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Hundreds of circular RNAs (circRNAs) are highly abundant in mammalian brain, with oftentimes
conserved expression. Here, we show that the circRNA Cdrlas is massively bound by miR-7 and miR-671 in
the human and mouse brain. When the Cdrlaslocus was removed from the mouse genome, knockout
animals displayed impaired sensorimotor gating, a deficit in the ability to filter out unnecessary
information associated with neuropsychiatric disorders. Electrophysiological recordings revealed
dysfunctional synaptic transmission. Expression of microRNAs miR-7 and miR-671 was specifically and
post-transcriptionally misregulated in all brain regions analyzed. Expression of immediate early genes
such as Fos, a direct miR-7 target, was enhanced in Cdrias-deficient brains, providing a possible
molecular link to the behavioral phenotype. Our data indicate an in vivo loss-of-function circRNA
phenotype and suggest that interactions between circRNAs and miRNAs are important for normal brain

function.

In recent years it has been shown that animals express large
numbers of single stranded RNA molecules, which are cova-
lently closed at the 5' and 3' end (circRNAs) (I-3). All
mammalian circRNAs studied to date are consequences of
“backsplicing” in which the spliceosome joins the 3' end of
an exon with an upstream 5' end of the same or different
exons from the same transcript (4-6). Backsplicing is con-
text dependent (4, 7) and circRNAs are often tissue- and
developmental stage-specifically expressed (3). In mammals,
a few hundred circRNAs are highly expressed in major brain
areas, with frequently conserved expression between human
and mouse (7). In neurons, circRNAs are expressed in the
soma and in neurites and have the overall highest concen-
tration at synaptosomes (7, 8). Probably due to the absence
of 5' and 3' ends, circRNAs feature half lifetimes ranging
from hours to days or longer and are therefore generally
much more stable than linear coding or noncoding messag-
es (3). Thus, circRNAs may carry out biological functions
that are different compared to other classes of RNAs, how-
ever their normal functions are largely unknown.

Cdrlas is a circularized long noncoding (Inc) RNA that is
highly abundant in mammalian brain and expressed at low
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levels or absent in other tissues and organs. It is highly con-
served across mammals and not detectable as a linear tran-
script (3, 9, 10). Human CDRIlas, which is mainly located in
the cytoplasm, has over 70 binding sites for the microRNA
miR-7 (3, 9), which is involved in regulation of a number of
genes in the brain (77-13). Binding of miR-7 to CDR1as has
been shown in cell lines and, consequently, CDRlas has
been proposed to function as a sponge for miR-7 by reduc-
ing the number of freely available miR-7 molecules (3, 9).
The miR-7 binding sites are only partially complementary to
miR-7, ensuring that Cdrlas is not sliced by Ago2 bound to
miR-7:Cdrlas complexes. Cdrlas also has a binding site for
miR-671 (10). This binding site, in contrast to the miR-7, has
almost full complementarity to miR-671 and therefore may
be used by miR-671 to mediate slicing of Cdrlas (10), poten-
tially to release its miR-7 cargo. However, the normal in vivo
function of Cdrlas is unknown.

Results

Cdrlas binding by miR-7 and miR-671 in the mamma-
lian brain

To identify miRNAs that bind Cdrlas in the mammalian
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brain, we utilized the recent finding that after RNA:protein
purification of the miRNA effector AGO via cross-linking
and immunoprecipitation (“CLIP” assays), the 3' end of
miRNAs can be ligated to the 5' end of their RNA target
sites. After sequencing, these so-called “chimeras” allow un-
ambiguous in vivo detection of miRNA target sites as well
as, simultaneously, the identification of the individual miR-
NAs bound to them (74). Using our computational pipeline
for chimera detection (14), we identified and mapped tens of
thousands of chimeras in recently published AGO CLIP data
for mouse and human postmortem brains (15, 16). When
ranking these transcripts by the number of miR-7 chimeras
mapping to an individual transcript, the top scoring target
of all transcripts in both human and mouse brains was
Cdrlas (Fig. 1A and table S1). Only one other miRNA was
highly bound to Cdrlas (Fig. 1A), miR-671. However, in con-
trast to miR-7 for which we detect many distinct Cdrlas
binding sites, we detected only one main binding site for
miR-671 (Fig. 1A and table S1). The architecture of the miR-7
and miR-671 binding sites is also very different. While miR-7
sites feature complementarity only to the 5' end (“seed”
region, which is essential for the binding of the miRNA to
mRNA) of miR-7, the miR-671 site is almost perfectly com-
plementary to the entire mature miR-671 sequence (fig. S1).
Therefore, miR-671 can mediate slicing of Cdrlas while miR-
7 cannot. Strikingly, these binding site architectures are per-
fectly conserved during mammalian evolution (fig. S1), indi-
cating that they are linked to the function of Cdrlas.

In our chimera analysis, the IncRNA Cyrano
(1700020114Rik) was identified as a second top-ranked RNA
interacting with miR-7 in the mouse brain (table S1). Cyrano
harbors a single, nearly perfect complementary and highly
conserved binding site for miR-7 (17). These observations
imply that next to Cdrlas, Cyrano may play an important
role in the regulation of miR-7 in the central nervous sys-
tem.

Neural expression pattern of Cdrias

To determine Cdrlas expression patterns in the mouse
brain, we performed RNA fluorescence in situ hybridization
(FISH) in adult brain sections (Fig. 1B and figs. S2 to S4).
Co-staining with neural markers revealed that Cdrlas was
highly expressed in neurons but not expressed in glial cells
such as oligodendrocytes and astrocytes (Fig. 1B and fig.
S3D). Further, an overlap with excitatory and inhibitory
neuronal markers showed that Cdrlas was predominantly
expressed in excitatory and less in inhibitory neurons (Fig. 1,
B and C, and figs. S2 to S4). In the cortex, hippocampus,
midbrain and hindbrain, the majority of neurons expressing
Cdrlas were vGluT1 and vGlutT2-positive (figs. S2, B to E;
S3, A to C; and S4, B and D). In the cerebellum, Cdrlas ex-
pression was observed exclusively in the granular layer fea-
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turing high content of excitatory neurons and did not over-
lap with GABAergic neurons present in the molecular layer
and Purkinje cells (fig. S4D). Single molecule RNA fluores-
cence in situ hybridization (smRNA FISH) in primary corti-
cal neurons revealed Cdrlas expression in both soma and
neurites (Fig. 1C, left), indicating a possible functional role
of Cdrlas in different subcellular localizations.

Cdrilas loss-of-function mutant mice

As Cdrlas is so efficiently circularized in human and mouse
cells that it cannot be detected as a linear transcript (3, 9,
10), the most straightforward strategy to create a loss-of-
function (LoF) mouse model for this circRNA is to remove
the Cdrilas locus by CRISPR/Cas9. However, this strategy
could also affect transcription on the other strand and,
therefore, complicate the interpretation. To evaluate expres-
sion from the other strand, we created and sequenced 24
stranded RNA libraries (i.e., retaining the strand-of-origin
information in the RNA-seq library) from 4 mouse brain
regions, performed in situ hybridization (ISH) with a probe
complementary to putative sense transcript (Cdrl mRNA),
and analyzed published RNA-seq, CAGE and chromatin
modification data (fig. S5). We failed to detect in mouse
brains, specific mouse brain regions or any other mouse or
human tissue analyzed, any evidence for transcription of the
strand opposite to Cdrias. We therefore proceeded and suc-
cessfully removed the CdrlIas locus (Fig. 1D) from the mouse
genome, as shown by genotyping (fig S6, A and B), in situ
hybridization (Fig. 1D and fig. S6C), Northern blot analysis
(fig. S6D) and qRT-PCRs (fig. S7A). Cdrias knockout (KO)
mice were viable, fertile and displayed no gross abnormality
in adult brain anatomy (fig. S6E).

Because Cdrlas is X-linked, prior to analysis of knockout
animals we sought to investigate Cdrlas expression in wild
type (WT) male and female as well as heterozygous female
(Cdrlas*-) brains. qRT-PCR assays showed that Cdrlas ex-
pression in male and female wild type mice was about
equal, whereas in heterozygous female mice Cdrlas levels
were reduced by approximately 50% relative to the wild type
(fig. S7B). As there were no significant differences in Cdrlas
expression levels between WT males and females, we used
hemizygous male mice (Cdrias’) for further molecular
analysis.

miR-7 and miR-671 are post-transcriptionally deregu-
lated in Cdrlas KO brain

We sequenced miRNAs in four major brain regions (cerebel-
lum, cortex, hippocampus, and olfactory bulb) where Cdrlas
is highly expressed (7). Northern blot analysis was also used
to detect miR-7 in assayed tissues (fig. S8). When comparing
expression levels from our sequencing data in WT and KO
animals, miR-7 was consistently and markedly downregulat-
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ed (Fig. 2, statistics in table S2). More precisely, both miR-
7a-5p and miR-7b-5p, which have the same seed but slightly
different mature sequences and are produced from three
different miR-7 loci in the genome, were downregulated to
comparable levels in all cases. This downregulation was
highly specific. From hundreds of identified miRNAs, except
miR-7a-5p and miR-7b-5p, only eight other miRNAs were
significantly downregulated, and this occurred only in the
cortex (Fig. 2B). All these miRNAs belong to two families
and are derived from three primary transcripts (miR-
200c/141, miR-200a/200b/429, and miR-182/183/96). We
confirmed miR-7 downregulation in all four brain regions
by Northern blot (Fig. 3A and fig. S9) as well as in situ hy-
bridization (Fig. 3, B and C) and qRT-PCR assays (fig. S7C).
Moreover, miR-7 downregulation was post-transcriptional.
This is supported by the sequencing data showing that all
three miR-7 passenger strands (miR-7a-1-3p, miR-7a-2-3p,
miR-7b-3p), which are processed from the respective three
distinct miR-7 precursors, are not significantly deregulated
(Fig. 2). This observation was validated by Northern blot
(fig. S9A) and an independent qRT-PCR assay for pre-miR-
7a-1 (fig. S7D). pre-miR-7a-2 and pre-miR-7b were below re-
liable detection levels in qRT-PCR analysis. The downregu-
lated expression of miRNAs from miR-200 and miR-183
families in cortex was probably due to a transcriptional ef-
fect as the corresponding passenger strands are also down-
regulated (Fig. 2B). Contrary to miR-7, miR-671-5p
expression in KO animals was upregulated in the cerebel-
lum, cortex, and olfactory bulb (Fig. 2, A, B, and D). Similar-
ly to miR-7, this deregulation in KO mice was highly specific
- aside from miR-671, no other miRNA was consistently up-
regulated. Also similar to miR-7, miR-671-5p was upregulat-
ed post-transcriptionally, as can be seen by unperturbed
passenger strand expression (Fig. 2, A, B, and D). Northern
blot analysis failed to detect mature miR-671-5p both in KO
and WT RNA extracts, although miR-671-3p was detectable
and remained unaltered (fig. S9A). Two reasons may explain
why miR-671-5p and its precursor are difficult to detect: (i)
mature miR-671 is lowly expressed and unstable as shown in
metabolic labeling experiments (I18), and (ii) the precursor is
processed from coding sequence of the well-expressed Chpf2
transcript.

We analyzed Cdrlas, miR-7, and miR-671 levels in non-
brain tissues: lung, skeletal muscle, spleen, heart, spinal
cord (fig. S7, A, C, and E). In the spleen, where Cdrlas was
undetectable but miR-7a was well-expressed, and other tis-
sues exhibiting very low expression of Cdrlas, the level of
miR-7a was not changed by Cdrias removal. The only non-
brain tissue with substantially changed miR-7 expression
was spinal cord. This was also the only non-brain tissue for
which we detected reasonable expression of Cdrlas, in line
with Cdrlas expression in neurons and neuronal projec-
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tions. Taken together, these data show that loss of Cdrlas
does not affect miR-7 and miR-671 in tissues outside the
brain which normally exhibit very low levels or Cdrlas RNA,
whereas downregulation of miR-7 in neural tissues of KO
animals is dependent on Cdrlas loss. We conclude that there
is a highly specific, post-transcriptional deregulation of
miR-7 and miR-671 in the brains of Cdrias KO animals.
These are the two miRNAs we identified by in vivo chimera
analysis to directly interact with Cdrlas.

Upregulation of immediate early genes, including
miR-7 targets, in Cdrilas KO brain

To assess the functional consequences of Cdrlas removal, we
measured changes in mRNA expression by sequencing
mRNAs in the same brain regions in which we had observed
miR-7/miR-671 deregulation - cerebellum, cortex, hippo-
campus, and olfactory bulb (Fig. 4, A to D, and table S3).
Conserved miR-7 targets (19) were significantly upregulated
in cortex, cerebellum and olfactory bulb (Mann-Whitney U
test, p-value < 107%, 1073, and 1077, respectively) (fig. S10),
including several validated miR-7 targets such as Fos, a well-
known direct miR-7 target with three conserved binding
sites in its 3' UTR (20), Nr4a3 (21), Irs2 (22) or Kilf4 (23)
(Fig. 4, A to D; fig. S11; and statistics in tables S3 and S4).
The IncRNA Cyrano, which interacts with miR-7 in the
brain, as supported by Cyrano:miR-7 chimeras (table S1),
was highly expressed and stable in all analyzed brain re-
gions of Cdrlas knockout animals. Furthermore, inspection
of the genes upregulated in each of the four brain regions
revealed an obvious and highly significant overrepresenta-
tion (hypergeometric test p-value < 107%) of immediate early
genes (IEGs), which are part of the first wave of response to
different stimuli and markers of neuronal activity, such as
Fos, Arc, Egrl, Egr2, Nr4a3, and others (Fig. 4, A to D; fig.
S11; and tables S3 and S4). We validated the sequencing da-
ta by qRT-PCRs (fig. S12) and Nanostring (fig. S13A and ta-
ble S5) using the cortex and hippocampus from the same
and independent animals. We confirmed an increased ex-
pression of IEGs at the protein level for all tested candi-
dates. Elevated levels of c-Fos, Egrl, and Arc were detected
by Western blots (Fig. 4E), and by further immunohisto-
chemical validation of c-Fos and Egrl proteins in brain sec-
tions (Fig. 4F and figs. S14 to S16). c-Fos immunostaining
performed in four cortical regions was quantified, revealing
consistent increase in both number of neurons expressing c-
Fos, and c-Fos signal intensity in KO (fig. S15). These data
are important for two reasons. First, miR-7 is a known re-
pressor of the cell cycle and IEGs such as Fos, suggesting a
direct link between Cdrlas removal and upregulation of
IEGs. Second, upregulation of IEGs is strongly linked to in-
creased activity of neurons (24-26). Therefore, we conclude
that the reduction of miR-7 followed by enhanced expres-
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sion of IEGs implies higher neuronal activity in Cdrias KO
brains, and hypothesized that this effect has further func-
tional consequences at the phenotypic level.

The expression levels of IEGs in non-brain tissues of KO
animals remained unaltered (fig. S13, B to E), suggesting
that the observed effect was brain-specific and consistent
with the expression pattern of Cdrlas. We also observed that
in addition to IEGs, there were several differentially ex-
pressed circadian clock genes in Cdrlas KO brains. Perl and
Sik1 were consistently upregulated, and Dbp was consistent-
ly downregulated (Fig. 4, A to D). This expression pattern in
the forebrain has previously been associated with sleep dep-
rivation and extended wakefulness in mice (27, 28).

Dysfunction of excitatory synaptic transmission in
Cdrlas KO mice

As Cdrlas is predominantly expressed in excitatory neurons
(Fig. 1, B and C, and figs. S2 to S4) we wanted to elucidate
the physiological consequences of removal of Cdrlas at the
synaptic level. Therefore, we utilized single hippocampal
neurons and studied excitatory postsynaptic currents (EP-
SCs). We found that spontaneous vesicle release was strong-
ly upregulated in the KO neurons with more than a
doubling of miniature excitatory postsynaptic currents
(mEPSC) frequency (Fig. 5A) but not amplitude (fig. S17A).
By analyzing calcium-evoked synaptic responses, we noted
that the EPSC amplitude of Cdrlas KO neurons was not sig-
nificantly different from WT neurons (Fig. 5B, left). The ob-
served effect of higher spontaneous release was not
dependent on synapse formation or vesicle priming activity,
as the size of the readily releasable vesicle pool was not sig-
nificantly altered (fig. S17B). Although the computed vesicu-
lar release probability was not significantly altered (fig.
S17B), responses to two consecutive stimuli (Fig. 5B, right),
and to a train of action potentials at 10 Hz, were differen-
tially modulated in the KO vs. WT (fig. S17C). This suggests
an altered vesicle replenishment dynamics during ongoing
synaptic release activity and stronger depression in the syn-
aptic response in the KO neurons. Taken together, these
electrophysiological recordings indicate that Cdrlas defi-
ciency leads to a dysfunction of excitatory synaptic trans-
mission. Possible mechanisms that could explain this
change include: changes in expression of synaptic proteins
(29), malformation of synaptic specialization, or alteration
in synaptic calcium homeostasis (30).

Neuropsychiatric-like alteration in the behavior of
Cdrias KO mice

To further evaluate the biological implications of miRNA
and IEGs deregulation in Cdrias KO brains, we performed
behavioral assays with WT and Cdrlas KO animals (Fig. 5C,
fig. S18, and table S6). Cdrlas knockout mice showed nor-
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mal social behavior, unaffected anxiety levels, unperturbed
locomotor activity in open field test, and no significant defi-
cits in recognition memory or exploratory behavior (fig. S18,
B to H). Contrary to these assays, prepulse inhibition (PPI)
of the startle response test revealed a significant and strong
(between 30-50%) difference between WT and Cdrias KO
males and females at all three prepulse intensities (Fig. 5C).
PPI is used to detect defects in the normal suppression of
the startle response that occurs when a startle-eliciting
stimulus is preceded by a low-intensity prestimulus (the
prepulse). It is a measure of sensorimotor gating which is
impaired in schizophrenia and some other psychiatric dis-
eases in humans and used in animal models of endopheno-
types related to neuropsychiatric disorders (31-34). The
impairment was evident and specific for the inhibition of
the startle response. The baseline response to the pulse only
(120 dB) was similar across genotypes and groups (fig.
S18A). Therefore, the PPI deficiency is not due to differences
in the response to an acoustic stimulus or due to hearing
impairments.

Taken together, our data provide evidence that Cdrlas
KO animals exhibit a behavioral phenotype associated with
neuropsychiatric disorders reflected in a strong sensorimo-
tor gating deficit. Our findings support the general observa-
tion that upregulation of IEGs such as Fos, Egrl, Egr4 is
linked to reduced PPI (35).

Discussion

Here, we used CRISPR/Cas9 to remove the locus encoding
Cdrlas, a circRNA highly expressed in neurons and predom-
inantly localized to the cytoplasm. In all tested in vivo
mammalian tissues and cell lines, Cdrlas was detected only
as a circular RNA (3, 9, 10). We failed, by different assays, to
detect any transcription on the strand antisense to Cdrias,
making it unlikely that removal of the Cdrias locus has con-
sequences beyond removing the circular RNA. We cannot
rule out CRISPR/Cas9 off-target effects, but we believe that
these (if existent) are unlikely to contribute to the molecular
and behavioral phenotype that we observe in the KO ani-
mals. This is because (i) we show that precisely the two
miRNAs (miR-7, miR-671) that we find to specifically inter-
act with Cdrlas in the brain are deregulated in the KO ani-
mals, (ii) immediate early genes (IEGs), including direct
targets of miR-7, are upregulated in the mutant brains but
not in other tissues where Cdrlas is very lowly or not ex-
pressed, (iii) IEGs are already known to be linked to the ob-
served neuropsychiatric symptom - impaired prepulse
inhibition (PPI) (35), and (iv) Cdrlas is exclusively expressed
in neurons but not glial cells, suggesting that Cdrlas inter-
actions with miRNAs are functional in neurons and thus in
line with the observed deficit in PPI and dysfunction in syn-
aptic transmission.
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How can we explain the specific and opposite deregula-
tion of miR-7 and miR-671 upon loss of Cdrlas? The reason
may lie in the very different and highly conserved architec-
ture of the binding sites of miR-7 and miR-671 on Cdrlas.
None of the >70 miR-7 binding sites has significant com-
plementarity beyond the seed region, indicating that miR-7
stably binds but cannot slice Cdrlas. In contrast, miR-671
has one main binding site with almost perfect complemen-
tarity, which should lead to slicing of Cdrlas (I0) and may
cause tailing and trimming (i.e., removal) of miR-671 (36,
37). Thus, upon depletion of Cdrlas, we expect upregulation
of miR-671 and downregulation of miR-7, which is no longer
stabilized by Cdrilas.

Is miR-7 turnover upon KO of Cdrlas a passive decay
process or is it regulated? We speculate that miR-7 decay is
promoted and regulated by the Cyrano IncRNA (I7). This is
because (i) we found Cyrano to be the second-highest miR-7
interactor in chimeric data (table S1), (ii) Cyrano was well
expressed in all tissues in which we detected Cdrlas expres-
sion (Fig. 4, A to D), (iii) the miR-7 binding site on Cyrano is
unusual in that it has extremely well conserved architecture
which, similar to the miR-671 binding site on Cdrlas, could
promote miR-7 removal by tailing and trimming (17, 36, 37).

When comparing mRNA expression between WT and KO
animals, we found an enrichment for upregulated IEGs,
some of which, like Fos and Nr4a3, are known miR-7 tar-
gets. In fact, upregulation of predicted miR-7 targets was
statistically significant, consistent with the observed reduc-
tion of miR-7. The known miR-7 targets Kif4, Nr4a3 and
Irs2, which were increased in KO postnatal cortex, were also
upregulated in a miR-7 knockdown study performed in the
embryonic cortex (I13). However, miR-7 targets did not ex-
plain the majority of upregulation, indicating that we ob-
served a mixture of direct and indirect effects. We also
noted different overall responses of miR-7 targets in the
mouse brain upon constitutive Cdrlas knockout compared
to knockdown experiments in HEK293 cells, in which tar-
gets of miR-7 were repressed (3). We argue that there are
different scenarios for what may happen to miR-7 bound to
Cdrlas if Cdrlas is removed from a cellular system condi-
tionally vs. constitutively. A scenario in which miR-7:RISC
complexes could be released and subsequently can down-
regulate miR-7 targets may be more plausible when Cdrlas
is conditionally knocked down. In a situation in which
Cdrlas is constitutively knocked out, miR-7 molecules not
stabilized by the circle may have a higher probability to be
turned over. Thus, miR-7 targets can be up-regulated. Addi-
tionally, the widespread distribution of Cdrlas in neuronal
processes argues for a functional role of Cdrlas in transport
of miR-7:AGO complexes and provides another layer of
complexity to regulation of miR-7 targets, which could be
regulated differentially in various subcellular localizations.
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We note that miR-671 therefore may provide an “unlocking”
mechanism which serves to slice Cdrlas upon specific condi-
tions within the cell to release the cargo (sponged miR-
7:AGO complexes). It will be interesting to test these hy-
potheses, but the lack of suitable in vitro systems, technical
difficulties in performing efficient, conditional overexpres-
sion or knockdown of Cdrlas, and the complex phenotypes
observed will likely require the generation of many trans-
genic cell and mouse lines.

In any case, activation of IEGs has been linked to in-
creased neuronal activity, which can be induced by both
cell-extrinsic and cell-intrinsic signals (38, 39) and has fur-
ther functional consequences e.g. in synaptic plasticity and
memory formation (40).

In behavioral tests, Cdrlas KO animals displayed signifi-
cant and strong PPI impairment which indicates a neuro-
psychiatric phenotype. Deficits in PPI are reflected as the
inability to effectively attenuate the intrinsic startle re-
sponse to redundant stimuli. PPI deficit correlates clinically
with symptoms such as thought disorder and distractibility
in schizophrenia, therefore PPI emerged as a promising en-
dophenotype in human and rodent models of the disease
(31, 33, 4I). Reduced PPI is also a hallmark of other neuro-
psychiatric disorders including obsessive compulsive disor-
der, bipolar disorder, Tourette syndrome, post-traumatic
stress disorder, Huntington disease and Asperger syndrome
(34, 42). PPI is a complex phenotype that involves diverse
neural systems encompassing the brainstem, peduncolopon-
tine, hippocampus, amygdala and prefrontal cortical regions
as well as different neurochemical substrates including do-
pamine, glutamate and GABA (43). According to our analy-
sis Cdrlas is expressed in the majority of excitatory neurons.
After removing the Cdrlas locus, we observed a disrupted
excitatory neurotransmission reflected as an increased
spontaneous vesicle release and stronger depression in syn-
aptic response upon enhanced neuronal activity in KO neu-
rons. In this context it is interesting to note that miR-7 has
been described as negative regulator of vesicle release in
pancreatic B cells (44). Our findings suggest that loss of
Cdrlas destabilizes mature miR-7 in neurons, which results
in de-repression of IEGs and leads to an altered neuronal
activity, which may cause the sensorimotor deficits and the
neuropsychiatric phenotype. Given the broad expression of
Cdrlas in the brain and the diversity of the neural systems
recruited in PPI, clearly, this hypothesis needs thorough
testing.

In this study we focused on behavior and synaptic func-
tions. However, we noticed that genes specific for circadian
clock regulation are consistently deregulated in KO brains.
Moreover, miR-7, miR-671, the miR-200 family and IEGs are
associated with cancer, which will be important to follow up
in cancer models in the future.
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Methods summary

Cdrlas Kknockout (KO) animals were generated using
CRISPR/Cas9 via microinjection of one-cell embryos with
Cas9 mRNA and two sgRNAs designed to bind upstream of
Cdrlas splice sites. The Cdrias KO strain was generated and
maintained on the pure C57BL/6N background. Molecular
and electrophysiological analyses were performed using
knockouts and littermate wild-type control animals. Behav-
ioral studies were performed using CdrIlas KO animals, lit-
termate or age-matched wild-type control animals. The
experimental procedures were approved by the Landesamt
fiir Gesundheit and Soziales (Berlin, Germany).

In situ hybridization and immunostainings were per-
formed on fresh frozen brain sections using locked nucleic
acid probes, RNAs obtained by in vitro transcription on PCR
products or commercially available antibodies. Whole-cell
voltage-clamp recordings were obtained from Cdrias KO
and WT hippocampal autaptic neurons at day 14-17 in vitro.
cDNA libraries for RNA-Seq were generated according to
the Illumina TruSeq protocols and sequenced on an Illumi-
na NextSeq 500 System. Differential gene/miRNA expres-
sion analyses were performed using the DESeq2 package.
RNA:miRNA chimeric reads were analyzed using previously
published AGO HITS-CLIP data (I5, 16) and an in-house
pipeline based on (I4). The details of experimental proce-
dures, reagents and computational analyses, including sup-
porting references, are given in the materials and methods
section of the supplementary materials.
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Fig. 1. The circRNA Cdrlas is bound by miR-7 and miR-671, and highly expressed in excitatory neurons.
(A) Cdrlas is densely bound by Argonaute:miRNA complexes containing miR-7 and miR-671. Bars on the circle
represent circRNA:miRNA chimeric reads from Ago2-HITS CLIP data in mouse brain. (B) Cdrlas is
predominantly expressed in excitatory and less in inhibitory neurons. Marker genes: GFAP - astrocytes, NeuN -
neurons, Olig2 - oligodendrocytes vGIuTl - excitatory neurons, GAD67 - inhibitory neurons; arrows mark
Cdrlas expression overlap with inhibitory neurons. RNA in situ hybridization in italics, immunostainings in
standard font. (C) Cdrlas is broadly distributed in neuronal somas and neurites. Left: single molecule
fluorescent in situ hybridization for Cdrlas in cultured primary cortical neurons (in vitro day 14), DAPI - nuclear
staining. Right: single excitatory pyramidal neuron at lamina Il. (D) Using CRISPR/Cas9 the Cdrlas locus was
deleted. The sequences given denote PAMs. Right panel: RNA in situ hybridization confirmed successful
genetic ablation of Cdrlas.
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Fig. 2. miRNA expression changes in Cdrlas knockout brain regions. Small RNAs were
sequenced from mouse (A) cerebellum, (B) cortex, (C) hippocampus and (D) olfactory bulb,
each in biological replicates n = 3, except Cdrlas KO hippocampus n = 2. Shades of green
indicate miRNAs of the same family. Grey — miRNAs with no significant expression change.
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Fig. 4. Gene expression changes in Cdrlas knockout brain. Poly(A)-selected RNAs were
sequenced from mouse (A) cerebellum, (B) cortex, (C) hippocampus and (D) olfactory bulb,
each in biological replicates n = 3. Red: significantly differentially expressed (DE) genes, blue:
significantly DE miR-7 targets, triangles: immediate early genes, grey: no significant expression
change. (E) Western Blot analysis of differentially expressed immediate early genes in cortical
lysates, Gapdh serves as a loading control. (F) c-Fos immunohistochemistry combined with in
situ hybridization for vGluTl in somatosensory cortex. Lower panel: c-Fos signal intensity
quantification across images (n = 60 per genotype).
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Fig. 5. Loss of Cdrlas locus contributes to dysfunctional synaptic
neurotransmission and abnormal brain function associated with
neuropsychiatric disorders. (A and B) Cdrlas knockout neurons showed an
increased spontaneous vesicle release and normal calcium evoked excitatory
postsynaptic currents (EPSC). (A) Left: mEPSC frequency of WT (n = 34) and
Cdrlas KO (n = 34) autaptic neurons. Right: representative traces from WT
(green) and Cdrlas KO (blue) in standard extracellular solution and in AMPA
receptor blocking NBQX solution. (B) Left: EPSC amplitudes of WT (n = 35) and
Cdrlas KO (n = 34) neurons. Right: 25 ms inter-stimulus interval paired-pulse ratio
of WT (n = 30) and Cdrlas KO (n = 30) neurons. Representative traces of evoked
EPSCs. Time of action potentials (AP) are indicated by arrows and currents
associated with AP induction were blanked to enhance visibility of synaptic
current. Mann-Whitney U test was used for statistical analysis, *P < 0.05. All data
are represented as mean + SEM. (C) Cdrlas knockout mice showed deficits in
prepulse inhibition (PPI) of a startle reflex. PPl was measured as percentage of the
basal startle response. WT females n = 13, Cdrlas KO females n =13, WT males n =
10, Cdrlas KO males n = 10. Boxes are defined by the first and third quartiles,
median is indicated as a horizontal bar, whiskers span 1.5x inter-quartile range.
Three-way ANOVA with Bonferroni-corrected Welch t-test was used for statistical
analysis, **P < 0.01, ***P < 0.001. As there was no significant effect of gender, the
male and female mice were pooled in post hoc tests.
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