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Abstract

Circular RNAs (circRNAS) are a class of covalently closed RNA molecules generated by
backsplicing. circRNAs are expressed in a tissue-specific manner, accumulate with age in neural
tissues, and are highly stable. In many cases, circRNAs are generated at the expense of a linear
transcript as back-splicing competes with linear splicing. Some circRNAS regulate gene expression
in ¢/s, and some circRNAs can be translated into protein. The advent of deep sequencing and new
bioinformatic tools has allowed detection of thousands of circRNAS in eukaryotes. Studying the
functions of circRNAs is done using a combination of molecular and genetic methods. The unique
genetic tools that can be used in studies of Drosophila melanogaster are ideal for deciphering

the functions of circRNASs /n vivo. These tools include the GAL4-UAS system, which can be

used to manipulate the levels of circRNAs with exquisite temporal and spatial control, and

genetic interaction screening, which could be used to identify pathways regulated by circRNAs.
Research performed in Drosophila has revealed circRNASs production mechanisms, details of their
translation, and their physiological functions. Due to their short lifecycle and the existence of
excellent neurodegeneration models, Drosgphila can also be used to study the role of circRNAs

in aging and age-related disorders. Here, we review molecular and genetic tools and methods for
detecting, manipulating, and studying circRNAs in Drosophila.

Introduction

Gene expression is highly regulated in most organisms, due to control at the
transcriptional (pre-mRNA production), co-transcriptional (i.e. pre-mRNA processing) and
post-transcriptional levels [1,2]. For example, RNA splicing, the process by which introns
are removed and exons join together from the newly transcribed pre-mRNA, occurs co-
transcriptionally in metazoans [3,4]. Interestingly, alternative splicing allows organisms to
generate several mMRNAs and proteins from a given gene [5-8]. Whereas linear splicing
occurs with a 5°-3’ directionality, backsplicing allows “head-to-tail” joining in which a
downstream 5’ splice donor is covalently linked with an upstream 3’ splice acceptor of the
same or another upstream exon [9]. Backsplicing results in the generation of circular RNA
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molecules containing exons called exonic circular RNAs (circRNAS). There are also circular
RNAs that are formed by canonical splicing and that contain introns, these molecules are
called intronic circular RNAs [10-14]. This review will focus on exonic circRNAs. These
circRNAs are evolutionarily conserved, highly abundant molecules that are expressed across
the animal kingdom [15-17], in plants, fungi and protists [18-21].

Introns carry the information that directs exon circularization [17,22,23]. circRNA-forming
exons are flanked by long and generally inefficiently spliced introns [17,22]. Moreover,
many of these introns contain long or short regions of complementary sequence that are
hypothesized to favor exon circularization by inhibiting linear splicing and by bringing

the 5° and 3’ backsplice sites into close proximity [17,22,24]. In eukaryotes, CircRNAS

are produced by the spliceosome [17,24,25] and their production levels are regulated by
cis-regulatory elements as well as #frans-acting factors [17,22,26,27]. Among the latter are
RNA binding proteins like MUSCLEBLIND (MBL) and QUAKING. These proteins likely
favor circRNA formation by inhibiting linear splicing and/or by facilitating the interaction
between the introns flanking the circularizable exon (or exons) [17,26]. More general
modifiers of RNA structure like protein factors ADAR and DHX9 and environmental factors
like temperature can also modulate the levels of circRNAs [28,29].

circRNAs are generated in a cell- and tissue-specific manner [30] and are extremely stable
as they are inherently resistant to degradation by exonucleases due to the absence of free 3’
or 5’ ends [16]. In particular circRNAs are highly expressed in neural tissues [28,31-33],
upregulated during neurogenesis, and some of them are enriched in synaptoneurosomes,
more so than their linear mMRNA counterparts [28,32]. These features suggest that circRNAs
carry out important functions in the brain. Importantly, circRNAs accumulate with age in
the brains of flies, worms, and mice and in the human substantia nigra [34-38]. This led to
the speculation that circRNAs might be involved in neurodegenerative diseases, and some
studies have provided evidence for roles of circRNAs in these age-dependent disorders
[37,39].

Probably the most striking example of circRNA regulatory conservation is the circRNA
generated from the second exon of the gene muscleblind (mbl). The second exon of this
gene expresses the most abundant circRNA in Drosophila; its levels are more than 10 times
higher than that of the linear MBL mRNA, which encodes a splicing factor essential for

fly development [40-42]. In mice and humans, circRNAs from the gene mb/ are generated
from the same exon of the homologous genes, while this is not the case for other genes.
Interestingly, the levels of this circRNA produced from the second exon of muscleblind
seem to be primarily regulated by MBL, the protein encoded by the locus. Cell-culture
experiments with both fly and human cells showed that increases or decreases in levels of
MBL result in higher or lower circRNA levels, respectively [17]. Moreover, MBL binds

to circMbl in the cytoplasm, suggesting a highly conserved mutual regulatory mechanisms
between the two products of the mb/locus [17]. Interestingly, circMbl can also be translated
in vivo [43]. Generally and although a subset of circRNAs are translated both in flies and
mammalian tissues, there is not much evidence of the functionality of the circRNA-encoded
proteins [43-45].

Methods. Author manuscript; available in PMC 2022 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Krishnamoorthy and Kadener Page 3

Initially, circRNAs were thought to act as miRNA sponges. This was based on the finding
that two circRNAs, ciRS7/CDR1as and circSry, have many sequences complementary to

the seed regions of miR-7 and miR-138, respectively [16,46,47]. Although it is possible

that circRNA-miRNA interactions regulate the localization or stability of miRNAs, there

is evidence that these circRNAs do more than sequestering miRNAs [16,48,49]. Indeed,
knockout of ciRS7/CDR1 results in lower levels of miR-7 and upregulation of miR-7 targets.
This might be due to stabilization of miR-7 by ciRS7/CDR1as [50]. Importantly, there is no
solid evidence for miRNA sponging functions for other circRNAs, suggesting that circSry
and ciRS7/CDR1as are the exceptions rather than the rule even for the circRNA binding
capabilities. Other putative functions of circRNAs include regulating intracellular transport
of RNA binding proteins [9,17,49] or act as protein decoys [51]. There is evidence that some
circRNAs play a role in cancer development by affecting cell cycle and growth [51,52], and
there is growing evidence for circRNA involvement in response to viral infection [53-55].

One obstacle while working with circRNAs is their identification and validation. Standard
RNA sequencing techniques depend on enrichment of poly(A)-containing RNAs. As
circRNAs lack a poly(A) tail, they are not typically identified in datasets created using
standard RNA sequencing library production procedures. However, RNA library preparation
methods based on ribosomal RNA-depletion, RNase R treatment, and new computational
pipelines have resulted in the detection of thousands of circRNAs in worms, Drosophila
melanogaster[22,34], mouse, monkey, and humans [48,56-59]. D. melanogaster has been
used as a model system for over a century and has proven to be a valuable organism for
study of circRNAs, which are highly expressed in fly heads [17,34] and accumulate with
age in the nervous system [34]. In this review, we discuss the tools available for accurate
detection of the circRNA expression and characterization of their functions using Drosophila
as a model organism.

Separating the wheat from the chaff: How to identify and validate
circRNAs?

Genome-wide identification of circRNAs by RNA sequencing

Identifying and validating circRNAs is essential for determining potential functions.
However, this is not an easy task, especially given the similitude of sequence to the mRNA
of the hosting gene. Therefore, special consideration must be taken during detection and
verification of circRNAs. The easiest and most common method for de novo detection of
circRNAs in Drosophilais by RNA-seq. Indeed, the discovery of widespread circRNA
production across the genome was made possible only with the advancement of high
throughput sequencing together with the development of new computational pipelines.

As circRNAs do not have poly(A) tails [15], the large majority are not detected by
standard sequencing methods. However, some exons contained within circRNAs have
short A-stretches, and those circRNAs can be detected in RNA-seq experiments based on
poly(A) selection. Detection is highly unusual as it also requires that the A-stretch is near
the backsplicing junction. Therefore, identification and quantification of circRNAs require
sequencing of total RNA libraries (which are generally prepared either by ligation or random
primer-based methods after depletion of rRNA) [16,60].
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Enrichment for circRNAs: RNase R pre-treatment

The identification of backsplicing junctions by RNA-seq in Drosophila does not necessarily
mean the existence of a circRNA. For example, some linear RNA species, like those
generated by #rans splicing can have junctions that resemble those of circRNAs. In
additional, technical artifacts produced by reverse transcriptase due to the template
switching activity can also suggest the presence of a circRNA when there is not one.
Therefore, profiling of circRNASs by total RNA-seq in Drosgphila should be followed by
some type of verification. The most common way to determine whether a given junction is
present involves pretreatment with RNase R.

RNase R is a 3’'-5’ exoribonuclease, that degrades most linear RNAs [61,62] but leaves
the circular transcripts intact due to lack of free 3’ end [9,47] (Fig1B). The resistance

to RNase R of specific circRNA candidates in Drosophila can be assessed directly by
comparing their levels in mock and RNase R treated RNA-seq libraries. This comparison
allows high-accuracy identification of bona fide circRNAs [9]. However, some linear RNAs
are not efficiently degraded due to their secondary structures so the method does result in
some false positive identifications [63]. Further, samples treated with RNase R cannot be
used for circRNA quantification. This is because of the high variability between replicates,
likely due to variations on the efficiency of the enzyme. In theory, it should be possible to
overcome this challenge by normalizing the degradation to endogenous or spiked-in RNAs.
But this has not yet been carefully validated.

One important consideration when analyzing circRNAs in flies or any other species after
pretreatment with RNase R is that this treatment will degrade a substantial fraction of

the RNA. A common mistake when performing circRNA validation is to use equivalent
amounts of RNA in follow-up procedures (i.e., RT-gPCR or northern blot) without proper
normalization. Many studies compare the amount of a given RNA (i.e., by gRT-PCR) from 1
ug of total RNA and compare it with 1ug of sample following RNase R treatment. However,
the latter was generated from a much larger amount of RNA. Instead, similar amounts of
RNA should be mock or RNase R treated and similar fraction of the resulting RNA should
be used for the follow up applications. If performing RT-qPCR following the RNase R
treatment, it is advisable to spike in RNAs from a different species in order to normalize for
potential differences in reverse transcription efficiency due to differences in starting amount
of RNA (the mock-treated samples generally has 5-10 higher RNA concentrations than the
RNase R-treated samples) [28].

Bioinformatic tools to identify and quantify circRNAs

The advent of deep sequencing and advanced bioinformatic tools allowed profiling
thousands of circRNAs from different tissues and cell samples. As the backsplice junction is
the only sequence unique to the circRNAs, methods for identifying circRNAs in Drosophila
from RNA-seq data rely on the detection of backsplice junction reads [60,64]. These reads
do not align to the genome or transcriptome when stringent criteria are used, but the

ends align head-to-tail to two exonic regions. There are a growing number of pipelines

for circRNA identification including circRNA_finder[34], CIRCexplorer[23], CIR/[65],
find _circ[16], MapSplice [66], DCC [67], KNIFE [33], and C/RCexplorer2[68]. There
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is not yet a single gold-standard algorithm to detect bona fide circRNAs, and it is
recommended that the pipelines be used in combination [64]. The main problem with this
approach is that the metrics of the different pipelines are not always equivalent, making

it difficult to compare the levels of circRNAs that are only detected by few pipelines.

This is because the different pipelines utilize different alignment tools and parameters and
have different thresholds for detection and filtering. In addition, not all algorithms are
suited for both single-end [16] and paired-end [15,30,34] data. In addition to doubling

the chances of finding a backsplicing junction, there is an additional advantage of using
paired-end sequencing. The structure of potential circRNAs can be further validated if the
paired-end mate read of a backsplicing junction read is within the candidate circRNA.
Stringent expression thresholds for linear and circRNA read counts are also important
[23,48,65,69]. Moreover, other additional criteria are generally used to filter out likely false
positives. These include consideration of only circRNAs with characterized (annotated)
splice junctions, resistance to RNase R, and size thresholds. The latter is sometimes
complicated, as it is not clear how efficiently the introns within the circRNAs are spliced
out.

A recent study has reported a sensitive computational tool called the Short Read CircRNA
Pipeline (SRCP) that allows annotation and quantification of circRNAs from RNA-seq
datasets from a combination of pipelines. The SRCP procedure consists of two steps.

First, circRNAs are annotated by integrating the results of several pipelines in control and
RNaseR-treated samples. This results in a list of likely circRNAs including their junction
sequences. Second, the RNA-seq reads that do not align to the transcriptome are aligned to
this list using a stringent but short-match strategy. This lead enables detection of circRNAs
with very high sensitivity and quantification of all circRNAs, even those detected only by
one or two pipelines. SRCP also quantifies the linear mMRNA junctions, making it differential
expression analysis possible [70].

Reverse-transcription PCR

A simple yet powerful method for identifying, validating, and quantifying circRNAs in
Drosophilais RT-PCR. As circRNAs lack poly(A) tails, the cDNA must be synthesized
using random primers (typically hexamers). Detection of circRNAs by RT-PCR relies on
amplification of the unique backsplice junction using “divergent’ primers. The divergent
primers align to the genome facing away from each other and cannot amplify linear
transcripts [9] (FiglA). The relative abundances of circRNAs can then be quantified by
quantitative RT-PCR (gRT-PCR) [71].

Although RT-PCR is an efficient method for detecting circRNAs in flies there are chances
of false positives due to template switching during the reverse transcription [72]. In addition,
genomic duplication and tfrans-spliced transcripts [73] also produce PCR products that can
be picked up by divergent primers [71]. Though the presence of backsplice junction can

be confirmed by sequencing the PCR product, sequencing cannot distinguish real circRNA
reads from false positives originating from trans-spliced or template-switched products. The
circularity of the RNA can be confirmed using RNase R pretreatment [9]. It is advisable to
sequence the amplified junction in mock- and RNase R-treated samples.
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Northern blot

One of the most versatile and effective methods for detecting circRNAs is northern blot [74].
When using northern blots to visualize circRNAs in flies, it is possible to utilize probes
complementary to the backsplice junction or to the exonic sequence that is circularized. The
latter has the advantage of detecting both linear and circular transcripts. The circular and
linear transcripts can sometimes be differentiated based on the distance migrated through
the gel [75]. Usually, linear mRNAs are significantly longer than circRNASs, so they migrate
more slowly during electrophoresis. Due to topological and resistance differences, however,
if circular and linear molecules are the same size, the circRNA will migrate more slowly.

It can, therefore, be difficult to identify the circular and linear molecules solely in their
migration patterns, and linear- and circRNA-specific probes must be utilized [16,74,76]. The
best way to identify circular and linear molecules by northern blot is to pretreat portions of
the sample from Drosophila with RNase R or to selectively cleave the linear and circular
transcripts with RNaseH. Pretreatment with RNase R will selectively degrade the linear
RNAs, aiding in identification and serving as a validation step for the circRNA under study
(FiglC).

RNase H specifically cleaves the RNA in an RNA-DNA hybrid. Therefore, treatment of

the sample with this enzyme in the presence of a short (20 nucleotides) DNA probe
complementary to an exon contained within the circRNA will result in a change in mobility
of the circRNA as well as in cleavage of the linear RNA isoform into two fragments (Fig1E).
Therefore, when combined with northern blot, this pretreatment allows further verification
of the circularity of a candidate circRNA in Drosophila, differentiation of linear and circular
isoforms, and accurate determination of the size of the candidate circRNA.

Tools to Manipulate circRNA Levels

Challenges in manipulation of circRNA levels

Using small

The most common way to elucidate gene function is by manipulating the levels of the
specific RNA. This is particularly challenging for circular RNAs for several reasons. First,
typical mutagenesis approaches used for identifying genes cannot be generally used for
circRNAs, as these molecules are generally produced from exons constitutively included
in linear transcripts, so that deletions of the exons within circRNAs will result in de facto
mutants of the linear mMRNA encoded by the hosting gene. Second, almost all of a circRNA
sequence is shared with the linear mMRNAS, making silencing approaches problematic.
Third, circRNAs are generated from genes with very long introns and by rules that are not
fully understood, making it difficult to specifically inhibit (or upregulate) their expression.
Despite these limitations, several approaches have been developed to manipulate circRNA
levels even in whole animals.

RNA to downregulate circRNAs

RNA interference (RNAI) is a post-transcriptional gene silencing mechanism [77] that
regulates gene expression in eukaryotes [78]. Biologists have harnessed RNA. to enable
silencing of specific genes [79]. The two types of RNAI effectors in mammalian systems
are short interfering RNAs (siRNAs) and short-hairpin RNAs (ShRNAs) [80]. The siRNAs
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are 21-base-pair, double stranded RNA molecules [81], and siRNAs have been used to
downregulate circRNAs without altering linear transcript levels by targeting the backsplice
junction [82]. Although siRNAs are specific, their efficiency depends on transfection
efficiency, and these agents cause only to a transient knockdown of the target. In contrast,
shRNAs can be stably expressed and have fewer off-target effects.

In Drosophila, in vivo RNAI screens have been performed using short and long dsRNAs
[83]. In cell culture experiments dsRNA has proven to be a powerful tool for gene silencing
due to efficient uptake and processing into many small interfering RNA (siRNA) effectors
[84-86]. However, the production of different siRNA from single dsRNA can lead to an
increased chance of off-target effects[83].

In Drosophila, long hairpins or ShRNAS are used as silencing triggers. Long hairpins are
less effective in silencing in the female germline than shRNAs and cannot be effectively
restricted to the backsplice junction [87]. Use of the UAS-GAL4 system allows spatial

and temporal expression of ShRNAs in Drosophila. ShRNA processing into microRNA-like
double strands results in loading of the resulting effector into AGO1 and action through the
major RNAI pathway in flies [87]. These developments set the stage for using endogenously
expressed microRNA-like ShRNAs to silence circRNAs /n vivo [88].

One of the challenges of using silencing approaches, even when targeting the backsplicing
junction with shRNAs, is that the sSiRNA or shRNA might target RNASs other than the
desired circRNA, even RNAs with limited complementary to the so-called seed region

of the siRNA. Off-targeting might result in partial degradation by the RNAi pathway or
translational silencing by the miRNA pathway. The latter is unlikely in Drosophila as flies
sort their small RNAs into relatively separate and independent pathways [89]. However, this
possibility should be considered when performing shRNA experiments.

We recently generated the first flies in which circRNAs were specifically downregulated
using shRNAs [88] (Fig2A(i)). In our case, we obtained very strong and specific
knockdown by carefully selecting the sShRNA sequences and by performing several controls.
Specifically, during ShRNA design, we filtered out guide or passenger strand sequences with
more than 16 nucleotide matches with the fly genome [87]. This can be complicated if other
regions of the genome have sequences with similarity to the circRNA as the region in the
circRNA that can be targeted without considerable complementary to the linear mRNA is
limited. Therefore, the linear MRNA expressed by the hosting gene is the main source of
off-target effects. The presence of off targets were assessed as described previously [88].
Specifically, we (/) tested the silencing capacity of the ShRNA, (/) determined the effect

of expression of the ShRNA on mRNA and protein (when there are available antibodies)
encoded by the linear mRNA, and (/7/) determined by RNA-seq that no other mMRNAs

with partial complementarity or seed sequence complementarity were downregulated upon
expression of the ShRNA. Indeed, we found almost no off-targets for most of the ShRNAs
tested. In the few cases with off-target effects, we were able to redesign the shRNA by
sliding it 1 or 2 bases in either the 5’ or 3” direction. The generation of additional ShRNAs
also is important for validating phenotypes as it is unlikely that off-targets will prevail for
different shRNAs. Although it could be argued that all the shRNAs that can be designed
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to target a given circRNA must be similar hence, an alternative approach is to rescue the
knockdown. In conclusion, shRNAs can be used to efficiently downregulate circRNAs.
However, it is good to confirm the authenticity of a phenotype caused by the knockdown
of a circRNA by generating multiple shRNAs targeting the same backsplicing junction.
In Drosophila, shRNA targeting of circRNAs (by miRNA-like shRNAs) seems to be very
specific, likely due to the particular division of the small RNAs pathways in this insect.

CRISPR-Cas13-mediated knockdown of circRNAs

CRISPR-Cas9 has revolutionized the field of genome editing. This system has been used
by scientists to alter gene function in multiple ways from creating INDELS, to performing
gene replacement or deletion, to activation of gene activity [90]. However, gene editing is
not restricted to the DNA. Indeed, several Cas proteins with the ability to bind and cut RNA
have been described, including CRISPR-Cas13 [90]. CRISPR-Cas13 is guided by specific
RNAs that require longer complementarity than shRNAs (30-35 nucleotides instead of 22
nucleotides). This potentially means that CRISPR-Cas13 has less likelihood of off-target
effects. Recent studies in Drosophila have demonstrated the efficiency of Cas13-mediated
knockdown both ex vivoand in vivo[90,91].

Studies in mammalian cells established the possibility of using CRISPR effectors Cas13a,
Cas13b, and Cas13d RNases [92,93] for the cleavage of single-stranded RNA target [94]. A
recent study evaluated the efficiency and specificity of CRISPR-Cas13 as a tool to screen
for circRNAs. CRISPR-RfxCas13d with single guide RNAs that spanned the backspliced
junctions of various circRNAs, efficiently targeted the circRNAs without affecting the levels
of the linear mMRNAs [94] (Fig2A(iii)). Another report described use of the Cas13d enzyme
CasRx to reduce levels of circRNAs both in the nucleus and cytosol [95]. Importantly, the
authors showed that Cas13 was more specific for the targeted circRNAs than were shRNASs.

Genetic mutation of circRNA-promoting sequences

Complementary short repeats in flanking introns can facilitate circularization of an exon
[48]. Deletion of an upstream intron using CRISPR/Cas9 in cell culture studies efficiently
downregulated circRNA expression without altering the levels of the mRNA from the same
gene locus [96]. Hence deleting circRNA-promoting sequences (or even whole introns)
might be a straightforward way to inhibit circRNA biogenesis (Fig2A(ii)). This approach
offers many advantages over silencing strategies. First is lack of off-target effects (if,

of course, there are no major effects on the levels of the linear mMRNA when an intron

is deleted). Second, this strategy might uncover potential ¢is effects on the synthesis of

the circRNA (if is highly produced and the biosynthesis is at the expense of the linear
RNA). Notably, these two advantages might be intertwined as for those circRNAs with c¢/s
regulatory functions there might be strong effects on the levels of the linear RNA. This
highlights the importance of using complementary approaches (i.e., CRISPR mutations and
SshRNAS).

It remains challenging to identify the sequences that influence circRNA production.
Several groups have demonstrated that the sequences required for circularization of an
exon are in flanking introns[17,22—26,28,48].Work performed in Drosophila S2 cells using

Methods. Author manuscript; available in PMC 2022 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Krishnamoorthy and Kadener Page 9

minigenes has demonstrated that modifying or deleting flanking intronic sequences results in
downregulation of circRNA expression. Deletion of up to 300 base pairs of flanking intronic
sequence of the circularizing second exon of mb/in a minigene system resulted in decrease
of circRNA expression. Interestingly, deletion of intronic regions with complementary
sequences in the other flanking intron significantly modified the expression of the circRNA
[17]. Further, mutating the binding sequences of the splicing factor MBL that promotes the
circularization of its own exons by binding to flanking introns also modifies the expression
of circRNA [17]. Also, another report in Drosophila S2 cells has shown that introns flanking
the circularizable exon of Laccase2 was sufficient for circRNA production and deleting

the repeats in the introns abolished circularization[27]. Similarly, endogenous circRNA
expression can also modified by either deleting or modifying the flanking intronic sequences
using CRISPR/Cas9-based genome editing tools [76]. However, deleting intronic sequences
responsible for circularization does not allow for tissue-specific resolution unless is achieved
in adults (e.g., by the use of specifically inserted FRT sites) and cannot be used for globally
screening the functions of circRNAs [88].

Overexpression of circRNAs

Previous reports suggested that the circularization of an exon is favored by the presence of
inverted repeat sequences, particularly A/uelements, in the flanking introns in mammals
[48]. Further, exon circularization can be efficiently achieved when splice site sequences and
short inverted repeats of about 40 nucleotides are present [24]. This property can be used to
overexpress specific circRNAs in order to study their biological functions. An entire gene
[71] or just a mini-gene system consisting on the circularizable exon flanked by sections

of the flanking introns (Fig2B) or by long complementary repeats can be used to induce
circRNA expression [17,22,24,25,27,47]. However, although highly effective in whole
animals, overexpression strategies tend to generate linear concatemers when expressed in
cultured cells [97]. This could be due to the generation of double-stranded RNA and trans
splicing from different minigene transcripts or from artifacts generated by rolling-circle
transcription. The latter occurs when RNA polymerase bypasses the termination signal and
transcribes the entire plasmid generating a concatemer of RNA. When this leads to linear
concatemers containing the circularized exon sequence or to RNA with scrambled junction
sequences, spurious identification and overestimation of circRNA levels can occur [71]. In
theory, overexpression of circRNA can also be achieved by introducing binding sites for
circRNA-promoting proteins like MBL or QKI in the introns flanking the circularizable
exon.

Spatial and temporal expression of circRNA in Drosophila melanogaster

Some of the key findings in the circRNA field have been made in Drosophila. These include
the observations that circRNA biogenesis competes with linear splicing[17], that intronic
sequences are key for exon circularization [17,22,24,34], that circRNAs are enriched in
neural tissues, accumulate with age [34], and have potential functions in aging [38], as

well as findings that some circRNAs are translated [43] and have functions in #rans [88].
Drosophila melanogaster is an ideal organism for uncovering functions and mechanisms of
action of new types of molecules because of the large number of genetic and molecular tools
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available for manipulation of gene expression and gene targeting. This includes the existence
of inducible systems for spatial and temporal regulation of any gene of interest [98].

Tissue-specific transgene expression can be achieved using the bi-partite GAL4-UAS system
[99]. Over the past few decades, biologists have generated collection of fly lines expressing
GAL4 under different cell-type-specific promoters (GAL4 drivers) and also many different
UAS transgenes for expression of proteins, RNAI libraries, and reporter genes [100,101].
These reagents allow performing mutant rescues, cell ablation, and interference experiments
in a tissue-specific manner. In flies, the functions of circRNAs can be assessed in a cell-type
specific manner, by using the UAS-GAL4 system to spatially silence by shRNAs [88] or to
overexpress a specific circRNA [43].

Although, the UAS-GAL4 system allows for spatial control of gene expression, temporal
control is more complicated as the promoters and enhancers used in the GAL4 are active
at multiple stages of development [102]. To overcome this limitation, researchers have
generated flies expressing the temperature sensitive GAL80 transgene (GAL80Y). GAL80
is an antagonist of GAL4 activity [103,104], so in presence of the GALS80' protein,

GAL4 is not active unless the temperature is raised at 29 °C. This allows for a system

with exquisite temporal and spatial control (the latter resulting from the GAL4 driver).
However, the temperature-sensitive GALS80 system is not ideal for studies with circRNAsS,
as circRNA levels dramatically increase with temperature in Drosophila [17]. Another way
to conditionally express a transgene is by using a drug-inducible system. One example

is a chimeric protein that contains the DNA binding domain from GAL4, the receptor
ligand-binding domain from human progesterone, and the activation domain from human
p65 [105,106]. In this system, the activation of transcription is achieved when the chimeric
molecule binds to the UAS sequence in the presence of anti-progestin RU486. Importantly,
there are well characterized GAL4-GS drivers available for expression in brain and muscle
[106], the two tissues with the high expression levels of circRNA.

Phenotypic assays for study of circRNA functions in Drosophila

Advantages of fly behavior assays

Drosophila melanogaster is a very versatile model organism with a vast toolkit for genetic
manipulations. In addition, flies perform a wide range of behaviors which are used to

study functions of other classes of RNA or protein and can also be used to screen for
potential functions of circRNAs. These include feeding, locomotion, and more complex
social behaviors like courtship [107]. Importantly, behavioral screens in flies are easy,
inexpensive, and can be done on a large scale [108]. Behavioral assays can be used to screen
for phenotypes upon manipulation of circRNA levels /7 vivo. Some of the phenotypes that
could be used to perform enhancer-suppressor genetic screenings for identifying modulators
of circRNA functions are described below.

Viability assay

Viability assays not only help to gauge the fitness of a strain [109] but also allows one
to know the lethal effects of downregulating or overexpressing circRNAs during different
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stages of development. To understand the effects of loss of function of circRNAs on
viability, one can quantify progeny from embryonic to adult stages in both knockdown

and control flies (Fig3A). A statistical test can be done to determine any significant

changes in number at each developmental stage and evaluate for stage-specific lethality [88].
Additionally, counting the males and females separately can reveal sex-specific lethality
caused by misexpression of circRNAs.

Morphological phenotypes

A severe effect caused by knockdown or overexpression of a gene or a circRNA can lead to
visible adult phenotypes[88]. The measurable morphological defects range from deformity
in body parts, to abnormality in wing posture or wing venation, to defects in eye size or
appearance when compared to control flies. The types of morphological phenotypes depend
on the GAL4 driver utilized to perturb the circRNA levels.

Behavioral assays to assess locomotor functions

The abilities to walk, climb, and fly have been monitored to shed light into muscular and
neuronal processes involved in neuromuscular disorders in fly models [110,111]. These
behaviors can be used to assess the functions of circRNAs in flies. Changes in crawling
during the larval stage are reliable indicators of early developmental defects. The larval
locomotion assay is especially useful when the genetic manipulation leads to lethality in the
pupal stage or adult stage [108]. Defects in the contraction ability of 3" instar larval muscle
and speed of crawling are good indicators of muscle defects [112]. Larval crawling behavior
assays can be very useful in understanding the role of circRNAs in muscular, neuronal, or
neuromuscular tissues by restricting the expression of the circRNAs with the UAS-GAL4
system to the CNS and/or muscle cells. A simple, sensitive, and low-cost behavioral set

up can be used to study effects of circRNA knockdown or overexpression versus controls
(Fig3B).

Another behavioral assay called the climbing assay that is based on the principle that
flies have an innate tendency to climb up against gravity [113,114] is a powerful tool to
detect general motor defects in adult flies and also has been used in studies of fly models
of Parkinson’s disease [115]. This assay can be performed in high-throughput screens to
identify circRNAs with possible neuromuscular functions (Fig3C).

Lastly, Drosophilatraverse long distances for foraging [116]. This crucial behavior requires
fast and active control mechanisms [117]. The flight assay is an effective tool to study
locomotor behavior in adult flies [118]. Flight performance like wing beat and flight during
free fall can be used in screens for circRNAs that directly or indirectly alter the ability to fly
(Fig3F).

Circadian and sleep behavior

Flies, like most animals, display strong daily rhythms in physiology, behavior, and gene
expression. These circadian rhythms repeat every 24 hours and are self-sustaining and
independent of external environmental cues [119,120]. Pioneering research in Drosophila
uncovered the genetic bases of circadian rhythms [121,122]. In flies, the circadian

Methods. Author manuscript; available in PMC 2022 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Krishnamoorthy and Kadener Page 12

clock controls physiologically important process like time of eclosion [122], sleep, and
metabolism [123]. In insects, sleep is important in development [124], reproduction [125],
memory, and learning [126]. Drosophila has been used as an model organism to dissect

the genetic basis of sleep [127]. Locomotor rhythms and sleep can be assessed easily and
simultaneously in the lab and can be used for screening purposes (Fig3D). To study the
biological relevance of circRNAS, locomotor activity rhythms and sleep can be studied when
the expression of circRNAs are modulated.

Lifespan assay

Aging leads to decline in crucial biological functions over a period of time. Aging results

in reduction in fertility and finally death [128]. Drosophila has been used for almost 100
years as a model organism to study aging [129]. The normal average lifespan of flies
maintained at 25 °C is 70 days, and they can live up to a maximum of 90 days [126].
Changes in lifespan can result from effects on metabolism, behavior, physical activity, stress
resistance, fertility, and neuronal and immune functions [128]. A recent study demonstrated
the role of an insulin-sensitive circRNA in regulating lifespan in Drosophila[38]. Lifespan
is easy to measure, and this parameter can be used for effects of circRNA knockdown or
overexpression and to identify genetic interactions (Fig3E).

Use of genetic-suppressor screening to identify genes in circRNA pathways

A repertoire of Drosophila genetic tools has been used for large-scale genetic enhancer-
suppressor screens. This type of screening provides an unbiased approach for identifying
genes involved in particular processes or pathways. As examples, embryonic lethal screens
allowed identification of mutants in signaling pathways in embryo patterning like Wingless
and Spitz[131-133]. Initial genetic screenings involved the use of homozygous mutations
and hence have the limitation of genes with homozygous lethal phenotypes. However,
overexpression or RNAI screenings are now standard and, when combined with spatial and
temporal expression, can reveal the need for these genes in specific stages of development.
Importantly, there are publicly available knockdown and overexpression transgenes for
almost all genes in Drosophila. Therefore, following the identification of a specific
phenotype associated with modulation of a circRNA, an enhancer suppressor screening can
provide key insights into the mechanism of action of the circRNA.

Conclusions and future directions

Research on circRNAs has exploded in the last few years, but there is still much to learn
about these molecules. Research has somewhat reached a plateau due to the complexity

of specifically modulating circRNAs /n vivo and performing perturbation experiments.
However, new tools available in model organisms are likely to significantly increase the
pace of advances in the field. In particular, Drosophila will likely prove to be a key

model for circRNA study. Flies have been critical in a number of pioneering discoveries

in the field and have the potential to help unravel molecular and behavioral functions of
circRNAs. Moreover, fly models could also be utilized to test the usefulness of circRNAs in
synthetic biology and as molecular memory tools. Last but not least, new research suggests
that circRNAs may influence the development or progression of human neurodegenerative
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diseases like amyotrophic lateral sclerosis, Alzheimer’s disease, and Parkinson’s disease. As
there are well-established models of those diseases in flies, this model organism could be
used to study the roles of circRNAs in neurodegenerative diseases.
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Some circRNAs are highly abundant in fly heads and of physiological
relevance

Validating circRNAs requires consideration to computational & experimental
artifacts

There are several methods for modulating levels of circRNAs /in vivo in
Drosophila

Drosophila provides a very versatile system to determine functions of
circRNAs
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Figure 1. An illustration of techniques used for detecting circRNAs
Some of the most utilized approaches include:
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A) Reverse Transcription (RT)-PCR utilizing divergent primers for amplifying the
backsplice junction of circRNAs. The levels of circRNAs are quantified using the cycle

quantification (Cq) values.

B) RNase R treatment, this exoribonuclease degrades specifically the linear RNA, which

results in the enrichment of circRNAs.

C) The design of a DNA probe targeting a circularizable exon, that allows the detection of
the circRNA and its linear mRNA counterpart via northern blot. Samples from total and poly
A+ RNA are either treated with RNase R or mock before running them on the agarose gel.
The circRNA, which is resistant to RNase R treatment, prevails while its linear counterpart

gets degraded.
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D) Total RNA-sequencing with paired end reads that span the backsplice junction of
circRNAs.

E) Design of DNA probes targeting a circularizable exon. RNase H treatment will degrade
RNA in a DNA-RNA heterodimer which could be detected by northern blot: the linear
mMRNA has two bands and the migration of the circRNA changes.
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A. circRNA KNOCKDOWN STRATEGIES

i. Short hairpin RNA ii. CRISPR/Cas9 mediated Intron deletion
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Figure 2. An illustration of techniques used for modulating circRNAs
A. circRNA knockdown strategies: A schematic representation of

i) The design of short hairpin RNA targeting the backsplice junction of circRNAs, to
knockdown the expression of circRNAs.

ii) CRISPR/Cas9 editing to modify or delete sequences in the flanking introns of a
circularizable exon, to modulate the expression of circRNAs.

iii) CRISPR/Cas13 to downregulate circRNAs by designing a gRNA complementary to the
backsplice junction.

B. circRNA overexpression strategy:

Schematic representation of the use of the common mini-gene system to artificially express
circRNAs: entails the generation of a plasmid containing the circularizable exon, together
with its flanking introns and canonical splice sites in a plasmid.
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Figure 3. Schematic of Key behavioral assays to study the functions of circRNAs.
A) Viability assay: for tracking flies of interest from embryonic to adult stage in order to

evaluate lethality levels for each developmental stage. This data can then be represented in a
bar graph as shown in the example.

B) Larval locomotion assay: 3" instar larvae placed in a 2% agar petri-dish are recorded for
one minute. The larval trajectory can then be computationally drawn. In this example, the
trajectories of five different larvae have been plotted.

C) Negative-geotaxis or climbing assay: An illustrative experimental setup for monitoring
locomotor activity based on negative-geotaxis behavior of the fly. An example is represented
in a line graph to illustrate the number of flies that reach a predetermined height in a given
period of time.

D) Adult fly locomotor activity/ sleep: The Data Activity Monitor (DAM) system is used to
record the activity of single flies in a tube by counting the number of times in which the fly
interrupts the infra-red beam of the monitor. An example histogram of averaged total activity
of flies in 12:12hr Light: Dark

E) Lifespan assay: flies are flipped every three days and the number of dead flies is
recorded. This allows the generation of survival plots such as the example shown.
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F) Flight assay: a high-speed video recording can be used to assess the wing beat frequency
of the flies.
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