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gluRNA expression. It also spatially

controls miR-130b-5p localization,

highlighting an unprecedented gene
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SUMMARY
Functional studies of circular RNAs (circRNAs) began quite recently, and few data exist on their function
in vivo. Here, we have generated a knockout (KO) mouse model to study circDlc1(2), a circRNA highly ex-
pressed in the prefrontal cortex and striatum. The loss of circDlc1(2) led to the upregulation of glutamater-
gic-response-associated genes in the striatal tissue, enhanced excitatory synaptic transmission in neuronal
cultures, and hyperactivity and increased stereotypies in mice. Mechanistically, we found that circDlc1(2)
physically interacts with some mRNAs, associated with glutamate receptor signaling (gluRNAs), and with
miR-130b-5p, a translational regulator of these transcripts. Notably, differently from canonical microRNA
(miRNA) ‘‘sponges,’’ circDlc1(2) synergizes with miR-130b-5p to repress gluRNA expression. We found
that circDlc1(2) is required to spatially control miR-130b-5p localization at synaptic regions where gluRNA
is localized, indicating a different layer of regulation where circRNAs ensure robust control of gene expres-
sion via the correct subcellular compartmentalization of functionally linked interacting partners.
INTRODUCTION

Circular RNAs (circRNAs) are covalently closed circular mole-

cules that arise from a back-splicing reaction.1,2 They are evolu-

tionarily conserved and increasingly recognized as important

regulators of gene expression.3

Although circRNAs are expressed in all tissues, their expres-

sion is higher in the mammalian brain,4–6 where they also show

specific subcellular localization in neurites and synapses.7,8 In

the nervous system, their expression is associated with many

functions, including neuronal activation and homeostatic plas-

ticity, suggesting a crucial role in the complex molecular pro-
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cesses that underlie synaptic plasticity and learning.7 Moreover,

general insults to neurons or brain-related diseases have been

also correlated with changes in circRNA expression.9–11

It is therefore not surprising that circRNAs appear to

be involved in a variety of neuronal stress responses, and

their abnormal expression or function may contribute to the

onset, progression, and/or severity of various complex neurolog-

ical disorders,9,12 such as Parkinson’s,13,14 Alzheimer’s,15,16 and

autism spectrum disorder.17 In most of these cases, besides

several studies indicating their role as microRNA (miRNA)

‘‘sponges,’’18 the molecular mechanism at the basis of their

function has been largely unexplored. In this study, we
ber 22, 2024 ª 2024 The Author(s). Published by Elsevier Inc. 1
NC license (http://creativecommons.org/licenses/by-nc/4.0/).
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investigated the biological role and mechanism of action of circ-

1619 in vivo, here re-named circDlc1(2), according to the new

circRNA nomenclature.20 Such circRNA, initially identified in in-

vitro-derived motoneurons (MNs),19,21 is now shown by in vivo

studies to be highly enriched in the cortex and striatum. Accord-

ingly, circDlc1(2) knockout (KO) mice show hyperactivity,

increased stereotypies, and behavioral disinhibition associated

with upregulated glutamatergic signaling and plasticity in cor-

tico-striatal pathways. Glutamate, through ionotropic glutamate

AMPA and NMDA receptors, regulates fronto-striatal excitability

and plasticity that are crucial for the normal regulation of goal-

directed behaviors.

Mechanistically, circDlc1(2) was found to physically interact

with miR-130b-5p and control its localization at the neuron pe-

riphery; moreover, circDlc1(2) was discovered to bind several

mRNAs, known to localize in synaptic regions,22,23 which are

involved in glutamatergic circuitries and found to be targets of

miR-130b-5p. circDlc1(2) was shown to favor miR-130b-5p

repression of target mRNAs, indicating a mechanism that is

different from that of a canonical miRNA sponge and instead

controls subcellular localization and promotes miRNA activity.

RESULTS

Generation of circDlc1(2) loss-of-function mouse model
Threemajor codingmRNA isoforms arise from the deleted in liver

cancer (Dlc1) locus through the tissue-specific activation of three

transcriptional start sites (Dlc1-201, Dlc1-203, and Dlc1-

206)24,25; the three isoforms share the functional sequence en-

coding the RhoGTPase-activating protein (RhoGAP) in the C ter-

minus. The second exon of the longest and least-characterized

isoform of Dlc1 transcript (Dlc1-206, ENSMUST00000163663.3)

undergoes circularization, giving rise to circDlc1(2) (Figure 1A). A

previous study from Errichelli et al.19 showed that circDlc1(2) is

upregulated during murine MN differentiation and conserved in

human.19,21

With the aim of studying its role in vivo, we have initially tested

its expression in different neuronal districts and found a 3-fold

higher expression in the striatum and prefrontal cortex with

respect to the spinal cord (Figure 1B). Fluorescence in situ hy-

bridization (FISH) analysis was then performed on whole-brain

cryosections (Figures 1C and S1), confirming that circDlc1(2) is

abundantly expressed in the striatum and cortex, specifically in

layers V and VI, where glutamatergic pyramidal neurons project

to different neuronal structures, including the striatum.26We then

generated a KO mouse model (circ-KO) by employing the

CRISPR-Cas9 technology. Since the intronic regions flanking

the circularizing exon should contain sequence elements pro-

moting the back-splicing reaction, we decided to remove intron

1 of theDlc1-206 gene, as its length is much shorter than intron 2

(13,362 vs. 79,484 bp). To this end, a CRISPR approach was

used with RNA guides targeting intron 1 in combination with a

single-stranded DNA donor able to restore the exon 1-exon 2

junction (Figure 1D). This strategy was applied to avoid the

loss of expression of the linear mRNA isoform (lin-Dlc1).

Mutant heterozygous circDlc1(2) founders displayed the pre-

dicted deletion of intron 1 together with the proper restoration

of the exon 1-exon 2 junction (Figure S2A). The mutant founders
2 Cell Reports 43, 114766, October 22, 2024
were backcrossed with C57BL/6J and the progeny further

crossed in order to get homozygous animals (circ-KO;

Figures S2A and S2B). Quantitative real-time PCR (real-time

qPCR) performed on total RNA derived from the striatum and

cortex revealed a complete loss of circDlc1(2) expression in ho-

mozygous animals. In parallel, we found a decrease of the linear

counterpart in the same brain regions (Figure S2C). However,

real-time qPCR and sequencing data indicated that the two

shorter isoforms (Dlc1-201 and Dlc1-203), as well as all tran-

scripts arising from 2 Mb Dlc1-surrounding regions, did not

show any variation in the striatum and cortex of circDlc1(2) KO

mice (Figure S2C; data not shown). These findings indicate

that the genetic editing performed on lin-Dlc1 did not affect the

other two species produced from the same locus and did not

produce alterations in the expression levels of transcripts in

the same chromosomal region.

Since the deletion of intron 1 in the circ-KO mice produced a

strong decrease of the full-length lin-Dlc1 transcript, we raised

an additional mouse strain (lin-KO) where the expression of

this specific isoform is prevented through the insertion in the

exon 4 of a premature polyadenylation site (PAS) coupled with

two MAZ transcriptional pausing sites (Figure S2D). This mutant

represents an important control in order to exclude any contribu-

tion of the full-length linear transcript toward the potentially

emerging phenotype. PCR on genomic DNA from mouse tail

snips revealed the proper insertion of the desired sequences

(Figures S2E and S2F). Real-time qPCR on total RNA extracted

from the striatum of adult wild-type (WT) and lin-KO mice

showed that the expression of lin-Dlc1 was impaired

beyond exon 4 by the premature PAS, while the levels of

circDlc1(2), Dlc1-201, and Dlc1-203 transcripts were unaffected

(Figure S2G).

circ-KO mice have an upregulated glutamatergic
response pathway in the striatum
The striatum was chosen for proteomics analysis as opposed to

the prefrontal cortex because its dissection is more ‘‘consis-

tent.’’ Unlike the striatum, which is collected whole, the prefron-

tal cortex should be separated from the remainder of the cortex

via resection; moreover, in this district, circDlc1(2) appeared

differentially expressed in the different layers, meaning that the

sample itself may be less uniform in terms of composition. In

addition, the striatum is a good candidate, as this brain region

processes information received from the cortex.

We then compared mass spectrometry (MS)-based prote-

omics analysis of the striatum of circ-KO and syngeneic WT an-

imals. Interesting differences were observed, and among the de-

regulated proteins (Table S1), there was the significant variation

of three genes,Grin2a,Grin2b, andCamk2a, commonly found in

specific Gene Ontology (GO) classes corresponding to long-

term potentiation (LTP), NMDA-related circuitries, and post-syn-

aptic events (Figures 2A and 2B). In addition, Gria1, which en-

codes for a subunit of the AMPA receptor, resulted as one of

the most upregulated genes (Table S1; Figure 2B).

The above-mentioned genes were tested for their expression

level in striatal tissues, and Grin2a, Grin2b, and Camk2amRNAs

were found to be significantly increased, whileGria1 remained at

control levels (Figure 2C). These transcripts, here named
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Figure 1. circDlc1(2) locus and expression analysis

(A) Schematic representation of the Dlc1 mouse genomic locus including the three linear isoforms and the circular isoform of interest.

(B) Relative expression of circDlc1(2) in several brain districts, expressed as relative enrichment with respect to Ybx1 standard gene. Error bars represent theDCT

SEM (n = 3).

(C) Detail enlargement from Figure S1 for cortex layers I-II, V-VI, and the striatum. Scale bar, 150 mm

(D) CRISPR-Cas9 strategy employed to generate homozygous circ-KO (right) animals. Primers used for the genotyping (see Figure S2A) are mapped on the WT

locus (left).

See also Figures S1 and S2.
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Figure 2. Proteomics and real-time qPCR analyses of genes deregulated in the striatum of circ-KO mice

(A) Functional enrichment analysis of the differentially expressed genes derived from mass spectrometry analysis of WT and circ-KO striatum-derived extracts

(n = 6 per genotype) performed using the Reactome pathway database.

(B) Volcano plot showing the differentially expressed proteins between WT and circ-KO. Genes of interest (gluRNAs) are shown with colored dots.

(legend continued on next page)
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gluRNA, were selected for further studies. The analysis of their

primary transcripts did not reveal any increase (Figure S3A), indi-

cating that the effect of circDlc1(2) KO was exerted at the post-

transcriptional level, including stability and translational control.

Notably, the levels of gluRNA did not change in the lin-KO ani-

mals, indicating the specificity of activity of the circular isoform

on this set of transcripts (Figure 2D).

To further validate the impact of circDlc1(2) on the identified

glutamatergic alterations, we raised mouse embryonic stem

cells (mESCs) from WT and syngeneic circ-KO animals and

differentiated them in vitro following a physiological dopami-

nergic differentiation, which leads to a mixed population

including GABAergic and glutamatergic neurons as previously

shown by Lee et al.27 (Figure S3B). The presence of the different

cellular subtypes was validated by checking the relative expres-

sion of specificmarkers: neuronal progenitors (identified byNes-

tin expression) appeared at day 12, while markers for glutama-

tergic and GABAergic (Ctip2), dopaminergic (Foxa2 and Th),

and medium spiny (Darpp32) neurons appeared at day 17 (Fig-

ure S3C). Interestingly, no difference in the expression of

markers specific for the different cell types was found between

circ-KO and WT cells, indicating that the cell type composition

is similar in the two systems (Figure S3D). Furthermore,

circDlc1(2) expression peaked during a window of time from

day 12 to 17 but was still expressed at day 30 (Figure S3C). In

this in vitro cellular system, we observed similar gluRNA upregu-

lation to that in circ-KO animals; in particular, Gria1 and Grin2a

showed a significant upregulation, while Grin2b and Camk2a,

though not significant, showed a similar trend (Figure 2E).

Notably, the same analysis performed in lin-KO cells did not

show any variation of the same gluRNA (Figure 2E). Altogether,

these data indicated a clear upregulation of gluRNA only in

circ-KO conditions.

Increased AMPA-mediated response in circ-KO-derived
neurons
In light of the upregulation of glutamatergic-related circuitries,

we decided to perform time lapse calcium imaging recordings

on mESC-derived neurons. Previous work indicated that,

through the differentiation protocol used (Figures S3B and

S3C), neurons are physiologically active around day 30.27 In or-

der to assess the suitability of these cells for calcium imaging an-

alyses, we validated the upregulation of glutamatergic response-

associated genes at this time point (Figure S4A), together with

that of the circRNA, and checked the formation of glutamatergic

synapses revealed by the presence of overlapping immunofluo-

rescence (IF) signals for GRIA1 and VGLUT2 (Figure S4B). We

then evaluated the efficacy of the AMPA agonist to mediate a

specific response in control, circ-KO, and lin-KO neuronal cul-
(C) Real-time qPCR expression levels for glutamatergic mRNA targets of interest

DCT SEM; RNA fold change (2�DDCT) is relative to the average expression inWT an

where ns is not significant (p > 0.05), *p % 0.05, and **p % 0.01.

(D) As in (C) but for WT and lin-KO animals (n = 4 per genotype).

(E) Real-time qPCR expression levels for gluRNA targets of interest in WT, circ-

ferentiation. Error bars represent the DCT SEM; RNA fold change (2�DDCT) is relati

one-way ANOVA where ns is not significant (p > 0.05) and *p % 0.05.

See also Figure S3 and Table S1.
tures. We measured calcium transients evoked by a local and

brief application of AMPA applied on neuronal culture through

a puffer pipette together with cyclothiazide (CTZ) to reduce re-

ceptor desensitization and allow more precise quantification of

the calcium signals28,29 (Figure 3A). AMPA+CTZ application

evoked a fast-rising calcium transient indicating the presence

of functional glutamatergic receptors in all cultures, where

AMPA-mediated calcium transient was significantly higher in

circ-KO neurons with respect to both control and lin-KO neurons

(Figure 3B). Specifically, themean peak amplitude of the calcium

response was 11% higher in circ-KO neurons compared to WT

and 23% higher with respect to lin-KO (Figure 3C), thus confirm-

ing a higher expression of AMPA receptors specifically on the

circ-KO neuronal surface.

Loss of circDlc1(2) function leads to hyperactivity,
stereotyped behaviors, and behavioral disinhibition
In order to correlate the biochemical and calcium imaging data

with possible functional defects, we performed several behav-

ioral tests. circ-KO mice showed no neuromuscular impairment

when tested with hanging steel and hanging wire, which are

muscular endurance tasks (Figures S5A–S5C). Since the

fronto-striatal system regulates goal-directed exploratory be-

haviors in novel environments,30 we evaluated them in the

open field tests. circ-KO mice showed an increase in sponta-

neous locomotor activity (Figure 4A) andmean speed (Figure 4B)

compared to WT, suggesting that they are hyperactive; more-

over, circ-KO mice also spent more time in the center of the

open field (Figure 4C), which is generally associated with

reduced anxiety in mice,31 thus further indicating behavioral

disinhibition.

The scoring of stereotypies (repetitive movement sequences)

during the open field test highlighted that mutant mice show a

non-statistically significant reduction of self-grooming behavior

(Figure 4D) and a significant increase in rearing (Figure 4E), a

compulsive behavior in which mice repetitively stand on their

hind legs, compared to WT littermates. No specific alteration in

associative memory was detected in the contextual fear condi-

tioning task, in which mice learn, during the training phase, to

associate a context with a mild foot shock. 24 h later, their mem-

ory is tested by exposing them to the context in the absence of

the foot shock; freezing time is considered to be an index of

long-term associative memory. circ-KO mice showed the same

freezing response as WT mice (Figure 4F).

The same tests were performed on lin-KO mice, which did

not show any variation with respect to the WT littermates

(Figures S5D–S5F and S6A–S6F), indicating a circRNA-specific

contribution toward the analyzed phenotypes. Altogether, these

data are consistent with hyperactivity of the cortico-striatal
in WT and circ-KO mice (n = 5 and n = 4 respectively). Error bars represent the

imals (=1);Hprtwas used as the calibrator; two-tailed, unpaired Student’s t test

KO, and lin-KO (n = 3 per genotype) mESC-derived neurons at day 30 of dif-

ve to the average expression in WT cells (=1); Atp5owas used as the calibrator;

Cell Reports 43, 114766, October 22, 2024 5
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Figure 3. AMPA-mediated response in WT,

circ-KO, and lin-KO neurons

(A) Schematic representation of the time course of

AMPA/CTZ application (left) on neuronal culture

through a puffer pipette (right).

(B) Mean calcium transient response of WT (gray),

circ-KO (blue), and lin-KO (orange) neurons in

response to puff application of 100 mM AMPA and

CTZ (WT n = 81/10/3 cells/FOVs/batches, circ-KO

n = 96/12/3 cells/FOVs/batches; lin-KO n = 29/9/3

cells/FOVs/batches). DF represents the difference

in fluorescence between spontaneous and evoked

activity.

(C) Bar chart representing the mean peak amplitude

value for WT, circ-KO, and lin-KO cells (one-way

ANOVA where ns is not significant (p > 0.05), **p %

0.01, and ***p % 0.001). Error bars represent the

SEM.

See also Figure S4.
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pathway resulting in increased behavioral disinhibition and

increased stereotypies32 due to the specific lack of circDlc1(2).

circDlc1(2) binds miR-130b-5p and gluRNA

In consideration of the in vitro and in vivo relevance of the iden-

tified glutamatergic alterations, we deepened our analysis by

trying to correlate the functional link between circDlc1(2) and

gluRNA. In line with the knowledge that circRNAs often work

through miRNA binding, we carried out computational analyses

in order to predict the miRNAs capable of interacting with both

circDlc1(2) and the 30 UTRs of mRNAs that code for proteins

altered in the above-mentioned MS-based analysis (Figure 5A).

miRNAs expressed in the murine striatum were retrieved by ac-

cessing two different datasets (Dell’Orco et al.33 and Eipper-

Mains et al.34), and in silico predictions were performed using

the miRanda tool.35 The initial predictions identified miRNAs

with putative sites on circDlc1(2), which were also predicted to

bind the 30 UTRs of deregulated genes from the proteomics re-

sults. Only miRNAs with more than a single predicted site on

circDlc1(2) were considered (Figures 5A and 5B). In particular,

miR-130b-5p, miR-93-3p, miR-361-3p, and miR-345-5p ap-

peared to be able to target the 30 UTRs of the 4 gluRNAs

(Figures 5B, S7A, and S7B). Notably, by employing an additional

software, TargetScan,36 we confirmed that miR-130b-5p was

the only miRNA predicted to target all 4 gluRNAs (Figure S7C).

We then tested the association of circDlc1(2) with the RNA-

induced silencing complex (RISC) by performing a UV-cross-

linked RNA immunoprecipitation (UV-CLIP) experiment with

AGO2 antibodies in mESC-derived neurons. circDlc1(2) was en-

riched in the IP sample with respect to the immunoglobulin (Ig)G,

similarly to control circRNAs known to have an elevated number

of miRNA binding sites37,38 (Figure 5C).

To experimentally prove the interaction of these miRNAs, we

performed a pull-down (PD) of circDlc1(2) using murine striatal

tissue. We selected six probes, including one overlapping the

back-splicing junction (BSJ), that did not overlap with the puta-
6 Cell Reports 43, 114766, October 22, 2024
tive miRNA binding sites in order to avoid

competition for miRNA binding. Figure 5D

(left) shows that circDlc1(2) was retrieved
by the specific probes (PD circDlc1(2)), while it was undetectable

when using negative control probes (PD lacZ). The analysis of the

miRNAs recovered in the PD fraction indicated a specific enrich-

ment for miR-130b-5p but not for miR-93-3p, miR-361-3p, and

miR-345-5p (Figure 5D, right). miR-493-5p was chosen as a

negative control, as it was not predicted to interact with the

circRNA and its expression levels are similar to those of miR-

130b-5p.33 Since the probes were designed on the exon 2

portion, partial enrichment of the linear Dlc1 counterpart was

observed, while no enrichment was detected for the negative

control Atp5o (Figure 5D, left). An additional PD experiment

was performed with a BSJ-specific probe in order to prevent

the co-PD of the linear counterpart. The results indicate that

the PD was restricted to circDlc1(2) without any contamination

of the linear isoform (Figure S8A, left); also, in this case, miR-

130b-5p was found to be specifically enriched in the PD fraction

(Figure S8A, right), confirming its association to the circular form.

As previous work has shown that circRNA-miRNA interactions

can be important for the stability of themiRNA,35 we checked the

expression levels of miR-130b-5p in the striatum of WT and circ-

KO animals. Notably, the depletion of circDlc1(2) resulted in no

specific effect on the miRNA levels (Figure S8B). Similarly,

miR-130b-5p levels were unchanged in circ-KO and WT in

mESC-derived differentiated neurons at day 30 (Figure S8C).

The ability of circDlc1(2) to bind miR-130b-5p, together with

the finding that the predicted miR-130b-5p targets are up-regu-

lated in circ-KO conditions, excluded the possibility of

circDlc1(2) acting as a miR-130b-5p sponge and suggested an

alternative function. Therefore, we searched for other possible

mechanisms explaining the upregulation of gluRNA. A computa-

tional prediction revealed that circDlc1(2) has a higher thermody-

namic affinity for gluRNAs compared to their controls with similar

properties (overall length and similar size of the 50 UTRs,

coding sequences, and 30 UTRs). This is not the case for all

other mRNAs encoding proteins upregulated in the circ-KO

(Figures 5E and S8D; Table S4). We therefore performed
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Figure 4. Functional tests performed on 6-month-old WT and circ-KO mice

(A–C) Exploratory behavior evaluated in the open field test (WT n = 11; circ-KO n = 12) via the following parameters: (A) total distance traveled, (B) average speed,

and (C) percentage of time spent in the center of the arena.

(D and E) Assessment of stereotypical behavior through (D) time spent self-grooming and (E) the frequency of rearing (WT n = 11; circ-KO n = 12).

(F) Fear conditioning test to assess associativememory (WT n = 9; circ-KO n = 14). Error bars represent the SEM. Statistical analysis was performedwith unpaired

two-tailed t tests, where ns is not significant (p > 0.05), *p % 0.05, and **p % 0.01.

See also Figures S5 and S6.
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circDlc1(2) PD experiments using striatal tissue with a collection

of probes covering different regions of the circRNA but excluding

the best putative gluRNA pairing regions (Figure S8E). Indeed,

this approach enabled the validation of the predicted interac-

tions forGrin2a andGria1 gluRNAs (Figure 5F), while twomRNAs

predicted not to interact with circDlc1(2)were enriched in the PD
fraction at levels similar to the negative controls. A different sce-

nario emerges forCamk2a, which is enriched in the PD fraction to

a much lesser extent compared to Grin2a and Gria1 but still at a

higher level than the negative controls. (Figure 5F). Since a

contamination of the linear isoformwas observed in the retrieved

fraction, we performed, as control, a PD assay using antisense
Cell Reports 43, 114766, October 22, 2024 7
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Figure 5. circDlc1(2) RNA interaction partners

(A) Computational workflow of the in silico miRNA-RNA target interaction predictions represented in (B).

(B) Heatmap enlargement derived from Figure S7A. Genes and miRNAs of interest are boxed in red. Each cell corresponds to the number of predicted binding

sites for the miRNAs on the target mRNA 30 UTRs based on the Dell’Orco et al.33 dataset.

(C) RNA crosslinked immunoprecipitation assay for AGO2 performed in neuronal precursor cells. Top: representative image of the immunoblot for AGO2 of the

retrieved protein fraction with GAPDH used as a negative control. FT is the flowthrough for both IP and IgG fractions. Bottom: real-time qPCR quantification of

circDlc1(2) enrichment in the IP and IgG samples relative to the input. CDR1as and circTmeff1 were used as positive controls,37,38 while Atp5o was used as a

negative control (n = 3). Error bars represent the SEM.

(D) Native RNA PD assay performed on total striatum extracts. Left: real-time qPCR quantification of circDlc1(2), lin-Dlc1, and negative control Atp5o enrichment

in PD-circDlc1(2) and PD-lacZ samples relative to the input. Right: real-time qPCR quantification of miRNAs of interest shown in (B) in the same PD-circDlc1(2)

and lacZ samples with miR-493-5p as the negative control. Individual values are expressed as input percentages and displayed as different symbols.

(E) Boxplot depicting the interaction energy (normalized on target length) of circDlc1(2) with non-gluRNA and gluRNA, each compared to their respective control

group. Statistical significance was assessed using a two-tailed Mann-Whitney U test, and exact p values are shown.

(legend continued on next page)
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oligonucleotides specific only for the linear transcript. The results

show that none of the gluRNAs tested were retrieved through

this PD, thus indicating that only the circular form holds the ability

to interact with gluRNA (Figure S9A). Due to the strong enrich-

ment of Gria1 and Grin2a, we selected these mRNAs for further

investigation. In both cases, the putative pairing regions with

circDlc1(2) are located in their 30 UTRs (Figure S8F).

miR-130b-5p and circDlc1(2) are both required for the
control of gluRNA expression
To delvemore deeply into themechanism of the circDlc1(2)/miR-

130b-5p/gluRNA interplay, we made use of luciferase reporter

constructs and started by testing their responsiveness to miR-

130b-5p action. The mouse neuronal Neuro-2a (N2a) cell line

was selected since it can be efficiently transfected and ex-

presses both circDlc1(2)19 and miR-130b-5p (Figure S9A). The

circDlc1(2) sequence containing miR-130b-5p responsive ele-

ments (130-MREs; Figure S9B), when inserted downstream of

the luciferase reporter gene (circ-WT), reduced the luciferase

levels in the presence of miR-130b-5p mimics (Figure 6A). No

significant reduction of luciferase activity was instead observed

when testing the construct lacking the two 130-MREs with the

best predicted interaction energy (circ-mut) (Figures 6A and

S9B). The greater variability in luciferase activity produced by us-

ing this latter construct may be due to the additional miR-130b-

5p target sites identified by using the combination of miRanda

(including suboptimal thresholds) and Targetscan (Figure S9B

and S9C). A reduction of luciferase activity was also observed

when the portion of the Gria1 30 UTR containing two 130-MREs

(Gria1-WT-S) was tested in the presence ofmiR-130b-5pmimics

(Figure 6B). A similar effect was observed when analyzing the 30

UTR of Grin2a carrying one 130-MRE (Grin2a-WT; Figure S10A).

On the contrary, no variation in the luciferase activity was

observed when both mutant derivatives lacking the 130-MREs

(Gria1-mut-S and Grin2a-mut) were tested in the presence of

miR-130b-5p mimics (Figures 6B and S10B, respectively), indi-

cating that indeed, these 30 UTRs are responsive to the repres-

sion exerted by miR-130b-5p.

Next, we investigated the contribution of the circDlc1(2)/

gluRNA pairing onmiRNA repression in the presence or absence

of circDlc1(2). We performed circDlc1(2) knockdown (KD) exper-

iments with short interfering RNAs (siRNAs) against the BSJ,

obtaining a downregulation of �90% for circDlc1(2) but not for

lin-Dlc1 (Figure S10C, left). In such conditions, the levels of

miR-130b-5p remained unaltered (Figure S10C, right). For such

analyses, we compared three different constructs (diagrams in

Figure 6C): Gria1-WT-L, containing the entire 30 UTR including

the 130-MRE and the circDlc1(2) pairing region; Gria1-WT-S,

which lacks the circDlc1(2) pairing region; andGria1-DmiR, lack-

ing the 130-MRE. In comparison to the Gria1-WT-S construct,

Gria1-WT-L produced a significant increase of luciferase activity

when the endogenous circDlc1(2) was downregulated (Fig-

ure 6C, left). Notably, the Gria1-DmiR construct also produced
(F) Native RNA PD assay performed on total striatum extracts. Left: real-time qP

lacZ samples relative to the input. Right: real-time qPCR quantification of gluRNA

controls after the dashed line. Individual values are expressed as input percenta

See also Figures S7 and S8 and Table S4.
higher luciferase levels in the absence of circDlc1(2) (Figure 6C,

left). The same results were obtained with the Grin2a-WT

construct upon downregulation of circDlc1(2); namely, the lucif-

erase activity was increased, as well as that of the mutant deriv-

ative lacking the 130-MRE (Figures S10A and S10B).

These data suggest that circDlc1(2) may also regulate Gria1

and Grin2a independently from the presence of MREs in the 30

UTR, and altogether, these results corroborate what was

observed in vivo, where the lack of circDlc1(2) increases the pro-

tein levels of the target gluRNA.

To further support these findings, the overexpression of

circDlc1(2) (Figure S10D) provided the opposite effect by repres-

sing the luciferase of theGria1-WT-L andGria1-DmiR constructs

and not that of Gria1-WT-S (Figure 6C, right), which lacks the

circRNA pairing region. In addition, the combined action of

siRNAs against circDlc1(2) together with locked nucleic acids

(LNA) against miR-130b-5p was synergistic in the upregulation

of luciferase activity on the Gria1-WT-L construct (Figure 6D).

Then, we tested the Gria1-WT-L construct, containing the

entire 30 UTR and its 130-MRE mutant derivative (Gria1-mut-L),

for its ability to respond to miR-130b-5p mimics and circDlc1(2)

depletion. Figure 6E shows that only the luciferase activity from

Gria1-WT-L decreases in the presence of miR-130b-5p mimics

(left), while circDlc1(2) depletion causes a reduction of luciferase

activity from both Gria1-WT-L and Gria1-mut-L constructs

(right). These results confirm that miR-130b-5p and circDlc1(2)

can directly controlGria1 expression by binding two different re-

gions in the 30 UTR.
In order to exclude any contribution of the linear Dlc1 isoform

to these regulatory networks, we tested the luciferase activity of

Gria1-WT-S, Gria1-WT-L, Gria1-DmiR, and Grin2a-WT in N2a

cells treatedwith siRNAs against exon 5 of lin-Dlc1 (Figure S11A),

which specifically downregulates the lin-Dlc1 isoform without

any effect on the circular counterpart (Figure S11B, left). We

also observed thatmiR-130b-5p levels did not vary (Figure S11B,

right). In none of the cases did we observe significant variations

of the luciferase activity (Figures S11C–S11F), further demon-

strating the specific effect of the circular isoform.

Finally, since the stoichiometry between two interacting part-

ners is important for the proper functioning of the regulatory cir-

cuitry, we performed absolute quantification of circDlc1(2),Gria1

mRNA, and miR-130b-5p in mESC-derived neurons. This quan-

tification revealed that the circRNA is 2-fold higher than the

mRNA (44 vs. 23 molecules/ng of total RNA), while the miRNA

is more abundant (704 molecules/ng of total RNA). This is in

line with a role for circDlc1(2) in controlling the expression of

Gria1 mRNA acting in synergy with miR-130b-5p, while the

higher levels of the miRNA are compatible with the large number

of targets that miRNA normally have.

Altogether, these results indicate that miR-130b-5p is a

repressor of gluRNA and that it acts in conjunction with

circDlc1(2). We also show that circDlc1(2) can control the

expression of Gria1 by itself, likely through the multiple AGO
CR quantification of circDlc1(2) and lin-Dlc1 enrichment in PD-circDlc1(2) and

targets of interest in the same PD-circDlc1(2) and lacZ samples with negative

ges and displayed as different symbols.
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Figure 6. Regulation of Gria1 expression, mediated by its interaction with circDlc1(2) and miR-130b-5p

(A) Relative luciferase activity in N2a cells co-transfected with the Luc-circ-WT or mut (mutant) construct and a control or miR-130b-5p mimic.

(B) Relative luciferase activity in N2a cells co-transfected with the Luc-Gria1-WT-S or mut construct and a control or miR-130b-5p mimic.

(C) Relative luciferase activity in N2a cells transected with Luc-Gria1-WT-S, WT-L, or DmiR constructs in si-circDlc1(2)/SCR (left) or circDlc1(2) overexpression

(OE)/pc(plasmid coding)DNA conditions (right).

(D) Relative luciferase activity in N2a cells co-transfected with Luc-Gria1-WT-L and si-circDlc1(2), LNA against miR-130b-5p, or both, with relative controls. White

dots and diamonds represent control LNA and LNA against miR-130b-5p conditions, respectively.

(legend continued on next page)
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proteins bound to it. However, we cannot exclude that it can also

favor the tethering of the miRNA on the target mRNAs.

circDlc1(2) controls miR-130b-5p localization in
neurites
Since gluRNAs have been described to be present at synaptic

regions,22,23 we wondered whether circDlc1(2) and miR-130b-

5p are also localized in these compartments. FISH analyses,

combined with IF for TUBB3, indicated that both RNAs are pre-

sent in neurites (representative images in Figures S12A and

S12B, left). We then tested the localization at synaptic regions

by combining IF for the post-synaptic PSD-95 protein with

FISH analyses. As shown in the representative images in Fig-

ure 7A, a noticeable fraction of both circDlc1(2) and miR-

130b-5p co-localizes with PSD-95. This observation is corrob-

orated by the evaluation of the Mander’s overlap coefficient

(MOC) quantification indicating the fraction of circDlc1(2) and

miR-130b-5p signals overlapping with the PSD-95 protein (Fig-

ure 7B). As control, we used miR-132-3p, already known to be

localized at synapses,39 where it regulates the expression

of its mRNA targets40 (Figures 7A, 7B, and S12C, left). The

circDlc1(2) signals localized with the PSD-95 protein with an

MOC index that is comparable with that of miR-132-3p (�0.2;

Figure 7B), used as a positive control, indicating a clear co-

localization that is not due to a random superimposition of

signals.

Notably, miR-130b-5p showed a significantly higher spatial

overlap with PSD-95 with respect to miR-132-3p (Figure 7B).

The spatial association of circDlc1(2), miR-130b-5p, and miR-

132-3p with the post-synaptic marker PSD-95 was also

confirmed by line-scan analysis (Figures S12A–S12C, right),

which shows a clear overlap of the fluorescence intensity pattern

along a line drawn in the image.

We then assessed whether circDlc1(2) plays a role in miR-

130b-5p localization at the cell periphery. We therefore per-

formed miRNA-FISH experiments combined with IF for TUBB3

in WT and circ-KO mESC-derived neurons. In circ-KO cells, we

noticed a different localization of miR-130b-5p, which tends to

be retained mostly in the soma with respect to the WT condition

(Figures 7C and 7D, top). To investigate this aspect, we quanti-

fied the mean percentage of miR-130b-5p signals in neurites

per cell. Through this procedure, we saw that in circ-KO neurons,

miR-130b-5p showed a significant reduction in localization at

neurites (Figures 7C and 7D, top). As a likely consequence of

this reduction, the mutant condition had a tendency to form

larger spots, with a resulting increase in the average area of

the FISH signals (Figure 7D, bottom). Interestingly, the doxycy-

cline (dox)-inducible ectopic overexpression of circDlc1(2)

in circ-KO cells was able to rescue the presence of miR-130b-

5p at synaptic regions and recover the WT spot size (circ-

OE +dox; Figures 7C, 7D, and S13A).

As control, the lack of dox induction maintained values similar

to the circ-KO conditions (circ-OE �dox; Figures 7C and 7D).
(E) Relative luciferase activity in N2a cells co-transfected with either Luc-Gria1-WT

circDlc1(2). Luciferase activity data are presented as the mean ± SEM shown with

dot. Statistical analysis was performed with paired two-tailed t tests, where ns is n

See also Figures S9–S11.
Altogether, these data underline that circDlc1(2) and miR-

130b-5p are localized at post-synaptic compartments and that

the circRNA is responsible for the correct localization of the

miRNA.

DISCUSSION

Although many data are currently available on the enrichment of

circRNAs in the brain and their in vitro activities, very little is

known about their in vivo relevance for brain function. To date,

only a few examples of the brain-specific effect of circRNA

depletion have been reported. Cdr1as KO animals display a

mild phenotype of impaired sensorimotor gating, which is asso-

ciated with neuropsychiatric disorders,37 while circHomer1a KD

affects behavioral flexibility.41

circDlc1(2) in vivo activity was studied byCRISPR-Cas9-medi-

ated deletion of the intron of the Dlc1 gene upstream of the exon

undergoing circularization, with the resulting exon 1/exon

2 fusion preventing the back-splicing reaction and production

of circDlc1(2). Indeed, this intervention, while completely knock-

ing out the circRNA isoform, partially affected the expression of

the linear counterpart. Therefore, as control, we also raised a

specific KO mouse for the linear Dlc1 mRNA.

Notably, previous studies on the Dlc1 locus focused only on

the Dlc1-201 short isoform and reported that homozygous em-

bryos lacking the expression of this specific isoform died at early

stages of embryogenesis.24,25 Importantly, in our circ-KO mice,

we did not observe any alteration of Dlc1-201, indicating that

the phenotype we have observed is not correlated with the func-

tion of this linear isoform.

In vivo analysis of circDlc1(2) expression indicated the stria-

tum and V and VI layers of the prefrontal cortex as the districts

with the highest levels. In the striatum, we found that

circDlc1(2) depletion correlated with the alteration of glutama-

tergic-associated circuits, including LTP, as we observed the

upregulation of RNA and protein levels of specific post-synap-

tic-density-associated genes and NMDA-related circuits.

Among them are Grin2a and Grin2b, which encode for different

subunits of the NMDA-type glutamate receptors; Gria1, encod-

ing a subunit of the AMPA receptor; and Camk2a, which

instead acts downstream of the post-synaptic NMDA gluta-

mate receptors to increase synaptic conductance. Interest-

ingly, these alterations were not found in lin-KO mice depleted

for the linear isoform, indicating that such effects were specif-

ically due to circRNA depletion.

This glutamatergic pathway altered in the striatal district is

correlated with the phenotypic alterations studied with open

field behavioral tests. circ-KO animals had reduced anxiety

and were hyperactive, indicating behavioral disinhibition. circ-

KO animals also showed stereotypies as indicated by the sig-

nificant increase in rearing. The striatum is a key hub in the

basal ganglia for processing neural information from cortical

glutamatergic inputs converging into striatal medium spiny
-L ormut constructs and (left) the miR-130b-5pmimic or (right) siRNAs against

respect to controls set to a value of 1. Each replicate is represented by a white

ot significant (p > 0.05), *p% 0.05, **p% 0.01, ***p% 0.005, and ****p% 0.001.

Cell Reports 43, 114766, October 22, 2024 11



A

DC

B

(legend on next page)

12 Cell Reports 43, 114766, October 22, 2024

Article
ll

OPEN ACCESS



Article
ll

OPEN ACCESS
neurons. Indeed, the hyperactivation of this cortico-striatal

pathway has been observed to have a positive effect on explor-

atory behavior by inducing hyperactivity and disinhibition.42

Moreover, its increased activity can lead to stereotypies like

rearing, meaning repeating stereotyped behavioral sequences

over time. A recent study showed that exogenous activation

of dorso-striatal neurons, which in turn engages the cortico-

striatal-thalamo-cortical circuit, is sufficient for the onset of

the same behavioral alterations observed in circ-KO mice.43

Noticeably, the lack of impairment in associative contextual

memory suggests an intact functionality of the Papez circuit,44

which includes the hippocampus and amygdala, which is in line

with lower circDlc1(2) expression in these areas as compared

to the fronto-striatal region. An altered corticostriatal circuit is

linked to various neuropsychiatric disorders, including atten-

tion-deficit hyperactivity disorder, Tourette syndrome, obses-

sive-compulsive disorder, autism spectrum disorder, and

schizophrenia.45,46

The dissection of the molecular mechanism of action of

circDlc1(2) resulted in the impingement of glutamatergic-spe-

cific signaling in a singular regulatory interplay with mRNAs

and miRNAs. On one side, circDlc1(2) binds to several

mRNAs deregulated in the circ-KO animals, the gluRNAs,

and on the other, it physically interacts with their regulator,

miR-130b-5p, and controls its localization at the neuron pe-

riphery. For two of these interactors, Gria1 and Grin2a, we

validated the ability of circDlc1(2) to act in a synergistic

manner with miR-130b-5p in repressing translation, indicating

that the circRNA does not act as a classical miRNA sponge

but instead cooperates with the repressive activity of the

miRNA.

The possibility that this effect could be due to miRNA desta-

bilization by the circRNA has to be excluded since, in the

absence of circDlc1(2), the levels of miR-130b-5p were

unaffected.

Even if a complete understanding of the in vivo effects of the

perturbation of this circuitry will require further investigation,

our data suggest an unprecedented model of circRNA function

by which circDlc1(2) may act as a platform by tethering together

miR-130b-5p and its gluRNA targets. This creates functional

ribonucleoprotein (RNP) complexes where the AGO proteins,

bound to both the circRNA and miRNA, can act synergistically

on the target mRNAs. This is different from the mechanism of a

canonical ceRNA (competing endogenous RNA) where the
Figure 7. circDlc1(2) and miR-130b-5p localization in vitro

(A) Representative RNA-FISH for circDlc1(2) (red; top), miR-130b-5p (red; middle

day 26 (top) or day 15 (middle and bottom) of differentiation. The image on top

Figure S12B, the bottom is a digital enlargement of Figure S12C.

(B) Histogram showing the distribution of theMander’s overlap coefficient (MOC)

5p/PSD-95, and miR-132-3p/PSD-95 overlaps, derived from the analysis of #1

bars ±SEM are indicated as red and gray lines, respectively.

(C) Representative images of RNA-FISH for miR-130b-5p (red) combined with IF

day 15 of differentiation.

(D) Top: violin plot indicating the percentage of miR-130b-5p signals located in ne

showing the mean area of the FISH spots. Each quantification is derived from the

quartiles are indicated as a solid black line and dashed red lines, respectively. One

***p % 0.005, and ****p % 0.001. All scale bars represent to 20 mm.

See also Figures S12 and S13.
circRNA acts by sequestering miRNA molecules, removing their

inhibitory activity on the mRNA targets.

Furthermore, the ability of circDlc1(2) to ensure efficient

compartmentalization of miR-130b-5p to neuronal projections

leads to a general model in which circDlc1(2) not only aids the

physical proximity between miR-130b-5p and its mRNA targets

but guarantees miRNA localization at synaptic regions, where

gluRNAs have been shown to localize and their translation is

controlled.22,23

These features are intriguing when considering the type of

regulation required at peripheral neuronal districts, where local-

ized translation should be finely regulated in response to specific

stimuli; such a ‘‘ménage à trois’’ of three different types of RNAs

adds another layer of circRNA-mediated regulation in neurons

where compartmentalization ensures a robust control of gene

expression.

Limitations of the study
Although this study offers new insights into the regulatory roles of

circRNAs, it is limited by an incomplete understanding of the

perturbation of the circRNA/miRNA/gluRNA network in vivo. Ad-

dressing this limitation will necessitate further research.
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PowerUp SYBR Green Master Mix Life Technologies cat# A25742
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Amersham Protran 0.45 mm Nitrocellulose

Blotting Membrane

Cytiva cat# 10600002

DifcoTM Skim Milk BD Life Sciences cat# 232100

4X Laemmli Sample Buffer Bio-Rad cat# 161-0747

Streptavidin MagneSphere Paramagnetic Particles Promega cat# Z5481

Dynabeads Protein G Thermo Fisher Scientific cat# 10004D

Proteinase K, recombinant PCR Grade Roche cat# 03115828001

AMPA Sigma-Aldrich cat# A6816

Doxycycline Hyclate Sigma-Aldrich cat# D5207

Puromycin (solution) InvivoGen cat# ant-pr-1

Cyclothiazide Sigma-Aldrich cat# C9847

Fluo4-AM, cell permeant Invitrogen cat# F14201

O.C.T. Compound Cryostat Embedding Medium Scigen cat# 4586

QIAzol Lysis Reagent Qiagen cat# 79306

TritonTM X-100 Sigma-Aldrich cat# 9002-93-1

NP-40 Sigma-Aldrich cat# 85124

Tween� 20 Sigma-Aldrich cat# 1379

QIAcuity EG PCR Kit Qiagen cat# 250111

Critical commercial assays

BaseScopeTM Detection Reagent Kit v2 ACD 323910

RNAScopeTM Pretreatment Reagents ACD 322381

RNAScopeTM Wash Buffer Reagents ACD cat#310091

Direct-Zol RNA MiniPrep Kit Zymo Research cat#R2050

miRNeasy Mini Kit Qiagen cat#217004

Quick-RNATM Miniprep Kit Zymo Research cat#R1055

NuceloSpin Gel and PCR Clean-up MACHEREY-NAGEL cat# 740609.250

Plasmid DNA extraction Mini kit Fisher Molecular Biology cat# DE-035

NucleoBond Xtra Midi EF MACHEREY-NAGEL cat# 740420.50

Genomic DNA Extraction Kit mini Geneaid Biotech Ltd. cat # YGT100

In-Fusion� HD Cloning Kit Takara Bio cat# 102518

PrimeScriptTM RT Reagent Mix Takara Bio cat#RR036b

SuperscriptTM Vilo cDNA Synthesis Kit Invitrogen cat# 11754050

miRCURY� LNA� RT Kit Qiagen cat# 339340

miRCURY� LNA� miRNA PCR Assay Qiagen cat# 339306

PierceTM BCA protein assay kit Thermo Fisher Scientific cat# 23225

RNA Interactome MagIC Beads Kit ElementZero Biolabs N/A

Dual-Luciferase� Reporter Assay System Promega cat# E1960

Deposited data

Raw and analyzed data This paper PRIDE database identifier: PXD054407

Experimental models: Cell lines

Neuro-2a (N2a) ATCC cat# CCL-131

CF1 Mouse Embryonic Fibroblasts, irradiated Gibco cat# A34180

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Experimental models: Organisms/strains

Mouse C57BL/6J WT This paper N/A

Mouse C57BL/6J, circDlc1(2)�/� This paper N/A

Mouse C57BL/6J, Dlc1-206�/� This paper N/A

Mouse C57BL/6J WT mESCs This paper N/A

Mouse C57BL/6J, circDlc1(2)�/� mESCs This paper N/A

Mouse C57BL/6J, Dlc1-206�/� mESCs This paper N/A

Mouse C57BL/6J, circDlc1(2)�/� Rescue mESCs This paper N/A

Oligonucleotides

Oligonucleotides used for the genotyping in

this work are listed in Table S2

This paper N/A

Oligonucleotides for qPCR experiments in

this work are listed in Table S2

This paper N/A

Oligonucleotides for miRNA qPCR experiments

in this work are listed in Table S3

Qiagen cat# 339306

Oligonucleotides for plasmid construction

are listed in Table S2

This paper N/A

siRNAs used in this work are listed in Table S2 This paper N/A

DNA oligonucleotide probes are listed in Table S2 This paper N/A

miRCURY LNA miRNA Detection

Probes mmu-miR-130b-5p

mmu-miR-132-3p

EXIQON cat# YD00615959-BCG

YD00615938-BCG

Mm circ-Dlc1-specific probe for BaseScopeTM ACD cat# 708481

Recombinant DNA

circDlc1(2) overexpression vector This paper N/A

circDlc1(2) D130 overexpression vector This paper N/A

psiCHECKTM-2 Vector Promega cat# C8021

ZKSCAN1 Kramer et al., 201543 Addgene plasmid

#60649

pcDNATM3.1 (+) Mammalian Expression Vector Thermo Fisher Scientific cat# V79020

circDlc1(2)-WT This paper N/A

circDlc1(2)-mut This paper N/A

Gria1-WT-S This paper N/A

Gria1-mut-S This paper N/A

Gria1-WT-L This paper N/A

Gria1-mut-L This paper N/A

Gria1-DmiR This paper N/A

Grin2a-WT This paper N/A

Grin2a-mut This paper N/A

Software and algorithms

ImageJ software Schneider et al., 201244 RRID:SCR_003070;

https://imagej.nih.gov/ij/download.html

MetaMorph� Microscopy Automation and Image

Analysis Software

Molecular Devices RRID:SCR_002368;

https://www.moleculardevices.com/

products/cellular-imagingsystems/

acquisitionand-analysissoftware/

metamorph-microscopy#gref

ImageJ ‘‘3D viewer’’ plugin Benjamin Schmid;

ImageJ_3D_Viewer.jar

https://imagej.nih.gov/ij/plugins/

3dviewer/

ImageJ ‘‘plot profile’’ plugin N/A https://imagej.net/ij/ij/docs/guide/

146-30.html#toc-Subsection-30.11

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

MetaFluor� Fluorescence Ratio Imaging Software Molecular Devices RRID:SCR_014294;

http://www.moleculardevices.com/

systems/metamorph-research-imaging/

metafluor-fluorescence-ratio-

imaging-software

Prism 9 GraphPad by Dotmatics https://www.graphpad.com/

scientific-software/prism/

QuantStudio 3 and 5 Real-Time PCR System Software Thermo Fisher Scientific RRID:SCR_020238;

https://www.thermofisher.com/it/en/

home/global/forms/life-science/

quantstudio-3-5-software.html

miRanda software (v3.3a) Enright et al., 200335 RRID:SCR_017496;

https://cbio.mskcc.org/miRNA2003/

miranda.html

ComplexHeatmap Gu et al., 201647 RRID:SCR_017270;

https://bioconductor.org/packages/

release/bioc/html/ComplexHeatmap.html

IntaRNA 2.0 Mann et al., 201748 https://github.com/BackofenLab/IntaRNA

Image LabTM Software N/A RRID:SCR_014210;

http://www.bio-rad.com/en-us/sku/

1709690-image-lab-software

TargetScan (v8.0) McGeary et al., 201949 https://www.targetscan.org/mmu_80/

ImageJ ‘‘JACoP (Just Another Colocalization

Plugin)’’ plugin

Bolte and Cordelieres, 200650 https://imagej.nih.gov/ij/plugins/

track/jacop.html
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Generation of mouse lines
The mice were housed in the animal facility of EMBL Monterotondo at the Gene Editing and Embryology Facility (GEEF). Mice were

maintained in temperature and humidity-controlled condition with food and water provided ad libitum and on 12-h light–dark cycle

(light on at 7:00). They were housed in IVC Thoren racks in groups of 4 mice/cage. All experiments were approved by the Italian Min-

istry of health (approval n.82945.56) and conducted within the animal welfare regulations and guidelines. Both circ-KO and lin-KO

mice were generated using CRISPR/Cas9 editing technology in C57BL/6J zygotes. crRNA oligos and tracrRNA were annealed

and combined with a homology flanked ssODN (single stranded donor) coding for the desired mutation.

For the circ-KO mice, annealed single guide RNAs (sgRNAs) targeting the exon 1-intron 1 boundary (50-TTGGCGGTAACAG

CAACTCC-3’; 50-AGGAGTTGCTGTTACCGCCA-30) and the intron 1-exon 2 boundary (50-TTCTTTCACAGTGGACAACA-3’; 50-ACT
CAAAGGGATGGAAGTCG-30) of the Dlc1 gene were complexed with Cas9 protein and combined with a 163 nt ssODN for the com-

plete removal of intron 1. The ssODNwas composed of asymmetrical homology arms corresponding to the perfect fusion of exons 1

and 2. For the lin-KO mice, sgRNAs targeting the fourth exon of Dlc1 (50-CCGATCCATCATCCACTCCA-3’; 50-AGTAGGT

GAGGTCCCTCGTT-30) were used, together with a 450 nt-long ssODN comprised by asymmetrical homology arms and 100 nt of

a minimal synthetic poly-A signal, followed by two repetitions of the polymerase destabilizing MAZ sequences. All single-stranded

DNA and RNA oligos were synthesized by IDT. The Cas9 protein, sgRNA and ssDNA donor template (Cas9 protein 50 ng/mL, sgRNA

20 ng/mL, ssODN 10 ng/mL) were co-microinjected into zygote pronuclei using standard protocols and after overnight culture 2-cell

embryos were surgically implanted into the oviduct of day 0.5 post-coitum pseudopregnant CD1 mice. Successful editing was vali-

dated by PCR genotyping using MyTaq DNA Polymerase (Bioline). gDNA extraction from tail biopsies was performed using the

Genomic DNA Extraction kit (Geneaid Biotech Ltd.) according to the manufacturer’s protocol. Oligonucleotide primers are listed

in Table S2. A founder F0 male was selected and backcrossed with wild-type mice to generate F1. The KO lines were maintained

by heterozygous vs. heterozygous crosses.

Cell culture conditions and treatments
mESC culture

mESCs derived from C57/J WT, circ-KO and lin-KO mouse blastocysts were cultured as described in D’Ambra et al.8 Briefly, cells

were cultured on 0.1% gelatin-coated (Millipore) or MEF-coated (Gibco) dishes and maintained in mESC medium (Embryomax

DMEM (Millipore), 15% Fetal Bovine Serum for ES (Gibco), 1X GlutaMAX (Thermo Fisher Scientific), 1X non-essential amino acids
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(Millipore), 1X nucleosides (Millipore), 1X 2-mercaptoethanol (Millipore) and 1X Pen/Strep) supplemented with LIF (103 unit/mL,

Chemicon), PD173074 (1.5 mM, Sigma-Aldrich) and Gsk-3i (1.5 mM, Sigma-Aldrich) (LIF+2i condition).

Generation of the inducible circ-Dlc1(2) rescue (circ-OE) mESC line

Circ-KO mESCs were plated onto 0.1% gelatin-coated plates for at least two passages. 1.9 x 105 cells were plated on 60 mm plates

24 h prior to transfection. For the transfection, cells were incubated for 6 h with: 1 mg piggyBAC transposon vector containing the

second exon of Dlc1 together with 1500 bp of the up- and downstream flanking introns and a puromycin selection cassette,

125 ng of helper transposase, 3.5 mL of Lipofectamine 2000 Transfection Reagent (Thermo Fisher Scientific) and up to 2 mL with

Opti-MEM Reduced Serum Medium (Thermo Fisher Scientific). After 2 days, 0.75 mg/mL puromycin (InvivoGen) was added to the

cell medium for the selection of cells with the successful integration of the cassette, which lasted for �10 days (circ-OE mESCs).

Differentiation of mESCs to a terminally differentiated dopaminergic/glutamatergic neuronal population

Neuronal differentiation containing different neuron sub-types including dopaminergic neurons, was obtained following the Lee

et al.27 protocol with some adjustments. Before starting the differentiation, ES cells were plated for at least 1 passage on 0.1%

gelatin-coated plates. The first day of differentiation ES cells were dissociated (0.25% trypsin–EDTA, Sigma-Aldrich) to single cells,

and 5 3 105 cells were seeded into bacterial-grade dishes (10 mL) for serum-free suspension culture with ADNFK medium

(composed by (1:1) Advanced DMEM/F12 (Gibco):Neurobasal medium (Gibco), 10% KnockOut Serum Replacement (Gibco), 1%

GlutaMAX, 1% 2-mercaptoethanol, 1% Pen/Strep). Medium was changed to fresh ADNFK differentiation medium on day 3. On

day 5, floating spheres were plated en bloc on dishes coated with poly-L-ornithine (Sigma-Aldrich) and Murine Laminin 20 mg/mL

(Sigma-Aldrich). Cells were maintained 5–7 days in N2/neurobasal differentiation medium (Neurobasal/F12 (1:1), N2 (1/100, Gibco),

1% GlutaMAX, 1% sodium pyruvate (Thermo Fisher Scientific), 0.5% Pen/Strep, 1% non-essential amino acids) supplemented with

Fibronectin 0.250 mg/mL (Sigma-Aldrich). When neural precursor migration out of aggregates was evident, cells were switched to

N2/neurobasal medium supplemented with bFGF (10 ng/mL, Bio-Techne), FGF8 (100 ng/mL, Bio-Techne), SAG (0.25 mM, Sigma-

Aldrich) and 2 mg/mL laminin. After four days bFGF was removed and substituted with Ascorbic Acid (200 mM, Sigma-Aldrich) and

neurons were kept in this medium (refreshed every other day) for another 10–13 days for neuronal maturation. After plating the

EBs, the media was changed every other day.

For circDlc1(2) rescue experiments, 100 ng/mL doxycycline (Sigma-Aldrich) was added to ADNFK medium upon differentiation

induction, and to N2/neurobasal differentiation medium, every time the medium was refreshed.

N2a cell line

Murine neuroblastoma cells line, (N2a, ATCC) were cultured in DMEM-High Glucose medium (Sigma-Aldrich) with 10% Fetal Bovine

Serum (Sigma-Aldrich), 100 mM L-glutamine (Sigma-Aldrich) and 100 mM Penicillin/Streptomycin (Sigma-Aldrich). 1.5-2 x 105 cells

plated in 12-well multiwell plates were transiently cotransfected the following day, with 20 ng of the luciferase reporter plasmids and

either mimics, LNAs, siRNAs or OE plasmids, using 1.25 mL Lipofectamine 2000 Transfection Reagent (Thermo Fisher Scientific) and

200 mL Opti-MEM Reduced Serum Medium (Thermo Fisher Scientific; overnight incubation) and 800 mL DMEM medium or 500 mL

Opti-MEM (5 h over-day incubation) per well. For the mimics, 5 nM control mimic (Unspecific_AllStars_1 (SI03650318)) or miR-

130b-5p mimic (Qiagen, miScript miRNA Mimic (MSY0004583) sequence: 50-ACUCUUUCCCUGUUGCACUACU-30). For the LNA

assay, N2a cells were transfected with 50 nM control LNA (miRCURY LNA miRNA Inhibitor Control, 339136) or LNA against miR-

130b-5p (miRCURY LNAmiRNA Inhibitor, 339132, sequence: 50-TAGTGCAACAGGGAAAGAG-30), as above.CircDlc1(2) downregu-

lation was obtained with an siRNA customly designed to target the back-splicing junction of circDlc1(2), and modified accordingly

(OnTargetPlus technology, Dharmacon, CTM-691810 Sense: 50 CGCAAGAGAAAGUGGACAAUUUU). For the specific downregula-

tion of lin-Dlc1 (Dlc1-206), siRNAs were custom designed to target the isoform’s exon 4 (OnTargetPlus technology, Dharmacon,

CTM-943692 Sense: 50 CCAACUAGACCAAGACAUAUU; CTM-943694 Sense: 50 GAGCAAUUCUGGAACCAAAUU). CircDlc1(2)

up-regulation was obtained by plating 1.5-2 x 105 N2a cells and transfecting them after 24 h with 300 ng of circDlc1(2) OE plasmid

using 1.25 mL Lipofectamine 2000 Transfection Reagent and 200 mL Opti-MEM (overnight incubation) and 800 mL DMEMmedium or

500 mL Opti-MEM (5-h over-day incubation). As control for circDlc1(2) OE experiments it was used an empty plasmid-coding DNA

(pcDNA).

METHOD DETAILS

Mouse tissue collection for molecular analyses
Mice were weighed and then sacrificed by cervical dislocation. Relevant tissues were snap frozen in liquid nitrogen and stored at

�80�C. Prior to protein and RNA extraction, tissues were ground to a powder using a pestle and mortar pre-chilled with liquid nitro-

gen. During grinding, liquid nitrogen was occasionally added to prevent the tissue from thawing. Ground tissues were then separated

equally between two pre-chilled Eppendorf tubes, one destined for protein extraction and the other for RNA which were snap frozen

again and stored at �80�C.

RNA extraction and analyses
QIAzol Lysis Reagent (Qiagen) was added to each Eppendorf tube containing the samples; RNA was isolated using the miRNeasy

Mini Kit (Qiagen), Directzol RNA MiniPrep Kit (Zymo Research) or the Quick-RNA Miniprep Kit (Zymo Research) with on-column

DNAse treatment, according to the manufacturer’s instructions. If RNAwas extracted from tissue, additional initial steps were added
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to the procedure: 700 mL of QIAzol Lysis Reagent was added to each Eppendorf tube containing the tissue powder. The samples

were readily vortexed for �5–10 min until disrupted and homogenized. These were then centrifuged at 12,000xg for 10 min at

4�C. The supernatant was transferred to a new Eppendorf tube before proceeding with the standard extraction protocol. RNA

was quantified using a NanoDrop 1000 Spectrophotometer (Thermo Fisher Scientific) before being reverse transcribed using the

SuperScript VILO cDNA Synthesis Kit (Invitrogen), the PrimeScript RT Reagent Kit (Takara Bio USA) or the miRCURY LNA RT Kit

(Qiagen). CDNAs were then diluted to a concentration of 1–2.5 ng/mL (when analyzing gene expression) or isovolumic with the input

(when assessing target enrichments in pull-down or IP experiments) then stored at �20�C.
For RNA expression analyses, real-time PCR (qRT-PCR) was performed using PowerUp SYBR Green Master Mix (Life Technol-

ogies) on a 7500 Fast Real-Time PCR (Applied Biosystem) or QuantStudio 3 Real-Time PCR (Thermo Fisher Scientific). For the detec-

tion ofmiRNAs, qRT-PCRwas performed using themiRCURY LNAmiRNAPCRAssay (Qiagen) with Snord110 (Small Nucleolar RNA,

C/D Box 110) as the internal control. Oligonucleotide primers used for qRT-PCR are listed in Tables S2 and S3.

Protein extraction from tissues and quantification
Tissues destined to protein extraction were weighed using a milligram balance. 500 mL of protein buffer (50 mM Tris, 5 mM EDTA,

150 mM NaCl, 10% glycerol, 21.5 mM MgCl2, 1% Triton X-100 (Sigma-Aldrich) supplemented with 1X protease inhibitor cocktail

(PIC, Roche) and 0.2 U/mL RiboLock RNase inhibitor (Thermo Fisher Scientific) was added per 100 mg of ground tissue powder. Tis-

sues were then gradually homogenized using TissueRuptor II (Qiagen). Samples were centrifuged at 13,000 x g for 10min at 4�C. The
supernatant was collected and quantified with the Bradford colorimetric reaction (Bio-Rad).

Sample treatment and mass spectrometry of tissue-derived extracts
50 mg of protein extract was analyzed per tissue per animal. Disulphide bonds were first reduced by adding 10 mL of 100 mM dithio-

threitol (DTT) and cysteine residues were alkylated by adding 30 mL of 100mM Iodoacetamide. Samples were then digested into pep-

tides through the addition of 1 mg of Trypsin. Digested peptides were dried, resuspended in 50 mL of 3% acetonitrile added with 0.1%

formic acid and analyzed on a Thermo Exploris 480 Orbitrap, coupled with a Dionex Ultimate 3000 nano-LC system. Both systems

were purchased by Thermo Fisher Scientific. Peptides were separated in a linear gradient, using water and acetonitrile (added with

0.1% formic acid): Injection volume was 0.5 mL, flowwas 0.300 mL/min, the column temperature was 40�C, samples were eluted with

the following gradient program: 0.0–5.0 min 3%B; 5.0–41.0 min 3 to 19%B; 41.0–55.0 min 19 to 29%B; 55.0–65.0 min 29 to 41%B;

65.0–66.0 min 41 to 95% B; 96.0–76 min 95%B and 76.0–77 min back to 3% B. The column was then reconditioned for 13 min. The

total run time was 90 min. Peptides were analyzed in positive ESI mode, with a capillary voltage set to 2.0 kV. The RF lens was set to

40% and the AGC target was set to 300%. Data acquisition was performed in Data Independent mode (DIA) with a survey scan set

from 400 to 1000 m/z at 120000 resolution. MS/MS spectra were acquired in HCD mode with the collision energy set to 30%. Data

analysis was carried out using the Spectronaut software (Biognosys) and searching all RAW data against a Mus Musculus revised

FASTA database downloaded from UNIPROT. Only proteins identified across all runs with at least 2 peptides and 1% FDR were

considered. Proteins identified by only one single peptide hit were excluded from the analysis. The Bonferroni multiple test correction

was applied to the observed abundances of the identified proteins. An arbitrary threshold of +/� 30% change in protein expression

compared to the WT group was considered as significant. Functional enrichment analysis of the differentially expressed genes

derived from mass spectrometry analysis of WT and circ-KO striatum-derived extracts was performed using the reactome pathway

database.

RNA fluorescence in situ hybridization and immunofluorescence
Whole brain cryosections

Adult WT mice were sacrificed by cervical dislocation. The whole brain was dissected and readily fixed in 4% paraformaldehyde

(PFA; Electron Microscopy Sciences; in PBS with Ca2+ and Mg2+) for 48 h at 4�C on a rocking oscillator. The brain was then cryo-

protected via a sucrose gradient (10, 20 and 30% in PBSwith Ca2+ andMg2+), supplementedwith 1:200 vanadyl ribonucleoside com-

plexes (VRC; Sigma-Aldrich). The concentration of sucrose was increased upon tissue sinking. The tissue was then embedded in

optimal cutting compound (OCT; Scigen) using liquid nitrogen-cooled (at least �80�C) 2-methylbutane. The excess liquid was

removed with a paper towel prior to this procedure. 30 mm-thick sagittal whole brain tissue cryosections were obtained using a cryo-

stat (Leica) set at�20�C, then stored at�80�C.On the day of the RNA-FISH, sections were thawed at RT andwashedwith 1XPBS for

5 min, oscillating the slides to remove the OCT. Slides were immersed and post-fixed in pre-chilled 4% PFA (in 1X PBS) for 10 min at

4�C. The tissue was dehydrated by sequentially immersing the slides in 50%, 70% and 100%EtOH, for 5min at each percentage and

at RT. The slides were then air-dried for 5 min at RT before undergoing the standard Basescope (Advanced Cell Diagnostics,

BioTechne) protocol for fixed frozen tissue sections (ACD technical note n� 320534 and 323900). Probes used to detect circDlc1(2)

(ref. 708481) were custom produced by Advanced Cell Diagnostics and designed to specifically target the back-splicing junction

of the circular RNA. After chromogenic signal development of the FISH, the nuclei were counterstained with DAPI solution

(1 mg/mL/PBS; Sigma-Aldrich) for 5 min at RT and then the coverslips were mounted using ProLong Diamond Antifade Mountant

(Thermo Fisher Scientific). Images were acquired with an Olympus IX73 microscope equipped with a Crestoptics X-LIGHT V3
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spinning disk system and a Prime BSI Express Scientific CMOS camera, using a 30X silicon objective (NA 1.05). The final image

mosaic was obtained with the scan slide application of theMetaMorph software and for the images shown in the panels were applied

ImageJ filter ‘‘maximum’’ for better visualization of the signal.

mESC-derived neurons

Cells cultured on pre-coated glass coverslips (0.01% poly-L-ornithine, 20 mg/mL laminin) were fixed in 4% PFA/4% sucrose/5mM

MgCl2/PBS (Electron Microscopy Sciences) for 30 min at 4�C and then stored in PBS/4% sucrose/1:100 VRC (Sigma-Aldrich) until

use. For IF, cells were permeabilized (0.1% TritonTM X-100/2% BSA/PBS) for 45 min at room temperature and then incubated with

anti-GRIA1 (67642-1-Ig, Proteintech) and anti-VGLUT2 (42–7800, Invitrogen) primary antibodies overnight at 4 �C. Subsequently,
they were incubated with secondary antibodies (donkey anti-mouse Alexa Fluor 647, A32787 and goat anti-rabbit Alexa Fluor

488, A11008, both Thermo Fisher Scientific) diluted 1:200 in 2% BSA/PBS for 1h at room temperature. After washing with 0.1%

Tween 20/PBS the cells were incubated with DAPI solution for 5 min at RT and then mounted using ProLong Diamond Antifade

Mountant.

miRNA FISH

An additional fixation step was performed with 0.16M 1–ethyl–3–(3–dimethylaminopropyl) carbodiimide (EDC) dissolved in Methyl-

imidazole buffer (0.13M1-Methylimidazole/0.03MNaCl/H2O) for 30min at RT. Cells were then permeabilizedwith Triton X-100 (0.2%

Triton X-100/2mM VRC/PBS) for 5 min on ice. Before the in situ hybridization staining, IF for PSD-95 (1:200 in PBS; 25075, Cell

Signaling Technologies) and beta Tubulin III (1:200 in PBS; AB9354, Sigma-Aldrich) was performed overnight at 4 �C. Finally, the sec-
ondary antibodies were incubated: Donkey anti-Chicken 488A antibody (SAB4600031, Sigma-Aldrich) and Donkey anti-Rabbit Alexa

Fluor 647 (A-31573, Invitrogen) diluted 1:200 in 1% BSA/PBS for 45 min at RT. Before probe incubation, the cells were fixed with 4%

PFA for 10 min at RT and incubated in pre-Hybridization Buffer (4X SSC/25% Formamide/2 mM VRC/H2O) for 15 min at RT. Finally,

250 nM of miR-130b-5p or miR-132-3p LNA-probes were added to the cells in Hybridization Buffer (4X SSC/10% dextran sulfate/

250 mg/mL tRNA/2 mM VRC/H2O) 1h at 37�C. After stringent washes (1X SSC and 0.2X SSC/2% BSA) at 37�C, Digoxigenin was de-

tected with Red Substrate Kit Alkaline Phosphatase (Vector Laboratories) according to the manufacturer’s instructions. After exten-

sive washing with H2O, the cells were incubated with DAPI solution for 5 min at RT and then mounted using ProLong Diamond Anti-

fade Mountant.

circDlc1(2) FISH
Detection of circDlc1(2) was performed via Basescope assay (Advanced Cell Diagnostics, Bio-Techne) as previously described in

D’Ambra et al.8 Samples were imaged using an inverted confocal Olympus IX73 microscope equipped with a Crestoptics

X-LIGHT V3 spinning disk system and a Prime BSI Express Scientific CMOS camera and with an Olympus iX83 FluoView1200 laser

scanning confocal microscope. The acquisitions were obtained using a UPLANSApo 60X (NA 1.35) oil objective collected with the

MetaMorph software (Molecular Devices). The z stack confocal microscopy images were taken automatically (200 nm Z-spacing)

and merged with the maximum intensity projection method.

Image analysis on cell samples

All the post-acquisition analysis were performed on MIP (Maximum Intensity Projection) from focal planes of the cells positive for

TUBB3. FISH signal-scattering quantification was computed as the mean percentage of spots fraction located in neurites with

respect to the total (FISH spots in the soma+neurite), while FISH spot areas were defined with the ‘‘analyze particle’’ plugin after bi-

narization of the image. The ratio of FISH signals overlapping PSD-95 protein was expressed with Manders’ Overlap Coefficient

(MOC) using the co-localization tool (JaCoP plug-in). Line-scan analyses were performed on maximum projection of the Z-planes

by using the ‘‘plot profile’’ plugin.

Bioinformatics analyses for putative circRNA-miRNA-mRNA networks
miRNAs expressed in the striatum were retrieved from Dell’Orco et al.33 and Eipper-Mains et al.34 selecting only miRNAs expressed

more than 1 CPM (average expression). For the Dell’Orco et al.33 dataset, an additional filter was imposed selecting miRNAs labeled

as ‘‘High confidence’’. miRNA binding site predictions were performed using the miRanda software (v3.3a)35 setting the minimum

prediction score to 140 and the energy threshold at �15 kcal/mol. In order to reduce sequence redundancy, the longest functional

isoformwas selected as the representative for each gene. Annotated 30UTR regions (ensemble 99) were used to assessmiRNA bind-

ing to mRNAs. By performing the luciferase assay on the Gria1 30UTR, we found that the mutation of the optimal interaction site of

miR-130b-5p was not sufficient to abolish the responsiveness of the construct, thus we investigated the presence of other subop-

timal interaction sites, identifying a second one (with �12.18 kcal/mol energy) lowering the miRanda energy threshold from �15 to

�7 kcal/mol and additional miRNA-target predictions were performed using TargetScan v8.0.36

The heatmap representation performed using ComplexHeatmap47 was used to summarize miRNA binding sites to circRNAs and

mRNA targets. RNA-RNA interaction predictions were performed using the IntaRNA 2.0 software.48 For both interaction predictions,

in order to include the BSJ in the analysis, the Dlc1 exon 2 sequence was extended by 50 nt, repeating the 50 portion of the exon.

The control RNAs for the specificity of predicted interactions between circDlc1(2) and the mRNAs related to proteins with altered

expression in the circ-KOmouse compared to theWT condition were selected with a customPython script using length and structure

information related to the representative isoform for each gene and retrieved from Ensemble 99. The prediction of the 5 most ther-

modynamically favorable interacting regions between circDlc1(2) and each target RNA was performed using the intaRNA2.0 param-

eter -n 5. Length normalization was carried out according to the intaRNA2.0 guidelines by dividing the energy of each interaction by
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the natural logarithm of the target RNA length (nucleotides), omitting normalization for the length of the query circRNA as it is common

to all predictions.

Absolute quantification
RNA samples used for the absolute quantification of the different RNA species were obtained from WT mESC-derived neurons at

day 15. Digital PCR (dPCR) was performed using QIAcuity EG PCR Kit (Qiagen) on a 5-plex QIAcuity One device, (Qiagen) according

tomanufacturer’s instructions. The following parameters were set for the imaging profile: 500ms exposure duration and gain 6; in the

case of saturation, the exposure duration was reduced by 30%.

AGO2 crosslinking immunoprecipitation (CLIP) assay
mESC-derived neuronal cells were UV-crosslinked at 4000 3 100 mJ/cm2 and lysed with NP40-lysis buffer (50 mM Tris-HCl pH 7.5,

150 mM KCl, 2 mM EDTA, 1 mM NaF and 0.5% NP-40; Sigma-Aldrich) complemented with 0.5 mM DTT, 1X PIC and 0.2 U/mL Ribo-

lock: they were placed on a tube rotator at 4�C for 10 min and then centrifuged at 13,000 x g for 15 min at 4�C. Clarified extracts were

quantified using the Bradford assay. 1 mg of extract and 30 mL of Dynabeads Protein G (Thermo Fisher Scientific) were used for each

IP (AGO2 or mouse IgG). The beads were washed twice with 1 mL of PBS-T (PBS without Ca2+ and Mg2+/0.02% Tween 20 (Sigma-

Aldrich)) and resuspended in 810 mL PBS-T. 400 mL of this bead suspension was added to 2 Eppendorf tubes which were then coated

with 10 mg of antibody against AGO2 (SAB4200724; Sigma-Aldrich) or mouse IgG (sc-2025; Santa Cruz). The tubes were placed on a

tube rotator for 2 h at RT. After the coating, beadswere washed twice with PBS-T to remove excess antibodies. Before the addition of

the extract, 10% of the volume (100 mg) was taken as the input. The remaining volume was divided between the two IP tubes which,

together with the input, were placed back on the tube rotator for an overnight incubation at 4�C. The following day, the IP samples

were washed thrice with 1 mL High salt buffer (50 mM Tris-HCl pH 7.5, 500 mM KCl and 0.05% NP-40) complemented with 0.5 mM

DTT. For each wash, the beads were placed on a tube rotator for 1 min at RT. Beads were finally resuspended in 100 mL of comple-

mented NP-40-lysis buffer. The input was also made up to the same final volume. For all samples, ¼ of the volume (25 mL) was trans-

ferred to a different Eppendorf tube corresponding to the protein fraction. The remaining 3/4 were destined for RNA extraction (RNA

fraction). 125 mL of proteinase K buffer 2x (200 mM Tris-HCl pH 7.5, 300 mMNaCl, 25 mM EDTA and 2% SDS) together with 50 mL of

proteinase K (4 mg/mL final concentration; Roche) were added to the RNA fraction (remaining 75 mL) of each IP and 10% input sam-

ple. Samples were incubated for 30min at 50�Cand 600RPM. Three volumes of QIAzol Lysis Reagent were added to each sample. IP

samples were vortexed for 15 s prior to bead removal and were then removed with a magnetic rack. The supernatant was transferred

to a new Eppendorf tube and stored at �20�C.
The protein fraction was assessed first, to ensure that AGO2 was successfully immunoprecipitated. 10 mL of 4x Laemmli Sample

Buffer (Bio-Rad) and 50mMDTTwere added to each protein fraction (input and IP). These were heated at 90�C for 5min; beads were

then removed from the IP samples using amagnetic rack. Samples were loaded onto a precast NuPAGE 4–12%Bis-Tris 1.0mmMini

Protein gel (Invitrogen) run for 1–1.5 h at 150 V using MOPS SDS running buffer (Invitrogen). Blotting was performed onto an Amer-

sham Protran 0.45 mm nitrocellulose blotting membrane (Cytiva) in Tris-Glycine buffer (25 mM Tris, 192 mM glycine and 20%meth-

anol), using a Mini Trans-Blot Electrophoretic Transfer Cell (Bio-Rad). The immunoblots were blocked with 5% Difco skimmed milk

(BD Life Sciences)/TBS-T for 30 min and then incubated with primary antibodies for AGO2 (1:500, SAB4200724; Sigma-Aldrich) or

GAPDH (1:1000, sc-32233; Santa Cruz), also diluted in 5% skimmed milk/TBS-T overnight at 4�C. The immunoblots were then incu-

batedwith anti-mouse HRP (1:10,000; 32430, Invitrogen) secondary antibody diluted in 5% skimmedmilk/TBS-T for 1 h at RT prior to

image acquisition. The immunoblots were incubated with Clarity Western ECL Blotting Substrate (Bio-Rad) and acquired using the

ChemiDoc MP System (Bio-Rad). Images were analyzed using Image Lab Software (Bio-Rad). RNA from IP samples was finally iso-

lated using the RNeasy Mini Kit with on-column DNAse treatment, according to the manufacturer’s instructions (Qiagen).

Luciferase reporter plasmid construction
For the Luciferase assays, the 30UTR ofGria1 andGrin2a, and the exon 2 sequence of Dlc1-206were cloned downstream the Renilla

reporter gene in psiCHECK-2 Vector (Promega) using XhoI and Not1 FastDigest restriction enzymes (Thermo Fisher Scientific). The

vector (opened by inverse PCR) and inserts were amplified with CloneAmp HiFi PCR Premix (Clonetech) and oligonucleotides indi-

cated in Table S2. The cloning was achieved with the In-Fusion HD Cloning Kit (Takara Bio). All the mutant constructs were obtained

by inverse PCR followed by phosphorylation with T4 Polynucleotide Kinase (New England Biolabs) and self-ligation of the PCR prod-

uct with T4 DNA ligase (New England Biolabs). For the circDlc1(2) overexpression the circDlc1(2) sequence was cloned in the

circRNA mini vector ZKSCAN1,43 addgene #60649, via the In-fusion strategy.

Luciferase assays
N2a cells were harvested and lysed 48 h after transfection, and Renilla luciferase (RLuc) and Firefly luciferase (FLuc) activities

were measured by Dual-Luciferase Reporter Assay System (Promega) (50 mL per injector, 2 s delay, speed 200 mL/s). The FLuc

gene contained in the reporter plasmids was used to normalize for transfection efficiency. Ratios of RLuc readings to FLuc readings

(RLuc/FLuc) were taken for each experiment and normalized with respect to each respective control.
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Native pull-down using striatal tissue extracts
250 mL of Lysis buffer (50 mM Tris-HCl pH 7.5, 150 mM NaCl, 3 mMMgCl2, 0.5% NP40 and 2 mM EDTA) complemented with 1 mM

DTT, 1X PIC and 0.2 U/mL Ribolock were added to previously ground striatum tissue powder which was then homogenized using the

TissueRuptor II (Qiagen). Samples were centrifuged at 15,000xg for 15 min at 4�C. The supernatant was collected for quantification

via the Bradford assay. 2 mg of cleared extract was collected for each pull-down condition (circDlc1(2) or lacZ) and then diluted by

adding two volumes of Hybridization buffer (HB; 100 mM Tris-HCl pH 7.5, 300 mMNaCl, 1 mMMgCl2, 0.2%, SDS, 15% Formamide,

0.5% NP-40 and 10 mM EDTA) complemented with 1 mM DTT, 1X PIC and 0.2 U/mL Ribolock. 200 mg of extract were collected cor-

responding to 10% of the input before adding dextran sulfate salt (DSS; Sigma-Aldrich) to each pull-down sample at a final concen-

tration of 2.5%.51 50-biotinylated 20 nt-long antisense DNA oligonucleotide probes (Sigma-Aldrich; 100 pmol/mg of extract) targeting

circDlc1(2) or bacterial lacZ (control) (listed in Table S2) were diluted to a final volume of 50 mL in HB. These were denatured for 2 min

at 80�C then added to each pull-down sample. The probes were incubated with the extract at 4�C on a tube rotator for 4 h, in

parallel with the input sample. Prior to the end of incubation, 200 mL of Streptavidin MagnaSphere Paramagnetic Particles (Promega;

100 mL/mg of extract) were washed twice with HB using a magnetic rack. Beads were then resuspended in HB and 100 mL of bead

suspensionwas transferred to each pull-down sample. The samples underwent an hour of incubation with the beads on a tube rotator

at RT. The beads were then washed 4 times with HB, each time placing the samples on a tube rotator for 3 min at RT. Once the buffer

was removed, 300 mL of QIAzol was added to the beads, and five volumes were added to the 10% input sample. The beads were

vortexed for 2 min to ensure probe detachment and the supernatant was transferred to a new Eppendorf tube. RNA was isolated

using the RNeasy Mini Kit with on-column DNAse treatment, according to the manufacturer’s instructions (Qiagen).

Sample preparation and UV-crosslinked striatum pull-down
Striata from adult WTmicewere collected and placed in an Eppendorf tube containing ice-cold PBSwith Ca2+ andMg2+ straight after

dissection. These were kept in ice until all the remaining striata were harvested. The tissue was then transferred on a culture dish in

ice-cold PBS without Ca2+ and Mg2+ and minced/diced with the help of a scalpel, then transferred to Eppendorf tubes. The minced

tissues were centrifuged at 200xg for 5 min at 4�C. The supernatant was removed, and 20 U of pre-warmed papain (Worthington

Biochemical Corporation) resuspended in sterile Earle’s Balanced Salt Solution (Sigma-Aldrich) were added to each striatum, com-

plemented with 25 mg/mL DNAse I (Sigma-Aldrich) to dissociate the tissues. The tissue was incubated for 45 min at 37�C and 800

RPM. Pre-warmed ovomucoid protease inhibitor (Worthington Biochemical Corporation) was then added to each tissue sample,

equal to one-third of the volume of the papain. The smaller pieces of striatum were triturated using a p1000 pipette followed by a

p200 or a glass Pasteur pipette attached to a bulb. The tissue was once again centrifuged at 200xg for 5 min. The supernatant

was removed, and the pellet was resuspended in 1 mL PBS without Ca2+ and Mg2+. The cell suspensions were transferred on a

p10 plate on ice and crosslinked at 4000 3 100 mJ/cm2. The cells were pelleted at 4000 RPM for 5 min. Four pellet volumes of

cold MagIC Lysis buffer (ElementZero Biolabs) were added to the cells containing 1X PIC and 5 mM DTT, which were incubated

on ice for 10 min. The lysates were centrifuged at 16,000xg for 10 min at 4�C to pellet the insoluble cell components. The cleared

cell lysate was then quantified via the Pierce BCA protein assay kit (Thermo Fisher Scientific): approximately 0.9–1 mg of extract

was used per probe set (PD-circDlc1(2) or PD-SCR, ElementZero Biolabs). 500 mL of MagIC Lysate Dilution Buffer (ElementZero Bio-

labs) containing 1X PIC and 5 mM DTT was added per mL of cleared lysate. The 10% input fraction was then collected in order to

analyze the efficiency of the pull-down procedure. 200 pmol of circDlc1(2) or SCR probes were added to the processed lysate.

Each sample was placed in a thermo block, shaking at 900 RPM with 3 s on/30 s off cycles, for 30 min at 60�C. The beads then un-

derwent 4 washes with 1mL ofMagICWash Buffer I (ElementZero Biolabs), each time shaking at 900 RPMwith 3 s on/30 s off cycles,

for 10 min at 60�C. A final wash with no incubation was performed with 1 mL Elution buffer (10 mM Tris-HCl, pH 7.5). Beads were

finally resuspended in 25 mL of Elution buffer and heated at 92�C for 2min at 600 RPM. Proteinase Kwas added to the eluted samples

to a final concentration of 2 mg/mL, and incubated for 1 h at 55�C. Five volumes of QIAzol Lysis Reagent were added and RNA was

isolated using the RNeasy Mini Kit with on-column DNAse treatment, according to the manufacturer’s instructions (Qiagen).

Open field test
Micewere subjected to the open field test in order to assess their exploratory behavior and locomotor activity. Before each behavioral

procedure, mice were moved to the roomwhere tests were to be performed and were allowed to acclimatize for 30 min in their home

cages. All tests were performed during the light phase. In the open field test, mice were left free to explore an empty Plexiglas arena

(40 3 40 3 35 cm) for 30 min. During the test, behavior was recorded using a video camera connected to a video-tracking system

(Any-Maze, Stoelting, USA). The distance traveled (m) and themean speed (m/s) were recorded and used as an index of spontaneous

locomotor activity, while the percentage (%) of time spent in the center of the arena was used to assess anxiety-like behavior of the

animal, also defined as thigmotaxis. Behavioral stereotypies were additionally assessed during the open field by measuring the

grooming time (s) as well as the frequency of leaning and rearing.

Neuromuscular test
On the same day following the open field test, mice underwent neuromuscular tests to assess motor function and muscle strength.

The test is based on the latency of the mouse to fall off a metal wire upon exhaustion. Mice were weighed before the test as weight is

an affecting factor for the test outcome. Mice were consecutively subjected to two different neuromuscular tests:
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- the Hanging Steel test, where the start position of the mouse is with the fore limbs attached to the wire, that is a 30 cmwide 2-mm

thick metallic wire secured to two vertical stands.

- the HangingWire test, where the start position of the animal is with both fore and hind limbs attached to ametal grid (253 20 cm),

which will be turned upside down after ensuring that the mouse has a strong grip on it.

In both cases, the wire is maintained 35 cm above a layer of bedding material to prevent injury to the animal when it falls down.

During the experiment, the animal’s latency time before detaching and falling is measured with a timer and the cut-off for the exper-

iment was 300 s. Mice whose behavior did not match the protocol’s standards, such as balancing with their tail or falling off it on

purpose, were put back in the starting position.

Contextual fear conditioning (CFC)
After a room habituation time interval of 30 min, mice were subjected to CFC to assess their associative memory. On the first day,

mice were placed in the conditioning chamber (Ugo Basile, Varese, Italy) consisting of a transparent plastic cage (21.5 3 21.5 3

35.5 cm) equipped with an infrared camera and a grid floor made of stainless steel rods connected to an electric shock generator.

After a 2 min habituation period, five foot-shocks (0.7 mA, 1 s) were delivered through the grid floor at 1 min intervals. Following pre-

sentation of the final stimulus, mice remained in the context for 60 s. On the second day, mice were placed in the same context for

5 min without any added stimuli. CFCmemory was assessed recording the time spent freezing when there was an absence of move-

ment except for respiratory-related ones.

Calcium imaging recordings and data processing
The AMPA-induced calcium activity was assessed by time lapse recordings on neurons labeled with the high-affinity calcium-sen-

sitive indicator Fluo4-AM (Invitrogen) used at a concentration of 5 mM, which was incubated in the culture medium for 25 min at 37�C.
Time lapse fluorescence images were recorded at room temperature through a BX51WI microscope 224 (Objectives: LUMPlanF N

103/0.10, air, and 40x/0.80, water immersion, Olympus 225 Corporation). Fluo4-AM was excited with an Optoscan monochromator

(Cairn Research, 226Facersham, UK) at 488 nm using a xenon lamp Optosource (Cairn Research). Neurons were perfused with an

HEPES-buffered external solution (NES) containing 140 mM NaCl, 2.8 mM KCl, 2mM CaCl2, 2mM MgCl2, 10mM HEPES, 10 mM

D-glucose (pH 7.38 with NaOH; 290 mOsm). A borosilicated glass puffer pipette was filled with 100 mM AMPA (Sigma-Aldrich)

and 100 mM cyclothiazide (CTZ, Sigma-Aldrich) (AMPA receptor positive modulator that induces a fast inhibition of AMPAR desen-

sitization) in NES, andmoved via an MP-225 micromanipulator (Sutter Instruments, Novato, CA) to reach the core of the field of view,

approximately 50 mm over the surface of the dish. Basal fluorescence was assessed for 5 min, then a small volume of agonist-con-

taining solution was puffed on the cells using a pneumatic pico-pump (PV820; World Precision Instruments, Inc., Sarasota, FL) with a

short pressure (10 psi; 100 ms). Images were acquired using a CCD CoolSnap MYO camera (Photometrics, Tucson, AZ, USA) and

analyzed with the MetaFluor software as fluorescence variation into each region of interest (ROI) corresponding to single cells. To

quantify the signal, the formula DF (F-F0) was used, where F0 is the mean fluorescence before agonist application and F the fluores-

cence intensity during the time-lapse acquisition.

QUANTIFICATION AND STATISTICAL ANALYSIS

The standard error mean, the number of biological replicates and the scale bars of the images are indicated in each Figure legend.

Statistical tests used to assess significance of differences between means are indicated in each Figure legend. Significance values

were depicted in the figures using the following key legend: ns: not significant (p > 0.05), *: p% 0.05, **: p% 0.01, ***: p% 0.001, ****:

p % 0.0001. P-values %0.05 were considered significant. GraphPad Prism was used for statistical test calculation.
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