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SUMMARY

Muscleblind (mbl) is an essential muscle and neuronal splicing regulator. Mbl hosts multiple 

circular RNAs (circRNAs), including circMbl, which is conserved from flies to humans. Here, we 

show that mbl-derived circRNAs are key regulators of MBL by cis- and trans-acting mechanisms. 

By generating fly lines to specifically modulate the levels of all mbl RNA isoforms, including 

circMbl, we demonstrate that the two major mbl protein isoforms, MBL-O/P and MBL-C, buffer 

their own levels by producing different types of circRNA isoforms in the eye and fly brain, 

respectively. Moreover, we show that circMbl has unique functions in trans, as knockdown of 

circMbl results in specific morphological and physiological phenotypes. In addition, depletion of 

MBL-C or circMbl results in opposite behavioral phenotypes, showing that they also regulate each 

other in trans. Together, our results illuminate key aspects of mbl regulation and uncover cis and 

trans functions of circMbl in vivo.
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Graphical Abstract

In brief

Pamudurti et al. show that splicing factor mbl is expressed and promotes circularization of its 

own locus in a cell-type-specific manner in vivo. In photoreceptors, circMbl2-4 regulates in trans 
MBL-O/P, while in the brain, circMbl regulates MBL-C. Moreover, circMbl has functions in trans 
related to locomotor behavior.

INTRODUCTION

Muscleblind (mbl) is an essential post-transcriptional regulator involved in muscle 

and photoreceptor development (Begemann et al., 1997; Vicente-Crespo et al., 2008). 

MBL functions by regulating alternative splicing, mRNA localization, and cleavage and 

polyadenylation (Batra et al., 2014; Wang et al., 2012). In Drosophila, several mRNAs 

generated from the mbl locus are expressed at different developmental stages (Vicente et 

al., 2007). There are three mammalian homologs of the Drosophila mbl gene: MBNL1, 

MBNL2, and MBNL3 (Fardaei et al., 2002; Huang et al., 2008). Importantly, MBNL1 and 

MBNL2 have a key role in the etiology of myotonic dystrophy (Jiang et al., 2004; Kanadia 

et al., 2003; Lee et al., 2013; Lukáš et al., 2012). MBL protein sequence and function 

is strongly conserved through evolution, and the human and fly orthologs can even be 

interchanged in rescue experiments (Vicente et al., 2007). Work in flies determined functions 

for mbl in vivo in eye tissue and muscle (Artero et al., 1998; Begemann et al., 1997). 
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However, there are few insights into potential functions in the brain. Among them is a recent 

work which showed that MBL has functions during neuronal development (Li and Millard, 

2019). Moreover, work performed in mice showed that loss of MBNL1 and/or MBNL2 leads 

to abnormal rapid eye movement sleep and memory (Charizanis et al., 2012) as well as 

abnormal development of synapses and spines in cortical neurons (Lee et al., 2019).

The mbl gene structure is strikingly conserved between very distant species such as 

Drosophila and humans (Ashwal-Fluss et al., 2014). This includes the presence of circular 

RNAs (circRNAs) (Ashwal-Fluss et al., 2014; Memczak et al., 2013; Westholm et al., 

2014). circRNAs are a recently rediscovered form of RNA produced by the spliceosome 

through circularization of specific exons in a process known as backsplicing (Jeck and 

Sharpless, 2014; Wang et al., 2014). circRNA biosynthesis is promoted by the presence of 

complementary sequences in flanking introns and/or by specific splicing factors (Aktas et 

al., 2017; Ashwal-Fluss et al., 2014; Conn et al., 2015; Errichelli et al., 2017; Ivanov et al., 

2015; Knupp et al., 2021; Kramer et al., 2015; Zhang et al., 2014). Most of the circRNAs 

contain only exons and are transported to the cytoplasm by a specific mechanism (Huang 

et al., 2018; Patop et al., 2019). As circRNA production competes with canonical RNA 

splicing, highly produced circRNAs can alter gene expression in cis by competing with 

the production of linear gene products from the same locus (Ashwal-Fluss et al., 2014). 

Interestingly, some circRNAs also produce proteins (Legnini et al., 2017; Pamudurti et al., 

2017; Yang et al., 2017).

Recent work has uncovered a handful of circRNAs that function in trans. For example, the 

circRNAs derived from CDR1as and sry bind to and likely regulate microRNA (miRNA) 

function (Hansen et al., 2013; Kleaveland et al., 2018; Memczak et al., 2013). Other 

circRNAs might titrate or transport proteins and regulate rRNA biogenesis (Ashwal-Fluss 

et al., 2014; Du et al., 2016; Guarnerio et al., 2016; Holdt et al., 2016). circRNAs can also 

mediate responses to viral infections by differentiating between splicing of endogenous and 

virus-related transcripts (Cadena and Hur, 2017; Chen et al., 2017, 2019; Li et al., 2017; 

Liu et al., 2019). circRNAs are particularly enriched in the brain (Rybak-Wolf et al., 2015; 

Veno et al., 2015; Westholm et al., 2014; You et al., 2015), and their levels increase with 

age in the brains of mice, worms, and flies (Cortes-Lopez et al., 2018; Gruner et al., 2016; 

Westholm et al., 2014). These observations suggest important roles for circRNAs in the 

brain. Indeed, knockout of the most abundant mouse circRNA, CDR1as, results in specific 

behavioral defects (Piwecka et al., 2017). Moreover, circRNAs are involved in brain-related 

diseases and neurodegeneration (Hanan et al., 2020; Lukiw, 2013; Zimmerman et al., 2020).

As stated above, mbl hosts a highly expressed and evolutionary conserved circRNA: 

circMbl. This circRNA originates from the second exon of the mbl gene in flies (circMbl) 

and MBNL1 or MBNL2 in mouse and humans (Ashwal-Fluss et al., 2014). Previous work 

showed that at least in cell culture, MBL seems to regulate its own levels by promoting the 

generation of circMbl (Ashwal-Fluss et al., 2014). This circRNA contains multiple binding 

sites for MBL protein as well as part of the open reading frame for MBL, and it has 

been shown to be translated (Pamudurti et al., 2017). Interestingly, only head-specific MBL 

isoforms can promote circRNA formation (Ashwal-Fluss et al., 2014). These isoforms also 

can bind to the circRNA at least in cell culture. Hence, if this regulation also exists in 
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vivo, it might buffer the levels of MBL proteins in tissues such as the brain where both the 

circular and linear isoforms of the gene are highly expressed. Here, we show that different 

MBL isoforms are expressed in a tissue-specific manner and regulate their own levels by 

generating different circRNA isoforms from their own locus. In addition, we show that 

circMbl also displays functions in trans in vivo.

RESULTS

The mbl locus generates several RNA and protein isoforms

The Drosophila mbl locus has a complex structure with almost 20 mRNA and protein 

isoforms. To fully characterize the RNA transcripts and proteins generated from this locus, 

we analyzed RNA sequencing (RNA-seq) and ribosome footprinting datasets we previously 

generated from fly heads (Martin Anduaga et al., 2019; Pamudurti et al., 2017). Previous 

work identified four proteins produced from the mbl locus: MBL-A, MBL-B, MBL-C, and 

MBL-D (Vicente et al., 2007). Our genomic data indicates that in fly heads, most of the 

RNA isoforms include the 3′-most distal exon, which encodes a region of MBL-C that 

is not included in the other three isoforms (Figures 1A and S1A). The data indicate that 

mbl-A and mbl-B mRNAs are not produced in fly heads (Figures 1A and S1A) and that 

the mbl-C mRNA accounts for approximately half of the mbl mRNAs (Figure S1B). Two 

other mbl mRNA isoforms, mbl-O and mbl-P, generated due to alternative splicing, together 

account for about 45% of the mbl transcripts in fly heads (Figure S1B). In addition, a small 

proportion of the transcripts (Figures 1A and S1A) end in an upstream exon; these isoforms 

are collectively called mbl-MI hereafter.

There are three exons alternatively spliced in the 3′ portion of the mbl gene (named AE1–3, 

right inset in Figure 1A). mbl-C mRNA is generated by exclusion of AE3 while mbl-O and 

-P mRNAs contain this exon (green arrow in Figure 1A, right inset). Inclusion of this exon 

results in a change on the reading frame and in a notable larger protein. which contains two 

additional zinc fingers (red boxes in Figure 1B). In addition, mbl-P mRNA contains the exon 

AE2 while mbl-O does not. Due to their similarity in their 3′ end region we refer to these 

isoforms collectively as mbl-O/P. The other alternative isoform (mbl-MI) seems to be less 

variable, with most (or all) mbl-M/H/J/K/S/T/R mRNAs containing the exon AE1.

Western blot of fly heads using an anti-MBL antibody revealed that the most abundant bands 

were of the predicted size of MBL-C (27 kDa) and MBL-O/P (72 kDa) (Figure 1C). The 

relative levels of these two isoforms change slightly between strains, with CantonS strain 

flies having more MBL-C and yw flies slightly higher levels of MBL-O/P (Figure S1C). We 

also observed additional less strong bands, including proteins that could be translated from 

the mbl-MI isoforms (70–90 kDa; Figure 1C). The MBL-C protein contains a single pair of 

zinc fingers, while MBL-O/P and MBL-M/I contain two. These longer proteins also have 

predicted intrinsically disorder domains (yellow boxes in Figure 1B).

The RNA-seq data also suggest that a fraction of mbl mRNAs originate from alternative 

promoters (Figure 1A). To verify the existence of these isoforms, we purified mbl mRNAs 

using biotinylated oligonucleotides complementary to the second exon of mbl (present in 

all RNA isoforms) and sequenced these RNAs using nanopore technology. This experiment 
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confirmed that approximately one-fourth of the mbl transcripts have alternative 5′ exons 

(Figure 1A).

Levels of individual mbl RNA isoforms can be specifically reduced by the use of shRNAs

To further understand the role of the different mbl RNA isoforms, we generated 22 fly 

strains that express short hairpin RNAs (shRNAs) directed specifically against the different 

mbl RNA isoforms including circMbl. As a control we utilized a line expressing an shRNA 

similar to the one used to target circMbl but with eight mismatches in the center of the 

shRNA. This shRNA does not have complementarity to any sequence in the Drosophila 
transcriptome. Expression of most of these shRNAs with the strong actin-gal4 driver 

resulted in viable flies (Figure S1D). The exceptions are lines expressing shRNAs targeting 

the second exon (E2), the junction of the second and third exons (E2–3), or the last exon, 

which are shared by all mbl isoforms expressed in fly heads, which resulted in total or 

almost total developmental lethality (Figures 1D and S1D). This was expected, as flies with 

deletions in the mbl locus do not survive the pupal stage (Artero et al., 1998).

Constitutive expression of any of the two shRNAs directed against mbl-C downregulated 

the levels of this isoform in fly heads by more than 5-fold (Figures S1E and 1E). Upon 

expression of either of the two shRNAs that target the transcript that encodes MBL-C, the 

protein of 25 kDa was not observed by western blot (Figure 1E, bottom). In addition, 

expression of the shRNAs directed against mbl-O/P resulted in a strong and specific 

downregulation of these mRNAs and of the 75 kDa protein band (Figures 1F and S1F). 

Expression of the shRNAs targeting the transcripts that encode MBL-A or MBL-B did not 

alter the levels of any of the measured mRNA transcripts (including mbl-C, Figure S1E); 

this was expected, as these isoforms were not detected in fly heads.

The effect of the shRNA directed against the mbl-MI isoforms was difficult to assess due 

to the high levels of pre-mRNA. Indeed, most of the qRT-PCR product obtained when 

quantifying the levels of these isoforms corresponds to nascent RNA (as most of the 

RNA is in the chromatin-bound fraction, Figure S1G). This does not mean the isoform 

is not expressed, as it can be detected in the cytoplasmic fraction upon cell fractionation 

(Figure S1G) and in the ribosome footprinting data (Figure 1A). Expression of one of the 

shRNAs directed against mbl-MI resulted in a decrease of these transcripts by 30% (Figure 

S1H) and does not alter the expression of mbl-C (Figure S1E) or mbl-O/P (Figure S1F). 

The remaining signal likely originates from intronic or nascent RNA rather than mature 

transcripts.

We also generated shRNAs directed against two RNA regions which are common to several 

isoforms. We first tested two shRNAs targeting the last exon of mbl and hence the mbl-C, 

mbl-O, and mbl-P isoforms (lines UTR-KD1 and UTR-KD2, Figure 1D). The UTR-KD1 

shRNA line is significantly stronger than the UTR-KD2 line and when expressed from 

the actin-gal4 driver, the UTR-KD1 shRNA is almost completely lethal (Figure S1D). 

Restricting expression to neurons resulted in a decrease of about 50% of mbl-C and mbl-O/P 
mRNAs and of a more dramatic decrease of the corresponding protein isoforms (Figures S1I 

and S1J). The UTR-KD2 shRNA line is weaker, but we still observed a decrease of MBL-C 

(Figures S1I and S1J, respectively).
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In addition, we generated and tested two shRNAs targeting the most used first exon of 

mbl. Expression of any of these shRNAs (named E1-KD1 and E1-KD2) almost completely 

eliminated the expression of mbl-O/P and resulted in a strong decrease in the levels of mbl-C 
(Figures S2A and S2B). The difference in the knockdown of mbl-C and mbl-O/P could be 

due to the possibility that a substantial fraction of the mbl-C transcripts is generated from 

the distal mbl promoter (named mbl′ promoter). Therefore, we determined the levels of the 

transcripts generated from the upstream promoter on the different knockdown strains (see 

PCR amplicons in Figure S2C). Expression of the E1-KD shRNAs did not change the levels 

of the upstream exons 1′ and 2′ (Figure S2D). In addition, we did not observe changes on 

the mRNAs generated from the upstream promoter when knocking down mbl-O/P (Figure 

S2E). On the other hand, knockdown of mbl-C resulted in a strong (40%) decrease of 

the signal originating from the upstream promoter (Figure S2E). These results show that a 

significant fraction of mbl-C but not mbl-O/P is generated from the upstream promoter.

Mbl-C and mbl-O/P are expressed in different cells in the fly head

The results displayed above show that there is no detectable crosstalk between the levels of 

mbl-C and mbl-O/P, a remarkable result given the strong autoregulation operating within the 

mbl locus (see below). The latter could be due to tissue-specific expression of the different 

isoforms. We then measured the levels of mbl-C and mbl-O/P in fly heads and in dissected 

fly brains. A housekeeping gene such as ribosomal protein 49 (rp49) is not enriched in 

one part (brain/head ratio approximately 1; Figure 1G). The mRNA encoding the circadian 

regulator timeless (tim) is slightly enriched outside the brain (due to high expression in the 

eye and fat body, brain/head ratio approximately 0.3). Interestingly, mbl-C is highly enriched 

in the brain (brain/head ratio >4), while the levels of mbl-O/P in the brain are extremely 

low (Figures 1G and S2F), demonstrating that the latter isoform is mainly expressed in head 

tissues other than the brain (e.g., the eye) while mbl-C is highly brain enriched.

To determine where within the fly head the different mbl isoforms are expressed, we utilized 

data from a recent study that generated RNA-seq data from purified nuclei of 100 driver 

lines comprising 67 cell types sorted from fly heads (Davis et al., 2020). Strikingly, the 

expression of mbl-C and mbl-O/P is highly specific and not overlapping (Figure 1H). In 

brief, mbl-O/P mRNA is mainly expressed in the eye (photoreceptor cells) while mbl-C is 

expressed in different neuronal subtypes and in muscle cells (Figure 1H and Table S1).

Interestingly, cells expressing mbl-O/P tend to express mbl from the downstream/proximal 

promoter (e.g., photoreceptors in Figure S2G). Many of the cell types that express 

predominantly mbl-C display higher levels of the upstream/distal mbl promoter (e.g., Lawf2 

cells in Figure S2G; Table S1). In sum, our findings demonstrate the existence of cell-

specific expression of the two main mbl isoforms, which are also generated from alternative 

promoters.

Cells expressing circMbl can be identified using single-cell sequencing

The mbl locus expresses several circRNAs. The one originating from the second exon 

(circMbl) is the most abundant circRNA in flies (Ashwal-Fluss et al., 2014). However, there 

is no information on the cell specificity of this circRNA. Recently, the fly brain has been 
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sequenced at the single-cell level (Davie et al., 2018). As single-cell sequencing is based 

on poly(A) amplification, circRNAs are not represented in this type of dataset. However, 

there are three short poly(A) tracks in circMbl which could potentially extend the oligo(dT) 

primers utilized for reverse transcription (Figure 2A, right). To determine whether circMbl 

could be detected in poly(A+)-based libraries, we utilized a standard circRNA identification 

pipeline (find_circ [Memczak et al., 2013]) in newly generated poly(A+) 3′ RNA-seq 

datasets from dissected fly brains. We detected high signal corresponding to the backsplice 

junction of circMbl in these libraries (Table S2 and Figure S3A). We then proceeded to 

determine whether we could identify circMbl in the fly brain single-cell sequencing dataset. 

Indeed, we observed a high peak in the second exon in the aggregated signal from the single-

cell sequencing dataset (Figure 2A, left). Moreover, we found more than 2,000 normalized 

backsplicing reads for circMbl (for a few examples see Figure S3A and Table S2).

To quantify the levels of circMbl in single cells, we realigned the single-cell RNA-seq 

to a modified version of the genome in which the original annotation of the mbl gene 

was replaced by a circMbl gene (which consists of the regions encompassing the circRNA 

backsplicing junction) and the 3′ end of the different mbl linear RNA isoforms (Figure 

S3B). We observed that circMbl is expressed in many neuronal clusters within the brain and 

a few glial subclusters (Figure 2B and Table S2). We also performed a separate analysis 

in which we aligned reads to the mbl second exon. The circRNA is the main molecule 

produced from the second exon (>70% when comparing circRNA and linear reads [Ashwal-

Fluss et al., 2014; Westholm et al., 2014] or when evaluating the remaining signal upon 

circMbl-KD; see below). Hence, the signal originating from the second exon in this library 

constitutes a good proxy for circMbl expression (compare Figure S3C with Figure 2B). The 

last exon provides accurate information regarding mbl-C mRNA levels (as mbl-O/P is not 

expressed in the brain, Figures 1G and S2F). We used this analysis to identify the cells 

that express mbl mRNA, circMbl, or both. By integrating these two comparisons (circMbl 

versus mbl mRNA and exon 2 versus mbl mRNA), we were able to identify three types 

of clusters of cells: those that express very low levels (or no) mbl and circMbl; those 

that express high levels of both mbl and circMbl; and those that express only circMbl as 

determined by exon2 signal (Figure 2C and Table S2). Interestingly, related cell types have 

a quite different expression pattern of mbl expression. For example, almost every Lawf2 

cell expresses circMbl and mbl mRNA, but most of the closely related Lawf1 cells express 

neither linear nor circular mbl RNA (Figures 2C and 2D). Many neuronal cell types express 

both mbl and circMbl (Figure 2C and Table S2), and several neuronal groups do not express 

any of the mbl gene products. To the best of our knowledge, this is the first time that the cell 

specificity of a circRNA has been determined from a whole tissue at the single-cell level.

We also utilized the nuclei data from 100 cell types in the fly head and determined 

independently the expression of circMbl. As in the single-cell RNA-seq data, we observed 

high expression of circMbl across the fly brain with very high levels in Lawf2 (but not 

Lawf1) cells as well as in the groups described above (i.e., Ilp2 and photoreceptors; Figure 

S3D and Table S2). Interestingly, we generally detected high levels of circMbl on cells 

expressing either mbl-C or mbl-O/P (Figures 2E, S3D, and S3E; Table S2).
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While the circRNA generated from the second exon of mbl (circMbl) is the most abundant 

isoform, there are other additional abundant circular isoforms (Ashwal-Fluss et al., 2014; 

Westholm et al., 2014). While circMbl was the most abundant circRNA isoform in all the 

sequenced brain cell populations (in which mbl-C is the main/unique linear isoform, Table 

S1), eye cell populations (e.g., R1, R7, R8) express very high levels of the other circMbl 

isoforms (Figures 2E and S3F). Indeed, in photoreceptors the levels of circMbl4 are double 

those of circMbl, and circMbl3 is expressed at levels similar to those of circMbl (Figure 

S3F). Interestingly, these cells express predominantly mbl-O/P (Figure 2E and Table S1). 

Expression of the most abundant of those (circMbl4) strongly correlates with the levels 

of mbl-O/P but not mbl-C (Figure S3G). These results strongly suggest that circMbl2-5 

contribute to the regulation of mbl-O/P and/or are regulated by mbl-O/P but not mbl-C in 

cis.

The levels of circMbl and mbl-C correlate in individual clusters in the fly brain

If MBL protein regulates circMbl production, we expect a strong correlation between the 

levels of the mbl mRNA and circMbl within the clusters in the fly brain. We thus quantified 

levels of mbl (mbl-C predominantly) and circMbl in the individual clusters of the single-cell 

brain data. Indeed, we observed a very strong correlation between the levels of mbl and 

circMbl in the brain cell clusters (Figure 2F, R2 = 0.82, p < 2.2e–16). This correlation is 

not due to the total number of unique molecular identifiers per gene (UMIs, see color code 

in Figures 2F and S4A). Moreover, there was no correlation between either mbl mRNA or 

circMbl and the neuronal marker elav or the glial marker repo, showing that the correlation 

is not a data artifact (Figure S4B). A notable exception to the correlation between mbl-C and 

circMbl was observed in one group of glial cells that express circMbl and not mbl-C (arrow 

in Figure 2F).

mbl-C and circMbl regulate each other in cis

To determine the relationship between MBL-C and circMbl in the brain, we up- or 

downregulated the levels of this protein. First, we utilized an available UAS-MBL-C fly 

line in combination with a broad (actin-gal4) or neuronal-cell-specific (elav-gal4) driver. 

Overexpression of MBL-C using the broad driver resulted in complete developmental 

lethality (Figure S5A). By limiting the expression of MBL-C to the nervous system, we still 

observed some lethality (56%) but were able to obtain enough flies for follow-up molecular 

experiments (Figure S5A).

Overexpression of MBL-C in the nervous system (Figure S5B) resulted in a 2-fold increase 

in the levels of circMbl in dissected brains (Figures 3A and 3B). Importantly, the effect 

of MBL-C overexpression is specific to circMbl, as it did not increase the levels of other 

two abundant circRNAs (Figure 3B). We observed a small but significant decrease in the 

levels of circHaspin, likely due to indirect effects. As we did not observe an increase in 

mbl pre-mRNA upon MBL-C overexpression (Ex2-In2 amplicon, Figures 3A and 3C), it 

is possible that the newly produced circMbl is made at the expense of the linear RNA. 

Therefore, we determined the level of the two major endogenously expressed isoforms of 

mbl using primers that do not overlap with the overexpressed MBL-C open reading frame 

(Figure 3C). Overexpression of MBL-C decreased the levels of the endogenous mbl-C/O/P 
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qPCR target by almost 40% (Figure 3D). As mbl-O/P levels in the brain are very low (Cq 

value approximately 33) and are not affected by MBL-C overexpression (Figure 3D), the 

decrease in 40% of the endogenous mbl expression is likely due to the 2-fold increase 

in circMbl production. Moreover, the lower levels of mbl are unlikely to be due to other 

regulatory processes such as alternative splicing or nonsense-mediated decay, as all the 

identified isoforms expressed in the head at considerable levels contain the last exon and we 

could not identify a combination of splicing events that would generate an isoform with a 

premature stop codon. In any case, these results demonstrate the existence of competition 

between circMbl and mbl-C expression in vivo and a role in cis for circMbl production in 

the fly brain.

Moreover, specific downregulation of mbl-C provoked a 4-fold reduction in circMbl levels 

in fly brains (Figure 3E). The decrease in circMbl was not due to lower levels of mbl 
transcription (see Ex-In2 signal, Figure 3E). The levels of MBL-C seem to be a key 

determinant of circMbl levels in the fly head, as expression of the shRNA targeting mbl-O/
mbl-P resulted in a decrease of only 25% of the levels of circMbl (likely in the eye; Figure 

3F). Moreover, expression of the shRNA targeting the 3′ UTR shared by mbl-C, -O, and 

-P led to a 4-fold downregulation in the levels of circMbl in the fly brain (Figure 3G). 

Indeed, when we combined all the qPCR measurements, we observed a strong correlation 

between the levels of MBL-C and circMbl in both the head and the brain tissue (Figure 3H). 

These results together with the strong correlation observed in the brain between mbl-C and 

circMbl (Figure 2F) demonstrate that circMbl production by itself has a role in regulating 

the expression on mbl-C. This cis-regulatory mechanism limits the levels of MBL-C protein 

and mRNA.

mbl-O/P regulates its own production by two different mechanisms

As shown above, cells in the fly eye express only mbl-O/P as well as high levels of 

other circRNAs generated from the mbl locus: circMbl2, circMbl3, and circMbl4. This 

raises the possibility that in the fly eye the production of those circRNAs (and not the 

canonical circMbl) is the main driver of the mbl self-regulatory loop. Indeed, knockdown of 

mbl-O/P resulted in a significant decrease in circMbl2, circMbl3, and circMbl4 (Figure 4A), 

demonstrating that MBL-O/P is required for the expression of these circRNAs.

We generated flies expressing MBL-O/P. As for MBL-C, overexpression of MBL-O/P 

utilizing the constitutive driver actin-gal4 resulted in developmental lethality (Figure S5A). 

Overexpression of MBL-O/P in the eye using the eye-specific gmr-gal4 driver (see Figures 

S5C and S5D) provoked a significant increase in the levels of circMbl2 and circMbl4 but not 

circMbl and circMbl3 (Figure S5E). By combining these data, we were able to determine 

that MBL-O/P can dramatically modulate the levels of circMbl2, circMbl3, and circMbl4 

but not circMbl (Figure 4B). We attribute the small/lack of effect on circMbl levels mainly to 

the fact that circMbl expression is lower in the eye and that it is also produced in many cells 

that do not express MBL-O/P.

Moreover, we observed a decrease in the levels of the pre-mRNA of mbl-C/O/P (Figure 4C), 

demonstrating that the newly formed circRNA likely comes at the expense of the levels of 

the endogenous mbl. The lower levels of pre-mbl-C/O/P following MBL-O/P overexpression 
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are due to production of the circRNAs and not transcription, as the signal in the other tested 

introns is not decreased (see below). These results demonstrate that the levels of mbl-O/P are 

regulated mainly by the production of the longer circRNAs instead of circMbl.

As MBL regulates splicing of introns carrying MBL binding sites (Goers et al., 2010; 

Li and Millard, 2019), and the introns in the mbl gene contain several of those sites 

(Ashwal-Fluss et al., 2014), we determined the levels of mbl unspliced introns in fly head 

samples depleted of different MBL isoforms. As shown above, a decrease in MBL-C levels 

did not change amounts of pre-mRNA as measured in the intron-exon boundaries flanking 

the circularizable exon 2 (Figure 3E, and see scheme in Figure 3C). This result suggests 

that MBL-C promotes circMbl backsplicing directly and not by modulating the splicing 

efficiency of the flanking introns. Interestingly, downregulation of mbl-O/P resulted in a 

strong decrease in the intronic signal flanking the main circularizable exon of mbl (exon 

2; see In1-Ex2 and Ex2-In2 signals in Figures 4D and S5F) with no effect on the levels of 

the last intron (preMbl-C/O/P primer pair; Figures 4D and S5F). We obtained similar results 

when performing a similar experiment from nascent RNA using heads of control, mbl-C, 

and mbl-P/mbl-O knockdown strains (Figures S5G–S5I). This suggests that MBL-O/P 

inhibits the splicing of the first and second mbl introns. Indeed, flies expressing the E1KD1 

shRNA (which resulted in a 10-fold reduction of mbl-O/P mRNA, Figure S2A) display a 

3-fold reduction on the levels of the first and second mbl introns (Figure 4D). Moreover, 

we observed a strong correlation between the levels of unspliced mbl second intron and 

mbl-O/P mRNA when we combined all the silencing experiments of mbl isoforms in fly 

heads (Figure 4E). Additionally, overexpression of MBL-O/P but not MBL-C in the fly 

eye provoked a 1.5-fold increase in the pre-mRNA of mbl (Figure 4F), demonstrating that 

MBL-O/P regulates its own levels by inhibiting its own splicing. Interestingly, similar to 

MBL-O/P, overexpression of MBL-C in the eye increased the levels of the eye-specific 

circRNAs without changing the levels of the introns flanking the second mbl exon (Figures 

S5J and 4F). This result strongly suggests that the effect of MBL-O/P on the levels of 

the circular RNAs is independent of the activity of this protein on the splicing efficiency 

of the first and second mbl introns. These results suggest the existence of an additional 

(circRNA-independent) mechanism by which MBL-O/P regulate their own production by 

inhibiting the splicing of the first and second mbl introns.

The results presented in these sections show that MBL directly limits/regulates itself. In the 

fly brain, MBL-C is the main protein isoform and limits its own mRNA and protein amounts 

by promoting the formation of circMbl (see scheme in Figure 4G). As MBL-C is required 

to bind to both introns flanking the circularizable exon (Ashwal-Fluss et al., 2014), it likely 

promotes circRNA biosynthesis directly by bringing those introns together through protein-

protein interaction and recruitment of the spliceosome. In the fly eye, where MBL-O/P is 

the predominantly expressed protein isoform, MBL limits/buffers its own expression by two 

independent mechanisms: inhibition of its own splicing and promoting expression of several 

circMbl isoforms (circMbl 1–4; see Figure 4G). These results demonstrate a gene expression 

cis-regulatory role for the biosynthesis of the circRNAs derived from the mbl locus in vivo.
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circMbl can be specifically downregulated in vivo by microRNA-derived shRNAs

To determine potential roles of circMbl in trans, we depleted circMbl by using shRNAs 

directed against the circMbl-specific backspliced junction (Ni et al., 2011; Pamudurti et al., 

2020). We generated flies expressing the shRNA against circMbl under the control of the 

constitutive actin-gal4 driver. We then analyzed gene expression in controls and circMbl-KD 

flies using total and poly(A+) RNA-seq. We observed a specific and strong reduction in 

circMbl levels in fly heads (Figures 5A and 5B). The effect was highly specific for the 

circular molecule, as we did not observe a reduction of any of the linear mbl mRNA 

isoforms (Figures 5B, 5C, and S6A). We followed by confirming that the second exon 

signal mainly originates from the circRNA. Indeed, we observed a 70% decrease in the 

signal originating from the second exon of mbl in the poly(A+) RNA-seq library from flies 

expressing the shRNA targeting circMbl compared with the control library (Figures 5A–5C 

and S6A).

The shRNA that targets circMbl does not have off-target effects

To rule out the possibility that expression of the circMbl shRNA also affects the protein 

product expressed from the linear RNAs, we compared the MBL protein expression in 

control flies with that in the circMbl-KD line. No difference was detected, demonstrating 

that expression of the shRNA against circMbl is specific and does not alter the levels of any 

of the MBL isoforms (Figure 5D). As the knockdown by the shRNA is post-transcriptional 

and only is suitable for determining functions of the circRNA once in the cytoplasm, 

this does not contradict the results demonstrating a role for circRNA production on the 

expression of mbl mRNA.

The shRNA could also have off-target effects on other mRNAs by acting as an miRNA. 

Therefore, we determined whether the downregulated mRNAs in the shRNA-expressing 

strain were enriched for the seed of the shRNA or shRNA* utilizing Sylamer (van Dongen 

et al., 2008). None of the downregulated mRNAs were enriched for these seed sequences 

(Figure 5E).

The shRNA could perturb miRNA-mediated gene regulation or could provoke changes 

in translation of mRNAs without significant effects at the RNA level. To rule out this 

possibility, we determined whether the expression of the shRNA against circMbl altered 

the population of mRNAs bound to AGO1, the key component of the miRNA effector 

machinery in Drosophila (Forstemann et al., 2007). To do so, we sequenced mRNAs 

that co-purified with AGO1 in heads of control and circMbl-KD flies. Expression of the 

shRNA against circMbl did not alter the general profile of RNAs bound to AGO1 (Figure 

5F). Moreover, the k-mer enrichment was similar for control flies and circMbl-KD flies, 

and there was no significant enrichment for the 6-mers that could be generated from the 

processing of shRNA designed to target circMbl (Figure 5G). Furthermore, the few mRNAs 

that were differentially bound to AGO1 in the circMbl-KD flies were not enriched for seed 

sequences potentially targeted by the shRNA and shRNA* expressed in this strain (Figure 

S6B). All these results indicate that the shRNA designed to target circMbl is highly specific 

and suitable for determining the functionality of this circRNA in vivo.
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Reduction of circMbl levels leads to abnormal developmental and adult phenotypes

As shown above, knockdown of individual mbl isoforms produced viable adult flies. 

Interestingly, circMbl-KD flies displayed male developmental lethality with high penetrance 

(Figure 6A). To confirm these phenotypes, we generated two additional shRNAs against 

the circMbl junction (Figure 6B). When the shRNAs targeting circMbl were expressed 

under the actin-gal4 driver, we observed significant but incomplete developmental male 

lethality with one of the shRNAs (circMbl-KD3) as observed with the original shRNA. 

Expression of the other shRNA (circMbl-KD2) resulted in complete male lethality and a 

very strong lethality in females, while expression of the shRNA with mismatches to the 

circMbl junction (circMbl-8MM) did not affect viability or the number of males (Figure 

6A). Expression of the circMbl-targeted shRNAs provoked an almost complete silencing of 

circMbl (Figure S6C). However, expression of the two shifted shRNAs had some effects on 

the levels of mbl-C and mbl-O/P (Figure S6C). These effects observed on the linear RNAs 

are likely due to the longer stretches of complementarity resulting from the shift. In any 

case, the phenotypes attributed to the circMbl-KD1 and circMbl-KD3 cannot be attributed to 

alterations on the linear RNAs because: (1) circMbl-KD1 flies do not show changes in any 

of the linear mRNA isoforms; and (2) we did not see any of the phenotypes observed with 

the circMbl-KD lines when targeting linear mbl isoforms.

A large proportion of the circMbl-KD males that escaped the developmental lethality 

displayed a strong wing-posture phenotype (Figure 6C, left). Females displayed a similar 

phenotype when raised at 29°C (Figure 6C, right). We observed normal wing postures 

in all control strains. All circMbl-KD3 males and females also displayed wing-posture 

phenotypes (Figures 6D and 6E). These results demonstrate that downregulation of circMbl 

using different shRNAs provokes related phenotypes. Importantly, knockdown of the mbl 
linear isoforms did not provoke any of those phenotypes, demonstrating that circMbl and 

mbl have different functions.

The observed wing phenotypes suggest that circMbl is necessary for correct muscle function 

and flight. We next evaluated the flight of the different circMbl-KD strains. We first 

determined whether control, circMbl-KD, and circMbl-KD3 flies could flap their wings 

when released. In these conditions all the males and females from a control strain flapped 

their wings (Figure 6F). Similarly, all the female flies from the circMbl-KD strain flapped 

their wings (Figure 6F). In contrast, only half (9/19) of the males from the circMbl-KD 

strain and one-third (12/33) of circMbl-KD3 females managed to flap their wings (see 

Figure 6F for the summarized results and Figure 6G for an example of males from circMbl-

KD).

We then performed a second type of assay in which we carefully placed the flies on a surface 

and allowed them to take off and fly freely. In this assay, we determined the mean wing-beat 

frequency per flight. Males of the circMbl-KD strain and females of the circMbl-KD3 strain 

displayed significantly lower wing-beat frequencies than controls (Figure 6H). In addition, 

many of circMbl-KD3 females could not sustain normal flight and tended to lose flight 

stability and “crash” even after a seemingly normal take-off and while beating their wings 

(Figure 6I). In sum, these physiological studies demonstrate a role for circMbl in locomotion 

and flight.
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Modulation of circMbl alters expression of brain- and muscle-related genes

We recently generated flies that allow overexpression (OE) of circMbl (Pamudurti et al., 

2017). To identify genes affected by modulation of circMbl, we generated and sequenced 

3′ RNA-seq libraries from heads of control, circMbl-KD, and circMbl-OE flies. There were 

39 mRNAs differentially expressed in both circMbl-KD and circMbl-OE flies (Table S3). 

Thirty-five of these genes showed opposite trends in the OE and KD strains (Figure S6D). 

This group of genes is enriched for genes involved in muscle development and function.

The low number of differentially expressed genes in this experiment might be due to 

masking of changes in the brain by other tissues present in the fly head. Therefore, we 

utilized dissected fly brains of control and circMbl-KD flies to generate and sequence 

3′ RNA-seq libraries. Indeed, we found 504 differentially expressed genes (adjusted p 

value <0.05 and fold change >1.5; Figure S7A and Table S4). Interestingly, genes involved 

in signal transduction and neuropeptide receptor activity were among the most enriched 

gene ontology terms within the genes downregulated upon circMbl-KD (Table S4). We 

found genes involved in neurotransmitter-gated ion-channel clustering, RNA localization, 

and protein metabolism among the upregulated genes (Table S4).

To gain insights into the cell types within the brain affected upon circMbl knockdown, 

we utilized the single-cell brain data to determine cell clusters enriched for these 

differentially expressed genes (see STAR Methods). By conducting this analysis we found 

that knockdown of circMbl altered the gene expression of genes particularly enriched in 

some glial clusters, peptidergic cells, clock neurons, Lawf2 cells, and photoreceptors (Figure 

7A and Table S5). Most of the clusters in which we previously detected high mean or total 

levels of circMbl (Table S2) are among the ones more enriched for differentially expressed 

genes upon circMbl knockdown (see squares in Figure 7A).

circMbl and MBL-C regulate locomotor activity in different ways

The potential involvement of peptidergic and circadian neurons suggests roles of circMbl 

in locomotor behavior. Therefore, we determined locomotor activity upon circMbl, mbl-C, 

or mbl-O/P knockdown. First, we used a simple assay to examine the larval locomotion 

behavior by placing a single larva at the center of an agar plate and following its movement. 

As expected, wildtype larvae move toward the edge of the plate (Figures 7B and S7B). 

Interestingly, knockdown of circMbl and mbl-C (but not mbl-O/P) significantly reduced the 

covered distance when compared with the controls (Figure 7C). Moreover, we observed that 

the locomotion defect observed in the circMbl- and mbl-C-KD larvae are different, with 

most mbl-C-KD displaying straight locomotion patterns while circMbl-KD larvae seem to 

“move in circles” (compare patterns in Figure 7B, and see Figures 7D and 7E). These results 

show that depletion of mbl-C and circMbl lead to different locomotor deficits in larvae.

We then evaluated daily locomotor activity patterns in adult flies from circMbl-KD, mbl-C, 

and mbl-O/P and control strains under 12 h light/12 h dark (LD) conditions. Surprisingly, 

depletion of circMbl resulted in a very strong (almost 2-fold) increase in locomotor activity 

during the light (Figures 7F, 7G, and S7C) but not during the dark period (Figure S7D). On 

the other hand, knockdown of mbl-C significantly diminished the activity during the dark 
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but not the light period (Figures S7E and S7F). We did not detect significant changes in 

sleep or circadian rhythmicity (Table S6). In addition, we found that in constant darkness, 

modulation of mbl-C and circMbl alters locomotor activity in a significant and opposite way 

(Figures 7H, S7I, and S7J). This effect was very strong, with downregulation of circMbl 

increasing the levels of activity 2-fold and mbl-C-KD diminishing them more than 2-fold, 

while we did not see any effect when downregulating mbl-O/P (Figures 7H and S7K). These 

results demonstrate that mbl-C and circMbl work antagonistically to regulate the levels of 

locomotor activity.

DISCUSSION

Several autoregulatory mechanisms have been described in mammals for MBNL proteins: 

MBNL1 binds to its own first exon and prevents the generation of a fully functional protein 

by favoring exclusion of exon 1 (Konieczny et al., 2017) or by promoting the exclusion of 

exon 5, which has the nuclear localization signal (Kino et al., 2015). Here we show that the 

mbl locus utilizes the production of circRNAs as a way to balance/buffer its own levels in a 

cell-type-specific manner (which involves circMbl in the brain and circMbl2-5 in the eye).

Surprisingly, we found that MBL-C and MBL-O/P regulate circRNA production when 

overexpressed in the eye, despite the additional domains present in MBL-O/P. This can be 

explained by the fact that deletion studies in MBNL1 showed that the first two zinc fingers 

not only are enough to bind to the RNA but also to promote splicing of most targets (Edge 

et al., 2013; Purcell et al., 2012). It is possible that MBL-O/P has additional functions in the 

cytoplasm or in splicing regulation. In this context, it will be very useful to use CRISPR to 

generate flies which could only generate one of the isoforms.

In this work, we pioneer the use of single-cell sequencing data to determine the spatial 

expression of a circRNA. To this end, we modified available quantification tools and 

took advantage of the presence of a poly(A) track near the circMbl backsplicing junction. 

Unfortunately, this approach can be used only for few circRNAs: those that contain A tracks 

near the backsplicing junction. New technologies using either random or specific priming of 

regions close to backsplicing junctions would allow determination of single-cell expression 

of more circRNAs.

In addition, we found a good correlation between the levels of circMbl and mbl in the 

brain. We believe that this is due to the existence of a strong co-regulatory mechanism. 

Moreover, the fact that overexpression of MBL-C or O/P but not knockdown has such 

a deleterious effect strongly argues that the levels and/or activity of MBL should be 

maintained within a limited range. Additional perturbation experiments involving fast and 

transient overexpression of MBL would be very helpful to understand how quickly these 

mechanisms act.

While production of circMbl has a clear effect on the rate of mbl mRNA synthesis, this 

effect is mainly co-transcriptional, as we did not see changes in the levels of mbl mRNA and 

protein upon post-transcriptional knockdown of circMbl. Moreover, knocking down circMbl 

leads to specific phenotypes, some of them opposite to those generated by knockdown of the 
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linear mbl counterpart. As circMbl knockdown is restricted to the cytoplasm, if circMbl has 

a strong role in antagonizing or promoting any function of MBL in the nucleus, it could not 

be assessed in this way. Further determination of this type of function needs the generation 

of new mbl mutants that cannot produce circMbl or which produce isoforms of circMbl 

that cannot bind MBL. Indeed, we attempted to mutate MBL binding sites flanking the 

circularizable exon in mbl but failed in obtaining viable and stable flies, likely because of 

deleterious changes in expression of mbl mRNA.

While the experiments presented herein demonstrate the functionality of circMbl both in cis 
and in trans, they provide little insight into the molecular mechanism by which this circRNA 

operates. However, the circMbl-KD flies constitute an excellent system to determine how 

circMbl potentially alters MBL function in vivo. Interestingly, the phenotypes observed 

upon circMbl knockdown do not directly correlate with those previously described while 

modulating MBL protein. All the above data suggest that while circMbl and MBL 

functions are tightly interconnected, the mechanism of interaction between these molecules 

is complex.

Limitations of the study

We acknowledge that this study has some limitations. For example, the fact we use 

shRNAs for knocking down circMbl precludes determining cis-related functions of circRNA 

production, which could be accomplished by generating flies that cannot produce circMbl. 

Moreover, as part of our study we could not perform rescue experiments, which could be key 

to identifying sequence and spatial requirements of circMbl.

STAR★METHODS

RESOURCE AVAILABILITY

Lead contact—Further information and requests for resources and reagents should 

be directed to and will be fulfilled by the lead contact, Prof. Sebastian Kadener 

(skadener@brandeis.edu).

Materials availability—All unique/stable reagents generated in this study are available 

from the lead contact with a completed material transfer agreement.

Data and code availability

• All next-generation sequencing data have been deposited at the GEO repository 

and are publicly available as of the date of publication.

• This paper does not report original code.

• Any additional information required to reanalyze the data reported in this paper 

is available from the lead contact upon request.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Fly strains and reagents

Fly strains: Wild type flies that we used in this study are yw and w1118 strains 

(Bloomington Drosophila Stock Center Indiana, USA). Elav-Gal4; UAS Dcr2 were 

generated by using elav-Gal4 (stock number 458, Bloomington Drosophila Stock Center, 

Indiana, USA) and UAS-Dcr2 flies. The circMbl OE strain is described in (Pamudurti et 

al., 2017). Mbl-C OE strain was kindly provided by Dr. Ruben D Artero (Department of 

Genetics, University of Valencia) Unless indicated otherwise, all crosses were performed 

and raised at 25°C in 12 h light-dark cycle (LD).

Generation of transgenic lines: To generate specific mbl linear and circRNA KD flies 

we designed oligonucleotides with perfect 21-nucleotide complementary sequence to the 

circRNA junction or the specific isoform targeted sequence (linear junction or exon 

sequence), annealed them, and ligated in to the linearized Valium20 vector with EcoR1 and 

Nhe1 restriction enzymes. Colonies were screened by PCR and the plasmid was purified and 

sequenced from positive colonies. These plasmids were sent for injection to BestGene Inc 

(CA, USA). A list of the RNAs targeted and a list of the oligonucleotides used for cloning is 

presented in Table S7. The presence of potential off-targets was verified by performing Blast 

against the fly genome and transcriptome. We did not observe any perfect complementary of 

16 bases or more for any of the shRNAs. To generate mbl-C-FLAG OE and mbl-O/P-FLAG 

OE flies we used the cDNA from wildtype flies to amply the ORF of each isoform and then 

cloned in to the pUAS attB plasmid using the primers that mention in the Table S7. These 

plasmids were sent for the injection to BestGene Inc as mentioned above.

METHODS DETAILS

Molecular biology methods

Nascent RNA extraction: Nascent RNA was extracted from heads as described in (Khodor 

et al., 2011). Briefly, 3 days old fly heads were homogenized with a Dounce homogenizer, 

in the 300 uL homogenization buffer (10 mM Hepes-KOH pH 7.5, 10 mM KCL, 1.5 mm 

MgCl2, 0.8 M Sucrose, 0.5 mM EDTA, 1 mM DTT, 0.5 units/ul SuperaseIN, and protease 

inhibitor cocktail (mini complete, Roche)). Then the homogenized mixture was loaded on 

350ul sucrose cushion buffer (10 mm Hepes-KOH pH 7.5, 10 mm KCl, 1.5 mM MgCl2, 

1 M Sucrose, 10% Glycerol, 0.5 mM EDTA, 1 mM DTT, 0.5 units/ul SuperaseIN, and 

protease inhibitor cocktail (mini complete, Roche)). This mix was centrifuged at maximum 

speed for 10 min at 4°C. The supernatant, which will be the cytosolic fraction, was 

taken and prepared for RNA extraction using TRIZOL LS (ambion) as per instructions 

mentioned by the manufactured. The nuclei pellet was gently resuspend by pipetting 150ul 

of Nuclear lysis buffer (10 mM Hepes-KOH pH 7.6, 100 mM KCL, 0.1 M EDTA, 10% 

Glycerol, 0.15 mM Spermine, 0.5 mM Spermidine, 0.1 mM HaF, 0.1 mM Na3VO4, 0.1 

mM ZnCl2, 1 mM DTT, 1 units/ul SuperaseIN, and protease inhibitor cocktail (mini 

complete, Roche)). Finally, 150 ul of NUN buffer were added and mixed gently. Then 

the sample was incubated on ice for 20 min and then centrifuged (maximum speed, 30 min 

4°C). The supernatant containing the Nucleoplasm RNA was separated for RNA extraction 

with TRIZOL LS. The pellet containing the chromatin bound RNA was resuspended in 
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Trizol (TRI reagent from Sigma) and incubated for 15 min at 65°C and then proceed with 

RNA extraction as mentioned in the manufacturer protocol. After RNA extraction from 3 

different fractionations, cDNA was synthesized and qPCR was performed as mentioned in 

the methods above.

Nanopore sequencing: The probes mixture (1ug of each probe) was denatured at 85°C for 

3 min, and placed on ice immediately. Probes mixture was added to total RNA, mixed well 

and incubated for 3 h at 37°C rotating. Streptavidin C1 beads from NEB (CAT# S1420S) 

were prepared. 100μL of streptavidin beads per samples were used, 4X washes with 10 mM 

Tris-HCl, pH 7.5, and then 2X washes with 1X Hybridization Buffer. Finally, the beads were 

resuspended in 450μL of Tris-HCl, pH 7.5. 50μL of resuspended beads were added to each 

sample, and incubated for 1 h at 37°C rotating. The beads were separated from the samples 

using a magnet, and then washed 5X in 8X bead volume (800μL) of 1X Hybridization 

buffer. For elution we added 100μL of elution buffer and then incubated for 10 min at 95°C. 

We transferred to fresh tube and extract RNA using TRI reagent (Sigma). Samples were 

treated with DNaseI (NEB) and performed the nanopore sequencing as instructed in the 

manual from oxford nanopore technology MinION Mk1B kit.

Real-time PCR: Total RNA was extracted from adult fly either heads or brains using TRI 

Reagent (Sigma) and treated with DNase I (NEB) following the manufacturer’s protocol. 

cDNA was synthesized from this RNA (using iScript and random primers, Bio-Rad) and 

was utilized as a template for quantitative real-time PCR performed with the C1000 Thermal 

Cycler Bio-Rad. The PCR mixture contained Taq polymerase (SYBR green Bio-Rad). 

Cycling parameters were 95°C for 3 min, followed by 40 cycles of 95°C for 10 s, 55°C for 

10 s and 72°C for 30 s fluorescence intensities were plotted versus the number of cycles by 

using an algorithm provided by the manufacturer. Primer efficiency was determined for all 

primers described in this study and incorporated into the relative expression calculation. The 

sequences of all the primers used in this assay are detailed in Table S7.

Assessment of developmental lethality: Ten homozygous sh-circRNA male flies were 

crossed with 10 virgin female actin-Gal4 flies and transferred to new bottles every 3 days. 

The F1 progeny was separated based on their genotype (indicated by the presence of the 

marker/balancer CyO) and the males and females fly were counted. We performed this 

assessment for each bottle for 9 days or until the totality of the F1 eclose.

RNA libraries preparation for RNA-seq analysis: Total RNA was extracted using Trizol 

reagent (Sigma) and treated with DNase I (NEB) following the manufacturer’s protocol. 

Stranded ligation-based, total-RNA libraries preparation was modified from (Engreitz et 

al., 2013) as follows: For PolyA + libraries, 0.5 μg of total RNA was polyA + selected 

(using Oligo(dT) beads, Invitrogen), fragmented in FastAP buffer (Thermo Scientific) for 3 

min at 94°C, then dephosphorylated with FastAP, cleaned (using SPRI beads, Agencourt) 

and ligated to a linker1 (5Phos/AXXXXXXXXAGATCGGAAGAGCGTCGTGTAG/3ddC/, 

where XXXXXXXX is an internal barcode specific for each sample), using T4 RNA 

ligase I (NEB). Ligated RNA was cleaned-up with Silane beads (Dynabeads MyOne, Life 

Technologies) and pooled into a single tube. RT was then performed for the pooled sample, 
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with a specific primer (5′-CCTACACGACGCTCTTCC-3′) using AffinityScript Multiple 

Temperature cDNA Synthesis Kit (Agilent Technologies). Then, RNA-DNA hybrids were 

degraded by incubating the RT mixture with 10% 1 M NaOH (e.g. 2ul to 20ul of RT 

mixture) at 70°C for 12 min pH was then normalized by addition of corresponding amount 

of 0.5 M AcOH (e.g. 4ul for 22 ul of NaOH + RT mixture). The reaction mixture was 

cleaned up using Silane beads and second ligation was performed, where 3′end of cDNA 

was ligated to linker2 (5Phos/AGATCGGAAGAGCACACGTCTG/3ddC/) using T4 RNA 

ligase I. The sequences of linker1 and linker2 are partially complementary to the standard 

Illumina read1 and read2/barcode adapters, respectively. Reaction Mixture was cleaned up 

(Silane beads) and PCR enrichment was set up using enrichment primers 1 and 2:

5′AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCG

ATCT-3′, 5′-
CAAGCAGAAGACGGCATACGAGATXXXXXXXXGTGACTGGAGTTCAGAC

GTGTGCTCTTCCGATCT-3′, where XXXXXXX is barcode sequence) and Phusion HF 

MasterMix (NEB). 12 cycles of enrichment were performed. Libraries were cleaned with 

0.7X volume of SPRI beads. Libraries were characterization by Tapestation. RNA was 

sequenced as paired-end samples, in a NextSeq 500 sequencer (Illumina).

rRNA− libraries were similarly prepared, without the polyA + selection step: 0.25 μg of 

total RNA from each sample were fragmented in FastAP buffer (Thermo Scientific) for 3 

min at 94°C, then dephosphorylated with FastAP, cleaned and ligated to linker1 using T4 

RNA ligase I (NEB). Ligated RNA was cleaned-up with Silane beads (Dynabeads MyOne, 

Life Technologies) and pooled into a single tube. 1/4 of the pooled sample was rRNA 

depleted using Ribo-Zero rRNA removal kit (epicentre). Unbound RNA (rRNA−RNA) was 

cleaned (using SPRI beads) and reverse transcribed, ligated to linker2 and enriched by PCR 

as described above (for total PolyA + libraries).

For digital 3′ gene expression, library preparation was similar to the total RNA (PolyA+) 

libraries described above, with one exception: PolyA + selection was not done before 

fragmentation, but after linker1 ligation and samples pooling (before the RT reaction step).

Western blot analysis: Fly heads (20 heads per sample) were collected on dry ice. Heads 

were homogenized in RIPA lysis buffer (50 mM Tris-HCl at pH 7.4, 150 mM NaCl, 1 mM 

EDTA, 1% NP-40 0.5% Sodium deoxycholate, and 0.1% sodium dodecyl sulfate (SDS), 

1 mM DTT, supplemented by protease inhibitor cocktail and phosphatase inhibitors) using 

motorized pestle. Head lysates were then centrifuged at maximum speed for 10 min and 

the supernatant was saved. lysates were boiled with protein sample buffer (Bio-Rad) and 

resolved by Criterion XT Bis-Tris gels (Bio-Rad). Antibodies used for western blotting: 

sheep Anti-mbl antibody was kindly provided by Prof. Darren Monckton (School of Life 

Sciences, University of Glascow), mouse anti-tubulin (DM1A; SIGMA, 1:30,000). Western 

blots quantification performed using ImageJ and provided the values at bottom of each blot.
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AGO1-seq procedure: AGO1 immunoprecipitation was performed as previously described 

(Kadener et al., 2009; Lerner et al., 2015). The RNA-seq libraries were performed utilizing 

the Ovation RNA-seq System for model organisms.

Physiological and behavioral assessments

Larval locomotion: The larval assay was performed with actin Gal4/CyO GFP flies 

generated by crossing the actin Gal4 to UAS-CyO GFP flies. The ubiquitous knockdown 

of circMbl and MBL-C was achieved by crossing the UAS-shcircMbl and UAS-shMBL-C 

lines to actin-Gal4/CyO-GFP. The control for these experiments was 8MM and actin-Gal4.

The cross was set up in standard agar-yeast media and raised at 25C. Third-instar larvae 

expressing no GFP were picked up gently using a brush under a stereo microscope 

fitted with an external florescence filter. An individual third-instar larvae was washed 

with distilled water and placed in the center of a 2% agar plate (1 mm thickness). The 

illumination was provided from the bottom of the agar plate using a light pad pro and the 

activity of the larva was recorded for 2 min using an iPod. The video was then trimmed to 

1 min and analyzed using MATLAB (Mathworks Inc, Natick, MA, USA) based software 

Ctrax (Branson et al., 2009) a multi-fly tracker (http://ctrax.sourceforge.net/). We used 

custom scripts on R-studio to generate the trajectories of larval crawling to the periphery of 

the agar plate.

Locomotor activity and sleep measurements: Male flies were monitored using Trikinetics 

Drosophila Activity Monitors (DAM) using 1-min bins. Each fly was placed into a glass 

tube containing 2% agarose and 5% sucrose food. Flies were entrained for 4 days in 12:12 

Light: Dark cycles (LD) and 7 days in constant darkness (DD). All the experiments were 

performed at 25°C. Analyses were performed with a signal processing toolbox (Levine et 

al., 2002). All the activity assessments were done in LD. For the DD assessments, flies were 

considered rhythmic if the rhythm index was greater than 0.20 for the first 5 days in DD, 

weakly rhythmic if 0.1 < RI < 0.2 and arrhythmic if RI < 0.1. The sleep parameters of 

Activity and sleep were analyzed using the MATLAB script S.C.A.M.P.

Flight analysis: In both the tapping and free-flight assays we used a Phantom v2012 fast 

camera (Vision Research, NJ) oriented horizontally and back-illuminated by a near-infrared 

LED. The camera operated at 10,000 frames per second and resolution of 1280 × 800 pixels. 

Triggering was performed manually. In the tapping assay, groups of ~5 files we placed in 

a bottle with flat sides to allow undistorted imaging. Once the flies climbed to the top of 

the bottle, we tapped it down against the bench, which caused the flies to fall. Overall, we 

recorded 119 flies during their fall and measured whether they flapped their wings or not. In 

the free-flight assay we placed an individual fly on a pipette tip or a thin wire and allowed 

it to take off freely. The fly was released inside a transparent Plexiglas cubic container, 

with side length of ~20 cm, to allow free flight far from any solid boundary. The flapping 

frequency of 131 flies was manually extracted from the videos.
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QUANTIFICATION AND STATISTICAL ANALYSIS

Computational analysis

RNAseq and ribosome footprinting data for mbl isoform annotation and 
quantification: Data was downloaded from GEO (Series GSE79626: Pamudurti et al., 

2017 and GSE124134 all time point at 25C: Martin Anduaga et al., 2019) and aligned 

to Drosophila melanogaster dm6 genome and transcriptome version using STAR (Dobin 

et al., 2013). Gene expression and splice junctions were quantified using featurecounts 

implementation in Rsubread (Liao et al., 2019). Specific splice junctions were used as a 

proxy of each alternative exon1 usage, mblC and mblO/P. To evaluate the proportion of each 

3′UTR usage (mblA, mblB, mblMi, mblC/O/P) we quantified the reads aligning to 74 bases 

after each stop codon. Along this paper we called mbl-C the transcript that gives origin to 

the reported protein MBLC to maintain clarity and consistency with the literature. However, 

this transcript is called mbl-RD in flybase and UCSC genome browser.

Nanopore data processing and visualization for mbl 5′UTR annotation: Nanopore reads 

were demultiplexed using EPI2ME software from Nanopore and aligned using minimap2 

(Li, 2018) aligner and dm6 genome. Integrative genome viewer (IGV) was used for 

visualization.

Differential gene expression from brain data: RNA was aligned to Drosophila 
melanogaster dm6 genome and transcriptome version using STAR (Dobin et al., 2013). 

Gene expression was countified with ESAT (Derr et al., 2016). Only samples with more 

than 3 million reads were kept for further analysis. Deseq2 was used for normalization and 

differential gene expression. Genes with p value adjusted less than 0.05 and fold-change 

more than 1.5 were selected as significant. Actin-Gal4 UAS-8-missmatch flies were used as 

a control.

circMbl and mbl-C/O/P annotation for polyA selected libraries (bulk and single 
cell): The sequences of relevant mbl exons were extracted from UCSC genome browser and 

added to the dm6 genome version of Drosophila melanogaster with the original mbl gene 

region deleted. This allowed us to quantify reads coming from exon2 and the 3′UTR region. 

To specifically annotate circRNA junction, the junction sequence was generated manually 

and added to the genome. The number of bases surrounding the junction was selected to 

guarantee the mapping of only circRNA reads, for example if the read length were 50 bases, 

then we selected 45 bases to each side of the circRNA junction. The proper read mapping 

was checked manually by inspecting the alignment in IGV genome browser.

Single cell analysis: Raw data was downloaded from geo (Series GSE107451) and aligned 

using the modified dm6 genome with 3′UTR region and either exon2 or circMbl sequence. 

To avoid counting multimapping reads we used a modified version of 10X genomic’s 

cellranger in which the multimapping option was removed (https://github.com/inespatop/

cellranger).

Single cell clustering was done using Seurat R package version 3.0.2 (Butler et al., 2018). 

Data was log normalized. Clustering was done using 30 dimensions and a resolution of 6 
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UMAP was used for visualization. Cluster assignment was done using marker genes from 

previous publications and subsequent label transfer between different alignments using CCA 

as in (Butler et al., 2018).

Gene set enrichment in single cell data: To analyze enrichment of genes in a particular 

single cluster the function “AddModuleScore” from Seurat was used and then the scores 

were averaged per cell. To see the significance of the score a null distribution was created 

by randomizing the cluster labels over the cells 10.000 times. Each time the mean per cluster 

was taken and a distribution was created. Considering the Central Limit Theorem, the p 

value was calculated for a normal distribution of the mean. FDR was used to account for 

multiple comparison.

Head cell-type mbl and circMbl isoforms expression: Raw data was downloaded from 

GEO (Series GSE116969 (Davis et al., 2020), and aligned to Drosophila melanogaster dm6 

genome and transcriptome version using STAR (Dobin et al., 2013). Gene expression and 

splice junctions were quantified using featurecounts implementation in Rsubread (Liao et 

al., 2019). Specific splice junctions were used as a proxy of each alternative exon1 usage, 

mblC and mblO/P. circRNA annotation and quantification was done using the latest version 

of find_circ (Memczak et al., 2013) combined with ciRcus R package for quantification 

and annotation (https://github.com/BIMSBbioinfo/ciRcus). All reads were normalized using 

DeSeq2 implementation of library depth normalization.

Fly head RNA seq data: RNA-seq reads were aligned to the genome and transcriptome 

(dm3) using tophat (Trapnell et al., 2009). circRNA detection in RNA-seq data was 

performed as previously described (Memczak et al., 2013).

CircRNA expression levels were determined by counting back-spliced reads and 

normalizing to total number of reads. Similarly, for linear RNA expression we used the 

number of reads from the linear exon-exon junctions from both sides of the circRNA 

boundaries. samtools-depth tool was used for counting reads within exons.

Differential exon usage analysis was performed using DEXseq (Anders et al., 2012). The 

analysis was done using polyA selected library data. UAS-shcircMbl flies were used as a 

control.

For differential gene expression analysis in circMbl KD with CNS-specific driver (elav-

Gal4;UAS-Dcr2) we used total RNA-seq data. Gene expression levels were determined 

using HT-seq tool and differential expression analysis was performed with DEseq. Flies 

expressing shRNA against Luciferase (UAS-shLuc) under the same promoter were used a 

control. We considered genes with p value<0.05 as significantly changing.

Gene expression levels from 3′ DGE experiments were determined using ESAT tool (Derr 

et al., 2016) and differential expression analysis was performed with DEseq. We considered 

genes with fold change>1.5 and p value<0.05 as significantly changing. Actin-Gal4 flies 

were used as a control for the lines expressing shRNA under actin promoter. In order to 

clean non-specific effects, we excluded from downstream analyses genes that were changing 
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in similar direction when comparing the actin-Gal4 control flies and circMbl 8MM KD line. 

elav-Gal4 flies were used as a control for the lines expressing shRNA under elav promoter.

SYLAMER algorithm (van Dongen et al., 2008) was used to check for general off-target 

effect of the shRNA. In order to obtain a list of potential shRNA off target genes we blast 

all shRNA sequences against the drosophila transcriptome. 3′ RNA-seq data was used to 

determine the expression level of each putative off-targets gene relative to control line.

Gene ontology analysis: For all analysis topGO package (Alexa and Rahnenfuhrer, 2021) 

was used for enrichment analysis of gene ontology. GO terms with p value <0.1 (after FDR 

correction) were considered significant.

AGO-1 enrichment analysis: For the analysis of the AGO1-seq we aligned the RNA-seq 

reads to the genome and transcriptome of Drosophila melanogaster (dm6 version) using 

STAR (Dobin et al., 2013). Counts per gene were obtained using HTSeq. To assess the 

distribution of AGO1 immunoprecipitation results we did a Kernel density plot in log2 

scale for the mean of normalized gen counts for IP over the normalized gen counts for 

the input (INP). The AGO1-IP enrichment analysis was done by a negative binomial GLM 

approach using DeSeq2 (Love et al., 2014). For this analysis we compared INP an IP counts 

for control and sh-circMbl flies independently. To further compare these results from both 

control and sh-Mbl we did a Likelihood Ratio Test (LTR) comparing a simpler model that 

only considers IP and input as factors with another more complex that includes also an 

interaction between the IP results and the genetic background. To see possible sh-circMbl 

off-target effects, we analyzed 6 nt kmer enrichment in the 3′UTR of the genes using 

Sylamer algorithm (van Dongen et al., 2008). For this, we ranked the gene list by Log2 fold 

change multiplied by the inverse of the p adjusted value (log2FC*1/(pval)) the results of the 

IP enrichment analysis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• mbl-C and mbl-O/P are cell-type specific and mutually exclusive

• mbl-C and -O/P form self-regulatory loops with different circMbl isoforms

• Each circMbl functions in cis by competing with endogenous linear mbl in 
vivo

• circMbl has functions in trans related to muscle and brain function
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Figure 1. The mbl locus generates several RNA and protein isoforms
(A) Upper: schematic representation of mbl locus. Bottom left: nanopore RNA-seq reads 

from three distinct promoter regions. Bottom right: ribosome footprinting data. Sashimi 

plots show the different mbl isoforms 3′ annotation.

(B) Scheme of the protein domains in the different MBL isoforms. Red boxes indicate zinc 

fingers. Yellow boxes indicate intrinsically disordered regions.

(C) Western blot showing MBL-C and MBL-O/P protein isoforms (blue arrows); membrane 

was blotted using anti-MBL. Asterisk denotes non-specific band (based on the fact that none 

of the shRNAs or the available KK RNAi line affected the band consistently and that the 

band is not labeled when performing a western blot in an endogenously FLAG-tag MBL fly 

[Michela Zaffagni, personal communication]).
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(D) shRNAs used to knock down mbl-C and mbl-O/P isoforms either independently or 

together.

(E and F). qRT-PCR (top) and western blot (bottom) from heads of KD for mbl-C (E) or 

mbl-O/P (F) isoform. Arrow indicates the MBL-C or MBL-O/P bands.

(G) qRT-PCR of rp49, tim, and mbl isoform expression levels in fly brain and heads.

(H) mbl-C and mbl-O/P mean expression in total RNA-seq data from sorted cells (n = 2, 

data from Davis et al., 2020). Each circle represents a cell type.

In all qRT-PCR analyses, tubulin was used as normalization control (n = 3, standard error 

of the mean [SEM], two-tailed t test performed for significant difference: ****p < 0.0001, 

***p < 0.0002, **p < 0.0021, *p < 0.0332). In all western blot images, the quantification of 

MBL isoforms is stated below the images.
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Figure 2. Levels of circMbl and mbl in the fly brain
(A) Left: integrative genome viewer (IGV) snapshot of mbl exon 2 aligned reads from bulk 

3′ RNA-seq and single-cell 10X RNA-seq. Right: circMbl scheme. Marked in squares are 

the polyA stretches.

(B) Heatmap of mean circMbl normalized expression in each single-cell cluster.

(C) Pie charts with proportion of cells with mbl exon 2 and/or mbl-C/O/P UTR signal.

(D) Top: dot plot of mbl exon 2 versus mbl-C/O/P normalized expression in single cells 

from Lawf2 and Lawf1 neuronal clusters. Bottom: proportion of cells expressing one, both, 

or no mbl exon 2 and mbl-C/OP.

(E) Heatmap of normalized expression for the different circMbl isoforms and mbl-O/P in 

sorted cells.
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(F) Single-cell cluster mean circMbl versus mbl-C/O/P UTR normalized expression. Color 

represents UMIs/genes ratio.
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Figure 3. mbl-C and circMbl regulate each other in cis
(A and B) qRT-PCR of the indicated targets in mbl-C-OE fly brains.

(C) Scheme of the primer sets used to quantify the mbl locus expression.

(D) qRT-PCR of mbl-O/P and mbl-C/O/P in mbl-C-OE fly brain.

(E) qRT-PCR of the indicated targets in mbl-C-KD fly heads.

(F and G) qRT-PCR of circMbl in heads of mbl-O/P (F) and UTR-KD flies (G).

(H) mbl-C and circMbl expression levels correlation plot in various mbl isoform KD flies.

In all cases tubulin was used as a normalization control (n = 3, error bars represent SEM, 

two-tailed t test performed for significant difference: ****p < 0.0001, ***p < 0.0002, **p < 

0.0021, *p < 0.0332).
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Figure 4. MBL-O/P regulates its own production by two different mechanisms
(A) qRT-PCR of circMbl isoforms in mbl-O/P-KD fly heads.

(B) qRT-PCR of circMbl isoforms fold change in mbl-O/P transgenic fly heads.

(C) qRT-PCR of pre-mbl in MBL-O/P-OE fly heads.

(D) qRT-PCR evaluation of the levels of preRNA in mbl-O/P and Exon1-KD fly heads.

(E) mbl-O/P and preMbl (Ex2-In2) expression levels correlation plot in various mbl 
isoforms KD flies.

(F) qRT-PCR in mbl-O/P and -C-OE fly heads.

(G) Representation of MBL-C and MBL-O/P regulation in cis by circMbl isoforms in 

different tissues. In the brain (green), MBL-C binds to pre-mRNA in order to facilitate 

backsplicing (as described in Ashwal-Fluss et al., 2014). In the eye, MBL-O/P regulates 
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its own levels by two different mechanisms: inhibiting the splicing of the first and second 

introns (red inhibition symbols) and promoting backsplicing (dashed violet lines).

Tubulin was used as a normalization control (n = 3, error bars represent SEM, two-tailed t 

test performed for significant difference: ****p < 0.0001, ***p < 0.0002, **p < 0.0021, *p 

< 0.0332).
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Figure 5. circMbl can be specifically downregulated in vivo
(A) IGV snapshot, showing a specific reduction of exon 2 in respect to a control strain.

(B and C) Quantification of the indicated mbl regions from total (B) and poly(A+) (C) 

RNA-seq data (n = 3, error bars represent SEM, two-tailed t test performed for significant 

difference: ****p < 0.0001, ***p < 0.0002, **p < 0.0021, *p < 0.0332).

(D) Western blot of control and circMbl-KD flies using anti-MBL immunosera.

(E) Assessment of off-targets by Sylamer. Traces show the seed enrichment for the 

genes differentially expressed upon downregulation of circMbl. shRNA and shRNA* seed 

sequences shown in blue and red, respectively.

(F) General binding of mRNAs to AGO1 in shRNA and control line.
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(G) Sylamer enrichment landscape plot for sh-circMbl and sh-circMbl* 6-mers. The 

x axis represents the genes sorted from the most to the least enriched in the AGO1 

immunoprecipitation (IP) sequencing. INP, input.
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Figure 6. Knockdown of circMbl provokes specific phenotypes
(A) Viability of males and females from control and circMbl-KD lines. We plotted the 

percentage of males and females of the indicated genotype against the sibling controls. The 

plotted results are the average of eight independent experiments for circMbl-KD flies and 

seven for the rest of the strains (comparison of KD lines with controls of same sex, Student’s 

t test: ***p < 0.0005, ****p < 0.0001).

(B) Scheme of the shRNAs against circMbl.

(C) Representative picture of circMbl-KD males with “wings up” reared at 25°C (left) or 

females (right) reared at 29°C next to control flies (actin-Gal4).

(D) Percentage of wing phenotype in circMbl-KD lines and its control flies. We plotted 

the percentage of males and females presenting wings up (circMbl-KD) or open (circMbl-
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KD3) phenotypes for the indicated genotypes. The plotted results are the average of eight 

independent experiments for circMbl-KD flies and seven for the other strains (error bars 

represent SEM, two-tailed t test performed for significant difference: ****p < 0.0001, ***p 

< 0.0002, **p < 0.0021, *p < 0.0332).

(E) Representative pictures of circMbl-KD3 males (top right) and females (bottom right) 

next to controls (actin-Gal4 flies).

(F) Results of the tapping assay.

(G) A sequence of side-view images from the tapping assay taken 0.4 ms apart. Images show 

two male circMbl-KD flies falling side by side.

(H) Mean wing-beat frequency in the free-flight assay. We measured ~30 flies from first 

three lines and 12 flies from the circMbl-KD3 (n = 25/32/29/12; Student’s t test: *p < 0.05, 

***p < 0.0005).

(I) Representative flight events from the free-flight assay. Top left: a control male taking 

off normally. Superposed images are shown every 4 ms. Top right: a male circMbl-KD fly 

taking off. Superposed images are shown every 6 ms. Bottom: a female circMbl-KD3 fly 

shown shortly after take-off. Images are shown every 10 ms.
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Figure 7. Knockdown of circMbl and MBL-C results in locomotor defects
(A) Single-cell clusters with significant enrichment for genes differentially expressed in 

circMbl-KD brains. Dashed lines denote mean gene set enrichment in each cluster. Clusters 

with high levels of circMbl are highlighted with black squares.

(B) Path covered in larval assay for the indicated flies.

(C) Total distance (mm) traveled by each larva (three independent replicas, control n = 32, 

circMbl-KD n = 26, MBL-C-KD n = 32, MBL-O/P-KD n = 32). Boxplot shows mean, 

interquartile, and extreme values (two-tailed t test performed for significant difference: 

****p < 0.0001, ***p < 0.0002, **p < 0.0021, *p < 0.0332).

(D) Representation of the analysis of the movement of control (8MM) larvae. The concentric 

circles are at distance of <0.5 inch (green), 0.5–1 inch (red), and 1–2 inches (black).
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(E) Percentage of larvae that cross each of the concentric circles described in (D) (three 

independent experiments, number of larvae per experiment >10 when possible).

(F) Average activity over 3 days in 12:12 LD at 25°C. Light phase is represented in yellow 

and dark phase in gray (five independent replicas, control n = 135, circMbl-KD n = 120, 

MBL-C-KD n = 115, MBL-O/P-KD n = 96).

(G and H) Total activity during the light period in LD (G) and total activity over 5 days in 

complete darkness (DD) (H). Asterisks represent statistical significance relative to 8MM and 

Actin-Gal4 controls calculated by one-way ANOVA and Tukey’s multiple comparisons test 

(****p < 0.0001, **p < 0.005).
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-MBL Lab of Prof. Darren Monckton 
PMID:17309604

N/A

mouse monoclonal Anti-FLAG Sigma-Aldrich CAT# F3165; RRID:AB_259529

mouse monoclonal DM1A anti α-tubulin Sigma-Aldrich CAT# T6199; RRID: AB_477583

Deposited data

Ago-IP of circMbl KD and control fly heads This paper GEO: GSE118360

3′RNA seq of KD and OE circMbl fly heads This paper GEO: GSE122694

RNAseq from KD of circMbl using UAS-circMbl 
in combination with different Gal4

This paper GEO: GSE122693

Nanopore sequencing from Mbl-exon2 pulldown This paper GEO: GSE163780

3′RNA seq from sh-circMbl Actin-Gal4 KD fly 
brains

This paper GEO: GSE163797

Fly brain single cell RNA sequencing Davie et al. (2018) GEO: GSE107451

nuclear total RNA-seq libraries prepared from 
specific cell types using INTACT/TAPIN

Davis et al., (2020) GEO: GSE116969

Ribosome footprinting data Pamudurti et al. (2017) GEO: GSE79626

RNA sequencing Martin Anduaga et al., 2019 GEO: GSM3523858 to GSM3523869 (all 
timepoints at 25C from series GSE124136)

Drosophila melanogaster genome and 
transcriptome build 6, Dm6

Ensembl http://ftp.ensembl.org/pub/release-104/fasta/
drosophila_melanogaster/dna/ 
and http://ftp.ensembl.org/pub/release-104/gtf/
drosophila_melanogaster

Experimental models: Cell lines

D. melanogaster: Cell line S2: S2-DRSC N/A N/A

Experimental models: Organisms/strains

D. melanogaster: w1118 Bloomington Drosophila stock center BDSC: 5905 FlyBase:FBal0018186

D. melanogaster: yv1 Bloomington Drosophila stock center N/A

D. melanogaster: Actin-Gal4: w[1118]; P{w 
[+mC] = AyGAL4}25/CyO

Bloomington Drosophila stock center BDSC: 3953 FlyBase:FBti0012290

D. melanogaster: Elav-Gal4 Bloomington Drosophila stock center BDSC: 458 FBgn0260400

D. melanogaster: UAS-Dcr2 Bloomington Drosophila stock center N/A

D. melanogaster: UAS-circMbl-OE Pamudurti et al. (2017) PMID: 
28344080

N/A

D. melanogaster: UAS-MBL-C-FLAG OE This paper N/A

D. melanogaster: UAS-MBL-O/P-FLAG OE This paper N/A

D. melanogaster: Scrambled Control (8MM) This paper N/A

D. melanogaster: MBL-A-KD1 This paper N/A

D. melanogaster: MBL-A-KD2 This paper N/A

D. melanogaster: MBL-B-KD1 This paper N/A

D. melanogaster: MBL-B-KD2 This paper N/A

D. melanogaster: MBL-C-KD1 This paper N/A

D. melanogaster: MBL-C-KD2 This paper N/A

D. melanogaster: MBL-O/P-KD1 This paper N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER

D. melanogaster: MBL-O/P-KD2 This paper N/A

D. melanogaster: MBL-UTR-KD1 This paper N/A

D. melanogaster: MBL-UTR-KD2 This paper N/A

D. melanogaster: MBL-M/I-KD1 This paper N/A

D. melanogaster: MBL-M/I-KD2 This paper N/A

D. melanogaster: MbL-E1-KD1 This paper N/A

D. melanogaster: MbL-E1-KD2 This paper N/A

D. melanogaster: MbL-E2-KD1 This paper N/A

D. melanogaster: MbL-E2-KD2 This paper N/A

D. melanogaster: MbL-E2–3-KD1 This paper N/A

D. melanogaster: MbL-E2–3-KD2 This paper N/A

D. melanogaster: circMbl KD1 This paper N/A

D. melanogaster: circMbl KD2 This paper N/A

D. melanogaster: circMbl KD3 This paper N/A

Oligonucleotides

Oligos for cloning, and qPCR This paper Table S7

Recombinant DNA

UAS-MBL-C-FLAG OE This paper N/A

UAS-MBL-O/P-FLAG OE This paper N/A

Software and algorithms

tophat Trapnell et al. (2009) https://ccb.jhu.edu/software/tophat/index.shtml

Samtools (Li et al., 2009) http://samtools.sourceforge.net/

SYLAMER algorithm van Dongen et al. (2008) https://www.ebi.ac.uk/research/enright/software/
sylamer

Find_circ Memczak et al. (2013) https://github.com/marvin-jens/find_circ

DEXseq Anders et al. (2012) https://bioconductor.org/packages/release/bioc/
html/DEXSeq.html

DEseq https://www.bioconductor.org/packages//2.10/
bioc/html/DESeq.html

DEseq2 Love et al. (2014) https://bioconductor.org/packages/release/bioc/
html/DESeq2.html

ESAT tool Derr et al. (2016) https://github.com/garber-lab/ESAT

STAR Dobin et al. (2013) https://github.com/alexdobin/STAR

Seurat R package version 3.0.2 Butler et al. (2018) https://satijalab.org/seurat/articles/install.html

Minimap2 (Li, 2018) https://github.com/lh3/minimap2

Rsubread (Liao et al., 2019) https://bioconductor.org/packages/release/bioc/
html/Rsubread.html

ciRcus https://github.com/BIMSBbioinfo/ciRcus
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