Scientific) and ran at 102V for 60
min. RNA samples were transferred to a Cytiva Whatman Nytran SuperCharge

membrane (ThermoFisher Scientific) for 1.5 hours using a Whatman TurboBlotter
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transfer system (ThermoFisher Scientific) and NorthernMax Transfer Buffer.
Samples were then UV cross-linked with a Stratagene linker to the nylon
membrane prior to probe hybridization. Double-stranded DNA probes were
prepared by end-point PCR and labeled with dCTP [[1-32P] (PerkinElmer) using
the Cytvia Amersham Megaprimer labeling kit (Thermo Fisher Scientific)
according to manufacturer’s instructions. Blots were hybridized overnight in
ULTRAhyb™ Ultrasensitive Hybridization buffer (ThermoFisher Scientific) at
42°C. Following hybridization, blots were washed at room temperature 2x5 min in
a low-stringency buffer followed by 2x15 min in a high-stringency buffer at 42°C.
Blots were then exposed for 4-5 days to a GE Storage Phosphor screen
(Millipore Sigma) before imaging on a Typhoon™ FLA 7000 imager (GE). Probe

sequences are listed in Supplementary File S9.

RNA-Seq Analysis for CircRNA prediction, mapping and

differential expression.

For de novo identification of circRNAs raw FASTQ files were aligned to the mm9
genome using HISAT2 v2.1.0 (Love et al., 2014) (parameters: --no-mixed —no-
discordant). Unmapped reads were aligned using BWA v0.7.8-r455 mem and
CIRI2 v2.0.4 (Gao et al., 2018) was used to obtain a set of predicted circRNA loci
using default parameters. For alignment to circRNA junction spanning FASTA
sequence templates of 220 nt we used Bowtie2 v2.2.5 (Langmead and Salzberg,

2012) (parameters: -score-min=C,-15,0). After mapping, Picard
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(http://broadinstitute.github.io/picard) (parameters: MarkDuplicates
ASSUME_SORTED=true REMOVE_DUPLICATES=true) was used to remove
duplicates from our mapping data. To quantify the number of mapped reads for
each junction we used featurecounts v1.5.0 (Liao et al., 2014) (parameters: -C -t
circle_junction). mm9 circRNA coordinates were converted to mm10 genome-
build using UCSC liftover tool. All supplementary data tables are reported in

mm10 coordinates.

For each dataset (Nova7-KO vs. WT, Nova2-KO vs. WT, Nova2-cKQtdTemato;Emxi-
Creyvs. WT, Nova2-cKQtdTemato,Gad-Cre yg \WT) a cutoff of 6 reads across the 6
libraries for each condition (3 biological replicates per condition) was set. To
account for difference in library depth among samples, scaling by circRNA
Counts Per Million of reads (CPM) in each library was performed. Fold-change
CPM values were generated between KO and WT conditions. A cutoff of 2.0-fold-
change difference and significance threshold of P<0.05 via t-test was used
across the normalized CPM values to identify differentially expressed circRNAs.

Correction for multiple hypothesis testing was not performed.

The CircTest pipeline was performed to quantify host gene independent circRNA
expression patterns. DCC/CircTest v0.4.7 was used to quantify host gene read
counts. In accordance with DCC pipeline (Cheng et al., 2016), FASTQ files were
mapped with STAR 2.6.0b using the recommended parameters and aligned to

the GRCm38 genome. The circRNA and linear RNA counts obtained from DCC



43

were used as input for the Circ.test module (parameters: Nreplcates=3
filter.sample=4 filter.count =3 percentage = 0.1 circle_description=c(1:3)). To
define a circRNA as host gene independently expressed, we used the default
parameter, adj. P<0.05 (Benjamini-Hochberg correction). ggplot2 (Wickham,

2016) R packages and custom scripts were used to generate all plots.

Mapping and quantification of linear RNA expression

Reads were aligned to the NCBI37 reference genome using HISAT2 v2.1.0
(GENCODE annotations M1 release, NCBIM37, Ensembl 65). FeatureCounts
v1.5.0 (parameters -t exon -g gene_id) was used to obtain a counts table as input
for differential expression analysis. For differential expression analysis, DESeq2
v1.26.0 was performed using Benjamini-Hochberg correction and apegim
Bayesian shrinkage estimators with a 2.0-fold-change and adj. P<0.05 required
to consider a linear RNA as differentially expressed. For alternative splicing
analysis, the rMATS pipeline (Shen et al., 2014) was used to calculate significant
exon skipping events in Nova2-cKQtdTomatoEmxi-Cre yargys WT and Nova2-
cKQtdTomato;Gad2-Cre yarsys WT datasets. FASTQ files were mapped using STAR
2.6.0b using default parameters (parameters: --chimSegmentMin 2 --
outFilterMismatchNmax 3 —alignEndsType EndToEnd —runThreadN 4 —
outSAMstrandField intronMotif —outSAMtype BAM SortedByCoordinate —
alignSJDBoverhang 6 —alignintronMax 30000) and aligned to the
GRCm38/mm10 genome (GENCODE annotations vM22 release). rMATs-v.3.2.5

was used to discover significant alternative splice events under the default
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parameters. For post processing, we filtered the output file,
SE.MATS.ReadsOnTargetAndJunctionCounts.txt to contain skipping events with
FDR<0.01. Mapped circRNA BED files were converted to mm10 coordinates
using UCSC genome browser liftover tool. Then bedtools suite was used to find
overlap with significant exon skipping events. Overlaps were manually checked

using Integrative Genomics Viewer (IGV) (Qu et al., 2016).

NOVA2-CLIP analysis

cTag-CLIP data from excitatory (Emx1+) and inhibitory (Gad2+) neurons (Saito
et al., 2019) were used to examine overlap with NOVA2-regulated circRNAs.
Emx1+ and Gad2+ circRNAs that were NOVA2-regulated in both the CIRI2 and
DCC/CircTest analyses were chosen for comparison against non-differentially
expressed circRNAs (FC<1 and P>0.50) identified by CIRI2 (minimum average 3
BSJ counts per condition). First, we extracted intron coordinates from the UCSC
table browser. Next, Bedtools suite was used to extract upstream and
downstream introns flanking the circRNA loci. Finally, Bedtools suite was used to
identify the presence or absence of intronic NOVA2-CLIP peaks

(upstream/downstream or both flanking introns).

Backsplicing Reporter Assays

All plasmids are available upon request. The pUC19 plasmid backbone was used

to generate circEfnb2 and circMini backsplicing reporters with modifications.
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Briefly, the CMV enhancer/promoter region was amplified from the pcDNA3.0
backbone using Phusion High-Fidelity Polymerase (NEB) and subcloned into the
pUC19 vector upstream of the circEfnb2 or circMini backsplicing cassettes. In
addition, BGH and rB-Globin poly(A) sequences were subcloned downstream of
the backsplicing cassettes using synthetic gene fragments (gBlocks, IDT) for
transcription termination. All fragments used to generate the backbone vector
and subsequent backsplicing cassettes were cloned using the NEB Hifi assembly

kit (NEB) following the manufacturers protocols.

For circEfnb2 reporter three genomic fragments were amplified by PCR using
Phusion High-Fidelity Polymerase. The three genomic fragments (mm10
coordinates) are as follows: 1) Truncated upstream Efnb2 exon1 (81 bp) plus
downstream flanking intron (134 bp) (chr8:8660350-8660564); 2) circularizing
Efnb2 exon 2 (284 bp) plus partial upstream (448 bp) and downstream (475 bp)
flanking introns (chr8:8638731-8639937) and 3) truncated Efnb2 exon 3 (72 bp)
plus partial intronic upstream sequence (197 bp) (chr8:8623169-8623437);
(chr8:8660350-8660564). Initial transfection experiments with circEfnb2-WT
demonstrated two unintended backspliced products originating from the AmpR
cassette and non-coding sequence immediately downstream of the CMV
promoter when examined by RT-PCR. As a result, we introduced two silent
mutations into the AmpR coding sequence and deleted 115 bp of non-essential
sequence between the CMV promoter and circEfnb2 cassette. Follow-up

experiments showed all unintended backspliced products were abolished.
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Mutations located in the circEfnb2 introns were introduced by PCR amplification
of the pWT backbone using Phusion High-Fidelity polymerase and ligation with
gBlock donor DNA carrying point mutations targeting YCAY motifs. Mutations

were confirmed by Sanger sequencing.

To generate the artificial circMini-WT vector, two gBlocks consisting of full-length
GFP coding sequence, partial human ZKscan1 intron sequence and partial
Mboat2 intron sequence were cloned into the modified pUC19 vector described
above. We used the Berkeley Drosophila Genome Project splice prediction tool
(https://www fruitfly.org/seq_tools/splice.html) with default settings to guide GFP
and intron sequence modifications that would improve splicing efficiency and
prevent unintended splice products from being generated. In addition, existing
YCAY motifs were mutated to prevent NOVAZ2 binding. Artificial 10x YCAY
sequence was produced via gBlocks and were cloned 50 bp upstream (pMini-
UP), 49 bp downstream (pMini-Down) or in both locations (pMini-Both) in relation

to the circRNA loci.
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RESULTS

Global circRNA levels are reduced in Nova2-KO whole cortex

To investigate potential factors that might contribute to regulation of
circRNAs in the murine brain, we analyzed paired-end total RNA-seq data from
embryonic Nova7-KO and Nova2-KO mouse cortex samples for changes in
circRNA expression (Saito et al., 2016) (Supplementary File S1). These RNA-
seq libraries were generated using random hexamer-based priming as opposed
to oligo(dT) priming for cDNA synthesis, thus enabling detection of circRNAs
which are not-polyadenylated. CircRNAs were identified by back-splice junction
(BSJ) reads using the CIRI2 algorithm (Figure 3A). We set a minimum
expression threshold of 6 BSJ reads across the 6 libraries (minimum average of
1 read per biological replicate) for each dataset, resulting in 1565 and 3708
exonic circRNAs identified for the Nova1 and NovaZ2 datasets, respectively
(Supplementary File S2 and File S3). BSJ read counts were normalized to
library size to obtain Counts Per Million mapped reads (CPM). Global circRNA
CPM values were found to be significantly reduced in Nova2-KO samples
compared to controls (P<2.48x10-"", Wilcoxon-rank sum test with continuity
correction) (Figure 3B). In contrast, global circRNA levels were not altered in

Nova1-KO mice compared to controls (Figure 3B).
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(A) Schematic of forward-spliced and backspliced read alignments for detection

of linear RNA and circRNA expression, respectively. The circularizing exon is

shown in green. (B) CircRNA CPM is significantly reduced in Nova2-KO (/eft) but

not Nova1-KO (right) whole cortex. Significance reflects non-parametrical
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Wilcoxon rank-sum test with continuity correction. n = 3 biological replicates for
each condition. (C) Volcano plot of circRNAs in Nova2-KO vs. WT showing
circRNAs downregulated (orange dots) and upregulated (green dots) in the
knockout condition (log2FC>1, P<0.05). (D) High density scatterplot of 311
circRNAs (minimum 3 BSJ read counts in 4 out of 6 replicates). Y-axis reflects
log2 fold-change of circRNA counts. X-axis reflects logz fold-change of linear
counts from host genes. (E) RNA-seq quantification of 10 circRNAs (7
downregulated, 3 upregulated) in Nova2-KO vs WT and their corresponding host
gene mMRNA expression. (F) RT-gPCR quantification of the same 10 regulated
circRNAs and their host gene mRNAs normalized to Gapdh. Inset diagram
depicts primer locations used for circRNA and host gene linear mRNA
quantification. *P<0.05; **P<0.01; ***P<0.001; n.s., not significant. Student’s t-
test was used for statistical significance (two-tailed, unpaired). CPM, Counts Per

Million. See also Figure S1 and Figure S3.
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In order to capture expression of individual circRNAs in Nova2-KO cortex
we generated volcano plots using P-value and fold-change, as previously
reported (Gruner et al., 2016). We observed a slight trend for downregulation in
Nova2-KO mouse cortex compared to WT samples. From the volcano plot, it is
evident that more circRNAs were downregulated than upregulated in the KO
condition (P<0.05, Log2FC>1) (Figure 3C). In contrast, the Nova7-KO dataset
lacked any biased expression trend (Figure S1A). The reduced circRNA levels in
Nova2-KO samples could have been a consequence of reduced transcriptional
activity from the host genes that the circRNAs are derived from. Thus, we
performed differential expression analysis for the mRNAs generated from the
host genes of the regulated circRNAs (Figure S1B). Alignment was performed
using HISAT2 (Kim et al., 2015), and DESeq2 (Love et al., 2014) was used to
perform differential expression analysis of mMRNAs. No significant changes in
host gene mRNA expression were detected. In addition, density plots were
generated to contrast total read counts from circRNAs versus their linear RNA
counterpart from the same host gene, read counts were obtained using DCC
(see Materials and Methods) (Cheng et al., 2016). We observed a clear
downward shift along the y-axis, reflecting reduced circRNA expression, while
linear RNA expression along the x-axis centered near zero indicating only minor
expression changes (Figure 3D). Together, these data suggest that NOVA2-
mediated regulation of circRNA biogenesis is largely independent of host gene

transcription changes.
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In order to provide experimental support for the circRNA expression
trends, we performed RT-qPCR confirmation for 10 circRNAs that were either
reduced (7 loci) or increased (3 loci) in the Nova2-KO condition (Figure 3F). For
circRNA quantification, outward facing primers that only detect the circularized
exons were used (Figure 3F). For quantification of the cognate mRNA, we
employed primer sets with one primer located in an exon that is circularized and
the other is located in the flanking upstream or downstream exon (Figure 3F and
Supplementary File S9). Overall, we observed a good correlation between
RNA-seq expression trends and our RT-qPCR results, confirming expression
trends for 9/10 circRNAs and 8/10 host gene linear RNAs. In addition, we
validated the circularity of these targets with RNase R, a 3' to &' exoribonuclease
that degrades linear RNAs while circRNAs are relatively more resistant (Jeck et
al., 2013). We found all 10 to be resistant to RNase R treatment, whereas the
linear control gene, Psmd4, was degraded (Figure S1C). These experiments
indicate that our sequencing analysis pipeline can detect bonafide circRNA

expression changes.

Loss of NOVA2 dramatically reduces global circRNA levels in

isolated neuron subpopulations

NOVAZ2 expression is mostly limited to neurons (Yang et al., 1998). In
contrast, circRNAs are expressed in various brain cell-types such as astrocytes,

neurons, glia and oligodendrocytes (Rybak-Wolf et al., 2015; Sekar et al., 2018).
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We reasoned that our analysis in whole cortex might obscure the specific
regulation of circRNAs in neurons by NOVAZ2. Thus, we analyzed circRNAs in
NOVAZ2 deficient neuron subpopulation datasets. Total RNA-seq data from
fluorescence-activated cell sorted (FACS) embryonic inhibitory and excitatory
cortical neurons deficient in NOVA2 (Saito et al., 2019) were analyzed using the
CIRI2 pipeline. We identified 4123 and 2440 exonic circRNAs in Gad2+ and
Emx1+ datasets, respectively, that passed our minimum BSJ read threshold
(Supplementary File S4 and S5). Global circRNA levels were significantly
decreased in both Nova2-KO datasets (P<2.2x10'¢, Wilcoxon-rank sum test with
continuity correction) (Figure 4A, B; inset violin plots). Similar to results from
whole cortex, linear expression from the host gene of the differentially expressed
circRNAs did not show any significant changes (Figure S2A, B). Volcano plots
demonstrated a striking downregulation trend for hundreds of circRNAs in both
inhibitory and excitatory neurons in the absence of NOVAZ2, with only a handful of
upregulated circRNAs (Figure 4A, B). At least 9-fold more circRNAs were
downregulated in either dataset compared to the number of circRNAs
upregulated. Reduced circRNA expression in the knockouts remained when the
analysis was performed with increased minimum thresholds of 10, 20, and 30
backspliced reads per condition (Figure S3A-C). Our results indicate that
NOVAZ2 generally promotes circRNA biogenesis in cortical neurons.

We next analyzed the same datasets using DCC/CircTest, an independent
circRNA analysis pipeline (Cheng et al., 2016). DCC computes forward and

backspliced read counts, whereas the CircTest module calculates the ratio of
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BSJ reads to linear, forward spliced reads and robustly tests for their
independence. Applying a stringent filtering method (minimum 3 BSJ counts in 4
out of 6 biological replicates), we identified 519 and 750 circRNAs from excitatory
and inhibitory cortical neuron populations, respectively (Supplementary File S6).
In agreement with our CIRI2 analysis (Figure 4A, B), in the absence of NOVAZ2,
we found a significant reduction of circRNA expression when normalized to the
linear reads arising from the same host-gene (P<2.2x107', Wilcoxon-rank sum
test with continuity correction; Figure 4C). Density plots showed a pronounced
reduction in circRNA expression in both Nova2-KO neuron populations (vertical
axis, Figure 4D, E). In contrast, linear RNAs from the same host gene showed
only a minor shift to the right along the x-axis. Overall, we observed a weak
correlation (Emx1+; R=0.36 and Gad2+; R=0.23) between circular and linear
expression changes. We found that 456/519 Emx1+ expressed circRNAs (87%)
and 495/750 of Gad2+ circRNAs (66%) passed CircTest significance testing for
independence of circRNA and linear RNA expression (Supplementary File S6).
Taken together, these results demonstrate that NOVA2-regulation of backsplicing

is independent of linear host gene expression.
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(A) Volcano plot of circRNAs detected using CIRI2 in excitatory cortical neurons
(Emx1) and (B) inhibitory cortical neurons (Gad2) deficient in NOVAZ2. In both
datasets, more circRNAs were significantly downregulated compared to
upregulated in Nova2-cKO cells relative to WT (log2FC>1, P<0.05). Inset violin
plots show significant reduction in total circRNA CPM. Statistical analyses were
carried out as in Figure 3B. (C) CircTest group ratio is significantly reduced in
NovaZ2-cKO condition. Significance reflects non-parametrical Wilcoxon rank-sum
test with continuity correction. n = 3 biological replicates for each condition.
Group ratio is defined as the number of BSJ reads divided by the number linear-
spliced reads (y-axis). (D) High density scatterplot of 456 DCC/CircTest identified
high confidence circRNAs (minimum 3 BSJ read counts in 4 out of 6 biological
replicates) from excitatory neurons deficient in NOVAZ2. Y-axis reflects log: fold-
change of circRNA counts. X-axis reflects log. fold-change of linear counts from
host genes. Pearson correlation coefficient is shown in the upper right corner,
indicating weak correlation between circRNA and linear RNA counts in NovaZ2-
null excitatory neurons. (E) Same analysis repeated for Nova2-cKO inhibitory

neurons with 495 high confidence circRNAs represented. ***<0.001. CPM,
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NOVA2-regulated circRNAs and exon skipping events show little

overlap

There are some reported instances of circRNA loci overlapping with exon
skipping events (reviewed in (Ebbesen et al., 2017)). We thus determined to
what degree NOVA2 regulated exon skipping events (SE) overlapped with
NOVAZ2 regulated circRNAs. We applied replicate Multivariate Analysis of
Transcript Splicing (rMATS) (Shen et al., 2014) to probe for statistically
significant SE events in the excitatory and inhibitory neuron datasets
(Supplementary File S7). Returning to our CIRI2 generated list of differentially
expressed circRNAs, we found that in excitatory neurons, only 3/24 upregulated
circRNAs and 10/265 downregulated circRNAs overlapped with at least one
significant SE event. Likewise, in inhibitory neurons only 1/16 upregulated
circRNAs and 7/209 downregulated circRNAs overlapped with at least one
significant SE event. Of note, all the circRNAs that overlapped with at least one
SE event were multi-exonic, and in all instances only some of the exons within
the circRNA loci were skipped. i.e., none of the regulated skipping events
skipped an entire NOVA2-regulated circRNA. Given these results, we conclude

that NOVA2-regulation of circRNAs is unrelated to NOVA2-mediated exon

skipping.
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NOVA2-regulated circRNAs display cell-type specific regulation

We examined the overlap of NOVA2-regulated circRNAs between
excitatory and inhibitory cell populations. We found that 247/293 and 120/225 of
the NOVA2-regulated circRNAs in excitatory and inhibitory neurons, respectively,
were expressed in both neuronal subtypes. Despite this broad overlap, we found
that the identity of NOVA2-regulated circRNAs were largely distinct between the
two cell-types (Figure S4A). Only 18 circRNAs were found to be NOVA2-
regulated in both excitatory and inhibitory neurons. This is in line with what was
previously found with the same datasets for linear alternative splicing (Saito et
al., 2019). Thus, it appears that NOVAZ2 circRNA regulation exhibits neuronal

sub-type specificity.

CircEfnb2 is an abundant, conserved circRNA regulated by
NOVA2

Having uncovered a genome-wide role for NOVAZ2 in circRNA regulation,
we next turned to a single circRNAs locus for investigation into the mechanism.
To choose a candidate for further study, we identified the circRNAs found to be
differentially expressed in both pipelines (CIRI2 or CircTest) and found 74 in the
Emx1 dataset and 36 in the Gad2 dataset (Supplementary File S8). Of these,
only 7 circRNAs (all reduced in the Nova2-KO condition) were common to both
Emx1 and Gad2 datasets (Supplementary File S8). This included circ0015034

(referred to from here on as circEfnb2). CircEfnb2 is a 284 nt long circRNA
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generated from the 2" exon of the Efnb2 gene. Efnb2 encodes ephrin-B2, a
transmembrane ligand which mediates cell-to-cell communication via contact
with adjacent Eph receptor (Niethamer and Bush, 2019). The same locus also
produces a circRNA in humans (circBaselD; hsa_circ_0029247) with identical
primary sequence. Finally, circEfnb2 is abundant, ranking in the top 15% of high
confidence circRNAs with respect to circRNA to mRNA ratio (Figure 5B).

To confirm the circularity of circEfnb2, we performed Northern analysis of
mouse cortex samples. We observed clear bands of the expected sizes for both
the linear and circular products. Treatment with RNase R enriched circEfnb2 and
depleted the linear transcript, confirming the circular and linear nature of the two
major bands (Figure 5C). In addition, we captured polyA+ RNA from mouse
cortex samples using oligo(dT) beads, as well as unbound RNAs (polyA- fraction)
for Northern blot analysis. As expected, the polyA+ fraction enriched for
polyadenylated, linear Efnb2 mRNA and depleted the polyA tail-lacking circRNA

(Figure 5D).



1.00 4

0.75 4

0.50 -

0.25 4

59

circeEfnb2 CircTest Quantification

Excitatory neurons

P=0.0024
s |

———

circRNA/(circRNA+mRNA) reads

0.00

0.8
06]*

0.4
0.3
0.2
0.1

circRNA/mRNA

0.5 :"\

WT Nova2-cKO

Excitatory neurons

circEfnb2

C

RNaseR

5.0—
3.0—
20—

0.5—

0.3—

100 200 300 400 500

Rank

Northern

-1 +]

D

Inhibitory neurons

1.00 1
0.75+1
P=0.0023
0.50' T
0.251
0.00 B
WT Nova2-cKO
Inhibitory neurons
0.8
0.7
0614
0.5 \ circEfnb2
0.4
0.3
0.2
0.1
07“100 200 300 400 500
Rank
Northern
Poly(A) [ - [+
5.0- -
3.0-
2.0-
0.5-
0.3— O

Figure 5. CircEfnb2 is an abundant, highly-conserved circRNA regulated by

NOVA2.

(A) CircRNA to mRNA ratio plot generated by CircTest. Ratio of circular junction

read counts from circEfnb2 to average total counts at exon borders are shown.
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P-values were generated from CircTest module. (B) CircRNA/mRNA expression
rank of circEfnb2 in embryonic excitatory (64™) or inhibitory (42"%) neuron
datasets (top 15%; both datasets). (C) Northern blot using probe overlapping
circularized exon of Efnb2 detects bands corresponding to the circRNA and
mRNA from embryonic whole cortex RNA with or without RNase R treatment. (D)
Northern blot performed for poly(A)- and poly(A)+ samples. RNA samples for

Northern were obtained from E18 whole cortex.
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Generation of a circEfnb2 backsplicing reporter

NOVAZ2 has a well-characterized YCAY binding motif (Zhang and Darnell,
2011). In order to determine which binding sites help facilitate NOVA2 regulation
of circEfnb2 we constructed a backsplicing reporter. To guide the design of the
backsplicing reporter, we analyzed CLIP tags identified in NOVA2 cTag-CLIP
Emx1 and Gad2 neuron datasets (Saito et al., 2019) (Figure 6A). Due to the
extended lengths of the 5" and 3' flanking introns (20.9kb and 15.5kb,
respectively), the circularizing exon combined with its full-length flanking introns
is not amenable to plasmid subcloning and transfection. We thus opted to
subclone truncated upstream and downstream flanking intronic regions that
included major NOVA2-CLIP peaks (Figure 6A; “fragment 2”). In addition, we
included partial sequences from exons 1 and 3 and ~150 bp of intron sequence
to retain linear splicing from the reporter (Figure 6A; “fragment 1 and 37).
Fragment 3 also included prominent NOVA2-CLIP peaks. In the intronic
sequences, we noted the presence of multiple YCAY motifs that were not
associated with CLIP tags.

Consistent with previous NOVAZ2 splicing reporter studies, we examined
regulation of circEfnb2 in HEK293 cells which express very low levels of NovaZ2
(Figure S5A) (Dredge and Darnell, 2003; Dredge et al., 2005; Heinzen et al.,
2007; Leggere et al., 2016; Saito et al., 2016). Initial analysis of the RNAs
generated from the reporter revealed the spurious usage of cryptic splice
acceptor and donor sites in the plasmid backbone, which were subsequently

mutated (see Materials and Methods). With the corrected plasmid we performed
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transient transfections and confirmed the expression and circularity of the
reporter generated circRNA by RT-PCR (Figure S5B). In addition, we validated
the expression and circularity of the reporter circRNA by RNase R treatment
followed by Northern blot (Figure S5C), and quantified RNase R resistance by
RT-gPCR (Figure S5D).

We examined the response of our Efnb2 backsplicing reporter (pWT,
Figure 6B) to NOVAZ2 overexpression. Co-transfection of the reporter with
NOVAZ2 led to a ~3.5-fold increase in backsplicing, whereas expression of the
linear reporter RNA was unchanged (Figure 6C). Co-transfection of another
neural-enriched splicing factor, HuD, did not alter backsplicing of circEfnb2
(Figure S5E), providing evidence of NOVA2 regulatory specificity. Together,
these data demonstrate that the Efnb2 backsplicing reporter recapitulates

NOVAZ2 regulation of Efnb2 circRNA biogenesis.
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Figure 6. Role of intronic NOVA2 binding sites in Circ-Efnb2 backsplicing.

(A) Schematic of Efnb2 locus shown in antisense (mm10, chr8:8623077-

8660773). NOVA2 cTag-CLIP tags from excitatory cortical neurons (blue) or

inhibitory neurons (red) visualized using UCSC genome browser. Three genomic

fragments used to construct the backsplicing reporter (pWT) are shown below,

and the number of individual YCAY motifs present within each NOVA2-CLIP

peak (thick black bar) are reported. Note, Efnb2 Exon 1 (E1) and Exon 3 (E3) in

the pWT backsplicing reporter are truncated, whereas circularizing Exon 2 (E2) is
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full length. (B) Reporter schematics for circEfnb2. NOVA2-CLIP peaks are
represented by thick black bars as in panel A. YCAY motifs not associated with
NOVA2-CLIP peaks are represented as thin black bars. Mutated YCAY motifs or
peaks are shown in red. (C) RT-gPCR of circEfnb2 expression from reporters co-
transfected with NOVA2 expression plasmid (Nova2-OE) or empty expression
vector in HEK293 cells. For expression data, target genes were normalized to
linear-spliced transcript (linEfnb2) generated by the reporter. n=3 biological
replicates. Error bars are represented as mean + SEM. **P<0.01, compared to
pWT circEfnb2 expression. (Students t-test, two-tailed and unpaired). See also

Figure S5.
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NOVAZ2 regulates backsplicing of circEfnb2 via intronic YCAY

motifs

To understand how NOVA2 might regulate circEfnb2 backsplicing, we
introduced point mutations at putative NOVAZ2 binding sites (Figure 6B). Within
our reporter, there were four NOVA2 CLIP peaks, all found within intronic
regions. Two peaks were located just downstream of exon 2 (E2), and the other
two were located just upstream of exon 3 (E3) (Figure 6A). To assess the
relevance of YCAY motifs, we mutated them to YAAY, since the CA dinucleotide
is essential for NOVA2 recognition (Jensen et al., 2000b). For RT-gPCR
quantification, we normalized circRNA expression to linear-spliced transcript
expression in order to observe any relative changes in backsplicing. Circular and
linear products normalized to Gapdh are shown in Figure S5F. First, we targeted
the CLIP peak consisting of 9 YCAY motifs (Figure 6A,B). Surprisingly, we did
not observe a significant difference from pWT (Figure 6C, pMut1). Next, we
mutated the adjacent CLIP peak (2x YCAY), along with three additional YCAY
motifs not identified by CLIP (pMut2). However, we still did not observe a
reduction in NOVA2-mediated backsplicing of circEfnb2 (Figure 6C).

We proceeded to mutate two non-clipped YCAY motifs immediately
upstream of exon 2 (pMut3). Even though these motifs lacked NOVA2-CLIP
support, mutating them caused a significant reduction in NOVA2-regulated
backsplicing (Figure 6C). Finally, we turned our attention to the intronic region

just upstream of exon 3 and mutated both remaining CLIP peaks as well as two
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adjacent YCAY motifs not identified by CLIP (pMut4). In this case, we also found
significant reduction in NOVA2-mediated backsplicing compared to the WT
reporter (Figure 6C). Together these data suggest that NOVA2 intronic binding

on either side of the Efnb2 circRNA locus impacts its regulation.

NOVA2 binding sites in circRNA flanking introns promote
backsplicing

Given these reporter analysis results, we next turned to genome-wide
cTag-CLIP data to investigate whether NOVA2 binding to both flanking introns is
a general feature of NOVA2-regulated circRNA loci. For this analysis, we used
the subset of high confidence, NOVA2-regulated circRNAs from the excitatory
and inhibitory datasets (36 circRNAs for inhibitory neurons and 74 for excitatory
neurons). For a non-regulated control comparison group, we used circRNAs
unchanged by NOVAZ2 loss (P>0.50, FC<1) (Supplementary File S8). We
hypothesized that this robust subset would provide the best chance to identify
relevant NOVA2 positional binding information. Using NOVA2-CLIP data
obtained from each sorted neuron dataset we checked for the presence of CLIP
peaks in the upstream and downstream introns flanking each circRNA. We
discovered that in excitatory neurons, NOVA2 bound both flanking introns of a
regulated circRNA at a significantly higher frequency than non-differentially
expressed controls (P=0.02, Pearson’s Chi-squared test with Yates’ continuity

correction) (Figure S6A). In contrast, the presence of CLIP sites in just one
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intron (either upstream or downstream) was not significantly different between
regulated circRNAs and controls. This suggests that NOVA2 intronic binding on
both sides of a circRNA locus plays a role in backsplicing regulation. However,
when we investigated inhibitory neurons, which had a lower sample size of
regulated circRNAs, statistical significance for the same trend was not observed
(Figure S6B).

The Efnb2 backsplicing reporter analysis and CLIP analysis suggested
that NOVA2 binding in the introns upstream and downstream of a circularizing
locus promote NOVA2 regulated circRNA biogenesis. To further investigate the
generality of this observation, we generated an artificial backsplicing minigene
reporter, pMini, which was devoid of Efnb2 sequences. This plasmid contains full
length GFP coding sequence in the same vector backbone as our circEfnb2
reporter. GFP was fragmented into three artificial exons flanked by intronic
sequences consisting of human ZKscan1 reverse complementary matches
(RCMs) to facilitate enhanced circRNA expression (Figure 7A). Existing YCAY
motifs that might impact circRNA regulation were mutagenized. We confirmed
that all of our pMini variants produced a single circRNA products by RT-PCR in
control or NOVAZ2 overexpression conditions using outward facing primers
(Figure S7A). We also confirmed the expression of the 497 nt circRNA product
by Northern blot and RT-gPCR (Figure 7B,C), under RNase R or mock
treatment conditions. As expected, RNaseR degraded the plasmid generated

linear transcript (Figure 7B,C).
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In the WT pMini reporter, lacking any YCAY motifs (pMini-WT) we did not
observe a significant increase in backsplicing in response to NOVA2
overexpression (Figure 7D). We next introduced YCAY repeats into various
intronic locations on the reporter. We introduced a 10x YCAY repeat into the WT
vector (pMini-WT) ~50 bp upstream of the circRNA exon (pMini-Up) or ~50 bp
downstream of the circRNA exon (pMini-Down), and in both locations (pMini-
Both). For RT-qPCR quantification, we normalized circRNA expression to linear-
spliced transcript expression. Circular and linear products normalized to Gapdh
are shown in Figure S7B. Similar to pWT, introduction of YCAY repeats into the
upstream intron only did not increase the circular/linear RNA ratio (pMini-Up,
Figure 7D). A similar result was observed when YCAY repeats were inserted into
the downstream intron only (pMini-Down, Figure 7D). Finally, we tested the
impact of placing NOVA2 binding sites both upstream and downstream of the
circularizing exon (pMini-Both). Remarkably, we found that for this reporter,
NOVAZ2 co-transfection led to a nearly 3-fold increase in circular/linear RNA ratio
(Figure 7D). Thus, similar to our circEfnb2 reporter, and in accordance with CLIP
data from excitatory neurons, our results show that the presence of NOVA2

binding sites in both introns impacts backsplicing.
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Figure 7. NOVA2 binding sites in both flanking introns mediate NOVA2
backsplicing.

(A) Schematics of artificial backsplicing reporters. Exonic sequences (gray) were
derived from GFP open reading frame. Reverse complementary matches
(RCMs) are shown as red opposing arrows. A repeat region of 10 tandem YCAY
motifs (thick black bar) was inserted into the intronic locations shown. (B)

Northern blot using probe overlapping circularized exon of pMini reporter to
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detect circRNA and mRNA from transfected HEK293 cells. RNA was treated with
RNase R to deplete linear transcript and enrich for circMini. (C) RT-qPCR
expression analysis of Rnase R treated RNA shown in panel B. Expression is
relative to the mock Rnase R condition. (D) RT-gPCR analysis of circMini
transcript derived from pMini reporter constructs in HEK293 cells cotransfected
with NOVA2 expressing plasmid (Nova2-OE) or empty vector control. For
expression data, circMini is normalized to the linear-spliced transcript (linMini)
generated by the reporter. N=3 biological replicates. Error bars are represented
as mean + SEM. ***P<0.001, compared to pMini-WT circMini expression.

Students t-test, two-tailed and unpaired. See also Figure S6 and Figure S7.
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DISCUSSION

Here we identify NOVAZ2 as a regulator of circRNA biogenesis in neurons.
We found that within the mouse embryonic cortex, loss of NOVAZ2 globally
reduced circRNA expression, and that this reduction was largely independent
from mRNA expression changes of the host gene. This effect of global circRNA
reduction upon NOVAZ2 loss was even more pronounced when a sorted neuron
population was analyzed. We found that NOVA2-regulated circRNAs within each
cell-type were largely distinct, despite overlapping expression patterns. To
investigate the cis-elements involved in circRNA regulation by NOVA2, we
focused on a conserved and abundant circRNA from the Efnb2 gene. Using
backsplicing reporter analysis we demonstrated that intronic YCAY sequences
both upstream and downstream of the circRNA locus was important for NOVA2-
regulation. CLIP analysis in excitatory neurons provided support for this finding.

CircRNAs are typically expressed at a low level compared to their linear
counterparts. For most accepted analysis pipelines, only BSJ reads are used for
quantification, making differential expression analysis problematic. Thus, we
applied multiple validated pipelines to quantify circRNA expression genome-wide
(Cheng et al., 2016; Gao et al., 2018), and performed extensive validation of
differential expression trends using RT-qPCR (Figure 3E,F). Investigating the
sorted neuron datasets more closely, we found that NOVA2 appeared to regulate
circRNAs in a cell-type specific manner (Figure S4A), similar to what has been

previously shown for linear alternative splicing (Saito et al., 2019). Additional
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genome-wide analyses using library preparation methods that enhance read
depth specifically for circRNAs are warranted to provide more conclusive support
for this finding. On a similar front, our global analysis of how NOVA2 CLIP peaks
correlated with NOVAZ2 regulated circRNAs could be improved by having more
accurate circRNA expression quantification. There was a very low number of
high-confidence NOVAZ2-regulated circRNAs in the Gad2 dataset (only 36) it is
possible that with greater read depth we would identify more regulated circRNAs
and obtain better insight into the genome-wide features of circRNA regulation by
NOVAZ2.

We chose circEfnb2, a single-exon circRNA conserved from mouse to
human, to investigate what cis-elements control NOVA2-regulation of circRNAs
biogenesis. Using backsplicing reporter analysis we found that YCAY motifs on
either side of the circularizing locus were important for regulating circEfnb2
(Figure 6C). One of the important motifs identified was located in the intronic
region preceding the 3’ splice-acceptor of the exon downstream of the circRNAs
locus. This suggests that NOVAZ2 binding in this region far downstream from the
circRNA promotes backsplicing. A caveat of this interpretation is that several kb
of the intron could not be included in our backsplicing reporter (Figure 6A). We
discovered that two YCAY motifs upstream of circEfnb2 were important for
regulation of backsplicing, even though they lacked NOVA2-CLIP support
(Figure 6C). This was somewhat surprising and suggests that the CLIP datasets
might have limited utility in predicting binding sites important for backsplicing. On

the other hand, this result could reflect an inherent limitation of cell culture
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systems for recapitulating neuronal circRNA regulation patterns. Performing
mutagenesis of the intronic YCAY motifs at the endogenous Efnb2 locus in ES-
derived neurons or in mice with CRISPR genome-editing could provide more
conclusive support.

To investigate NOVAZ2 regulation more generally, we constructed an
artificial backsplicing vector, pMini, which was devoid of NOVAZ2 binding sites
(Figure 7A). We introduced YCAY clusters into intronic regions upstream and
downstream of the circularizing exon based on findings from the circEfnb2
reporter. We found that NOVAZ2-induced backsplicing in the pMini reporter
required the presence of YCAY clusters in both flanking introns. This result is
analogous to what was previously observed for the RBP quaking (QKI) (Ashwal-
Fluss et al., 2014; Conn et al., 2015). In that study, QKI-regulated backsplicing
from a reporter was found to be dependent on QKI binding sites in both upstream
and downstream introns (Conn et al., 2015). QKI has been shown to self-
dimerize (Teplova et al., 2013), thus it was hypothesized that QKI dimerization
could be involved in the backsplicing mechanism. Interestingly, NOVA proteins
can also self-dimerize (Teplova et al., 2011), thus similar backsplicing regulatory
mechanisms might be at play for both QKI and NOVAZ2.

NovaZ2-KO mice display a host of degenerative brain phenotypes which
have been attributed to deregulation of linear alternative splicing (Saito et al.,
2016; Saito et al., 2019; Yano et al., 2010). Hundreds of circRNAs were found
here to be differentially regulated by Nova2. Could reduced levels of circRNAs

such as circEfnb2 contribute to the neurodevelopmental defects of Nova2-KO
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mice? There are many possible ways NOVAZ2-regulated circRNAs could impact
neural development, given the different ways circRNAs impact gene regulation.
For example, some circRNAs travel to synapses and act as scaffolds for various
RBPs, whereas others regulate the transcriptional activity of genes in the nucleus
(Li et al., 2015; Xia et al., 2018; You et al., 2015). Some circRNAs have been
recently associated with neurological defects in mice and humans (Dube et al.,
2019; Zimmerman et al., 2020). Despite technical challenges, several recent
studies have demonstrated the feasibility of both targeting circRNAs using RNAI
(Pamudurti et al., 2020; Suenkel et al., 2020; Zimmerman et al., 2020) and
deleting intronic RCMs using CRISPR to reduce or eliminate circRNA expression
(Xia et al., 2018). Moving forward, it will be interesting to assess the role of
NOVAZ2-regulated circRNAs such as circEfnb2 in neural development using such

approaches.
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Supplementary Figure 1. NOVA1 circRNA regulation, NOVA2-regulated

circRNA host gene mRNA expression, and RNase R resistance of

circRNAs.

(A) Volcano plot of circRNA expression in Nova7-KO vs. WT mouse cortex

(log2FC>1, P<0.05). (B) Host-gene linear RNA expression of downregulated

circRNAs (left panel) and upregulated circRNAs (right panel) identified by CIRI2

are not differentially expressed in Nova2-KO cortex. P values were obtained by

the Wald test and corrected for multiple hypothesis testing using the Benjamini

and Hochberg method (DESeqg2 default settings). (C) RT-qPCR relative

expression analysis of 10 circRNAs (shown in Figure 3E-F) and one linear RNA



control (Psmd4). Total RNA was treated with RNase R or mock control prior to
cDNA synthesis. Expression is relative to the mock RNase R condition (RNase

R-). Error bars are represented as the mean + SEM.
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Supplementary Figure 2. NOVA2-regulated circRNA host gene mRNAs are
not differentially expressed in excitatory or inhibitory neuron datasets.

(A) Host gene mRNA expression of upregulated circRNAs (left panel) and
downregulated circRNAs (right panel) from Nova2-KO excitatory neurons are not

significantly differentially expressed compared to WT samples (Log2FC>1,



g<0.05). (B) The same analysis performed for inhibitory neurons. P values for

each dataset were obtained using the same approach as in Figure S1B.
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Supplementary Figure 3. Reduced circRNA expression by NOVA2 is

consistent among increasing minimum BSJ count thresholds.

Volcano plots of circRNAs identified by CIRI2 are regulated among WT vs

Nova2-KO whole cortex, excitatory neuron, and inhibitory neuron RNA-seq

datasets with minimum averages of (A) 10, (B) 20, and (C) 30 BSJ read count

thresholds applied. The number of circRNAs passing each read count threshold

are shown in the center of each plot. Significance reflects a log2FC>1 and

P<0.05.
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Supplementary Figure 5. CircEfnb2 backsplicing reporter generates a
single, RNase R resistant, circEfnb2 transcript responsive to NOVA2.

(A) RT-gPCR relative expression of Nova2 and Gapdh transcripts in HEK293
cells pre- and post-transfection with NOVA2 expression (NovaZ2-OE) plasmid
(n=3). (B) RT-PCR analysis of circEfnb2 transcript from pWT backsplicing
reporter with or without RNase R treatment and pre- and post-transfection with
NOVAZ2 expression plasmid in HEK293 cells. Outward facing primers were used
to capture a 267 bp product. (C) Northern blot analysis utilizing a dsDNA probe
targeting the circular and linear transcripts of Efnb2 gene extracted from mouse
cortex or HEK293 cells transfected with the pWT reporter. CircEfnb2 signal was
enriched post-RNase R treatment while linear transcripts were diminished. (D)

RT-qPCR relative expression analysis of circEfnb2 and linear Efnb2 transcripts
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generated from pWT vector. RNA used to generate cDNA for plot is the same
RNA used for Northern blot in panel B. The circEfnb2 transcript is more resistant
to RNase R treatment relative to the linear Efnb2 transcript and endogenous
Gapdh control gene. (E) RT-gPCR expression analysis of circEfnb2 and linEfnb2
generated from pWT reporter pre- and post-transfection with either NOVA2 or
HuD expression (HuD-OE) vectors. Expression is normalized to Gapdh (n=3). (F)
RT-gPCR expression analysis for circEfnb2 (left) or linear Efnb2 (right)
transcripts generated from pWT and mutated reporter variants pre- and post-
transfection with NOVAZ2 expression vector. Data is related to Figure 6C.
Expression is normalized to Gapdh (n=3). For expression analyses in panel A, E,
and F, Student’s t-test was used for statistical significance (two-tailed, unpaired)

*P<0.05, ***P<0.001, n.s., not significant.
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Supplementary Figure 6. NOVA2-CLIP peak analysis of NOVA2-regulated
circRNAs overlapping between CIRI2 and DCC/CircTest analyses.

(A) (Top) Schematic of two intronic regions flanking NOVA2-regulated circRNA
loci examined for significant NOVA2-CLIP peak presence. The number of
NOVAZ2-regulated (74) or control (540, FC<1, P>0.50) circRNAs overlapping an

intronic NOVA2-CLIP peak within each defined region from the excitatory neuron



dataset is shown below. (B) The same analysis was performed for 36 NOVA2-
regulated circRNAs and 1393 control circRNAs from the inhibitory neuron
dataset. P values were generated by Pearson’s Chi-squared test with Yates’

continuity correction.
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Supplementary Figure 7. pMini backsplicing reporter circular transcript
validation and quantitative expression analysis.

(A) RT-PCR analysis of circMini transcript generated from the five pMini
backsplicing reporters pre- and post-transfection with NOVA2 expression
(NovaZ2-OE) plasmid in HEK293 cells. Outward facing primers were used to

capture a 101 bp product. (B) RT-gPCR expression analysis of circular (circMini)
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and linear (linMini) transcripts generated from the pMini backsplicing reporters in
the presence or absence of NOVAZ2 related to Figure 7D. Expression is
normalized to Gapdh (n=3). Student’s t-test was used for statistical significance

(two-tailed, unpaired) **P<0.01, ***P<0.001.
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Abstract

Accumulation of Circular RNAs (circRNAs) during aging occurs has been
shown to occur on a genome-wide level across multiple animals but its
significance is unknown. Generating circRNA loss of function mutants is difficult
because the vast majority of these RNAs are comprised of exons shared with
protein-coding mRNAs. In C. elegans, most expressed circRNAs were previously
found to accumulate during aging. These included two circRNAs generated from
exon 4 of the crh-1 gene (circ-crh-1). Here, we found that biogenesis of circ-crh-1
was regulated by the double stranded RNA binding protein ADR-1. We identified
the presence Reverse Complementary Matches (RCMs) between introns flanking
circ-crh-1, which are putative ADR-1 target sites. Using CRISPR-Cas9 gene
editing we deleted the downstream circ-crh-1 RCM and found that this eliminated
expression of the circRNA. Importantly, linear mRNA expression from the crh-1
gene and expression of the resulting phosphorylated CREB encoding protein
was unaffected. Using two independent alleles, we found that mean lifespan was
extended in circ-crh-1 mutants. Gene expression alterations were also identified
using RNA-Seq. Moving forward, intronic RCM deletion using CRISPR should be

a widely applicable method to identify lifespan-regulating circRNAs in C. elegans.
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Introduction, Results and Discussion

CircRNAs are a recently appreciated class of RNAs generated by
backsplicing (Li et al., 2018). Most characterized circRNAs are produced from
exons of protein-coding genes (Zhang et al., 2014). CircRNAs lack free ends,
resulting in greater resistance to exoribonuclease digestion compared to their
linear RNA counterparts (Jeck et al., 2013). Interestingly, circRNAs are found to
accumulate in the brains of fruit flies, mice, and rat during aging (Gruner et al.,
2016; Jeck et al., 2013; Zhou et al., 2018). Previously, we demonstrated that the
majority of circRNAs expressed in C. elegans also accumulate during aging and
that several age-accumulated circRNAs happened to be generated from genes
with established roles in lifespan regulation, including crh-1 (Cortes-Lopez et al.,
2018). The crh-1 gene codes for an ortholog of the cAMP Response Element-
Binding Protein (CREB) known to be involved in lifespan regulation (Chen et al.,
2016; Lakhina et al., 2015). We previously reported that the two abundant
circRNAs generated from the crh-1 gene greatly increase in abundance during
aging (i.e. cel_circ_0000438 and cel_circ_0000439) (Cortes-Lopez et al., 2018).
These circRNAs differ only in 6 nucleotides as a result of an alternative splice
acceptor site, and are collectively referred to from here on as circ-crh-1 (Figure

8A.).
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Figure 8. circ-crh-1 regulation by ADR-1 and generation of CRISPR/Cas9

deletion alleles. (A) Schematic showing exon 3 to exon 5 of crh-1 gene
(chrlll:11685086-11691812). Two circRNAs are generated by backsplicing of
exon 4, using two alternative splice acceptors (SA) and one shared splice donor
(SD). Reverse complementary motifs (RCM-L and RCM-R) predicted to facilitate
backsplicing of crh-1 circRNAs are shown as blue rectangles. (B-C) Mutations in
adr-1 result in increased expression of circ-crh-1 but not linear crh-1 in day-1
adult animals, as determined by RT-qPCR. Linear adr-1 transcripts are not
expressed in adr-1(gv6) or adr-1(tm668) mutant alleles as expected. n=2
independent biological samples. (D) Schematic of crh-1 from RCM-L to exon 5
(chrlll:11687255-11691508). Intronic deletions targeting the downstream RCM-R
region were introduced by CRISPR/Cas9 and are presented as red rectangles.

(E) Northern analysis of day-1 adult whole worms using dsDNA probe
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complementary to crh-1 exon 4. Signal from crh-1 circRNAs are absent in crh-
1(syb385) mutant animals compared to wild-type. (F) RT-gPCR expression
analysis of linear and circular crh-1 transcripts in day-7 crh-1(syb385) adult whole
worms compared to wild-type animals. Both circRNAs are significantly reduced
compared to wild-type, whereas the crh-1 linear RNA is unchanged. n=3
independent biological samples. For RT-qPCR expression analyses, data was
normalized to cdc42 mRNA and is represented as mean + SEM; n.s., not
significant; *, P<0.05; **, P<0.01; ***, P<0.001. Strains used in this study are
found in Supplementary Table S1. RT-qPCR and Northern blot primers can be

found in Supplementary Table S2.



95

For certain circRNAs, RCMs within flanking introns facilitate backsplicing
ostensibly by bringing the splice donor and acceptor sites into closer proximity
(Jeck et al., 2013). The two crh-1 circRNAs generated from exon 4 of the crh-1
gene are flanked by long introns that contain sequences complementary to one
another (RCM-L and RCM-R) (Figure 8A, Figure S8A). ADAR is a double-
stranded RNA binding protein that when knocked down increases expression of
some circRNAs in mammalian cells (Ivanov et al., 2015; Rybak-Wolf et al.,
2015). We investigated crh-1 expression in two independent ADAR mutant
alleles, adr-1(gv6) and adr-1(tm668) (Hundley et al., 2008; Tonkin et al., 2002).
RT-gPCR analysis of whole worms showed that circ-crh-1 expression was
significantly increased in both adr-1 mutants, whereas linear crh-1 mRNA was
unchanged (Figure 8B-C). Interestingly, expression of circ-crh-1 were greater in
null adr-1(gv6) mutants compared to adr-1(tm668) mutants (~7 vs 2.5 fold), adr-
1(gv6) mutants lack both double-stranded RNA-binding domains (dsRBD),
whereas adr-1(tm668) lacks only one dsRBD (Tonkin et al., 2002). This suggests
that the remaining dsRBD in adr-1(tm668) mutants might act to negatively
regulate circ-crh-1 expression with reduced effect. Taken together, this data
suggests that ADR-1 regulates circ-crh-1 through binding to its flanking intronic
RCMs.

Generating circRNA loss-of-function organisms is challenging because
circRNAs are derived from protein-coding genes, and thus attempts to disrupt
circRNA expression can interfere with the biogenesis of protein-coding

transcripts. Recently, CRISPR/Cas9 was used to delete RCMs in the introns
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flanking mouse circKcnt2 which abolished the circRNA and did not affect the
linear RNA (Liu et al., 2020). We similarly used CRISPR/Cas9 to generate a 377
bp deletion overlapping the RCM-R region to generate the crh-1(syb385) mutant
strain (Figure 8D). To confirm loss of circ-crh-1, we performed Northern blot
analysis and found circ-crh-1 to be undetectable, whereas linear crh-1
expression persisted (Figure 8E). By RT-qPCR analysis, the circRNA signals
were barely detectable in the crh-1(syb385) mutants in both 1 and 7 day old
adults (Figure 8F and Figure S8B). Importantly, we found that expression of
linear crh-1 was not significantly affected (Figure 8F and Figure S8B). Next, we
generated a second allele, crh-1(syb2657), which was designed to delete a
slightly larger portion of the intronic region surrounding the RCM-R (Figure 8D),
and confirmed by RT-gPCR that only the circle and not mRNA from the crh-1
gene was altered (Figure S8C-D). In either circRNA mutant, expression of
phosphorylated CRH-1 protein (p-CREB) was unaltered compared to wild-type
and as expected, p-CREB was undetectable in null crh-1(n3315) and crh-1(tz2)
gene mutants (Figure S8E-F). Taken together, these results demonstrate the
first successful circRNA mutant generated in C. elegans.

To directly test whether circ-crh-1 plays a role in aging, we performed
lifespan experiments at 20°C for both crh-1(syb385) and crh-1(syb2657) mutant
animals. Even though hundreds of circRNAs dramatically increase in expression
during aging (Cortes-Lopez et al., 2018; Gruner et al., 2016; Westholm et al.,
2014; Xu et al., 2018; Zhou et al., 2018), the removal of just circ-crh-1led to a

significantly longer mean lifespan compared to wild-type (syb385, 11.5%
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extension, P<0.0001; syb2657, 9.8% extension, P<0.001) (Figure 9A,
Supplementary Table S3). Expression of circ-crh-1 by rab-3, a neural-specific
promoter, was able to partially rescue the lifespan phenotype observed in crh-
1(syb385) worms (Figure 9B and Supplementary Table S3). Partial rescue by
rab-3 might reflect a requirement of circ-crh-1 in multiple tissues, nonetheless
these results indicate that circ-crh-1 expression in neurons is an important
determinant of C. elegans lifespan.

To identify gene expression changes that might provide clues for the
molecular basis for the extended mean lifespan phenotype, we performed RNA-
seq on 1 day old adults from wild-type, crh-1(syb385) or crh-1(syb2657) genetic
backgrounds (Supplementary Table S4). We identified hundreds of differentially
expressed genes (DEGs) for either circRNA mutant when compared to wild-type
animals (Figure 9C and Supplementary Table S5). To identify gene candidates
robustly affected by circ-crh-1 loss we examined those which overlapped in both
comparisons. In total, 52 genes were upregulated and 6 genes were
downregulated in both datasets (Figure 9C). Interestingly, among the shared
upregulated genes, functional clustering revealed a significant enrichment for

clec genes, which are associated with innate immune function in C. elegans
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Figure 9. Loss of circ-crh1 extends C. elegans lifespan and alters the
transcriptome. (A) Loss of crh-1 circRNAs extend mean lifespan but not
maximum lifespan. Lifespan curves for crh-1(syb385) mutants (11.5% increase
vs wild-type, P<0.0001, Mantel-Cox log-rank test) and crh-1(syb2657) mutants
compared to wild-type (9.6% increase vs wild-type, P<0.001, Mantel-Cox log-
rank test). n=3 independent lifespan assays were performed with n>150 animals
for each assay and genotype in the absence of FUdR (see Supporting
Information). (B) Lifespan curves for worms overexpressing the circ-crh-1 in rab-
3-expressing neurons compared to wild-type and crh-1(syb385) mutants. There

is a non-significant difference in mean lifespan between wild-type and crh-
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1(syb385); rab-3p::circ-crh-1 animals (P=0.013) Mantel-Cox log-rank test), as
well as between crh-1(syb385) and crh-1(syb385); rab-3p::circ-crh-1 animals
(P=0.05) Mantel-Cox log-rank test). n=2 independent lifespan assays were
performed with n>100 animals for each assay and genotype in the absence of
FUdR (see Supporting information). See Supplementary Table S3 for lifespan
statistics. (C) Scatter plot of mMRNA expression changes in crh-1(syb385) or crh-
1(syb2657) vs wild-type day 1 adult animals. Significantly downregulated and
upregulated genes (log2FC>1 and adj. P<0.05) are shown as orange and green
dots, respectively. Genes that were up or downregulated in both crh-1 mutant
animals are shown as purple dots. (D) RT-gPCR expression analysis of 5 genes
which were upregulated in both crh-1 mutant animals relative to wild-type from
RNA-seq data shown in panel c. n=3 independent biological samples. Data are
represented as mean + SEM; n.s., not significant; **, P<0.01; ***, P<0.001.

Expression was normalized to cdc-42 mRNA.
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(reviewed in (Pees et al., 2016)). In addition, we observed that hl/h-11, a
conserved transcription factor, was upregulated in both crh-1(syb385) and crh-
1(syb2657) mutants. We successfully validated expression trends for 4/4 of the
clec genes but not hlh-11 by RT-qPCR using independently prepared samples
(Figure 9D). Together, these results indicate that circ-crh-1 have a widespread
effect on C. elegans transcriptome and might play a role in innate immunity.

CircRNAs generally increase during aging, which has been attributed to
their high degree of stability, especially in post-mitotic tissues such as neurons
(Knupp and Miura, 2018). We have speculated previously that the age-
accumulation of circRNAs could be detrimental to cellular function due to the
progressive nature of the age-accumulation (Knupp and Miura, 2018). Given the
large number of circRNAs increased with aging, perhaps such a detrimental
effect is independent of the specific identity of the individual circRNAs. Despite
our hypothesis that circRNA accumulation could decrease lifespan, it
nonetheless was quite surprising to find that loss of a single circRNA can
increase mean lifespan. Which of the other hundreds of age-accumulated
circRNAs might impact lifespan? Having established a CRISPR method to
abolish circRNAs in C. elegans, and given its utility for aging research in general,
a deep investigation into determining which other circRNAs regulate lifespan
seems warranted.

Some age-accumulated circRNAs might have beneficial roles in aging
cells. Recently, circSfl transgenic overexpression was found to extend lifespan in

Drosophila (Weigelt et al., 2020). siRNA knockdown of circSfl was unsuccessful,
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and genetic manipulations performed to reduce the circRNA also impacted linear
mMRNA isoforms. This highlights the difficulties in generating circRNA loss of
function mutants to study their impact on aging. /n vivo siRNA knockdown has
been successfully implemented for certain circRNAs in Drosophila (Pamudurti et
al., 2020), but some circRNAs simply cannot be specifically targeted due to
sequence limitations of the back-spliced junction region. C. elegans have
generally shorter introns than Drosophila and mammalian model systems. This
might make them more amenable to efficient CRISPR manipulation of RCMs;
however, it remains to be seen whether many C. elegans circRNAs can be

specifically reduced or abolished using the RCM deletion methodology.

METHODS

Full description of methods can be found in the Supporting Material. Briefly, C.
elegans were cultivated on the surface of NGM agar seeded with the Escherichia
coli strain OP50, and grown in 20°C incubators using standard protocols.
CRISPR deletion mutants were generated by Suny Biotech. Lifespan analysis
was carried with synchronized adult N2 or outcrossed mutant worms with or
without transgenes at 20°C. Lifespan curves were analyzed using OASIS2 (Han
et al., 2016). For RNA analysis experiments, worms were cultivated on plates
containing 5-fluorodeoxyuridine (FUdR). Raw RNA-Seq reads are deposited at

GEO (link to be provided). RNA-Seq alignment was performed using HISAT2
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(Kim et al., 2019) and differential expression was performed using DESeq2 (Love

et al., 2014).
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Supplementary Figure 8. circ-crh-1 expression is ablated in two RCM-R
deletion alleles, whereas p-CREB expression is unchanged. (A) Sequence
alignment of RCM-L and RCM-R flanking exon 4 of the crh-1 gene. (B) RT-gPCR
expression analysis of linear and circular crh-1 transcripts in day-7 crh-1(syb385)
adult whole worms compared to wild-type animals. Both circRNAs are
significantly reduced compared to wild-type, whereas the crh-1 linear RNA is

unchanged. n=2 independent biological samples. The same RT-qPCR

expression analyses were repeated for crh-1(syb2657) mutant animals at day-1
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(C) and day-7 (D). For RT-qPCR expression analyses, data was normalized to
cdc-42 and is represented as mean + SEM; n.s., not significant; *, P<0.05; **,
P<0.01; ***, P<0.001. (E) Phosphorylated CRH-1 protein levels are normal in crh-
1 circRNA mutants (syb385, syb2657), but absent in crh-1 null or loss-of-function
mutants (fz2, n3315) compared to wild-type. A representative Western blot is
shown. Signal indicates p-CRH-1 using antibody against mammalian p-CREB
(Ser 133) (top panel). b-actin loading control is shown below. (F) Quantification of
p-CREB expression in 1-day old adult animals. Data is normalized to wild-type

and represented as the mean £ SEM. n=4 independent biological replicates.
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General Discussion

CircRNAs were generally regarded as rare RNA species, even
transcriptional noise. It was not until 2012 that total RNA-seq discovered how
pervasive circRNAs actually are (Salzman et al., 2012). In the years following,
circRNAs were identified in every multi-cellular organism examined (Jeck et al.,
2013; Memczak et al., 2013; Wang et al., 2014). Numerous groups have
examined the expression patterns of circRNAs in vertebrate tissues and in every
instance found that circRNAs were enriched in the brain (Mahmoudi and Cairns,
2019; Rybak-Wolf et al., 2015; Szabo et al., 2015; You et al., 2015). Moreover, it
has been well established that circRNAs are upregulated during neural
differentiation and synapse maturation (Hollensen et al., 2020; Rybak-Wolf et al.,
2015; You et al., 2015). Yet, it was completely unknown what factors might
underlie the relatively high abundance of circRNAs in the brain. My dissertation
work sought to reduce this knowledge gap.

My work presented in Chapter 2 identified NOVA2 as an in vivo regulator
of circRNA biogenesis not only in the developing mammalian brain, but also in
neurons. Loss of NOVAZ2 results in downregulation of circRNAs, suggesting it is a
positive regulator of backsplicing. In agreement with this hypothesis,
overexpression of NOVAZ in vitro significantly increased expression from an
endogenous NOVAZ2-regulated circRNA, circEfnb2. In the developing mouse
cortex, at timepoints overlapping with neural differentiation, NovaZ2 protein

expression consistently increases (Saito et al., 2019). Thus, NOVA2 might at
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least in part, underlie the propensity of circRNA expression in the mammalian
brain. Interestingly, we found that NOVA2-regulation appears to be neuron cell-
type specific (Figure S4). If this observation holds, then NOVAZ2 is also the first
RBP identified to regulate circRNA expression uniquely in different neuron cell
types. We approach conclusions regarding NOVAZ2 cell-type specific regulation
with caution because we recognize that our findings might be limited by RNA-
sequencing read depth. Greater read coverage at the backsplice junction (BSJ)
would generate more statistical power to detect a greater number of NOVA2-
regulated circRNAs in both neuron cell-types, resulting in a more robust
conclusion. To enrich for circRNAs prior to RNA-seq, established enrichment
strategies such as RNase-R (Jeck et al., 2013) or RPAD (Panda et al., 2017)
could be applied. Use of additional RNA-seq platforms such as Oxford Nanopore
long-read sequencing would also enable the discovery of additional circRNA
isoforms that might be NOVA2-regulated, such as circRNAs which include
retained introns. Long-read sequencing has recently been leveraged for such
analyses in various human tissues (Xin et al., 2021). However, it has not been
used to characterize alternative backsplicing in sorted neuron populations. Thus,
results from these experiments would extend not only our findings from Chapter
2 but also be broadly beneficial to the circRNA field.

We demonstrated that intronic motifs flanking circEfnb2 are important for
its regulation by NOVAZ2 in vitro. One limitation of this analysis stems from a
feature common to many circRNAs, such that circEfnb2 is flanked by very long

introns (Figure 6A). This led to our decision to clone truncated introns which
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encompassed NOVAZ2 binding sites identified in NOVA2-CLIP datasets. Given
that plasmid-based minigenes cannot always include the full genomic sequence
of interest, to what extent are they useful to inform which motifs are important for
RBP-mediated backsplicing regulation? To address this question, CRISPR-Cas9
could be targeted to binding motifs identified in Chapter 2 as important for
NOVAZ2-regulation of circEfnb2. Perhaps in a system that more accurately
recapitulates an in vivo system, such as mouse embryonic stem cells which can
be differentiated into neurons. The results would be generally useful for labs
investigating the cis-elements and trans-factors controlling circRNA regulation.
One unanswered question from Chapter 2 is the precise mechanism by
which NOVAZ2 regulates backsplicing. Our artificial backsplicing minigene assays
established that NOVA2 binding at both flanking introns promotes backsplicing
relative to linear splicing (Figure 7D). Similar results have been observed for
circRNAs regulated by QKI (Conn et al., 2015). QKI has been previously shown
to form dimers with itself (Teplova et al., 2013), insinuating that QKI might
dimerize across a circularizing locus similar to RCMs and bring participating
splice sites into close proximity. Similarly, NOVA KH domains have also been
found to dimerize, in vitro (Teplova et al., 2011). Thus, NOVA2 proteins might
bind both flanking introns of a circularizing locus to facilitate backsplicing (Figure

10).
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Figure 10. Model of NOVA2 dimerization to promote backsplicing. (A) Model
of NOVAZ2 binding within introns flanking a circularizing locus (blue) to promote
backsplicing through dimerization of at least two NOVA2 molecules. Interaction
between NOVA2 molecules are shown as angled blue lines. NOVA2 KH1, KH2,

and KH3 domains are colored green, purple, and magenta, respectively.
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How can we investigate this hypothesis? In previous work, it was shown that
introduction of RCMs into the flanking introns of non-circularizing loci could
promote backsplicing (Zhang et al., 2014). A similar approach could be used to
test the NOVAZ2 dimerization hypothesis. Construction of an artificial minigene,
similar to ours (Figure 7A) that does not produce a circRNA followed by insertion
of NOVAZ2 binding sites in both flanking introns would be a first step. If a circRNA
is produced this suggests that NOVAZ2 is sufficient to promote backsplicing in
general. Assuming that individual NOVAZ2 proteins interact across a circularizing
locus to mediate backsplicing, mutations introduced independently at either
NOVAZ2 intronic binding site upstream or downstream of the circularizing exon
should significantly reduce or abolish circRNA expression. Whether or not this
occurs, it is still likely that additional mechanisms are at play. This is because
many NOVA2-regulated circRNAs in vivo were not flanked by intronic NOVA2-
CLIP peaks. In vivo, backsplicing regulation by NOVAZ2 is undoubtedly in
competition with other splicing factors. To determine additional regulators of
neuron-expressed circRNAs and in vivo competitors of NOVA2, additional cKO
mutants of various RBPs in mouse cortical neurons could be generated or
obtained. Overlap between NOVA2-regulated circRNAs and circRNAs regulated
in additional cKO mice would provide at least some context to the regulatory
landscape.

What biological processes do NOVA2-regulated circRNAs participate in?
Or circRNAs in general? The latter has been a long-standing question still

without a well-defined answer. The problem is two-fold. First, it is difficult to
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choose an individual circRNA for study. For instance, in silico predictions based
on primary sequence are unlikely to be fruitful unless there is significant
enrichment for RBP binding motifs or miRNA seed regions. Even in these cases,
circRNAs share common sequence with protein-coding exons, thus identical
motifs are present in the likely more abundant linear transcript making it hard to
delineate a distinct role for the circRNA. If a circRNA is highly expressed,
perhaps exceeding expression of the protein-coding transcript, then further
investigation might be warranted, especially if its expression changes
dramatically between experimental conditions. Subcellular localization might be
another useful criterion for selecting candidates. Cellular fractionation
experiments have identified subsets of circRNAs enriched at synapses relative to
their linear counterpart suggesting a role in synaptic transmission (Rybak-Wolf et
al., 2015; You et al., 2015). Exon-intron circRNAs which regulate gene
expression, seem to exhibit nuclear localization and are associated with RNA pol
I and U1 snRNA (Li et al., 2015). RNA pol Il pulldown followed by RNA-seq
might illuminate additional regulatory circRNAs. Once a list of candidate
circRNAs are generated, one approaches the second roadblock, in vivo
targeting.

Targeting circRNAs in vivo with shRNAs or creating CRISPR mutant lines
is an especially non-trivial task. In only two instances to date have shRNAs
efficiently reduced circRNA expression in mammalian tissues (Liu et al., 2017,
Shan et al., 2017). This strategy often requires the design of several shRNAs

specific to the BSJ to ensure efficient knockdown of the circRNA and not mRNA
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which shares common sequence. This is in addition to limiting any other potential
off-targets. In both studies that successfully knocked down mammalian circRNAs
in vivo, BSJ-targeting shRNAs were expressed via AAVs. Although AAVs are
proven, powerful tools for manipulating gene expression in multiple tissues,
including the CNS (Haery et al., 2019), other factors such as AAV titer, dosage,
and delivery (which can be timely and expensive to determine) can impact AAV
efficiency. Hence, while shown to be successful in some cases, AAV-mediated
knockdown can be a laborious method to assess circRNA function in vivo. In
contrast, CRISPR-Cas9 might be a more attractive approach to widely probe
circRNAs functions.

Similar to shRNAs, CRISPR has already been used to determine the in
vivo function for three circRNAs expressed in mammals (Piwecka et al., 2017;
Xia et al., 2018; Zhu et al., 2019), including one in the brain (Piwecka et al.,
2017). Unlike viral delivery of siRNAs or shRNAs, CRISPR-Cas9 offers stable
reduction of circRNA expression. In addition, conditional circRNA knockouts in
various cell-types such as neurons, could be more readily achieved. For
example, supposing a candidate circRNA is flanked by intronic RCMs that
mediates its expression, loxP sites could be introduced immediately upstream
and downstream of the target RCM. Progeny with loxP insertions could then be
crossed with a mouse expressing Cre recombinase under a cell-specific
promoter, resulting in Cre-mediated excision of the RCM motif. One important
limitation regarding CRISPR-generated circRNA mutants is the dependence on

complementary cis-elements in introns flanking the circularizing locus. Although
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not a requirement per se, no other cis-elements have been identified that broadly
favor backsplicing independently of linear-splicing. Thus, these circRNAs will
likely be investigated first.

In Chapter 3 we addressed a major knowledge gap with regard to circRNA
aging research. In the past seven years several groups including our own have
reported on the age-accumulation of circRNAs in both vertebrate (Gruner et al.,
2016; Xu et al., 2018; Zhou et al., 2018) and invertebrate (Cortes-Lopez et al.,
2018; Westholm et al., 2014) systems. Notably, age-accumulation appears to be
a hallmark of aging brains in Drosophila, mice, rats and macaque (Gruner et al.,
2016; Westholm et al., 2014; Xu et al., 2018; Zhou et al., 2018). In C. elegans,
which albeit lacks a defined brain, we observed the strongest age-accumulation
trend to date (Cortes-Lopez et al., 2018). The age-accumulation of circRNAs
could be tied to the post-mitotic nature of neurons (see section: circRNAs are
upregulated during neural differentiation and accumulate during aging), and
might also be coupled to increased alternative splicing observed in the brain with
aging. Whichever the case might be, what affect age-related circRNAs have with
regard to longevity was unknown. Fundamentally, are circRNAs detrimental or
protective in an aging organism? Our loss-of-function analyses indicate that crh-1
circRNAs are detrimental to C. elegans longevity, as their ablation results in a
significant increase in mean lifespan (Figure 9A). These results are in contrast to
a previous report in Drosophila, where circSfl was concluded to extend fly
lifespan (Weigelt et al., 2020). However, lifespan extension in this case cannot be

solely attributed to loss of the circRNA, as CRISPR-Cas9 mutations to interrupt
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circSfl backsplicing included deletions of exonic sequence present in the linearly
spliced protein coding transcript, which also has a role in lifespan (Weigelt et al.,
2020). As we did not observe significant changes in either linear crh-1 expression
(Figure 8F and Figure S8C) or activated CREB protein levels (Figure S8F-G) in
our circ-crh-1 mutants, our work is the first to demonstrate a function for
circRNAs in lifespan independent of the linear host-gene.

Conclusions made regarding the role of circSfl in Drosophila lifespan were
complicated due to difficulties in achieving adequate knockdown of circSfl via
siRNAs (Weigelt et al., 2020). Attempts to circumvent the use of siRNAs by
CRISPR gene-editing were also ineffective as they interrupted linear splicing.
This inability to solely target circSfl by CRISPR is likely due a lack of known
sequence elements that promote circSfl backsplicing. As discussed previously
many Drosophila expressed circRNAs lack RCMs in their flanking introns
(Westholm et al., 2014) and thus highlights a major limitation for its use as a
model to assess circRNA function by genetic loss-of-function approaches in
general. In contrast, circRNAs expressed in C. elegans are typically flanked by
intronic RCMs, which can be targeted by CRISPR for circRNA loss-of-function
analyses. Moreover, techniques such as co-CRISPR (Kim et al., 2014),
(simultaneous editing of the target locus and a secondary locus which results in a
visible phenotype) can also greatly facilitate the selection of edited progeny.
Potential off-targeting by gene-editing can also be rapidly mitigated in worms by

outcrossing due to their short generation times. Thus compared to Drosophila, C.
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elegans appears to be a better model system to study the function of individual
circRNAs.

Along these lines, C. elegans also has numerous advantages relative to
other model organisms such as mice, with regard to lifespan in particular that we
considered. For instance, compared to mice, worms are relatively low-cost, easy
to maintain, and have a short generation time and lifespan. The latter two points
alone were instrumental in our ability to repeatedly reproduce lifespan
phenotypes in two independent crh-1 mutant lines and perform subsequent
rescue experiments during the review process in a timely fashion. A similar
analysis in mice would take years to accomplish. Yet despite these many great
features that aided in our ability to identify functional, age-related circRNAs in C.
elegans, some relevant limitations remain.

For instance, the majority of biochemical experiments performed using C.
elegans utilize protein lysates or nucleic acid extractions from whole worm
extracts. This, coupled with the lack of cell lines originating from C. elegans
results in a limited understanding of any tissue-specific processes or expression
patterns. Along these lines, we performed total RNA-seq analysis using adult
whole worms to elucidate the mechanism by which crh-1 circRNAs extend
lifespan. We identified hundreds of differentially expressed genes. Understanding
which cell-types contribute most to the observed gene expression changes would
greatly aid in our identification of biological processes that might explain lifespan
extension. Previous work indicates that CRH protein is expressed in neurons and

intestinal cells (Chen et al., 2016), suggesting that the most transcription (and
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therefore, backsplicing) of the crh-1 gene occurs in those tissues. We analyzed
total RNA-seq data generated from isolated worm cell types (Kaletsky et al.,
2018) and found that cel_circ_0000439 was indeed expressed in both neurons
and intestines (data not shown). However, due to the challenges associated with
isolating specific cell types from worms, we are not easily able to confirm these
findings by more quantitative methods such as RT-qPCR. Cellular fractionation
experiments are also challenging in worms and would help determine if crh-1
circRNAs localize to the nucleus versus cytoplasm. If crh-1 circRNAs exhibited
nuclear localization it might suggest that they regulate gene transcription.

It has not been evaluated to what extent circRNA loci in C. elegans
overlap with circRNAs expressed in mouse or humans. Such an analysis would
be advantageous in selecting additional circRNAs with potential function in higher
species such as mice or humans. While C. elegans is not ideal for determining
the biochemical mechanism underlying a given circRNA phenotype, it is a
powerful tool for first assessing which circRNA are most likely functional. These
circRNAs could be further investigated in other model organisms more amenable
to biochemical techniques. Together, our work demonstrates that C. elegans is a

premier model to expand the number of functionally characterized circRNAs.
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ABSTRACT

Circular RNAs (circRNAs) are highly expressed in
the brain and their expression increases during neu-
ronal differentiation. The factors regulating circR-
NAs in the developing mouse brain are unknown.
NOVA1 and NOVA2 are neural-enriched RNA-binding
proteins with well-characterized roles in alternative
splicing. Profiling of circRNAs from RNA-seq data
revealed that global circRNA levels were reduced in
embryonic cortex of Nova2 but not Noval knock-
out mice. Analysis of isolated inhibitory and exci-
tatory cortical neurons lacking NOVA2 revealed an
even more dramatic reduction of circRNAs and es-
tablishes a widespread role for NOVA2 in enhancing
circRNA biogenesis. To investigate the cis-elements
controlling NOVA2-regulation of circRNA biogenesis,
we generated a backsplicing reporter based on the
Efnb2 gene. We found that NOVA2-mediated back-
splicing of circEfnb2 was impaired when YCAY clus-
ters located in flanking introns were mutagenized.
CLIP (cross-linking and immunoprecipitation) and
additional reporter analyses demonstrated the im-
portance of NOVA2 binding sites located in both
flanking introns of circRNA loci. NOVA2 is the first
RNA-binding protein identified to globally promote
circRNA biogenesis in the developing brain.

INTRODUCTION

Alternative splicing (AS) affects ~95% of human multi-
exon genes (1). Through AS, hundreds of thousands of
RNA isoforms with distinct structural properties, local-
ization patterns, and translation efficiencies can be ex-
pressed as protein isoforms with diverse functions (2). In the
mammalian nervous system, AS is especially pervasive and
highly conserved (3,4). During brain development, AS is re-
sponsible for establishing neuron-specific splicing patterns
at defined stages, and developmentally regulated alternative
exons have essential roles in synapse formation, neuronal
migration and axon guidance (5-8). Stage-specific AS pat-
terns during development are controlled by RNA binding

proteins (RBPs) enriched or specifically expressed in neu-
rons and are critical for proper development as their dys-
regulation underlies many neurological disorders (9-13).

Circular RNASs (circRNAs) are generated through back-
splicing, a type of AS (14). During backsplicing, the down-
stream 5’ splice site (SS) covalently bonds the upstream 3’
SS of a circularizing exon creating a closed loop ‘circle’ that
is resistant to exoribonuclease digestion (14). Most char-
acterized circRNAs are derived from annotated exons of
protein-coding genes, and many are independently regu-
lated from their host genes and exhibit unique expression
patterns over various time-points (15). Thus far, ascribed
circRNA functions include sequestration of microRNAs,
translation of small peptides, modulation of the immune
response, and transportation and scaffolding of RBPs (16—
26). CircRNAs are enriched in brain tissues on a genome-
wide level (27-30) and are dramatically upregulated dur-
ing neural differentiation and maturation (15,29,30). Cir-
c¢RNAs are also found to accumulate during aging and this
trend appears to be specific to brain tissues and neurons
(31-33). The functional significance of brain-expressed cir-
cRNAs is emerging, with only a handful of circRNAs found
to have roles in the nervous system (34-36).

Several RBPs have been identified to regulate cir-
cRNA biogenesis, including Muscleblind, Quaking (QKI),
ADAR, FUS and several hnRNPs and SR proteins (37—
41). However, investigation of circRNA regulation by RBPs
from in vivo brain or neuron datasets is lacking. There
are several well-characterized splicing factors with roles in
the nervous system including RBFOX1/2/3, PTPBP1/2,
nrSR100/Srrm4, Hu proteins and NOVA1/2 (8). Deletion
or dysregulation of any of these splicing factors results in
serious and often lethal neurological defects (8). Among
the best characterized neural-enriched splicing factors are
the NOVA proteins, which were originally discovered as
autoantigens in patients with paraneoplastic opsoclonus-
myoclonus ataxia, a neurological condition characterized
by motor and cognitive defects (42-44). NOVA1 and
NOVA2 are paralogues that bind clusters of YCAY motifs
to regulate AS (45-47). Knockout (KO) of either paralogue
in mice results in early lethality. This has been attributed to
death of motor neurons in the case of NOVAI deficiency,
and aberrant migration of cortical and Purkinje neurons
in the case of NOVA2 (13,48-50). Although both proteins
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recognize the same RNA binding motif, their expression is
largely reciprocal. For instance, immunohistochemical and
in situ hybridization data indicate NOVA2 is lowly expressed
in midbrain and spinal cord, whereas high expression is ob-
served in the cortex and hippocampus. In contrast, NOVA1
is highly expressed in the midbrain and spinal cord and is
relatively low expressed in the cortex (13,44). Furthermore,
NOVAI and NOVA2 appear to control different splicing
regulatory networks in the developing cortex (13). More
recently, conditional knockout (cKO) of NOVA2 in either
excitatory (Emx1+) or inhibitory (Gad2+) neurons led to
thousands of AS events that were largely unique to each
cell-type (50). In addition, loss of NOVA2 in excitatory neu-
rons resulted in disorganization of cortical and hippocam-
pal laminar structures, whereas this was not observed in
NOVA2-KO inhibitory neurons. These findings showcase
the importance of examining AS outcomes among different
neuron subtypes.

Here, we examined circRNA expression in RNA-Seq
data from mouse cortex samples lacking NOVAI or
NOVA2. We found that the absence of NOVA2 caused a re-
duction in global circRNA levels. In sorted excitatory and
inhibitory neurons, NOVA?2 loss was found to dramatically
reduce circRNA expression. These changes in circRNA lev-
els were largely independent from transcriptional changes
or changes in linear alternative splicing. Using CLIP data
and backsplicing reporter analysis, we found that NOVA2
binding sites in the introns flanking circRNA exons are im-
portant for NOVA-2 mediated circRNA biogenesis.

MATERIALS AND METHODS
Accession numbers

Wild-Type (WT), Noval-KO and Nova2-KO whole cor-
tex RNA-seq data were obtained from Gene Expres-
sion Omnibus (GEO) under accession number GSE69711.
Fluorescence-activated cell sorted (FACS) sorted Nova2-
KO neuron RNA-seq datasets were obtained from GEO un-
der accession number GSE103316. For individual Sequence
Read Archive (SRA) accession numbers see Supplementary
File S1.

Mouse tissue preparation, RNA extraction, RNaseR Treat-
ment and RT-PCR

All procedures in mice were performed in compliance with
protocols approved by the Institutional Animal Care and
Use Committee (IACUC) of the Rockefeller University
or the University of Nevada, Reno. Mouse tissue sam-
ples were pulverized using a mortar and pestle on dry ice,
and RNA was extracted using Trizol (ThermoFisher Sci-
entific). For harvesting cultured cells PBS washes were per-
formed followed by Trizol extraction. For RNase R treat-
ment, 100wg total RNA from cortex or cultured HEK293
cells was treated with or without 1 pl of RNaseR [20
U/pl] (Lucigen), plus 1.9 pl RNaseOUT [40 U/pl] (Ther-
moPFisher Scientific) and 1 pl Turbo-DNase [2 U/ul] (In-
vitrogen) in a 60 wl reaction volume for 30 min at 37°C.
RNase R reactions were terminated and RNA was puri-
fied as previously described (51). Equal amounts of RNase

R or mock treated RNA served as input for cDNA prepa-
ration. PolyA+ RNA and polyA— RNA was obtained us-
ing previously described methods (51). Briefly, the Nucleo-
Trap mRNA column-based kit (Machery-Nagel) was used
according to the manufacturers protocol. RNA present in
the flow-through (not bound to oligo(dT) beads) was pre-
cipitated to isolate the polyA— fraction. For RT-qPCR ex-
periments, Turbo-DNase (Invitrogen) treated RNA was re-
verse transcribed using random hexamers (Invitrogen) and
Maxima reverse transcriptase (ThermoFisher Scientific) ac-
cording to the manufacturer’s specifications. RT-qPCR was
performed on a BioRad CFX96 real time PCR machine
using SYBR select mastermix for CFX (Applied Biosys-
tems). The delta delta Ct method was used for quantifica-
tion. Target gene expression for both circRNA and host-
mRNA expression was normalized to Gapdh. Experiments
were performed using biological triplicates. Student’s 7-test
(two-tailed and unpaired) was used to test for statistical sig-
nificance.

Cell culture

HEK293 cells (ATCC) were cultured in DMEM (Ther-
moFisher Scientific) with 10% FBS (Atlanta Biologicals).
HEK293 cells were transfected with NOVA2 expression
plasmid or empty vector control (Gifts from Dr Zhe Chen
at University of Minnesota) in addition to the circEfnb2
or circMini backsplicing reporters, using PEI transfection
reagent (Polysciences), and reduced serum medium Opti-
MEM (ThermoFisher Scientific). The cells were cultured
for 24 h prior to RNA extraction.

Northern blotting

RNA samples were denatured by mixing with 3 volumes
NorthernMax Formaldehyde loading dye (ThermoFisher
Scientific) and ethidium bromide (10 pg/ml) for 15 min at
65°C. Denatured samples were loaded onto a 1% MOPS
gel with 1x Denaturing Gel Buffer (ThermoFisher Scien-
tific) and ran at 102V for 60 min. RNA samples were trans-
ferred to a Cytiva Whatman Nytran SuperCharge mem-
brane (ThermoFisher Scientific) for 1.5 h using a What-
man TurboBlotter transfer system (ThermoFisher Scien-
tific) and NorthernMax Transfer Buffer. Samples were then
UV cross-linked with a Stratagene linker to the nylon
membrane prior to probe hybridization. Double-stranded
DNA probes were prepared by end-point PCR and la-
beled with dCTP [«a-32P] (PerkinElmer) using the Cytvia
Amersham Megaprimer labeling kit (Thermo Fisher Scien-
tific) according to manufacturer’s instructions. Blots were
hybridized overnight in ULTRAhyb™ Ultrasensitive Hy-
bridization buffer (ThermoFisher Scientific) at 42°C. Fol-
lowing hybridization, blots were washed at room tempera-
ture 2 x 5 min in a low-stringency buffer followed by 2 x
15 min in a high-stringency buffer at 42°C. Blots were then
exposed for 4-5 days to a GE Storage Phosphor screen (Mil-
lipore Sigma) before imaging on a Typhoon™ FLA 7000
imager (GE). Probe sequences are listed in Supplementary
File S9.
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RNA-Seq analysis for circRNA prediction, mapping and dif-
ferential expression

For de novo identification of circRNAs, raw FASTQ files
were aligned to the mm9 genome using HISAT2 v2.1.0 (52)
(parameters: —no-mixed —no-discordant). Unmapped reads
were aligned using BWA v0.7.8-r455 mem and CIR12v2.0.4
(53) was used to obtain a set of predicted circRNA loci
using default parameters. For alignment to circRNA junc-
tion spanning FASTA sequence templates of 220 nt we used
Bowtie2 v2.2.5 (54) (parameters: -score-min = C,-15,0). Af-
ter mapping, Picard (http://broadinstitute.github.io/picard)
(parameters: MarkDuplicates ASSUME_SORTED = true
REMOVE_DUPLICATES = true) was used to remove du-
plicate reads. To quantify the number of mapped reads for
each junction we used featureCounts v1.5.0 (55) (parame-
ters: -C -t circle_junction). mm9 circRNA coordinates were
converted to mm10 genome-build using UCSC liftover tool.
All supplementary data tables are reported in mm10 coor-
dinates.

For each dataset (Noval-KO versus WT, Nova2-KO
versus WT, Nova2-cKQtdTemato:Emxl-Cre yergus WT, Nova2-
cKQTemato;Gad2-Cre yergys WT) a cutoff of six reads across
the six libraries for each condition (3 biological replicates
per condition) was set. To account for difference in library
depth among samples, scaling by circRNA Counts Per Mil-
lion of reads (CPM) in each library was performed. Fold-
change CPM values were generated between KO and WT
conditions. A cutoff of 2.0-fold-change difference and sig-
nificance threshold of P < 0.05 via t-test was used across the
normalized CPM values to identify differentially expressed
circRNAs. Correction for multiple hypothesis testing was
not performed.

The CircTest pipeline was performed to quantify
host gene independent circRNA expression patterns.
DCC/CircTest v0.4.7 was used to quantify host gene read
counts. In accordance with DCC pipeline (56), FASTQ files
were mapped with STAR 2.6.0b using the recommended
parameters and aligned to the GRCm38 genome. The cir-
cRNA and linear RNA counts obtained from DCC were
used as input for the Circ.test module (parameters: Nre-
pleates = 3 filter.sample = 4 filter.count = 3 percentage =
0.1 circle_description = ¢(1:3)). To define a circRNA as host
gene independently expressed, we used the default param-
eter, adj. P < 0.05 (Benjamini-Hochberg correction). gg-
plot2 (57) R packages and custom scripts were used to gen-
erate all plots.

Mapping and quantification of linear RNA expression

Reads were aligned to the NCBI37 reference genome using
HISAT2 v2.1.0 (GENCODE annotations M1 release,
NCBIM37, Ensembl 65). FeatureCounts v1.5.0 (param-
eters -t exon -g gene_id) was used to obtain a counts
table as input for differential expression analysis. For
differential expression analysis, DESeq2 v1.26.0 was per-
formed using Benjamini-Hochberg correction and apeglm
Bayesian shrinkage estimators with a 2.0-fold-change
and adj. P < 0.05 required to consider a linear RNA as
differentially expressed. For alternative splicing analysis,
the rMATS pipeline (58) was used to calculate signifi-
cant exon skipping events in Nova2-cKQtdTomato;Emxl-Cre
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versus WT and Nova2-cKQtdTomato:Gad2-Cre  yergyg WT
datasets. FASTQ files were mapped using STAR 2.6.0b
using default parameters (parameters: —chimSegmentMin
2 —outFilterMismatchNmax 3 -alignEndsType End-
ToEnd -runThreadN 4 —outSAMstrandField intron-
Motif -outSAMtype BAM SortedByCoordinate —
alignSJDBoverhang 6 -—alignlntronMax 30000) and
aligned to the GRCm38/mml0 genome (GENCODE
annotations vM22 release). rMATs-v.3.2.5 was used to dis-
cover significant alternative splice events under the default
parameters. For post processing, we filtered the output
file, SE.MATS.ReadsOnTargetAndJunctionCounts.txt
to contain skipping events with FDR <0.01. Mapped
circRNA BED files were converted to mm10 coordinates
using UCSC genome browser liftover tool. Then bedtools
suite was used to find overlap with significant exon skipping
events. Overlaps were manually checked using Integrative
Genomics Viewer (IGV) (59).

NOVA2-CLIP analysis

cTag-CLIP data from excitatory (EmxI+) and inhibitory
(Gad2+) neurons (50) were used to examine overlap with
NOVA2-regulated circRNAs. Emx1+ and Gad2+ circR-
NAs that were NOVA2-regulated in both the CIRI2
and DCC/CircTest analyses were chosen for comparison
against non-differentially expressed circRNAs (FC < 1
and P > 0.50) identified by CIRI2 (minimum average 3
BSJ counts per condition). First, we extracted intron co-
ordinates from the UCSC table browser. Next, Bedtools
suite was used to extract upstream and downstream introns
flanking the circRNA loci. Finally, Bedtools suite was used
to identify the presence or absence of intronic NOVA2-
CLIP peaks (upstream/downstream or both flanking in-
trons).

Backsplicing reporter assays

All plasmids are available upon request. The pUCI9
plasmid backbone was used to generate circEfnb2 and
circ Mini backsplicing reporters with modifications. Briefly,
the CMV enhancer/promoter region was amplified from
the pcDNA3.0 backbone using Phusion High-Fidelity
Polymerase (NEB) and subcloned into the pUCI19 vec-
tor upstream of the circEfnb2 or circMini backsplicing
cassettes. In addition, BGH and rB-Globin poly(A) se-
quences were subcloned downstream of the backsplicing
cassettes using synthetic gene fragments (gBlocks, IDT) for
transcription termination. All fragments used to generate
the backbone vector and subsequent backsplicing cassettes
were cloned using the NEB Hifi assembly kit (NEB) follow-
ing the manufacturers protocols.

For circEfnb2 reporter three genomic fragments were am-
plified by PCR using Phusion High-Fidelity Polymerase.
The three genomic fragments (mml0 coordinates) are
as follows: (i) truncated upstream Efnb2 exonl (81 bp)
plus downstream flanking intron (134 bp) (chr8:8660350—
8660564); (ii) circularizing Efnb2 exon 2 (284 bp) plus par-
tial upstream (448 bp) and downstream (475 bp) flanking
introns (chr8:8638731-8639937) and (iii) truncated Efnb2
exon 3 (72 bp) plus partial intronic upstream sequence (197
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bp) (chr8:8623169-8623437); (chr8:8660350-8660564). Ini-
tial transfection experiments with circEfnb2-WT demon-
strated two unintended backspliced products originating
from the AmpR cassette and non-coding sequence imme-
diately downstream of the CMV promoter when examined
by RT-PCR. As a result, we introduced two silent muta-
tions into the AmpR coding sequence and deleted 115 bp
of non-essential sequence between the CMV promoter and
circEfnb2 cassette. Follow-up experiments showed all un-
intended backspliced products were abolished. Mutations
located in the circEfnb2 introns were introduced by PCR
amplification of the pWT backbone using Phusion High-
Fidelity polymerase and ligation with gBlock donor DNA
carrying point mutations targeting YCAY motifs. Muta-
tions were confirmed by Sanger sequencing.

To generate the artificial circMini-WT vector, two
gBlocks consisting of full-length GFP coding sequence, par-
tial human ZKSCANI intron sequence and partial Mboar2
intron sequence were cloned into the modified pUCI19
vector described above. We used the Berkeley Drosophila
Genome Project splice prediction tool (https://www.fruitfly.
org/seq-tools/splice.html) with default settings to guide
GFP and intron sequence modifications that would improve
splicing efficiency and prevent unintended splice products
from being generated. In addition, existing YCAY motifs
were mutated to prevent NOVA2 binding. Artificial 10x
YCAY sequence was produced via gBlocks and were cloned
50 bp upstream (pMini-Up), 49 bp downstream (pMini-
Down) or in both locations (pMini-Both) in relation to the
circRNA loci.

RESULTS
Global circRNA levels are reduced in Nova2-KO whole cortex

To investigate potential factors that might contribute to
regulation of circRNAs in the murine brain, we analyzed
paired-end total RNA-seq data from embryonic Noval-
KO and Nova2-KO mouse cortex samples for changes in
circRNA expression (13) (Supplementary File S1). These
RNA-seq libraries were generated using random hexamer-
based priming as opposed to oligo(dT) priming for cDNA
synthesis, thus enabling detection of circRNAs which are
not-polyadenylated. CircRNAs were identified by back-
splice junction (BSJ) reads using the CIRI2 algorithm (Fig-
ure 1A). We set a minimum expression threshold of six BSJ
reads across the six libraries (minimum average of 1 read
per biological replicate) for each dataset, resulting in 1565
and 3708 exonic circRNAs identified for the Noval and
Nova2 datasets, respectively (Supplementary Files S2 and
S3). BSJ read counts were normalized to library size to ob-
tain Counts Per Million mapped reads (CPM). Global cir-
cRNA CPM values were found to be significantly reduced
in Nova2-KO samples compared to controls (P < 2.48 x
10-'", Wilcoxon-rank sum test with continuity correction)
(Figure 1B). In contrast, global circRNA levels were not al-
tered in Noval-KO mice compared to controls (Figure 1B).

In order to capture expression of individual circRNAs in
Nova2-KO cortex we generated volcano plots using P-value
and fold-change, as previously reported (32). We observed
a slight trend for downregulation in Nova2-KO mouse cor-
tex compared to WT samples. From the volcano plot, it

is evident that more circRNAs were downregulated than
upregulated in the KO condition (P < 0.05, Log;FC > 1)
(Figure 1C). In contrast, the Noval-KO dataset lacked any
biased expression trend (Supplementary Figure S1A). The
reduced circRNA levels in Nova2-KO samples could have
been a consequence of reduced transcriptional activity from
the host genes that the circRNAs are derived from. Thus,
we performed differential expression analysis for the mR-
NAs generated from the host genes of the regulated cir-
cRNAs (Supplementary Figure SIB). Alignment was per-
formed using HISAT?2 (60), and DESeq2 (52) was used to
perform differential expression analysis of mMRNAs. No sig-
nificant changes in host gene mRNA expression were de-
tected. In addition, density plots were generated to contrast
total read counts from circRNAs versus their linear RNA
counterparts from the same host gene. Read counts were
obtained using DCC (see Materials and Methods) (56). We
observed a clear downward shift along the y-axis, reflecting
reduced circRNA expression, while linear RNA expression
along the x-axis centered near zero indicating only minor
expression changes (Figure 1D). Together, these data sug-
gest that NOVA2-mediated regulation of circRNA biogene-
sis is largely independent of host gene transcription changes.
In order to provide experimental support for the cir-
cRNA expression trends, we performed RT-qPCR confir-
mation for 10 circRNAs that were either reduced (seven
loci) or increased (three loci) in the Nova2-KO condition
(Figure 1E). For circRNA quantification, outward facing
primers that only detect the circularized exons were used
(Figure 1F). For quantification of the cognate mRNA, we
employed primer sets with one primer located in an exon
that is circularized and the other is located in the flanking
upstream or downstream exon (Figure 1F and Supplemen-
tary File S9). Overall, we observed a good correlation be-
tween RNA-seq expression trends and our RT-qPCR re-
sults, confirming expression trends for 9/10 circRNAs and
8/10 host gene linear RNAs. In addition, we validated the
circularity of these targets with RNase R, a 3’ to 5’ exori-
bonuclease that degrades linear RNAs while circRNAs are
relatively more resistant (61). We found all 10 to be resis-
tant to RNase R treatment, whereas the linear control tran-
script Psmd4 was degraded (Supplementary Figure S1C).
These experiments indicate that our sequencing analysis
pipeline can detect bonafide circRNA expression changes.

Loss of NOVA2 dramatically reduces global circRNA levels
in isolated neuron subpopulations

NOVA2 expression is mostly limited to neurons (44). In
contrast, circRNAs are expressed in various brain cell-
types such as astrocytes, neurons, glia and oligodendro-
cytes (29,62). We reasoned that our analysis in whole cortex
might obscure the specific regulation of circRNAs in neu-
rons by NOVA2. Thus, we analyzed circRNAs in NOVA2
deficient neuron subpopulation datasets. Total RNA-seq
data from fluorescence-activated cell sorted (FACS) embry-
onic inhibitory and excitatory cortical neurons deficient in
NOVA2 (50) were analyzed using the CIRI2 pipeline. We
identified 4123 and 2440 exonic circRNAs in Gad2+ and
Emx1+ datasets, respectively, that passed our minimum BSJ
read threshold (Supplementary Files S4 and S5). Global cir-
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Figure 1. NOVA2 regulation of circRNA biogenesis in mouse cortex. (A) Schematic of forward-spliced and backspliced read alignments for detection of
linear RNA and circRNA expression, respectively. The circularizing exon is shown in green. (B) CircRNA CPM is significantly reduced in Nova2-KO
(left) but not Noval-KO (right) whole cortex. Significance reflects non-parametrical Wilcoxon rank-sum test with continuity correction. n = 3 biological
replicates for each condition. (C) Volcano plot of circRNAs in Nova2-KO versus WT showing circRNAs downregulated (orange dots) and upregulated
(green dots) in the knockout condition (logxFC > 1, P < 0.05). (D) High density scatterplot of 311 circRNAs (minimum three BSJ read counts in four
out of six replicates). Y-axis reflects log, fold-change of circRNA counts. X-axis reflects log, fold-change of linear counts from host genes. (E) RNA-seq
quantification of 10 circRNAs (7 downregulated, three upregulated) in Nova2-KO versus WT and their corresponding host gene mRNA expression. (F)
RT-qPCR quantification of the same 10 regulated circRNAs and their host gene mRNAs normalized to Gapdh. Inset diagram depicts primer locations
used for circRNA and host gene linear mRNA quantification. *P < 0.05; “P < 0.01; ™™ P < 0.001; n.s., not significant. Student’s #-test was used for
statistical significance (two-tailed, unpaired). CPM, Counts Per Million. See also Supplementary Figures S1 and S3.
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cRNA levels were significantly decreased in both Nova2-KO
datasets (P < 2.2 x 107'°, Wilcoxon-rank sum test with con-
tinuity correction) (Figure 2A, B; inset violin plots). Simi-
lar to results from whole cortex, linear expression from the
host gene of the differentially expressed circRNAs did not
show any significant changes (Supplementary Figure S2A,
B). Volcano plots demonstrated a striking downregulation
trend for hundreds of circRNAs in both inhibitory and exci-
tatory neurons in the absence of NOVA2, with only a hand-
ful of upregulated circRNAs (Figure 2A, B). At least 9-fold
more circRNAs were downregulated in either dataset com-
pared to the number of circRNAs upregulated. Reduced
circRNA expression in the knockouts remained when the
analysis was performed with increased minimum thresholds
of 10, 20, and 30 backspliced reads per condition (Supple-
mentary Figure S3A—C). Our results indicate that NOVA2
generally promotes circRNA biogenesis in cortical neurons.

We next analyzed the same datasets using DCC/CircTest,
an independent circRNA analysis pipeline (56). DCC com-
putes forward and backspliced read counts, whereas the
CircTest module calculates the ratio of BSJ reads to linear,
forward spliced reads and robustly tests for their indepen-
dence. Applying a stringent filtering method (minimum 3
BSJ counts in 4 out of 6 biological replicates), we identified
519 and 750 circRNAs from excitatory and inhibitory cor-
tical neuron populations, respectively (Supplementary File
S6). In agreement with our CIRI2 analysis (Figure 2A, B),
in the absence of NOVA2, we found a significant reduc-
tion of circRNA expression when normalized to the lin-
ear reads arising from the same host-gene (P < 2.2x107'°,
Wilcoxon-rank sum test with continuity correction; Figure
2C). Density plots showed a pronounced reduction in cir-
cRNA expression in both Nova2-KO neuron populations
(vertical axis, Figure 2D, E). In contrast, linear RNAs from
the same host gene showed only a minor shift to the right
along the x-axis. Overall, we observed a weak correlation
(Emx1+; R = 0.36 and Gad2+; R = 0.23) between circu-
lar and linear expression changes. We found that 456/519
Emx1+ expressed circRNAs (87%) and 495/750 of Gad2+
circRNAs (66%) passed CircTest significance testing for in-
dependence of circRNA and linear RNA expression (Sup-
plementary File S6). Taken together, these results demon-
strate that NOVA2-regulation of backsplicing is indepen-
dent of linear host gene expression.

NOVA2-regulated circRNAs and exon skipping events show
little overlap

There are some reported instances of circRNA loci overlap-
ping with exon skipping events (reviewed in (63)). We thus
determined to what degree NOVAZ2 regulated exon skipping
events (SE) overlapped with NOVA2 regulated circRNAs.
We applied replicate Multivariate Analysis of Transcript
Splicing (rMATS) (58) to probe for statistically significant
SE events in the excitatory and inhibitory neuron datasets
(Supplementary File S7). Returning to our CIRI2 gener-
ated list of differentially expressed circRNAs, we found that
in excitatory neurons, only 3/24 upregulated circRNAs and
10/265 downregulated circRNAs overlapped with at least
one significant SE event. Likewise, in inhibitory neurons
only 1/16 upregulated circRNAs and 7/209 downregulated

circRNAs overlapped with at least one significant SE event.
Of note, all the circRNAs that overlapped with at least one
SE event were multi-exonic, and in all instances only some
of the exons within the circRNA loci were skipped. i.e. none
of the regulated skipping events skipped an entire NOVA2-
regulated circRNA. Given these results, we conclude that
NOVA2-regulation of circRNAs is unrelated to NOVA2-
mediated exon skipping.

NOVA2-regulated circRNAs display cell-type specific regu-
lation

We examined the overlap of NOVA2-regulated circRNAs
between excitatory and inhibitory cell populations. We
found that 247/293 and 120/225 of the NOVA2-regulated
circRNAs in excitatory and inhibitory neurons, respec-
tively, were expressed in both neuronal subtypes. Despite
this broad overlap, we found that the identity of NOVA2-
regulated circRNAs were largely distinct between the two
cell-types (Supplementary Figure S4). Only 18 circRNAs
were found to be NOVA2-regulated in both excitatory and
inhibitory neurons. This is in line with what was previously
found with the same datasets for linear alternative splicing
(50). Thus, it appears that NOVA2 circRNA regulation ex-
hibits neuronal sub-type specificity.

CircEfnb2 is an abundant, conserved circRNA regulated by
NOVA2

Having uncovered a genome-wide role for NOVA2 in cir-
cRNA regulation, we next turned to a single circRNA lo-
cus for investigation into the mechanism. To choose a can-
didate for further study, we identified the circRNAs found
to be differentially expressed in both pipelines (CIRI2 or
CircTest) and found 74 in the Emx1 dataset and 36 in the
Gad2 dataset (Supplementary File S8). Of these, only 7 cir-
cRNAs (all reduced in the Nova2-KO condition) were com-
mon to both Emx1 and Gad2 datasets (Supplementary File
S8). This included circ0015034 (referred to from here on as
circEfnb2) (Figure 3A). CircEfnb2 is a 284 nt long circRNA
generated from the second exon of the Efnb2 gene. Efnb2 en-
codes ephrin-B2, a transmembrane ligand which mediates
cell-to-cell communication via contact with adjacent Eph
receptor (64). The same locus also produces a circRNA in
humans (circBaselD; hsa_circ_0029247) with identical pri-
mary sequence. Finally, circEfnb2 is abundant, ranking in
the top 15% of high confidence circRNAs with respect to
circRNA to mRNA ratio (Figure 3B).

To confirm the circularity of circEfnb2, we performed
northern analysis of mouse cortex samples. We observed
clear bands of the expected sizes for both the linear and cir-
cular products. Treatment with RNase R enriched circEfinb2
and depleted the linear transcript, confirming the circular
and linear nature of the two major bands (Figure 3C). In
addition, we captured polyA+ RNA from mouse cortex
samples using oligo(dT) beads, as well as unbound RNAs
(polyA- fraction) for Northern blot analysis. As expected,
the polyA+ fraction enriched for polyadenylated, linear
Efnb2 mRNA and depleted the polyA tail-lacking circRNA
(Figure 3D).
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Figure 2. NOVA2 regulation of circRNA biogenesis in cortical excitatory and inhibitory neurons. (A) Volcano plot of circRNAs detected using CIRI2 in
excitatory cortical neurons (Emx1) and (B) inhibitory cortical neurons (Gad2) deficient in NOVA2. In both datasets, more circRNAs were significantly
downregulated compared to upregulated in Nova2-cKO cells relative to WT (logoFC>1, P < 0.05). Inset violin plots show significant reduction in total
circRNA CPM. Statistical analyses were carried out as in Figure 1B. (C) CircTest group ratio is significantly reduced in Nova2-cKO condition. Significance
reflects non-parametrical Wilcoxon rank-sum test with continuity correction. n = 3 biological replicates for each condition. Group ratio is defined as the
number of BSJ reads divided by the number linear-spliced reads (y-axis). (D) High density scatterplot of 456 DCC/CircTest identified high confidence
circRNAs (minimum three BSJ read counts in four out of six biological replicates) from excitatory neurons deficient in NOVA2. Y-axis reflects log, fold-
change of circRNA counts. X-axis reflects log, fold-change of linear counts from host genes. Pearson correlation coefficient is shown in the upper right
corner, indicating weak correlation between circRNA and linear RNA counts in Nova2-null excitatory neurons. (E) Same analysis repeated for Nova2-cKO
inhibitory neurons with 495 high confidence circRNAs represented. *** P < 0.001. CPM, Counts Per Million. See also Supplementary Figures S2-S4.
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Figure 3. CircEfnb2 is an abundant circRNA regulated by NOVA2. (A) CircRNA to mRNA ratio plot generated by CircTest. Ratio of circular junction
read counts from circEfinb2 to average total counts at exon borders are shown. P-values were generated from CircTest module. (B) CircRNA/mRNA
expression rank of circEfnb2 in embryonic excitatory (64th) or inhibitory (42nd) neuron datasets (top 15%; both datasets). (C) Northern blot using probe
overlapping circularized exon of Efnb2 detects bands corresponding to the circRNA and mRNA from embryonic whole cortex RNA with or without
RNase R treatment. (D) Northern blot performed for poly(A)- and poly(A)+ samples. RNA samples for Northern were obtained from E18 whole cortex.

Generation of a circEfnb2 backsplicing reporter

NOVAZ2 has a well-characterized YCAY binding motif (65).
In order to determine which binding sites help facilitate
NOVA2 regulation of circEfnb2 we constructed a back-
splicing reporter. To guide the design of the backsplic-
ing reporter, we analyzed CLIP tags identified in NOVA2
cTag-CLIP Emx1 and Gad2 neuron datasets (50) (Figure
4A). Due to the extended lengths of the 5" and 3’ flank-
ing introns (20.9kb and 15.5kb, respectively), the circu-
larizing exon combined with its full-length flanking in-
trons is not amenable to plasmid subcloning and transfec-

tion. We thus opted to subclone truncated upstream and
downstream flanking intronic regions that included major
NOVA2-CLIP peaks (Figure 4A; ‘fragment 2°). In addition,
we included partial sequences from exons 1 and 3 and ~150
bp of intron sequence to retain linear splicing from the re-
porter (Figure 4A; ‘fragment 1 and 3’). Fragment 3 also in-
cluded prominent NOVA2-CLIP peaks. In the intronic se-
quences, we noted the presence of multiple YCAY motifs
that were not associated with CLIP tags.

Consistent with previous NOVAZ2 splicing reporter stud-
ies, we examined regulation of circEfinb2 in HEK293 cells
which express very low levels of Nova2 (Supplementary Fig-
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Figure 4. Role of intronic NOVA2 binding sites in Circ-Efinh2 backsplicing. (A) Schematic of Efinb2 locus shown in antisense (mm10, chr8:8623077—
8660773). NOVA2 cTag-CLIP tags from excitatory cortical neurons (blue) or inhibitory neurons (red) visualized using UCSC genome browser. Three
genomic fragments used to construct the backsplicing reporter (pWT) are shown below, and the number of individual YCAY motifs present within each
NOVA2-CLIP peak (thick black bar) are reported. Note, Efnb2 Exon 1 (E1) and Exon 3 (E3) in the pWT backsplicing reporter are truncated, whereas
circularizing Exon 2 (E2) is full length. (B) Reporter schematics for circEfnb2. NOVA2-CLIP peaks are represented by thick black bars as in panel A.
YCAY motifs not associated with NOVA2-CLIP peaks are represented as thin black bars. Mutated YCAY motifs or CLIP peaks are shown in red. (C)
RT-qPCR of circEfnb2 expression from reporters co-transfected with NOVA2 expression plasmid (Nova2-OE) or empty expression vector in HEK293
cells. For expression data, target genes were normalized to linear-spliced transcript (linEfnb2 ) generated by the reporter. n = 3 biological replicates. Error
bars are represented as mean + SEM. ** P < 0.01 (Student’s #-test, two-tailed and unpaired). See also Supplementary Figure S5.

ure S5A) (13,66-69). Initial analysis of the RNAs gener-
ated from the reporter revealed the spurious usage of cryp-
tic splice acceptor and donor sites in the plasmid backbone,
which were subsequently mutated (see Materials and Meth-
ods). With the corrected plasmid we performed transient
transfections and confirmed the expression and circularity
of the reporter generated circRNA by RT-PCR (Supple-
mentary Figure S5B). In addition, we validated the expres-
sion and circularity of the reporter circRNA by RNase R
treatment followed by Northern blot (Supplementary Fig-

ure S5C), and quantified RNase R resistance by RT-qPCR
(Supplementary Figure S5D).

We examined the response of our Efinh2 backsplicing re-
porter (pWT, Figure 4B) to NOVA2 overexpression. Co-
transfection of the reporter with NOVAZ2 led to a ~3.5-fold
increase in backsplicing relative to linear splicing (Figure
4C). Co-transfection of another neural-enriched splicing
factor, HuD, did not alter backsplicing of circEfnb2 (Sup-
plementary Figure SSE), providing evidence of NOVA2 reg-
ulatory specificity. Together, these data demonstrate that the
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Efnb2 backsplicing reporter recapitulates NOVA2 regula-
tion of Efnb2 circRNA biogenesis.

NOVA2 regulates backsplicing of circEfnb2 via intronic
YCAY motifs

To understand how NOVA2 might regulate circEfinb2 back-
splicing, we introduced point mutations at putative NOVA2
binding sites (Figure 4B). Within our reporter, there were
four NOVA2 CLIP peaks, all found within intronic regions.
Two peaks were located just downstream of exon 2 (E2),
and the other two were located just upstream of exon 3 (E3)
(Figure 4A). To assess the relevance of YCAY motifs, we
mutated them to YAAY, since the CA dinucleotide is es-
sential for NOVA2 recognition (70). For RT-qPCR quan-
tification, we normalized circRNA expression to linear-
spliced transcript expression in order to observe any relative
changes in backsplicing. Circular and linear products nor-
malized to Gapdh are shown in Supplementary Figure S5F.
First, we targeted the CLIP peak consisting of 9 YCAY mo-
tifs (Figure 4A,B). Surprisingly, we did not observe a sig-
nificant difference from pWT (Figure 4C, pMutl). Next,
we mutated the adjacent CLIP peak (2x YCAY), along
with three additional YCAY motifs not identified by CLIP
(pMut2). However, we still did not observe a reduction in
NOVA2-mediated backsplicing of circEfnb2 (Figure 4C).
We proceeded to mutate two non-clipped YCAY mo-
tifs immediately upstream of exon 2 (pMut3). Even though
these motifs lacked NOVA2-CLIP support, mutating them
caused a significant reduction in NOVA2-regulated back-
splicing (Figure 4C). Finally, we turned our attention to the
intronic region just upstream of exon 3 and mutated both
remaining CLIP peaks as well as two adjacent YCAY mo-
tifs not identified by CLIP (pMut4). In this case, we also
found significant reduction in NOVA2-mediated backsplic-
ing compared to the WT reporter (Figure 4C). Together
these data suggest that NOVA2 intronic binding on either
side of the Efnb2 circRNA locus impacts its regulation.

NOVA2 binding sites in circRNA flanking introns promote
backsplicing

Given these reporter analysis results, we next turned
to genome-wide cTag-CLIP data to investigate whether
NOVA2 binding to both flanking introns is a general fea-
ture of NOVA2-regulated circRNA loci. For this analysis,
we used the subset of high confidence, NOVA2-regulated
circRNAs from the excitatory and inhibitory datasets (36
circRNAs for inhibitory neurons and 74 for excitatory neu-
rons). For a non-regulated control comparison group, we
used circRNAs unchanged by NOVA2 loss (P > 0.50,
FC < 1) (Supplementary File S8). We hypothesized that
this robust subset would provide the best chance to iden-
tify relevant NOVA2 positional binding information. Us-
ing NOVA2-CLIP data obtained from each sorted neuron
dataset we checked for the presence of CLIP peaks in the up-
stream and downstream introns flanking each circRNA. We
discovered that in excitatory neurons, NOVA2 bound both
flanking introns of a regulated circRNA at a significantly
higher frequency than non-differentially expressed controls
(P =0.02, Pearson’s Chi-squared test with Yates’ continuity

correction) (Supplementary Figure S6A). In contrast, the
presence of CLIP sites in just one intron (either upstream
or downstream) was not significantly different between reg-
ulated circRNAs and controls. This suggests that NOVA2
intronic binding on both sides of a circRNA locus plays
a role in backsplicing regulation. However, when we inves-
tigated inhibitory neurons, which had a lower sample size
of regulated circRNAs, statistical significance for the same
trend was not observed (Supplementary Figure S6B).

The Efnb2 backsplicing reporter analysis and CLIP anal-
ysis suggested that NOVA2 binding in the introns up-
stream and downstream of a circularizing locus promote
NOVA2 regulated circRNA biogenesis. To further investi-
gate the generality of this observation, we generated an arti-
ficial backsplicing minigene reporter, pMini, which was de-
void of Efnb2 sequences. This plasmid contains full length
GFP coding sequence in the same vector backbone as our
circEfnb2 reporter. GFP was fragmented into three artificial
exons flanked by intronic sequences consisting of human
ZKSCANI reverse complementary matches (RCMs) to fa-
cilitate enhanced circRNA expression (Figure 5A). Existing
YCAY motifs that might impact circRNA regulation were
mutagenized. We confirmed that all of our pMini variants
produced a single circRNA products by RT-PCR in control
or NOVA2 overexpression conditions using outward facing
primers (Supplementary Figure S7A). We also confirmed
the expression of the 497 nt circRNA product by Northern
blot and RT-qPCR (Figure 5B, C), under RNase R or mock
treatment conditions. As expected, RNaseR degraded the
plasmid generated linear transcript (Figure 5B, C).

In the WT reporter that lacks any YCAY motifs (pMini-
WT) we did not observe a significant increase in backsplic-
ing in response to NOVA2 overexpression (Figure 5D). We
next introduced YCAY repeats into various intronic loca-
tions on the reporter. We introduced a 10x YCAY repeat
into pMini-WT ~50 bp upstream of the circRNA exon
(pMini-Up) or ~50 bp downstream of the circRNA exon
(pMini-Down), and in both locations (pMini-Both). For
RT-qPCR quantification, we normalized circRNA expres-
sion to linear-spliced transcript expression. Circular and
linear products normalized to Gapdh are shown in Sup-
plementary Figure S7B. Similar to pWT, introduction of
YCAY repeats into the upstream intron only did not in-
crease the circular/linear RNA ratio (pMini-Up, Figure
SD). A similar result was observed when YCAY repeats
were inserted into the downstream intron only (pMini-
Down, Figure 5D). Finally, we tested the impact of plac-
ing NOVA2 binding sites both upstream and downstream of
the circularizing exon (pMini-Both). Remarkably, we found
that for this reporter, NOVA2 co-transfection led to a nearly
3-fold increase in circular/linear RNA ratio (Figure 5D).
Thus, similar to our circEfnb2 reporter, and in accordance
with CLIP data from excitatory neurons, our results show
that the presence of NOVA2 binding sites in both introns
impacts backsplicing.

DISCUSSION

Here, we identify NOVA?2 as a regulator of circRNA bio-
genesis in neurons. We found that within the mouse embry-
onic cortex, loss of NOVA2 globally reduced circRNA ex-
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Figure 5. NOVAZ2 binding sites in both flanking introns mediate NOVA2 backsplicing. (A) Schematics of artificial backsplicing reporters. Exonic sequences
(gray) were derived from GFP open reading frame. Reverse complementary matches (RCMs) are shown as red opposing arrows. A repeat region of 10

tandem YCAY motifs (thick black bar) was inserted into the intronic locations shown. (B) Northern blot using probe overlapping circularized exon of

pMini reporter to detect circRNA and mRNA from transfected HEK293 cells. RNA was treated with RNase R to deplete linear transcript and enrich for
circMini. (C) RT-qPCR expression analysis of RNase R treated RNA shown in panel B. Expression is relative to the mock RNase R condition. (D) RT-
qPCR analysis of circMini transcript derived from pMini reporter constructs in HEK293 cells cotransfected with NOVA2 expressing plasmid (Nova2-OE)
or empty vector control. For expression data, circMini is normalized to the linear-spliced transcript (linMini) generated by the reporter. n = 3 biological
replicates. Error bars are represented as mean + SEM. ™™ P < 0.001, Student’s r-test, two-tailed and unpaired. See also Supplementary Figures S6 and S7.

pression, and that this reduction was largely independent
from mRNA expression changes of the host gene. This ef-
fect of global circRNA reduction upon NOVA2 loss was
even more pronounced when a sorted neuron population
was analyzed. We found that NOVA2-regulated circRNAs
within each cell-type were largely distinct, despite overlap-
ping expression patterns. To investigate the cis-elements in-
volved in circRNA regulation by NOVA2, we focused on a
conserved and abundant circRNA from the Efinb2 gene. Us-
ing backsplicing reporter analysis we demonstrated that in-
tronic YCAY sequences both upstream and downstream of
the circRNA locus were important for NOVA2-regulation.
CLIP analysis in excitatory neurons provided support for
this finding.

CircRNAs are typically expressed at a low level compared
to their linear counterparts. For most accepted analysis
pipelines, only BSJ reads are used for quantification, mak-
ing differential expression analysis problematic. Thus, we
applied multiple validated pipelines to quantify circRNA

expression genome-wide (53,56), and performed extensive
validation of differential expression trends using RT-qPCR
(Figure 1E,F). Investigating the sorted neuron datasets
more closely, we found that NOVA2 appeared to regulate
circRNAs in a cell-type specific manner (Supplementary
Figure S4A), similar to what has been previously shown
for linear alternative splicing (50). Additional genome-wide
analyses using library preparation methods that enhance
read depth specifically for cirtcRNAs are warranted to pro-
vide more conclusive support for this finding. On a simi-
lar front, our global analysis of how NOVA2 CLIP peaks
correlated with NOVA2 regulated circRNAs could be im-
proved by having more accurate circRNA expression quan-
tification. There was a very low number of high-confidence
NOVA2-regulated circRNAs in the Gad2 dataset (only 36)—
it is possible that with greater read depth we would iden-
tify more regulated circRNAs and obtain better insight
into the genome-wide features of circRNA regulation by
NOVA2.
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We chose circEfnb2, a single-exon circRNA conserved
from mouse to human, to investigate what cis-elements
control NOVA2-regulation of circRNAs biogenesis. Using
backsplicing reporter analysis we found that YCAY mo-
tifs on either side of the circularizing locus were impor-
tant for regulating circEfnb2 (Figure 4C). One of the im-
portant motifs identified was located in the intronic region
preceding the 3" splice-acceptor of the exon downstream
of the circRNA locus. This suggests that NOVA2 binding
in this region far downstream from the circRNA promotes
backsplicing. A caveat of this interpretation is that several
kb of the intron could not be included in our backsplicing
reporter (Figure 4A). We discovered that two YCAY mo-
tifs upstream of circ Efnb2 were important for regulation of
backsplicing, even though they lacked NOVA2-CLIP sup-
port (Figure 4C). This was somewhat surprising and sug-
gests that the CLIP datasets might have limited utility in
predicting binding sites important for backsplicing. On the
other hand, this result could reflect an inherent limitation
of cell culture systems for recapitulating neuronal circRNA
regulation patterns. Performing mutagenesis of the intronic
YCAY motifs at the endogenous Efinb2 locus in ES-derived
neurons or in mice with CRISPR genome-editing could
provide more conclusive support.

To investigate NOVA2 regulation more generally, we con-
structed an artificial backsplicing vector, pMini, which was
devoid of NOVA2 binding sites (Figure 5A). We introduced
YCAY clusters into intronic regions upstream and down-
stream of the circularizing exon based on findings from the
circEfnb2 reporter. We found that NOVA2-induced back-
splicing in the pMini reporter required the presence of
YCAY clusters in both flanking introns. This result is anal-
ogous to what was previously observed for the RBP quaking
(QKI) (37,38). In that study, QKI-regulated backsplicing
from a reporter was found to be dependent on QKI bind-
ing sites in both upstream and downstream introns (38).
QKI has been shown to self-dimerize (71), thus it was hy-
pothesized that QKI dimerization could be involved in the
backsplicing mechanism. Interestingly, NOVA proteins can
also self-dimerize (72), thus similar backsplicing regulatory
mechanisms might be at play for both QKI and NOVA2.

Nova2-KO mice display a host of degenerative brain phe-
notypes which have been attributed to deregulation of linear
alternative splicing (13,49,50). Hundreds of circRNAs were
found here to be differentially regulated by Nova2. Could
reduced levels of circRNAs such as circEfinb2 contribute to
the neurodevelopmental defects of Nova2-KO mice? There
are many possible ways NOVA2-regulated circRNAs could
impact neural development, given the different ways circR-
NAs impact gene regulation. For example, some circRNAs
travel to synapses and act as scaffolds for various RBPs,
whereas others regulate the transcriptional activity of genes
in the nucleus (30,73,74). Some circRNAs have been re-
cently associated with neurological defects in mice (34) and
humans (36,75). Despite technical challenges, several recent
studies have demonstrated the feasibility of both targeting
circRNAs using RNAI (36,76) and deleting intronic RCMs
using CRISPR to reduce or eliminate circRNA expression
(74). Moving forward, it will be interesting to assess the role
of NOVA2-regulated circRNAs such as circEfnb2 in neural
development using such approaches.
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