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Supplementary Figure 1 Computational screen and statistical analysis
a, Cumulative frequency of the number of reads that span linear and circular splice sites
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At the same cutoffs that were used to call the reported 1950 human circRNAs, our screen
identifies 101,456 linear exon-exon junctions. Of these, 89% correspond to annotated RefSeq
and non-coding RNA exon-exon junctions. By this comparison we find additional 11,521
exon-exon junctions that may be found in more sensitive but less stringently validated gene
annotations.

The circular splice junction candidates that we identify in our screen are generally covered by
much less reads than linear junctions (about ten times less on average).

b, The algorithm recovers annotated introns.

The logarithmic length histogram of detected linearly spliced introns in HEK293 (dashed
lines) and leukocyte data (triangles) recapitulates the RefSeq intron length distribution (solid
line).

¢, Sensitivity and false discovery rate estimates

Using chains of randomly chosen, consecutive internal exons as shown in g), we simulated
reads spanning the circularizing splice junction. Performing the complete analysis on these
synthetic data (~10.000 simulated circRNAs) yields a sensitivity (recovered simulated
circRNAs over total simulated circRNAs) of > 75%, even for low coverage of the splice site.
The false discovery rate (reported circRNAs that were not simulated divided by the number of
all reported circRNAs) is below 0.2%.

d, The sensitivity of splice site detection depends only weakly on gene expression.
Histograms of gene expression levels obtained from polyA+ RNA sequencing in HEK293
cells. The number of reads per kilobase of exon per million mapped reads (RPKM) reflects
mRNA abundance. Genes that are predicted to give rise to circRNAs (red circles) are not
specifically enriched for high expression, (solid line: all genes). circRNAs from lowly
expressed genes are detected less frequently, comparable to the loss of sensitivity observed
for linear splicing (black dashed line: genes with > 75% of annotated splice sites recovered,
gray dashed line: >50%, light gray: >10%).

e, Mouse circRNAs. Venn diagram of circRNAs detected in mouse tissues.

f, Conserved circularization. We find 81 circRNAs with orthologous splice sites, detected
independently in human and mouse data.

g, Exon number distribution for human circRNAs (gray:leukocytes, dark gray: HEK293
cells) and matched random exon controls, used for (¢) (white).

h, Conserved sequence element (Methods) content of intergenic human circRNAs (red)
significantly exceeds random intergenic controls (black), P < 5e-10, Mann-Whitney-U, n=81.
Same for circRNAs with conserved splice sites (orange, P < le-6, Mann-Whitney-U, n=17). i,
Intronic circRNAs show enrichment of conserved sequence elements if flanking splice sites
are conserved (orange, P < 0.07, Mann-Whitney-U, n=16), but not significant for the
complete set (red, P > 0.5, Mann-Whitney-U, n=215). Controls (black) randomly drawn from
same introns.

j» Coding sequence phyloP conservation score distributions of first and second codon
positions match between circRNAs and controls, in contrast the 3rd codon position is
significantly more conserved in circRNAs (P < 3e-10 n=223 Mann-Whitney-U (mwu)(also
main Figl. ). k, The conservation score distributions in the remaining parts of the CDS
(outside the circRNA or control) do not differ significantly for codon positions two and three.
For the first codon position, the controls are actually more conserved, P < 2e-3 n=223 Mann-
Whitney-U (mwu)), therefore conservative.
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Supplementary Figure 2 Validation of circRNAs

a, circRNAs are RNase R resistant.

16 human (hsa) circRNA candidates were tested in a RNase R assay for exonuclease
resistance. VINCULIN, GAPDH and p53 specific primers were used as linear controls,
error:stdev.

b, circRNA expression after transcriptional block. HEK293 cells were Actinomycin D
treated and circRNA expression was assayed by qPCR (controls as in a)

¢,d. Expression of mouse and C. elegans circRNAs. RT-PCRs using divergent primers
detect circRNAs in mouse (mmu) and C. elegans mixed stage (cel).

¢, RT-PCR of human circRNA candidates. RT-PCR was performed on cDNA (gDNA as
control) using divergent or convergent primers for three circRNAs that span at least one
intron. Additionally convergent intron specific primers were used (Methods). hsa-circRNA 9
corresponds to AFF1 (Fig. le).
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Supplementary Figure 3 Human circRNAs are significantly enriched for repetitions of
conserved miRNA seed matches.

a, Empirical cumulative distribution function (ECDF) of the number of conserved miRNA
seed matches (hexamers, miRNA position 2-7) per kilobase of inferred spliced sequence
(Methods) of circRNAs (black). A seed match is considered to be conserved when it is
present in 5/5 different mammals spanning the evolutionary distance from man to dog
(Methods). Analogous ECDFs were plotted for coding exons (n=3873) and 3'UTRs (n=3182)
with similar length distributions as human circRNAs (n=1950). For the statistical
comparisons Mann-Whitney-U test was used. b, Similar to (a) but counting only the number
of those miRNA seed matches that are repeated most often. CDR 1as is marked as a circle.
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TCTCTCTENEEISIGCATC T TCAT k(e - AACAACTACC NSNS T CAACTGGC TCAATATCCA TENSISSACGTCTCCAGTGTGC TGATCTTC TGACAT TCAG IS G TGTCTGCAATATCCAGGT-
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TCTCCACANS U \GCATC T TCAGE e~ TACAACTATCCAGTCTTTCATCAGCAGGC TCAATATCCACHNGISSACATC TCCACTGTACCGGCCT TAAAATATCCAG NG RSIC TGTCTGCAATATCCAGGT-
TCTCCACTREISINGCATCTCCA TR EISAACAACTAC TCLYIIPIIIIGAAGCAGGCTCAATATCTAC I EYSIIIACGTC TCTGGTGTACCGGTCTTCTAACAT TCAG R RISSI\GTGTC TACGATATCCAGGT:
TCTCCACAIIS e/ \GCATC T TCAGEI{o 4 {e/6—TACAGCTACCCIYISIIIIT CAGCAGGT T TAATATCCACEISIEYSISIIACATC TCCGCTGCACCAGCCTTCTAATATCCAGEIGEISSIICTGTCTGCAATATCCAGGT:
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TCTTCATEGEISIIACATCT TCAGEI o) 4 {e/s—AACACCTACCCIYEISIPIIIAT CAAT-GGCTCAATATCCAT Ef (b h{e8GACGTCTCCAGTGTGCTGATCTTCTAACATTCAGGTCT—
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TATCCCAGATTT-————-—=====-]| [T (S GGAAGAT TCCAAAT T TE SR \GAAGATCCCAGAT T - - TESIIEIIGAAGATCC -~ == == == === === CTAATTT----]

Supplementary Figure 4 CDR1as multiple species alignment.

We obtained sequences homologous to the human CDR 1as sequence using BLAT and the
UCSC Genome browser. If the reverse BLAT hit human CDR1as, we kept the sequence for
further analysis. A multiple species alignment was built with MUSCLE. miR-7 seed matches
are color coded by their strength (gray: 6mer, light blue: 7mer, dark blue: 8mer, black: 9mer).
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Supplementary Figure 5 circular CDR1as nicking, expression and knock down in

HEK?293 cells and circular Cdrlas expression in mouse brain

a, RNA nicking assay. Total RNA from HEK293 was subjected to RNA nicking (Methods)
for the indicated time points. The "circular" probe spans CDR1as head-to-tail junction, "total"
can detect linear as well as circular CDR1as. GAPDH: control. A linear IVT product of

CDRI1as serves as positive control.
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b, gPCR analysis of CDR1as circularization in HEK293 (error:stdev).

¢, siRNA depletion of CDR1as induces repression of miR-7 target genes. siRNA knock
down reduces levels of CDR1as and CDR1 mRNA by ~60%. Some house keeping genes are
slightly affected, while 8/8 tested miR-7 targets are repressed, consistent with a release of
miR-7 loaded RISC from CDR1as to the cytoplasm. d, A replicate of the experiment in (c) is
shown with siRNA1 and the additional siRNA4.

e, Stable CDR1 knock down causes a cellular migration defect in vitro. 24 hours after
disruption of a confluent cell monolayer, two cell lines derived from HEK293 cells with
stable CDR 1as knock downs (shSeq1, shSeq2) were significantly impaired in migrating into
the scratch compared to control cell lines. Scalebar is 1mm.

f, Quantification of the migration defect. Three experiments were performed in
quadruplicates and one in duplicate. Errorbars are standard deviation (P=0.002 shSeql vs
shCtrl, P=1.2E-5 shSeq?2 vs shCtrl, two-tailed T-test, unequal variance, n=14).

g,h, Cdrlas is circular in adult midbrain and two mouse embryonic whole brains
(error:stdev).
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Supplementary Figure 6 miR-7 MO/CDR1as phenotype in zebra fish a-c, Representative
confocal images of Tg(Xia.Tubb:dsRED) embryos at 48hpf injected with 15ng control MO a,
9ng miR-7 MO b, or 15ng miR-7 MO ¢, scale bar represents 100 um. Yellow dashed line
indicates midbrain, blue dashed line indicates the telencephalon in a-h). d, qPCR analysis of
miR-7a and miR-7b expression in control and miR-7 morphants showing reduced midbrain
(MB) or no MB. error:stdev *P < 0.05; **P < 0.01 in Student's #-test e,f, Representative
confocal images of 7g(huC.egfp) animals after injection of a plasmid coding for linear
CDR1as or unjected controls. g, Confocal z-stack projection from Tg(Xia. Tubb:dsRED)
embryos at 48hpf in lateral view, after injection of mouse Cdrlas reverse complement (RC)
control RNA or mouse Cdrlas RNA h. Yellow dashed line indicates midbrain, blue dashed
line telencephalon. i, phenotype distributions of fish shown in (g,h), ***P < 0.001; in
Student's #-test.
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| Lateral View | | Angle View | | Skeleton

linear CDR1as control (uninjected) miR-7 MC control-MC

circular CDR1as

Supplementary Figure 7 Volume measurement of zebra fish embryo midbrain and
telencephalon based on confocal 3D stacks. A-E: Midbrain and telencephalon volumes
were calculated using Imaris 64x7.6.1 software based on high resolution 3D stacks obtained
from Tg(Xia. Tubb.dsRED) embryos. Confocal images were taken at steps of 2um, line scan 4
times, and 200 images were acquired per embryo. Midbrain (MB) was pseudo-colored in
pink, telencephalon (TC) in green; other neuronal structures are in white. For clarity 3D
projections are presented in lateral view (A-E), after rotation about the z-axis (A’-E’), and
isolated from other brain structures (A’’-E’”). Embryos were injected with 15ng control MO
(A), 9ng miR-7 MO (B). In a separate experiment, uninjected control embryos (C), were
compared with embryos injected with plasmid expressing linear CDR1as (D), or circular
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CDRI1as (E). Note: the telencephalon structures (green) appear intact in miR-7 MO and
CDR1as treated embryos. Dorsal is up, anterior to the right, posterior to the left. Scale
bar:100um. MB, midbrain; TC, telencephalon.
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Supplementary Figure 8 circularized CDR1as in injected zebra fish

qPCR analysis of CDR1as transcripts in zebra fish 48hpf after injection of a plasmid coding
for linear CDR1as or a plasmid coding for a transcript that can be circularized. PCR was
performed using divergent primers, the signal from CDR1as linear injected fish is at
background level. Data are normalized to 3-actin (error:stdev).
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Supplementary Figure 9 miR-122 expression across mouse tissues and MING6 cells,

Cdrlas in mouse brain

a, miR-122 expression in 14 mouse tissues and MING6 cells. As expected, miR-122 is highly

and specifically expressed in liver. b, In situ hybridizations (ISH) were performed on paraffin

sections showing Cdrlas expression in brains of adult C57B16/129Sv mice. A probe specific

for the circular Cdrias reverse complement serves as negative control. A histological staining

(H&E) depicts the highly nucleated structures of the hippocampus (the areas of within the
hippocampus CA2, CA3 neuronal layer and the Gyrus dentatus are labeled). ISH using double
Digoxigenin labeled LNA probes detects miR-7 expression specifically in the hippocampus
but not in the surrounding tissues. A U6 specific probe serves as positive control. The Cdrlas
expression is most pronounced in the CA2 and CA3 area of the hippocampus whereas a
scrambled LNA serves as negative control and yields no signal.

WWW.NATURE.COM/NATURE | 11



AT\ E N SUPPLEMENTARY INFORMATION

mock (a) L s mock (b)

SISCR (a) W SiSCR (b)
} g .

SiRNA1 (a) SiRNA1 (b)

siRNA2 (a) siRNA2 (b)

Supplementary Figure10 smRNA FISH of CDR1as in HEK293
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#miR-7 other
species seed matches length[nt] 6mer 7mer_1 7mer_2 8mer_1 8mer_2 9mer_1 11mer_1 matches

human 74 1529 1 6 7 52 1 7
gorilla 72 1511 1 6 7 51 7
rhesus macaque 76 1582 1 6 11 51 7
marmoset 62 1311 2 7 47 6
mouse 139 2954 9 7 16 26 73 8
rat 36 814 1 3 4 24 4
naked mole-rat 52 1145 6 6 33 7
guinea pig 22 744 3 6 11 2
rabbit 74 1572 2 6 11 44 1 10
pig 83 1652 1 15 58 9

cow 34 893 1 3 27 1 2
horse 61 1309 3 8 43 7

dog 65 1356 1 1 13 42 7 1
elephant 54 1371 1 12 6 32 3

lamprey 38 1177 19 1 18

Supplementary Table 4 miR-7 seed matches in vertebrates.

We obtained sequences homologous to the human CDR1as sequence using BLAT and the
UCSC Genome browser. If the reverse BLAT hit human CDR1as, we kept the sequence for
further analysis. We counted miR-7 seed matches independently in the species used for our
multiple species alignment.

smFISH CDR1as knock down control

CDR1as relative expression stdev

siSCR(control) 1.00 0.18
siRNA1 0.34 0.14
siRNA2 0.34 0.06

Supplementary TableS qPCR quantification of CDR1as in smFISH samples.
CDR1as expression was quantified by qPCR from the samples used for single molecule
fluorescent in situ hybridization.

CDR1as expression
in stable knock down cell lines

CDR1as relative expression stdev

shCitrl 1.00 0.21
shRNA1 0.47 0.06
shRNA2 0.34 0.07

Supplementary Table7 qPCR quantification of CDR1as in shCDR1as knock down cells.
CDR1as expression was quantified by qPCR from cell lines stably expressing shCDR 1as
shown in Supplementary Fig Se.
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