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ABSTRACT

Circular RNAs composed of exonic sequence have been described in a small number of genes. Thought to result from splicing
errors, circular RNA species possess no known function. To delineate the universe of endogenous circular RNAs, we
performed high-throughput sequencing (RNA-seq) of libraries prepared from ribosome-depleted RNA with or without digestion
with the RNA exonuclease, RNase R. We identified >25,000 distinct RNA species in human fibroblasts that contained non-
colinear exons (a “backsplice”) and were reproducibly enriched by exonuclease degradation of linear RNA. These RNAs were
validated as circular RNA (ecircRNA), rather than linear RNA, and were more stable than associated linear mRNAs in vivo. In
some cases, the abundance of circular molecules exceeded that of associated linear mRNA by >10-fold. By conservative
estimate, we identified ecircRNAs from 14.4% of actively transcribed genes in human fibroblasts. Application of this method
to murine testis RNA identified 69 ecircRNAs in precisely orthologous locations to human circular RNAs. Of note, paralogous
kinases HIPK2 and HIPK3 produce abundant ecircRNA from their second exon in both humans and mice. Though HIPK3

circular RNAs contain an AUG translation start, it and other ecircRNAs were not bound to ribosomes. Circular RNAs could be
degraded by siRNAs and, therefore, may act as competing endogenous RNAs. Bioinformatic analysis revealed shared features
of circularized exons, including long bordering introns that contained complementary ALU repeats. These data show that
ecircRNAs are abundant, stable, conserved and nonrandom products of RNA splicing that could be involved in control of gene
expression.
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INTRODUCTION

Noncoding RNAs (ncRNA) form the dominant product of

eukaryotic transcription, comprising over 95% of total

RNA in eukaryotic cells (Warner 1999). Though the bulk

of these noncoding RNAs consist of the rRNA and tRNA

apparatus required for translation, it has been increasingly

appreciated that noncoding products comprise a diverse

set of species relevant in core biological processes and disease

(Esteller 2011). These products range from short microRNAs

to long intergenic noncoding RNAs (lincRNAs). Circular

RNAs comprised of exonic sequence represent an understud-

ied form of ncRNA that was discovered more than 20 years

ago from a handful of transcribed genes (Nigro et al. 1991;

Capel et al. 1993; Cocquerelle et al. 1993; Zaphiropoulos

1997). These species have been typically identified as

RNA molecules harboring exons out of order from genomic

context, a phenomenon termed “exon shuffling” or “non-

colinear splicing.” Such species have generally been consid-

ered to be of low abundance and likely representing errors

in splicing. No known function has been ascribed to endog-

enous circular RNA transcripts.

Recently, our group discovered a circular RNA species, cir-

cularANRILor “cANRIL,”whose expression is associatedwith

that of products of the human INK4a/ARF locus and is corre-

latedwith the risk of human atherosclerosis (Burd et al. 2010).

Production of cANRIL in humans is associated with common

single nucleotide polymorphisms (SNPs) predicted to affect

cANRIL splicing, suggesting the possibility that cANRIL pro-

duction influences Polycomb group (PcG)-mediated repres-

sion of the INK4a/ARF locus to influence atherosclerosis

risk (Burd et al. 2010). This observation led us to perform
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an unbiased assessment of circular RNA

species inmammalian cells. Toward that

end, we developed a genome-wide RNA

exonuclease enrichment strategy.RNase

R degrades linear RNAs through its exo-

nuclease activity while leaving circular

RNAs unaffected (Suzuki et al. 2006).

This method was first optimized to

enrich a known, low-copy RNA circle

(cANRIL) and then coupled with long-

read, high-throughput sequencing to

find potential circles in human fibro-

blast RNA. The resulting sequencing

data were mapped to the genome using

bioinformatic tools to identify out-of-

order exon arrangements in anunbiased

manner (MapSplice) (Wang et al. 2010).

These exonic circular RNAs (ecirc

RNAs) were analyzed by bioinformatic

and molecular tools and demonstrated

to be abundant, stable, conserved, non-

random, and potentially functional as

competing endogenous RNAs.

RESULTS

Unbiased identification of RNA
circles

To identify exonic circular RNAs on a

genomic scale, we developed an enrich-

ment strategy for use in mammalian

cells that we have termed “CircleSeq”

(Fig. 1A). While a bioinformatic ap-

proach to RNA circle identification

has recently been described (Salzman

et al. 2012), we reasoned that a bio-

chemical enrichment of nonlinear

RNAs might allow for the detection of

more rare and diverse circular RNA

forms. Toward that end, total RNA

was isolated from an immortalized hu-

man fibroblast cell line (Hs68), deplet-

ed of ribosomal RNA (RiboMinus) and then treated with

RNase R, an RNA exonuclease that degrades linear RNAs

with short 3′ tails regardless of secondary structure but

does not degrade circular species (Suzuki et al. 2006). This

method was optimized to allow for >10-fold enrichment of

cANRIL in cDNA prepared fromRNase R-treated vs. untreat-

ed samples. Upon confirmation of enrichment of this rare

circular species, we next performed high-throughput se-

quencing of such samples on an Illumina HiSeq yielding

∼300 million 100-bp reads per sample, which were aligned

to the human genome using a de novo splice mapping algo-

rithm, MapSplice (Wang et al. 2010). This algorithm seg-

ments reads and uses mappings of these segments to find

spliced mappings as well as fusions. The algorithm gives pref-

erence to continuous mappings, then spliced mappings, and

finally fusion mappings that include non-colinear splicing,

long range splicing, or interchromosomal splicing (Fig. 1B).

Once mapped, the coverage over all genomic coordinates

was calculated and normalized to the total number of reads

mapping to permit comparisons between runs and displayed

in the format as shown in the example in Figure 1C. Coverage

plots of untreated and RNase R-treated sequencing results

were normalized to allow comparisons between conditions

(expressed as reads per kilobase mapped [RPKM]; see
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FIGURE 1. CircleSeq experimental approach. Experimental schema for identification of circular
RNAs in cultured human fibroblasts. (A) Experimental procedure, with aliquots of ribosome-de-
pleted RNA split into a mock treatment and RNase R treatment and run through RNAseq. (B)
Resulting reads mapped with MapSplice are segmented and mapped separately with resulting
possible mappings in order of preference, including spliced and backspliced reads. (C)
Diagram of normalized, aggregated sequencing data producing a normalized coverage value
over individual nucleotides (reads per kilobase per million mapping [RPKM]; see Materials
and Methods) as well as locations of backsplice reads that were enriched in RNase R-treated sam-
ples and a normalized count of those backspliced reads (blue horizontal bracket, spliced reads per
billion mapping [SRPBM]; see Materials and Methods).
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Materials andMethods). The scales (noted at right in Fig. 1C)

may differ in subsequent plots to permit visualization of key

features. We compiled the list of all fusion splice junctions

where splice donor and acceptor occur within 2 Mb but in

the non-colinear ordering. We term these junctions “back-

splices.” Counts of reads mapping across an identified back-

splice in untreated samples, normalized by read length and

number of reads mapping (spliced reads per billion mapping

[SRPBM]; see Materials and Methods), are also shown to

permit quantitative comparisons between backsplices.

Treatment with RNase R was expected to result in decreased

coverage of linear products, enrichment of reads from exons

included in circular products, and in increased readsmapping

as backsplice junctions in exonuclease-treated samples, all of

which are diagrammed in Figure 1C. Normalized counts of

reads mapping across backsplices were compiled for all con-

ditions and replicates and compared to identify backsplices

that were enriched by exonuclease exposure.

Enrichment of circular RNAs by CircleSeq

Analysis of biological replicates revealed reproducible back-

splice coverage and coverage of individual exons in the

RNase R-treated and RNase R-untreated samples, respective-

ly (Fig. 2A,B). Comparisons between treatment conditions,
in contrast, showed marked enrich-
ment of backsplices, indicating that
the vast majority of these species
were enriched by RNase R (Fig. 2C).
Accordingly, coverage of most annotat-
ed exons showed depletion with RNase
R, as would be expected of exons con-
tained within linear RNA species (Fig.
2D). These data show that CircleSeq re-
producibly identifies backsplice-con-
taining transcripts. Such backsplices
are significantly enriched by RNase R
digestion, contrasting with linear tran-
scripts, which are depleted by RNase R.

Using this method, we identified

>100,000 unique backsplice events

throughout the genome. Of these,

25,166 were present in both RNase R-

treated biological replicates and were

also enriched by RNase R treatment as

compared with mock treatment. While

backsplice species generally were signifi-

cantly enriched by RNase R treatment,

we noted that 31% of backsplice species

observed in untreated controls were not

enriched by RNase R (Fig. 2C). These

species likely representmapping artifacts

or nonsequential exons harbored in lin-

ear products, resulting from either RNA

trans-splicing or cleavage of ecircRNAs.

Circular RNAs contain predominantly exonic sequence

Backsplicing of known ecircRNAs such as cANRIL (Burd
et al. 2010) and cETS-1 (Cocquerelle et al. 1993) was readily

apparent (Fig. 3A–D). The aggregated sequencing data are
shown in the format of the schematic in Figure 1C (Fig.

3A,C) along with the circular structures inferred from the
data (Fig. 3B,D). Circles previously discovered in ETS-1

and ANRIL were observed, in addition to several new species
of circular ANRIL products. In the case of multiexon circles,

the intervening exons not directly part of the backsplice also
showed enrichment by RNase R (e.g., exons 6–13 in ANRIL)

as would be expected. Intervening intronic sequence, howev-
er, was almost never enriched by RNase R digestion, suggest-
ing introns are spliced frommost circular forms.Wewere not

able to detect other known circular species (e.g., SRY and
DCC), due to low expression of these genes in Hs68 cells.

We also observed many single exon ecircRNAs, that is, where
the donor site splices to the acceptor of the same exon (e.g.,

KIAA0182) (Fig. 3E,F). This method appears very sensitive;
the 25,166 replicated backsplice events detected by

CircleSeq included the large majority (1025 of 1319) of puta-
tive circles identified through a previously described bioin-

formatic approach (Salzman et al. 2012). This high degree
of concordance is even more noteworthy given that the two

methods examined ncRNA expression in different cell types

FIGURE 2. CircleSeq enriches for backsplice junctions. Two-dimensional histograms showing
normalized backspliced read count (SRPBM) or normalized exon coverage (RPKM) between
two samples or replicates. (A) Coverage of backsplice reads in RNase R-treated replicates over
all distinct backsplice species (R2 = 0.579). (B) Coverage of exons in mock treated replicates
(R2 = 0.91). (C) Average backsplice coverage in RNase R-treated against mock treated RNA-
seq showing enrichment of most backsplice species by RNase R. (D) Mean normalized exon cov-
erage in annotated exon sequences in RNase R-treated against mock treated RNA-seq showing
depletion of the majority of species by RNase R.

Circular RNAs abundant, conserved, ALU-associated

www.rnajournal.org 143

 Cold Spring Harbor Laboratory Press on August 9, 2022 - Published by rnajournal.cshlp.orgDownloaded from 

http://rnajournal.cshlp.org/
http://www.cshlpress.com


(T cells vs. fibroblasts). These data demonstrate that back-

splice-containing transcripts identified by this method are

diverse, generally RNase R-resistant, and include most previ-

ously described circular RNAs.

Additionally, we observed backsplice events that were not

enriched by RNase R; for example, the recently reported

CDR1 antisense transcript (Hansen et al. 2011). Backsplices

for this gene were abundant in the control samples (mean

SRPBMof 198), but both the backsplice reads andnonsplicing

reads within the gene were depleted by exonuclease digestion

(mean SRPBM of 16). These observations aremost consistent

with linear trans-splicing products rather than circular RNAs

or with the cleavage of this circular RNA, as has been reported

(Hansen et al. 2011). Backsplices that were not enriched by

RNase R digestion were considerably less common than

ecircRNAs. To focus our analysis on

ecircRNAs, we sought to identify exon-

ic, circular species while excluding lari-

ats (see below) and linear trans-splices

or cleaved backspliced RNAs.

Of the 25,166 unique backsplicing

events that were reproducibly enriched

by RNase R digestion and appeared in

both biological replicates, most of these

backsplices were only found in RNase

R-treated samples and were not ob-

served in the absence of exonuclease

digestion. We suspect that many of

these events represent rare ecircRNAs

arising from pervasive background

levels of RNA circularization, which

may result from an occasional error

in splicing (Hsu and Hertel 2009).

Others transcripts, in contrast, demon-

strated coverage of backsplices and their

associated circularized exons >10-fold

higher than that of the canonical linear

transcript from the same gene, even in

control sequencing runs (KIAA0182)

(Fig. 3E,F). To focus on more abun-

dant ecircRNAs with greater potential

biological relevance, we chose three

stringency cutoffs (LOW, MEDIUM,

HIGH), selecting backsplicing events

based upon their abundance and repro-

ducible presence in both untreated and

treated samples (Table 1; Supplemental

Table S1). In all cases, we required back-

splices to be observed and enriched in

both RNase R-treated biological repli-

cates.We placed varyingminimum cov-

erage requirements of backsplices in the

control samples, with the LOW strin-

gency set requiring a single backsplice

read in the control data and HIGH

stringency requiring coverage on a par with splices in a mod-

erately expressed gene. Bioinformatic analyses gave similar re-

sults with regard to various features (see below) regardless of

which transcript list was used.

For each of these circular RNAs, we estimated the relative

percentage of backspliced products to forward spliced prod-

ucts at steady state by comparing the abundance of back-

splice-spanning reads to reads spanning traditionally spliced

junctions. The relative rate of backsplicing over forward splic-

ing for these sites varied enormously, from<0.1% to>3200%,

with no forward splicing products observed in some cases.

The relative backsplicing rates for each circular RNA are

shown in Supplemental Table S1. This analysis suggests that

the formation of circular RNAs is considerable; e.g., using

the LOW stringency list, 14.4% of genes expressed in human
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FIGURE 3. CircleSeq identifies previously identified species of circular RNA.Mapped read depth
for RNase R-untreated (green) and -treated (orange) samples is shown at differing scales, along
with bars identifying the end points of backsplice reads and their number in RNase R-untreated
samples (blue). (A) Circle-Seq identification of cANRIL species in the 9p21.3 locus. (B) The im-
puted cANRIL circular products. (C) Circle-Seq identification of ETS-1 circular RNAs and (D)
imputed circular RNA species. (E) Sequencing identifies a highly expressed circular RNA in
KIAA0182, producing a single exon circular RNA (F).

Jeck et al.

144 RNA, Vol. 19, No. 2

 Cold Spring Harbor Laboratory Press on August 9, 2022 - Published by rnajournal.cshlp.orgDownloaded from 

http://rnajournal.cshlp.org/
http://www.cshlpress.com


fibroblasts produced circular RNA species, suggesting at least

one in eight human genes produces abundant circular as well

as linear transcripts.

Circular RNA validation

To verify that the RNase R-enriched backsplicing events were

indicative of true circular, and not linear, trans-splicing prod-

ucts, we examined the physical properties of these products.

Outward facing primers were designed against seven repre-

sentative transcripts from the LOW stringency list (Fig.

4A). Each primer pair amplified a single, distinct product

of the expected size and sequence from Hs68 cDNA, and a

quantitative TaqMan-based RT-PCR assay was developed

for each primer pair. Enrichment of all seven novel backsplice

events as well as cANRIL was apparent following RNase R

treatment, whereas the abundance of linear RNAs (i.e.,

TBP, GAPDH, 18S) decreased (Fig. 4B). Moreover, oligo-

dT priming for reverse transcription significantly reduced

the levels of backspliced products relative to poly(A)-

containing transcripts (e.g., TBP and GAPDH), indicating

that these species were not polyadenylated (Fig. 4C). To

further exclude the possibility that these transcripts were

the results of trans-spliced products, we employed a “virtual

Northern” approach (Hurowitz and Brown 2003), which

identifies the size of transcripts by fractionating on a denatur-

ing agarose gel, followed by qPCR. Backsplice-containing

transcripts appeared in faster migrating fractions as com-

pared to the associated full-length linear transcripts (Fig.

4D), as would be predicted of circular RNA species composed

of only a subset of exons. Trans-spliced products, in contrast,

would be expected to be longer than full-length, as they con-

tain repeated exons. Together, these data suggest that the vast

majority of novel RNA transcripts comprising the LOW

stringency list (1) contain backsplices, (2) are enriched by

RNase R treatment, (3) are not polyadenylated, and (4) are

of smaller size than linear mRNAs emanating from the

same locus. These characteristics are consistent with circular

RNAs, demonstrating that CircleSeq identifies ecircRNAs re-

sulting from cis- rather than trans-splicing.

Lariat detection and branch point
mapping

CircleSeq was also able to detect lariat

RNA species. Lariats are created by

RNA splicing and differ from RNA cir-

cles in two ways: they contain significant

intronic sequence, and they involve a 2′
–

5′ phosphodiester linkage at a branch

point. Stable lariats have been previously

noted in sequencing performed on non-

polyadenylated RNA (Yang et al. 2011).

In our study, lariats were apparent in se-

quencing as regions of RNase R enrich-

ment within some introns. This was

expected, as RNase R has been described to leave lariats in-

tact, while degrading only the 3′
“tail” before the branch

point (Suzuki et al. 2006). Lariats however, could be distin-

guished from ecircRNAs in that lariats exhibited RNase en-

richment in the absence of observed backsplice reads.

Despite the lack of backsplice reads, lariat 2′
–5′ linkages

were evidenced in our data by a different kind of read, which

we term branch point reads. Using the abundant, stable lariat

observed inGAPDH,we analyzed reads fromRNaseR-treated

samples for 30 nt of sequence at the 5′ end of the intron, in-

cluding the splice donor. We identified 24 such reads in one

replicate alone, which were mapped to the human genome

using the BLAT tool in the UCSC Genome Browser. Of these

24 reads, nine included sequence consistent with reverse tran-

scription across a branch point (Fig. 5A). These sequences in-

cluded an untemplated T base previously described to occur

with reverse transcription by Superscript II across branch

points (Gao et al. 2008). One read of the nine did not include

this T, and instead included an “AG” sequence at this location.

We also observed that the base coverage of lariatsmarkedly de-

creased close to the sites of 2′
–5′ linkages (Fig. 5B), aswould be

predicted by the known inefficient traversal 2′
–5′ junctions by

reverse transcriptase (Lorsch et al. 1995). Lariat sequences also

demonstrated an ablationof coverage 3′ fromthebranchpoint

of the intron in theRNase-treated samples. This observation is

the predicted result, as this section of the intron is not circular-

ized and, therefore, is susceptible to exonuclease attack (Fig.

5B,C). These data show that the CircleSeq approach can also

identify lariat branchpoints as evidenced by3′ tail degradation

and branch point spanning reads.

Conservation of abundant circularized transcripts

Conservation of circular RNA production in paralogous or

orthologous genes would be an indication of evolutionary

preservation of circular RNA formation and a potentially im-

portant function. We observed from our results in Hs68 cells

that two paralogous kinases, HIPK2 and HIPK3, both pro-

duced abundant circular RNAs. These genes were sufficient-

ly diverged to allow unique mapping but retain a similar

TABLE 1. Backsplice enrichment detects thousands of circular RNA species

Circle sets Criteria
Number

candidate circles

Low stringency Expressed in one untreated sample 7771
Enriched with RNAse R treatment in both
replicates

Medium stringency Expressed in both untreated samples
Enriched with RNAse R treatment in both
replicates

2229

High stringency Expressed at 10 SRPBM in both samples
Enriched with RNAse R treatment in both
replicates

485

Circular RNAs abundant, conserved, ALU-associated
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genomic structure, notably a large second exon that contains

the start codon flanked by large introns on either side (Fig. 6A,

B). Both genes expressed high levels of backspliced products,

particularlyHIPK3, which demonstrated a large spike of cov-

erage in exon2 (Fig. 6B).Of note, increased coverage of exon 2

was not seen in cDNA libraries derived from poly(A) synthe-

sis, consistent with the predominant exon 2 species being

circular (Encode Data, not shown). Based on RPKM and

qRT-PCR, the circular exon 2 transcript of HIPK3 was ap-

proximately fivefold more abundant

than the linear form (Fig. 6C,D). The

murine orthologs of HIPK2/3 demon-

strated a similar genomic structure

with regard to the large second exon

surrounded by large introns (Fig. 6E),

and backsplice-containing transcripts

from these genes couldbe readilydetect-

ed using exon 2 outward-facing primers

in cDNA prepared from murine testis.

Consistent with transcripts being

ecircRNAs originating from the murine

Hipk2/3 genes, the amplified fragments

were of the expected size and sequence

andwere enrichedbyRNaseRdigestion.

Therefore, a predilection for RNAcircu-

larization is conserved among paralogs

and orthologs in the HIPK family.

Based on this observation, we as-

sessed circle conservation in mam-

mals on a greater scale by applying

CircleSeq to RNA isolated frommurine

testis. Coverage was lower for these mu-

rine tissue-derived samples (∼300 mil-

lion reads total) compared to that

obtained in analyses of RNA from cul-

tured human fibroblasts (∼1 billion

reads). Sequences were mapped using

MapSplice and ecircRNAs were identi-

fied using low stringency criteria. As

was the case for human cells, a high

number (646 of 1477) of circles found

through a prior bioinformatic analysis

(Salzman et al. 2012) of murine brain

were identified by CircleSeq of murine

testis. Given the lower coverage, tissue

specific effects (e.g., testis vs. fibro-

blast), and other technical differences

between the human and murine data

sets, we limited further analysis solely

to a consideration of the homology of

murine ecircRNAs compared with hu-

man circular species. Of 2121 human

circles from the MEDIUM stringency

list that could be readily mapped to

the murine genome, 457 mapped to

genes that produced a murine circular RNA. At 22% of po-

tential targets, this is a significant enrichment over the expec-

tation of 14% (P < 10−10). In particular, we identified 69

murine circular species (including Hipk3) with exactly ho-

mologous start and stop points of RNA circularization

(Supplemental Table S3). These events, occurring at a rate

of 15% of genes producing circular RNAs in both organisms,

involved the orthologous splice donor and splice acceptor

sites of identical exons to generate a conserved ecircRNA.
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As these genes on average involved more than 15 exons, we

would instead expect a rate of <1% overlap if these events

were randomly distributed through the gene. This analysis in-

dicates a high degree of conservation of specific backsplicing

events between humans and rodents.

Representative ecircRNAs are untranslated but can be
targeted by siRNA

Given their high expression, conservation, and the presence

of an open reading frame, we sought to explore whether

some circular RNAs might be translated in vivo.

Engineered circular RNAs have previously been shown to

have coding potential (Chen and Sarnow 1995). To explore

translation of endogenous transcripts, we isolated unbound,

monosome-bound, and polysome-bound fractions by suc-

rose gradient centrifugation and assayed the relative quantity

of both linear and circular products by RT-PCR (Fig. 7A–C).

To increase the chances of detecting translated circular spe-

cies, we assayed ecircRNAs that contain a translation start

site. Linear products were significantly enriched in the

ribosome-bound fraction for the genes assayed: HIPK3,

KIAA0182, and MYO9B (Fig. 7B). Circular products, in

contrast, were abundant in the unbound fractions but not

detected in the bound fractions, indicating that these AUG-

containing ecircRNAs are not translated (Fig. 7C).

Although we did not find evidence of ecircRNA transla-

tion, we considered whether cytoplasmic pools of circular

RNAs might regulate transcription through an effect on

microRNA binding. To address this possibility, we transfect-

ed Hs68 cells with siRNA targeting two genes (HIPK3 and

ZFY) that we found to produce both linear and circularized

transcripts. For each gene, we designed three siRNAs: one

siRNA targeting sequence only in the linear transcript, anoth-

er targeting the backsplice sequence, and a third targeting se-

quence in a circularized exon shared by both linear and

circular species. A nonspecific control siRNA sequence was

also employed. As expected, siRNA directed against the linear

species induced knockdown of the linear transcript only,

without affecting expression of the circular species (Fig.

7D,E). Knockdown using siRNA targeted to exonic sequence

shared in both the linear and circular species induced effec-

tive knockdown of both transcripts. It was even possible to

design an siRNA to the backsplice junction of ZFY that spe-

cifically targeted the circular, but not linear, transcript. These

results demonstrate that ecircRNAs can be targeted by RNA

interference.

ecircRNAs are predominantly cytoplasmic
and highly stable

We next investigated ecircRNA stability and localization

in vivo. Toward that end, Hs68 cells were treated with
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actinomycin D, an inhibitor of transcription, and total RNA

was harvested at indicated time points. While highly stable

RNAs such as 18S and p16INK4a exhibited very long tran-

script half-lives (>48 h) as expected, the abundance of less

stable transcripts c-Myc and TATA Binding Protein (TBP)

decreased following actinomycin D treatment with short

half-lives (<3 h) (Fig. 8A). Analysis of four ecircRNAs and

their associated linear mRNAs revealed that, while the asso-

ciated linear transcripts exhibited half-lives of <20 h (Fig.

8B), the circular RNA isoforms were highly stable, with

transcript half-lives exceeding 48 h (Fig. 8C). Fluorescence

in situ hybridization (FISH) against HIPK3 demonstrated

that circular forms of HIPK3 were preferentially localized

in the cytoplasm (Fig. 8D). These results are consistent

with prior studies of other RNA circles (Nigro et al. 1991;

Salzman et al. 2012) and suggest that ecircRNAs either un-

dergo nuclear export or are released to the cytoplasm dur-

ing mitosis, where they enjoy extraordinary stability, likely

as a result of resistance to debranching enzymes and RNA

exonucleases.
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Bioinformatic analyses of ecircRNAs

Having explored properties of ecircRNAs in vivo, we at-

tempted to bioinformatically identify shared genomic fea-

tures that might further elucidate function or mechanism

of formation. DAVID analysis (Huang da et al. 2009) revealed

an enrichment of protein kinases and related proteins among

the set of genes producing ecircRNAs (Table 2), as compared

to the set of expressed genes in the sample (see Materials and

Methods). Although protein kinase transcripts as a whole

were more likely to exhibit abundant circularization, no spe-

cific subfamily of kinase was particularly associated with

ecircRNA production. Therefore, RNA circles are produced

throughout the genome but are not randomly distributed

among genes and may be dispro-

portionately associated with kinase

expression.

To explore themechanisms of forma-

tion, we sought to identify cis-sequence

elements proximal to backsplice events.

Sequences in the 200 bp preceding (up-

stream of) or following (downstream

from) backsplice sites were analyzed

for enrichedmotifs compared to similar

windows flanking noncircularized, ex-

pressed exons. This analysis revealed

several enriched motifs (Supplemental

Table S4), but the highest information-

bearing motif was shared by both the

upstream and downstream introns and

was identified as the canonical ALU re-

peat (Fig. 9A). Regardless of whether

the LOW, MEDIUM, or HIGH strin-

gency transcript list was analyzed, the

intronic flanks adjacent to circularized

exons were approximately twofold

more likely to contain an ALU repeat

than noncircularized exons (P < 10−11)

(Fig. 9B,C). This preference to contain

flanking ALU repeats was noted for

both single exon as well as multiple

exon ecircRNAs (data not shown).

Furthermore, when ALU polarity was

considered, we found that pairs of

ALU elements taken from introns flank-

ing circularized exons were significantly

more likely to be complementary (in in-

verted orientation) than noncomple-

mentary. This held for all choices of

transcript list or size of the flanking

intronic window (Fig. 9D). For exam-

ple, using a 500-bp window, 20% of in-

trons flanking ecircRNAs contained

complementary ALU pairs vs. 8% with

noncomplementary pairs (P < 10−10).

Circularized exons were sixfold more likely to contain com-

plementary ALUs than control, noncircularized exons.

While a role for inverted repeats on RNA circularization had

been suggested in vitro (Dubin et al. 1995), these data confirm

and extend this relationship at the genome-wide scale.

In addition to the presence of ALU repeats in flanking in-

trons, we also noted distinct characteristics of exon and intron

length related to ecircRNA production. Consistent with find-

ings atHIPK2/3 (Fig. 6A,B,E) andKIAA0182 (Fig. 3E), the up-

stream and downstream introns flanking circularized exons

tended to be large—on average more than approximately

threefold longer than introns flanking control exons (P <

10−15) (Fig. 9E), regardless of choice of backsplice list for anal-

ysis. Consistent with prior in vitro studies (Pasman et al.
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1996), circularized exons also were larger than expected.

When restricted to an analysis of single exon ecircRNAs, we

noted that circularized exons were approximately threefold

longer than expressed exons overall, at an average length of

690 nt (P < 10−15) (data not shown). In aggregate, these re-

sults suggest that the genomic structure of long exons flanked

by long introns harboring inverted repeat elements facilitates

RNA circularization.

Circular RNAs have been suggested to result from exon-

skipping events. These events produce an exon-containing

lariat, which could then itself be inter-

nally spliced to an exon circle (see Fig.

10, Model 1; Zaphiropoulos 1997). To

test this notion, we determined if

exon-skipped linear transcripts (e.g.,

the exon 1–4 transcript in Model 1,

Fig. 10) could be identified in the set-

ting of ecircRNAs (containing exon

2–3 in Model 1, Fig. 10). For 45% of

ecircRNAs (regardless of stringency

list used), we identified the correspond-

ing, predicted colinear splicing reads

characteristic of an exon-skipping

event. This suggests that circularity

may sometimes result from exon-skip-

ping. Given the greater stability of

ecircRNAs over associated linear tran-

scripts, the linear transcript resulting

from an exon-skipping event might be

less abundant than the resulting circu-

lar molecules and, therefore, undetect-

able in our analysis. Therefore exon-

skipping may be more common than

estimated by this analysis. The set of

ecircRNAs for which an associated

skipped transcript could be identified

was slightly more likely to harbor com-

plementary ALU repeats (24% vs. 21%,

P < 0.005), suggesting that intronic

pairing may contribute to circulariza-

tion with or without exon-skipping.

DISCUSSION

Here, we have shown that nonlariat cir-

cular RNAs emanate from >14% of

transcribed genes in fibroblasts, com-

prising a highly abundant but unappre-

ciated class of (presumably) noncoding

RNA. We find that nearly all circular

RNAs are comprised of exonic sequenc-

es, containing one or more exons, and

always featuring a single non-colinear

fusion of exons otherwise joined

by canonical splicing. Salient features

of ourmethod allowing for unbiased identification of circular

species are the use of ribosome depletion (RiboMinus), RNA

exonuclease enrichment, cDNA synthesis using random

primers rather than oligo dT, long (100-bp) reads with

high coverage (>300 million reads per sample), use of

MapSplice for de novo junction detection, and methodolog-

ical optimization on a known circle (cANRIL). To consider a

species circular, we required that it contain a backsplice and

exhibit RNase R enrichment. These criteria discriminated

circles from linear, trans-spliced species (which would
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possess a backsplice but not enrichment) as well as lariats

(enrichment in the absence of a backsplice sequence but

with branch junction reads). Use of this approach to identify

circular transcripts in other cell types and species is an area of

active ongoing investigation, as is applying exonuclease se-

quencing to the problem of branch point mapping.

Other groups have recently identified sets of non-colinear

RNA species. A recent high-throughput sequencing analysis

of non-colinear splicing in mammalian cells has recently

been described (Al-Balool et al. 2011), but this analysis did

not discriminate trans-splicing from circular events, since li-

braries were made from poly(A)-selected RNA, and RNA

exonuclease resistance was not established. High-throughput

sequencing of nonpolyadenylated RNA identified enrich-

ment of lone exons within some genes (Yang et al. 2011), a

finding that is likely explained by abundant circular RNA

containing these exons. This work also made note of the ap-

parent stability of some lariat sequences, as we also have ob-

served. A recent high-throughput sequencing analysis in

Archaea employed RNase enrichment to identify circular

RNA forms (Danan et al. 2011), establishing that the produc-

tion of RNA circles is evolutionarily ancient. Most recently,

Brown and colleagues reported the identification of >1000

transcription products favoring circularization (Salzman

et al. 2012). In this report, the authors relied on paired-end

reads of high-throughput sequencing data to find probable

circles and showed that some of these species exhibited

RNase R resistance. Our study expands on this result by as-

sessing RNase R sensitivity and, therefore, circularity on the

genome-wide scale. We identify >100,000 circular RNA spe-

cies within RNase R-treated samples that are beyond the limit

of detection in untreated samples. These studies, in concert

with the present work, establish that RNA circles are highly

abundant, evolutionarily old, and can be tractably identified

using high-throughput sequencing strategies.

While our data suggest mechanisms of ecircRNA produc-

tion in vivo, these results are consistent with at least two dis-

tinct paths to the generation of RNA circles. In theory, any

exon-skipping event has potential to produce an ecircRNA

(Fig. 10, Model 1). In this model, the spliced lariat containing

skipped exons undergoes internal splicing more rapidly than

debranching to form an ecircRNA. Alternatively, ecircRNA

could also be formed by alternative, 5′ to 3′ splicing of nascent

transcripts (Fig. 10, Model 2). In this model, alternative splic-

ing to a circular molecule is favored presumably because of

intronic motifs bordering the circularized exon(s), which

may interact to bring the two exons (or the ends of the same

exon) close together. Key differences between these models

TABLE 2. Kinase genes are frequently circularized

Category Description Count Fold enrichment FDR

ATP-binding 185 1.490 0.000006
Protein amino acid phosphorylation 100 1.679 0.000114
Protein kinase, ATP binding site 76 1.835 0.000151
Protein kinase domain 76 1.835 0.000182
Protein kinase, core 77 1.803 0.000269
ATP-binding 200 1.385 0.000266
Nucleotide-binding 214 1.378 0.000265
Nucleotide phosphate-binding region:ATP 136 1.513 0.000536
Adenyl ribonucleotide-binding 200 1.375 0.000465
Purine nucleoside-binding 207 1.341 0.001868
Adenyl nucleotide-binding 204 1.339 0.002643
Nucleoside-binding 207 1.333 0.002888

Kinase and ATP- binding Nucleotide-binding 276 1.260 0.004972
Enrichment score: 5.36 Purine ribonucleotide-binding 229 1.297 0.005977

Ribonucleotide-binding 229 1.297 0.005977
Phosphate metabolic process 133 1.442 0.007485
Phosphorus metabolic process 133 1.442 0.007485
Serine/threonine protein kinase-related 63 1.765 0.008812
Kinase 99 1.545 0.008545
Phosphorylation 112 1.485 0.012804
Serine/threonine protein kinase, active site 62 1.751 0.013863
Binding site: ATP 80 1.622 0.015578
Purine nucleotide binding 234 1.274 0.018335
Serine/threonine-protein kinase 64 1.715 0.018135
Protein kinase activity 89 1.527 0.037126

Ubiquitin ligase pathway UBL conjugation pathway 88 1.645 0.002221
Enrichment score: 3.00 Proteolysis 132 1.427 0.014748

Ligase 59 1.739 0.027128
Protein kinase C-like Protein kinase C-like, phorbol ester/diacylglycerol-binding 18 3.305 0.009881
Enrichment score: 2.23
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are (1) the order of splicing events (i.e., which splice donor

[SD] attacks first, of the circularized or noncircularized

exon), (2) the need for a splice acceptor (SA) site 3′ from the

circularized exons, and (3) the obligate production of an asso-

ciated linear transcript containing the predicted exon-skipped

fusion (e.g., exon 1–4 in Model 1). We believe the identifica-

tion of long flanking introns and increased complementary

ALU repeats about circularized exons is consistent with either

model. Both features have been shown to influence exon-skip-

ping (Ganguly et al. 2003; Fox-Walsh et al. 2005), but hybrid-

ization of complementary ALUs in long flanking introns

would also favor the production of secondary structures in

pre-mRNAs needed to drive the initiating 5′ to 3′ splicing

event characteristic of Model 2.

The findings that ecircRNAs can be considerably more

abundant (>10-fold) than associated linear transcripts and

are evolutionarily conserved suggests selection for persistence

of these RNAs and, hence, possible function. For example,

circularization could regulate gene ex-

pression. Alternative splicing has been

associated with diverse biologic pro-

cesses (Faustino and Cooper 2003;

Evsyukova et al. 2010; Ebert and

Bernard 2011; Kalsotra and Cooper

2011), and direct circularization

(Model 2) appears to represent a novel

form of “alternative” splicing. Because

our results show that ecircRNAs are sig-

nificantly more stable than the associat-

ed linear mRNAs (Fig. 8B,C), we were

not able to rely on transcript abundance

to estimate the ratio of circular to linear

transcripts produced from these genes

per transcriptional event. Nevertheless,

our observations suggest that a signifi-

cant fraction of pre-mRNA transcripts

created by traversal of RNA polymerase

through exon 2 ofHIPK2/3 or exon 3 of

KIAA0182 (Fig. 3E) undergo “alterna-

tive” splicing to circularize rather than

canonical splicing to produce the ca-

nonical linear transcript. As circulariza-

tion of HIPK2/3 appears to preclude

production of the usual protein-encod-

ing transcript (as it would lack the ATG

and significant N-terminal sequence)

and is conserved between humans and

rodents, this form of “alternative splic-

ing” could regulate expression of genes

like HIPK2/3. Observation of high ho-

mology between 69 murine circular

RNAs and their human counterparts

suggests that this may be a conserved

mechanism of regulation in these genes.

Application of exonuclease enrichment

to a more diverse spectrum of organisms could further clarify

the conservation and function of processes leading to circular

RNAs.

Additionally, data from plants and mammals suggest that

expression of some ncRNAs can perturb miRNA function

by “target mimicry,” where ncRNAs such as those produced

by pseudogenes sequester miRNAs to prevent translational

repression of target coding RNA species (Ebert et al. 2007;

Franco-Zorrilla et al. 2007; Poliseno et al. 2010). Results of

siRNA knockdown show that ecircRNAs can be knocked

down by RNAi (Fig. 7D,E), consistent with Ago2’s RNA en-

donuclease “slicer” activity (Liu et al. 2004; Meister et al.

2004). We also show that siRNAs which target sequence in

both the linear and circular transcripts of a given gene are

able to induce knockdown of both species. As ecircRNAs

are, in some cases, abundant, highly stable, and harbor

miRNA binding sites, we expect these species could attenu-

ate endogenous miRNA-mediated transcriptional repression
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through target mimicry. Additionally, ecircRNAs could se-

quester RNA-binding proteins, as we have suggested may

be a function for cANRIL with respect to PcG proteins

(Burd et al. 2010). We believe this is a particularly tantalizing

prospect given the prior association of RNA splicing with

PcG-mediated silencing (Isono et al. 2005).

Lastly, although it appears many circular forms are not

protein encoding (Fig. 7A–C), it is not clear that all RNA cir-

cles are noncoding. Protein encoding RNA circles are well-es-

tablished as viroids (e.g., the HepatitisΔ agent) and have been

synthesized experimentally to undergo translation in human

cells (Chen and Sarnow 1995). It is also worth remarking in

this regard that many circular RNAs contain a start codon

and sometimes even the canonical AUG of the associated lin-

ear transcript (e.g., HIPK2/3). Whether endogenous circular

RNAs are translated is an area of active ongoing study.

In summary, this genome-wide analysis based on RNase R

resistance establishes circular RNA species as a common and

abundant form of noncoding RNA. Using a conservative

estimate, ecircRNAs appear to originate from >14% of

transcribed genes in human fibroblasts and, in many cases,

are more highly expressed than the associated, canonical

mRNA. Circularization of transcribed exons is conserved be-

tween human and mice, is correlated with the presence of
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inverted repeats within long flanking introns, and may result

from exon-skipping via a lariat structure or direct circulariza-

tion driven by intronic pairing. In aggregate, these findings

suggest that ecircRNAs are not the product of mere accidents

of splicing but insteadmay regulate gene expression by affect-

ing translation, RNAi, or through sequestration of RNA

binding proteins.

MATERIALS AND METHODS

Cell culture

Telomerized Hs68 human fibroblasts cells were obtained from

G. Peters and grown as previously described (Brookes et al. 2002).

Human T lymphocytes (Jurkat E6-1) were cultured in RPMI 1640

containing 10% fetal bovine serum. Cells were grown at 37°C and

3% CO2 and subcultured at 3-d intervals. Jurkat cells were harvested

at a density of 5 × 105 cell/mL.

RNA isolation and RNase R enrichment

RNAwas isolated with RNAeasy system (Qiagen), including on-col-

umn DNAse digestion (Qiagen). For our first biological replicate,

total RNA (60 µg) was depleted for ribosomal RNAs using the

RiboMinus kit in six separate 10-μg reactions per the standard pro-

tocol (Invitrogen) and repooled. In the second biological replicate,

total RNA (20 µg) was depleted for ribosomal RNAs using the

RiboMinus kit. For both replicates, we prepared six 14.3-μL
RNase R reactions. Diluted samples alone were briefly heated

to 70°C to denature, then cooled to 40°C on a thermocycler.

We then added 10× RNase R buffer (1.7 µL). For one of the six re-

actions, we added 1 µL water and added 1 µL RNase R to the

remaining five reactions. The reaction was allowed to proceed at

40°C for 1 h.

Library preparation and sequencing

After RNase R digestion, libraries were prepared using the TruSeq

library preparation protocol (Illumina) using a modified protocol.

Elute Fragment Prime buffer was added immediately to the exonu-

clease treatment reaction, which then proceeded with reverse tran-

scription and second-strand synthesis per the TruSeq protocol.

Before end-repair, however, we pooled fragmented, reverse tran-

scribed cDNA from the same replicate and treatment condition.

These were then prepared by the TruSeq protocol. Sequencing

was performed on an IlluminaHiSeq instrument with 100-bp paired

end reads. Sequencing data will be publicly available pending com-

pleted submission to the Short Read Archive.

Sequence mapping

Sequencing reads from each replicate and treatment were mapped

independently using the MapSplice spliced alignment algorithm

(version 2.0 beta) (Wang et al. 2010) against the GRChr37/hg19 hu-

man reference genome or NCBI37/mm9 mouse reference genome

using the –fusion –noncanonical –bam options. To improve discov-

ery rate with the mouse genome only, we also used the –gene-gtf op-

tion with the RefSeq annotation of mouse transcriptome. MapSplice

first aligns reads to exons and regular splice junctions. It then detects

“fusion junctions” using the reads that fail to map in the first step.

Fusion junctions allow backsplice junctions, inversions, and long-

range and inter-chromosome junctions. The strandedness of a junc-

tion is determined using the immediately flanking sequences donor-

acceptor motifs (e.g., GT-AG sequence), which are required by

MapSplice to call a junction.

Data analysis

Reads from the “fusion” output category in MapSplice were culled

for splice junctions on the same strand and within 2 Mb, but in

non-colinear ordering (backsplices). We calculated a spliced reads

per billion mapping metric, computed as (Spliced reads/Total

mapped reads) × 109, for each backsplice junction. Junctions en-

riched by this metric in both replicate pools were considered circular

RNAs. Those that were observed in at least one mock treated repli-

cate were assigned to one of three categories based on that expres-

sion, with “LOW” expression ecircRNAs observed in one mock

replicate, “MEDIUM” expression observed in both replicates, and

“HIGH” expression observed in both with an SRPBM of 10 in

each. “Local RPKM” statistic was computed by [Read coverage at

base × 106/(Total mapped reads × Read length)].

Bioinformatic analysis

Data from spliced alignment were parsed using custom PERL scripts

and visualized using the Integrative Genomics Viewer (Robinson

et al. 2011). Identification of annotated exon junctions among the

“medium” expression stringency sites was performed using the

KnownGene database downloaded from the UCSC Genome

Browser’s table viewer December 2011. The same database was

used to compute coverage of annotated exons using the BedTools

suite (Quinlan and Hall 2010), followed by normalization using

RPKM. Exons with RPKM≥ 0.1 were considered “expressed.”

Expressed exon annotations and medium expression stringency

backsplice annotations were compared using the DAVID tool

for enrichment of GO terms and other annotations. Genes with

the protein kinase annotation from the highest expression stringency

category were plotted using Reaction Biology’s KinomeMapper tool

according to backsplice expression level (http://www.reactionbiology

.com/webapps/main/pages/LaunchKir.aspx). Percentage of express-

ed genes showing circularization was computed by first converting

KnownGene annotations for expressed exons and low stringency

backsplices to gene symbol. The percent circularized was then taken

as percentage of gene symbols in both sets relative to all those in ex-

pressed genes.

Backsplices were compared to findings reported in the supple-

mentary tables of Salzman et al. (2012), which were translated

from RefSeq to hg19 coordinates. Backsplice sites were compared

using BEDtools.

To calculate the relative abundance of backspliced vs. traditionally

spliced products at steady state, we made use of the spliced mapping

produced by the MapSplice analysis. We identified the total number

of reads mapping to forward spliced junctions upstream of and

downstream from the sites involved in the spliced junction. These

were used to compute the ratio of backsplices as a percentage of for-

ward splices for a given species for each replicate. These were aver-

aged and are included in Supplemental Table S1.
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Identification of enriched cis-elements

Sequences 200 bp upstream of and 200 bp downstream from back-

splice events were pulled using BEDtools. Similarly flanking se-

quences from 20% of expressed exons (hereafter, “control exons”)

were also extracted as a background set. These were compared for

enriched motifs flanking backsplices using the CisFinder (Sharov

and Ko 2009) algorithm. Motifs were then clustered to form longer

elements.

Analysis of intronic ALU repeats near backsplice events

Annotated repeat sites were taken from the UCSC Genome

Browser’s RepeatMasker track using the table viewer December

2011. Sequences flanking backsplices and control exons that over-

lapped an ALU element were identified using BEDtools, and signifi-

cance was tested using a χ2 test. For ALU pairing analysis, both flanks

on either side of a backsplice were analyzed for RepeatMasker ALU

elements using BEDtools in conjunction with custom perl scripts.

Complementary ALU pairs were identified as at least one plus and

one minus stranded ALU family element on opposite sides of the

backsplice. Backsplices with such features were tallied, as were back-

splices with noncomplementary pairs. Significant differences in the

rates of these events were compared to an equal rate null hypothesis

using a χ2 test. This analysis was similarly performed on control

exons.

Analyisis of flanking intron length

Introns were identified using KnownGene annotations for colinear

splice sites sharing a junction with a backsplice. In cases where mul-

tiple annotations were possible (multiple isoforms of the source

gene), the shortest intron length was used. Significant differences

in flanking intron length between backsplice sets and control exons

were computed using a t-test.

Analysis of exon-skipping

To identify exon-skipping events, the set of all identified colinear

splices was taken from MapSplice output and compared to the set

of observed backsplices using BEDtools. To be included as a possible

product of exon-skipping, a backsplice had to be completely tra-

versed by a colinear splice on the same strand. Strandedness was

identified by GT-AG donor-acceptor motifs. Overlap with the set

of backsplices with complementary ALU pairs was identified using

custom perl scripts. Significant enrichment of complementary

ALU pairs in skipped backsplices vs. all backsplices was computed

by a χ2 test.

Quantitative real-time PCR

RNA was isolated from Hs68 cells as above and treated with

ImPromII reverse transcriptase using either random hexamer

(Invitrogen) and oligo dT (Invitrogen) or oligo dT alone as indicat-

ed. Primers used in qRT-PCR were designed to span at least one in-

tron, and primers assaying for circular products were designed to

cross the backsplice junction (Supplemental Table S2). Real-time

PCR was carried out in triplicate on an ABI 7900HT thermocyler.

The resulting PCR products were cloned into the TOPO-TA cloning

kit (Invitrogen) and sequenced for validation. Cloned fragments for

HIPK3 circular and HIPK3 linear qPCR were linearized with

HindIII (NEB) and used to create quantitative standards ranging

in concentration from 100 molecules per μL to 200,000,000 mole-

cules per μL. These were used to generate a standard curve for esti-

mating absolute quantities of circular vs. linear molecules in Hs68

cells. Standard curve R2 values were >0.99.

Virtual northern RT-PCR

RNAwas isolated into 17 fractions by “virtual Northern” analysis as

previously described (Hurowitz et al. 2007). The size-fractioned gel

was then cut into 17 gel slices of roughly equivalent size. Each slice

was dissolved in buffer RLT of the RNAeasy system (Qiagen) and

purified on column per protocol. Equal volume quantities of eluted

sample were reverse transcribed with ImPromII reverse transcrip-

tase and analyzed for circular and linear forms by TaqMan as de-

scribed above. To identify the size of each product, the relative

quantity of product in each fraction was approximated by the equa-

tion: Expressionfraction = 2(40–Mean Ct). To determine the percentage

of the total sample in each size fraction, we used the equation:

Percentagefraction = Expressionfraction/∑fractions Expressionfraction.

RNA stability

For assay of RNA stability, 5 × 105 cells were plated on 3.5-cm cell

culture plates and treated with 10 µg/mL actinomycin D. Cells

were then harvested at time 0, 6, 12, 24, and 48 h time points, and

RNA was isolated and subjected to qRT-PCR as described above,

with equal quantities RNA from the five time points provided to

each RT reaction. Each RNA was normalized against the 0-h time

point to calculate log2(fold enrichment).

Cell localization

Cytoplasmic and nuclear RNAwas isolated from two biological rep-

licates of 2.5 × 106 Hs68 cells using the Norgen Biotek cytoplasmic

and nuclear RNA purification kit. Equal quantities of RNA were

provided to RT as described above, and targets were quantified by

qRT-PCR.

Conservation of an abundant ecRNA

C57Bl/6 strain mouse testes were isolated and homogenized using

the gentleMACs dissociator system (Militenyi), and RNAwas isolat-

ed and reverse transcribed as above. For analysis of murine HIPK2

andHIPK3homologs, outward-facing primerswere designed against

the first coding exon of Hipk2 and Hipk3 in the mm9 reference ge-

nome (Fig. 6E; Supplemental Table S2). For sequencing analysis,

RNA was treated using the RiboMinus kit (Invitrogen) and split

into RNase R and mock treatment aliquots, from which TruSeq

(Illumina) sequencing libraries were prepared and sequenced to-

gether in a single lane on aHiSeq system high-throughput sequencer

(Illumina) as described above. We focused our analysis on circular

RNAs observed in RNase R-treated samples that were enriched by

RNase R, without restricting to those also observed in untreated con-

trols, due to themore limited sequence from those samples.We iden-

tified 1275 circular RNAs from murine testis and cross referenced

these against 2121 human circular RNA products in the MEDIUM
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expression category that could be successfully converted to mouse

coordinates using the UCSC Genome Browser’s LiftOver utility.

Significance estimates of overlap were performed using a χ2 test.

Estimates of the frequency of exact overlap in backsplice sites as-

sumed a random permutation over splice donors and acceptors

with an average number of exons per gene greater than 11 (consistent

with UCSC KnownGene annotations of genes with overlap).

Cell fractionation

Jurkat cells were centrifuged at 4°C for 10 min (500g) then washed

1× in PBS, followed by resuspension in Homogenization Buffer

(HB) containing 400 mM KOAc (pH 7.5), 25 mM K-HEPES, 15

mM Mg(OAc)2, 1 mM DTT, 200 µM cycloheximide, 1% NP-

40, 0.5% deoxycholate, 1 mM PMSF, and 50 units/mL RNasin

(Promega). Cells were incubated on ice for 10 min then centrifuged

at 4°C for 10 min (12,000g) to remove nuclei.

Polysome analysis

Jurkat cells were grown to a density of 5 × 105 cells/mL and treated

with 200 µM cycloheximide to stabilize polysome complexes.

Cytoplasmic supernatant equal to 30 × 106 cells was loaded onto

10-mL continuous 15%–50% sucrose gradients containing 400

mM KOAc (pH 7.5), 25 mM K-HEPES, 15 mM Mg(OAc)2, 200

µM cycloheximide and 50 units/mL RNasin (Promega). Gradients

were centrifuged at 4°C for 3 h at 100,000g in an SW41 rotor

(Beckman). Gradient fractions were collected using a Brandel

Fractionation System and an Isco UA-6 ultraviolet detector used

to produce polysome profiles for gradients (data not shown).

Total RNA was extracted from fractions essentially as described in

Chomczynski and Sacchi (1987). Briefly, fractions were supple-

mented with an equal volume (total volume of 750 µL) of

Extraction Buffer (EB) containing 4M guanidinium thiocyanate,

25 mM sodium-citrate (pH 7), 0.5% N-Lauryl-sarcosine, 5 mM

EDTA, and 0.1M β-mercaptoethanol. Two hundred and fifty µL

of phenol (pH 4.5) was added to the homogenized fractions and ro-

tated 15 min at room temperature. Two hundred µL of chloroform

was added, followed by centrifugation at 10,000g for 10 min at 4°C.

The aqueous layer was transferred to new centrifuge tubes and pre-

cipitated at −20°C for 1 h with a 1/10th-volume of sodium acetate

(pH 5.2) and an equal volume of isopropanol. Samples were centri-

fuged at 12,000g, aspirated, and washed 1× with 70% ethanol.

Samples were resuspended in DEPC-H2O. The polysome profile

produced by the Isco UA-6 ultraviolet detector and the identity of

the individual fractions were confirmed by loading 45 µL of sucrose

fractions on an agarose gel and staining with ethidium bromide to

visualize the ribosomal RNA (Fig. 7A). Isolated RNA fractions

were reverse transcribed with equal volumes of input RNA by

ImPromII reverse transcriptase. The quantity of circular and linear

forms was determined by TaqMan as described above. Abundance

of the fractions was normalized against the sum of the total signal

as with the virtual Northern (above).

Knockdown of linear and circular species by siRNA

Three siRNAswere employed for targeted knockdown ofHIPK3 and

ZFY. Constructs to knockdown circular RNA were directed specifi-

cally against the backsplice. Knockdown of linear RNA used down-

stream exons of the gene not included in the predicted circular

product. Joint knockdown used exonic sequences predicted to be in-

cluded in the circular form. Experiments were performed in HS86

cells using Ambion siRNA and RNA Max kit (Invitrogen, Cat.

# 13778-075). A quantity of 1.25 nM of each siRNA (see

Supplemental Table S2) with 0.2 µL of RNA Max lipafectamine

were added to plates in antibiotic-free Optimemmedia and incubat-

ed for 20 min. HS68 cells were then plated with antibiotic-free

DMEM with 10% FBS and incubated overnight. After 24 h, media

were changed. Cells were harvested 48 h after treatment. RNA was

isolated and quantified by qPCR as described above. Ct values

were first normalized againstTBP to correct for reverse transcription

efficiency and then normalized to values for nonspecific knockdown.

RNA in situ hybridization

A probe antisense to the backsplice junction of HIPK3 was labeled

by in vitro transcription of the construct also used as the qPCR stan-

dard for the HIPK3 circular RNA. Labeling was performed with

Digoxinogen RNA Labeling Mix (Roche).

Hs68 cells were grown on cover slips and treated with siRNA

knockdown against HIPK3 linear, both HIPK3 circular and linear,

or nonspecific (NS) targets as above, and fixed 48 h after media

change. Cells were in freshly prepared 4% PFA in 0.1M PBS for

10 min and permeabilized in 0.01M HCl and 0.1% pepsin at 37°C

for 2 min. After rinsing three times in PBS with 0.05% Triton X-

100 for 5 min, then once in 2× SSC for 5 min, cells were prehybri-

dized in the hybridization buffer at room temperature for 1 h.

Digoxigenin-labeled probes and cells were denatured at 75°C for

3 min at the same time, and the probes were applied onto the cells

and hybridized for 16 h at 37°C in the humidified chamber. After

hybridization, cells were washed three times in 2× SSC for 10 min

at 37, twice in 0.1% SSC for 5 min at 60°C, and twice in TNT

(0.1M Tris-HCl, 0.15M NaCl, and 0.1% Tween 20, pH 7.5) for

10 min at room temperature. To detect the hybridized probes, cells

were then incubated with a 1:1000 dilution of alkaline phosphatase

conjugated sheep anti-digoxigenin (Roche Diagnostics) in blocking

buffer at room temperature for 3 h and developed in HNPP/Fast

Red TR (Roche) for 5 h. Cells were counterstained with DAPI and

mounted in aqueous mounting medium (Faramount aqueous

mounting medium, DAKO). Slides were imaged by confocal mi-

croscopy, and stacks were flattened bymaximum intensity Z-projec-

tion and composited to form final images.

DATA DEPOSITION

Data have been uploaded to the Short Read Archive with accession

number SRA050270 and are pending validation and release.

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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In the above-mentioned article, credit to the following facility should have been included as the second sentence of the second

paragraph in the Materials and Methods subsection “RNA in situ hybridization” (p. 156):

In situ hybridization was performed by the UNC ISH Core facility.

The authors apologize for any confusion this may have caused.
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