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SUMMARY

We describe the identification and characterization
of circular intronic long noncoding RNAs in human
cells, which accumulate owing to a failure in de-
branching. The formation of such circular intronic
RNAs (ciRNAs) can be recapitulated using expres-
sion vectors, and their processing depends on a
consensus motif containing a 7 nt GU-rich element
near the 5 splice site and an 11 nt C-rich element
close to the branchpoint site. In addition, we show
that ciRNAs are abundant in the nucleus and have
little enrichment for microRNA target sites. Impor-
tantly, knockdown of ciRNAs led to the reduced
expression of their parent genes. One abundant
such RNA, ci-ankrd52, largely accumulates to its
sites of transcription, associates with elongation
Pol Il machinery, and acts as a positive regulator of
Pol Il transcription. This study thus suggests a cis-
regulatory role of noncoding intronic transcripts on
their parent coding genes.

INTRODUCTION

The recent advent of high-throughput approaches has revealed
that a large portion of the mammalian genome is transcribed
into long noncoding RNAs (IncRNAs, >200 nt in length), including
thousands of lincRNAs identified using a “H3K4me3-H3K36me3”
chromatin signature of actively transcribed genes (Guttman et al.,
2009; Khalil et al., 2009), circular RNAs (circRNAs) generated
from back-spliced exons (Hansen et al., 2011; Jeck et al., 2013;
Memczak et al., 2013; Salzman et al., 2012), intron-derived
RNAs (Rearick etal., 2011; Yinet al., 2012), etc. Although detailed
functions of many IncRNAs are only beginning to be elucidated,
emerging lines of evidence have shown that they regulate
multiple biological processes via a variety of mechanisms (for
reviews, see Chen and Carmichael, 2010; Guttman and Rinn,
2012; Rinn and Chang, 2012; Wilusz et al., 2009).

While many known IncRNAs are polyadenylated, recent work
has revealed that a number of Pol ll-transcribed IncRNAs are
processed in alternative ways (Burd et al., 2010; Hansen et al.,
2011, 2013; Jeck et al., 2013; Memczak et al., 2013; Salzman
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et al., 2012; Sunwoo et al., 2009; Wilusz et al., 2008; Yap et al.,
2010; Yin et al., 2012). MALATT (also called NEAT2) and Meng
(also called NEAT1_2), two nuclear retained IncRNAs, are pro-
cessed at their 3’ ends by RNase P (which is known to process
the 5’ ends of tRNAs) (Sunwoo et al., 2009; Wilusz et al., 2008).
RNase P cleavage leads to the formation of a mature 3’ end of
each IncRNA, which is protected by a highly conserved triple
helical structure composed of UeA-U and CeG-C base triples
(Brown et al., 2012; Wilusz et al., 2012). Several recent reports
identified nonlinearized RNAs that are largely generated from
back-spliced exons (Burd et al., 2010; Hansen et al., 2013;
Jeck et al., 2013; Memczak et al., 2013; Salzman et al., 2012;
Yap et al.,, 2010). The INK4a/ARF locus-associated IncRNA
ANRIL participates directly in epigenetic transcriptional repres-
sion (Yap et al., 2010), and this locus also encodes heteroge-
neous species of RNA transcripts including circular ANRIL
isoforms (CANRIL) whose expression correlated with INK4/ARF
transcription and ASVD risk (Burd et al., 2010). By sequencing
rRNA-depleted RNAs digested with the RNA exonuclease,
RNase R, in human fibroblasts, a large number of circRNAs con-
taining non-colinear exons and Alu repeats were identified and
proposed to act as competing endogenous RNAs in the cyto-
plasm (Jeck et al., 2013). In addition, more-recent studies further
revealed that some of them can function as efficient microRNA
sponges (Hansen et al., 2013; Memczak et al., 2013).

Intronic sequences account for over 20% of human genome
and provide yet another source to generate ncRNAs that may
lack both 5’ cap structures and 3’ poly(A) tails. Although it is
generally believed that most introns or intron fragments are
unstable (Rodriguez-Trelles et al., 2006), there are notable ex-
ceptions. For instance, some intronic sequences encode small
nucleolar RNAs (snoRNAs) (Kiss and Filipowicz, 1995; Petfalski
et al., 1998), microRNAs (Ladewig et al., 2012; Okamura et al.,
2007), and other ncRNAs (Rearick et al., 2011). We have recently
sequenced the long transcripts (>200 nt) of nonpolyadenylated
transcriptomes of human cells and have identified that excised
introns could accumulate to high levels (Yang et al., 2011).
Further studies demonstrated one mechanism for the processing
of such excised introns. In this case, introns containing two
snoRNAs are processed from their ends by the snoRNA machin-
ery, and the internal sequences between snoRNAs are not
removed, leading to the accumulation of IncRNAs with snoRNA
caps atboth ends (Yin et al., 2012). However, little is known about
how the rest of the excised introns without snoRNA ends are
stabilized and whether they have regulatory potency in cells.
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Here we developed a computational pipeline and identified
hundreds of previously undescribed intronic IncRNAs from the
poly(A)— RNA-seq in human cells. We further show that a large
portion of these RNAs are circular. The formation of such circular
intronic RNAs (ciRNAs) can be recapitulated using expression
vectors, and their processing depends on consensus RNA
motifs near 5 splice site and branchpoint. In contrast to
circRNAs from back-spliced exons (Hansen et al., 2013; Jeck
et al., 2013; Memczak et al., 2013), we show that ciRNAs are
associated with the nuclear insoluble fractionation and have
little enrichment for microRNA target sites. Importantly, knock-
down of such RNAs led to reduced expression of their parent
genes, and lines of evidence suggest one possible function for
ciRNAs as positive regulators of RNA Pol Il transcription.

RESULTS

Nonpolyadenylated RNA-Seq with a Customized
Computational Pipeline Identified Hundreds of Intronic
Long Noncoding RNAs in Human Cells
We have recently identified excised introns that accumulate to
high levels in the nonpolyadenylated, “poly(A)—,” transcrip-
tomes of Hela cells and human embryonic stem cells (hESCs)
(Yang et al., 2011). By applying known assemblers, such as
Scripture (Guttman et al., 2010) and Cufflinks (Trapnell et al.,
2010), however, we found many excised introns could not be
correctly annotated (Figure 1A). We thus developed a custom
computational pipeline by calling sequencing peaks within
introns of poly(A)—/ribo— RNA-seq data set followed by a series
of stringent criteria to systematically annotate intronic long non-
coding RNAs with high confidence (see Figure S1 online). This
computational pipeline allowed us to detect hundreds of such
RNAs in H9 and Hela cells, ranging from 200 nt to over
3,000 nt in length (Figure 1B). Coding capacity assessment
revealed that the vast majority of them show little evidence for
coding potential, and only seven from H9 cells and four from
Hela cells contain potential ORFs (Figure S1C), which were
removed from our catalog prior to further analyses. While 450
and 299 such intronic RNAs were detected in H9 and Hela cells
(Table S1 and Table S2), respectively, only 53 are overlapped
(Figure S1D), suggesting they are expressed in a cell-specific
manner. Notably, the relative abundance of these intronic
RNAs is comparable to that of their parent mRNAs (Figure S1E).
We next focused in greater detail on intronic RNAs identified in
H9 cells, as these cells have a well-characterized karyotype. By
comparing our data with the annotated human RefSeq database
and a catalog of ncRNAs, we found that about half of intronic
RNAs overlapped with RefSeq annotations, while 217 are unde-
scribed (Figure 1C). Importantly, ten randomly selected and pre-
viously unreported intronic RNAs could be successfully detected
by northern blot (NB) with expected sizes by the electrophoresis
in native agarose gels (Figure 1D).

Many Intronic Long Noncoding RNAs Are Circular

It is generally believed that most introns or intron fragments are
unstable (Rodriguez-Trelles et al., 2006). Intronic sequences
capped with snoRNP complexes at both ends lead to the forma-
tion of stable IncRNAs (Yin et al., 2012); however, only six of such

RNAs have been identified from H9 cells so far (Figure 1C). What
other mechanism keeps the rest of these intronic sequences
from degradation after splicing? One possible way could be
the formation of circular RNAs from lariat introns that escape
from debranching. It is known that RNase R can degrade linear
RNAs and Y-structure RNAs, while preserving the loop portion
of a lariat RNA (Suzuki et al., 2006). By sequencing rRNA-
depleted, RNase R-digested RNAs, several recent studies
identified thousands of circRNAs from back spliced exons
(Jeck et al., 2013; Memczak et al., 2013; Salzman et al., 2012).
However, due to the lack of poly(A)— enrichment, these studies
largely ignored whether an RNA originated from poly(A)* or
poly(A)— fractionation of transcripts and thus failed to identify
the majority of intronic RNAs described here.

To investigate how intronic sequences resist exonuclease
trimming after splicing, we collected poly(A)—/ribo— RNAs in
H9 cells, followed by RNase R treatment and size selection for
stranded RNA-seq (Figure 1E). By comparing the relative
expression of intronic RNAs in the RNase R treated sample to
that in the poly(A) —/ribo— sample (Yang et al., 2011), 103 RNase
R-enriched (at least 2-fold) intronic RNAs are selected as circular
molecules (CiRNAs) (Table S3), including ones validated by NB
(Figure 1F). We further confirmed the existence of ciRNAs by
using RT-PCR (Figure S2A) with sets of convergent primers
followed by Sanger sequencing (data not shown).

Importantly, while ciRNAs ran very similarly to their linear iso-
forms on native Agarose gels (Figure 1D and Figure S2B), they
migrated much more slowly in denatured PAGE gels and showed
only one sharp band at exactly the same position as the RNase
R-treated samples (Figures 2A and 2B), suggesting that these
lariat-intron derived ciRNAs do not contain linear 3’ tails. Impor-
tantly, we could define circular boundary reads (Figure 2C, blue)
flanking the 2',5'-phosphodiester bonds of examined ciRNAs
with a computational pipeline (Figure 2C and Figure S3A). Note
that predicted circular boundary reads match exactly with
Sanger sequencing results of ciRNAs (Figure 2C and data not
shown). We further applied the similar analysis to six ENCODE
poly(A)—/ribo— RNA-seq data sets from GM12878, HUVEC,
HepG2, NHEK, HelLa S3, and K562 cell lines. Strikingly, circular
boundary reads could also be successfully defined from these
data sets (Figure S2C and Table S3), although these ciRNAs
were missed in their annotations.

Analysis of histone modifications of the examined parent
genes region using the ENCODE ChIP-seq from human embry-
onic stem cells (ESCs) revealed that ciRNAs likely do not contain
their own promoters but rather derive from their parent tran-
scripts (data not shown). Moreover, ciRNAs are more stable
than their parent linear mRNAs, probably due to their circular
structures (Figure 2D). Together, our stepwise enrichment for
intronic long noncoding RNAs from the nonpolyadenylated frac-
tionation of transcripts clearly revealed a subclass of previously
undescribed but highly abundant circular RNAs produced by
escape from debranching of intron lariats in human cells.

The Processing of ciRNAs Depends on a Consensus
Sequence Motif in an Intron Lariat

Since ciRNAs are derived from introns that have failed to be de-
branched, we asked whether they are byproducts from aberrant
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Figure 1. Identification of Circular Intronic RNAs

(A) An example of identified intronic long noncoding RNAs. Intronic RNA signal (red, poly(A)—/ribo— RNA-seq, p(A)—
annotated by a custom pipeline but not correctly captured by other assemblers.

(B) Length distribution of identified intronic RNAs in H9 cells (histogram with bin width of 100 nt).

(C) Overlapping of intronic RNAs with RefSeq annotations in H9 cells.

(D) Validation of predicted intronic RNAs. Top left, a schematic drawing shows NB antisense (AS) and sense (S) probes recognize the intron (purple line) between
exons (black boxes). NBs with AS probes detect all ten randomly selected intronic RNAs with expected sizes (red arrows). 28S and 18S rRNAs were used as
loading controls on native agarose gel.

(E) A schematic flow shows the enrichment of ciRNAs.

(F) Scatterplot analysis of ciRNA enrichment by RNase R in H9 cells. x axis, fold change of the expression level of individual intronic RNAs in the RNase R-enriched
sample (see E) versus that in the poly(A)—/ribo— RNA sample (log2). y axis, RPKM of intronic RNAs from the poly(A)—/ribo— RNA sample. Labeled intronic RNAs
as examples for linear (blue dots) or circular (red dots) molecules. See also Figures S1, S2, and S7 and Table S1, Table S2, and Table S3.

for simple in all figures) of ANKRDS52 is

splicing or whether a specific mechanism is associated with their
processing. We reasoned that the processing of ciRNAs may
involve specific cis-acting intronic sequences. We found this is

the case. ciRNA from the gene ANKRD52 (ci-ankrd52) can be
recapitulated in expression vectors when the ciRNA-producing
full-length intron is inserted along with its natural splice sites
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Figure 2. Characterization of ciRNAs

a-amanitin treatment a-amanitin treatment

(A) RNase R untreated and treated H9 total RNAs, RNAs of full-length ci-ankrd52 producing intron (466 nt) or linearized ci-ankrd52 (444 nt) from IVT, were loaded
on 5% denatured PAGE gel. NB was performed with the AS probe for ci-ankrd52 in Figure 1D.

(B) NB for ci-sirt7 on denatured PAGE gel.

(C) Identification of circular boundary reads. Left, a stepwise analysis to identify circular boundary reads anchoring 2’,5'-phosphodiester bond of ciRNAs from
RNA-seq data sets (see Figure S3A). Right, the visualization of ci-ankrd52 annotation. ci-ankrd52 in red, ankrd52 mRNA in black, predicted circular boundary
reads in blue, predicted annotation of ci-ankrd52 in pink, and Sanger sequencing of ci-ankrd52 in purple, obtained as shown in Figure S2A. Note that the circular
boundary reads match to the exact branchpoint nucleotide (green), and no reads were aligned to sequences from branchpoint site to 3’ splice site.

(D) ciRNAs are stable. The relative abundance of each ciRNA and its parent MRNA were measured by RT-qPCR with primer sets shown in left after a-amanitin
treatment. Error bars represent standard deviation (+ SD) in triplicate experiments. See also Figures S2 and S3 and Table S3.

and exons, or when flanked by other exons (Figure 3A). However,
deletion of the intronic sequences close to the 5’ splice site and
the branchpoint failed to recapitulate ci-ankrd52 (Figure 3A),
suggesting critical sequences within such an intron are required
for proper processing of ciRNAs. We observed that other such
RNAs, such as ci-sirt7, could also be recapitulated in a similar
way (Figure 4F).

To gain further insights into the processing mechanism, we in-
serted a non-ciRNA-associated full-length intron from ANKRD52
into the same expression vector, and as expected, no stable in-

tronic transcript could be detected (Figure 3B, lane 1). However,
when sequences of ends of this intron were replaced with ele-
ments from the 5’ splice site and the branchpoint region of the
ciRNA-producing intron, we observed that ciRNAs could now
be expressed (Figure 3B, lanes 2-8). Note that the proper
splicing occurred in all cases from transfected vectors (Wang
et al., 2004), as indicated by mature egfp mRNA (Figure 3B)
and EGFP expression (Figure 3C).

RNA sequences near the 5 splice site and branchpoint
can promote inefficient debranching, perhaps by generating
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conformations that are inherently resistant to debranching. By
selecting reads that are failed to map genomic regions but
map to 2',5'-phosphodiester sites (Figure S3A), we identified
the putative branchpoint region and computed possible
consensus motif from ciRNAs. This analysis revealed two types
of branchpoint nucleotide, either A or C (Figure S3B), consistent
with the notion that human branchpoint sequences are degen-
erate (Gao et al., 2008). Interestingly, when the circular structure
was taken into consideration, we identified a consensus motif
containing a 7 nt GU-rich element near the 5’ splice site and an
11 nt C-rich element close to the branchpoint in ciRNA-produc-
ing introns (Figure 3D and Figure S3C). This motif is not enriched
in regular introns or other reported circRNAs (data not shown),
indicating that these key RNA elements might be essential for
an intron lariat to escape from debranching. Importantly, a regu-
lar intron could be reconfigured into a ciRNA by engineering
these two critical elements into both ends (Figure 3B, lane 9),
suggesting that these sequences are minimally sufficient for pro-
cessing of ciRNAs, although the efficiency was low. However, as
certain longer sequences containing these key RNA elements
substantially increased the processing efficiency of ciRNAs (Fig-
ure 3B, lanes 5-8), other cis-elements are likely to further facili-
tate their expression.

ciRNAs Are Abundant in the Nucleus and Are Involved
in Local Gene Expression
Since they are processed from introns and are not polyadeny-
lated, we expected ciRNAs to be localized to the nucleus. By
cytoplasmic and subnuclear fractionation, we found that ciRNAs
derived from introns of ANKRD52, MCM5, and SIRT7 are abun-
dantly distributed in the nucleus and are associated with the
nuclear insoluble fractionation, while their parent mRNAs are
mainly located in the cytoplasm (Figure 4A). Interestingly, the
nuclear localization of ciRNAs described here is distinct from
circRNAs, which are generated from back splice circularization
and act as microRNA sponges in the cytoplasm (Hansen et al.,
2013; Jeck et al., 2013; Memczak et al., 2013), suggesting that
ciRNAs may function differently from cytoplasmic circRNAs.
To explore their possible roles in the nucleus, we studied the
abundant ci-ankrd52 in greater detail. It is derived from the sec-
ond intron of ANKRD52, which produces a large Ankyrin repeat
domain-containing protein with a poorly known function (Ste-
fansson et al., 2008; Zhang et al., 2007). Since we have success-
fully knocked down the nuclear retained and intron-derived
sno-IncRNAs by phosphorothioate-modified antisense oligo-

deoxynucleotides (ASOs) without affecting the expression of
their parent gene, SNURF-SNRPN (Yin et al., 2012), we reasoned
that the similar approach could also be applied to study the func-
tion of intron-derived ci-ankrd52 with appropriate ASOs.
We designed different ASOs that can efficiently knock down
ci-ankrd52, as revealed by both RT-PCR and NB (Figures 4B
and 4D). However, surprisingly, we observed that knockdown
of ci-ankrd52 led to a significant reduction of ankrd52 mRNA
expression (Figures 4B and 4D), suggesting ci-ankrd52 may
have a role in local gene expression.

Since ASOa and ASOb that target ci-ankrd52 are also comple-
mentary to the intron-containing pre-mRNA, it is possible that
these ASOs directly bound to pre-mRNA of ANKRD52, leading
to its degradation, which in turn caused reduced ankrd52
mRNA expression. To exclude this possibility, we designed addi-
tional ASOs (ASOd-g) that target several adjacent introns of the
ciRNA-producing intron. However, none of them led to a signifi-
cant downregulation of ankrd52 mRNA (Figure 4B). To exclude
the possibility that some ASOs are more effective than others,
we cloned the ciRNA-producing intron and its adjacent introns
individually into vectors, which allowed the successful expres-
sion of each intronic sequence in the nucleus (Figure 4C). After
cotransfection into cells with relevant ASOs, respectively, we
found that each ASO can efficiently knock down its targeted
intronic sequence (Figure 4C), demonstrating that all designed
ASOs are effective. It also suggested that the reduction of parent
gene expression was not affected by ASOa or ASOb on pre-
mRNA but rather was caused by the knockdown of ci-ankrd52.
Importantly, ASOc, which targets the non-ciRNA sequence in
the ciRNA-producing intron (the sequence between the branch-
point site and the 3’ splice site of the second intron in ANKRD52),
has no effect at all on ankrd52 expression (Figure 4B), although it
can efficiently knock down the second intron in the expression
vector (Figure 4C). Thus, the striking differences of ankrd52
mRNA after the treatment of ASOc or ASOa/b, which all target
the same ciRNA-producing intron, strongly support the notion
that the reduced expression of the parent mRNA is due to the
knockdown of ciRNA rather than a direct effect of ASOs on target
pre-mRNA.

This observed phenomenon could be further illustrated by
introducing expression vectors into PA1 cells (Figure 4E), in
which the full-length ci-ankrd52-producing intron, or the intron
containing nucleotide deletions to destroy RNA consensus
motifs near to 2',5'-phosphodiester site, was inserted into the
intron region of egfo MRNA such that only proper splicing leads

Figure 3. Processing of ciRNAs

(A) Recapitulation of ci-ankrd52 processing. Left, a schematic drawing of ci-ankrd52 in expression vectors. The ci-ankrd52-producing full intron (466 bp, purple
line) was inserted into pcDNAS along with its natural splice sites (top); the full intron (middle) or such an intron with deletions (bottom, dashed lines represent
deletions) was inserted into pZW1 such that only proper splicing leads to EGFP fluorescence(Wang et al., 2004), also see (C). Right, equivalent amounts of RNA
from cells transfected with each indicated plasmid were resolved on 5% denatured PAGE gel for NB or for RT-PCR to detect ciRNAs with convergent primer sets.
NT, not transfected; EV, empty vector.

(B) A non-ciRNA-associated full intron can be reconfigured to produce a ciRNA. Left, a schematic drawing of the fifth intron of ANKRD52 (831 bp, gray line) and
such an intron containing a series of sequence replacements from ci-ankrd52-producing intron in pZW1. Pink and blue boxes indicate the length and position of
each sequence replacement. Short vertical bars in black indicate branchpoint site. Right, equivalent amounts of RNA from cells transfected with each indicated
plasmid were resolved on agarose gels for NBs to detect reconfigured ciRNAs or egfo mRNA.

(C) Each transfection in (A) and (B) achieved a similar efficiency as indicated by EGFP fluorescence intensity.

(D) The consensus RNA elements near the 5’ splice site and branch point in ciRNAs. Error bars (+ SD) are generated by GLAM2 to indicate the sample correction.
See also Figure S3.
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Figure 4. Nuclear Enriched ciRNA Regulates Its Parent Gene Expression
(A) ciRNAs are relatively abundant in nuclear insoluble fractions in PA1 cells.
Bar plots represent relative abundance of RNAs in each fractionation. The relative distribution of gapdh, xist, and sno-IncRNAs revealed a successful cytoplasmic,
nuclear-soluble, and nuclear-insoluble fractionation.
(B) Knockdown of ci-ankrd52 led to reduced expression of its parent gene in PA1 cells. Top, a schematic drawing of the gene organization of ANKRD52 and
ci-ankrd52 is derived from the second intron. Colored bars represent ASOs, and black arrows represent primer sets. Bottom, the relative expression of ci-ankrd52
and its parent mMRNA under each ASO treatment. Bar plots represent relative expression of genes (normalized to actin).
(C) All designed ASOs are effective for their targeted intronic sequences in ANKRD52. Top, a schematic drawing of the experimental flow. Bottom, NBs
revealed that all ASOs efficiently knocked down their targeted intronic sequences in PA1 cells. Black arrows indicate individual introns expressed from
vectors on NBs.

(legend continued on next page)
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to EGFP fluorescence (Wang et al., 2004). In this scheme,
ci-ankrd52 could only be made from the full-length intron (Fig-
ures 3A and 4E). The spliced egfp was efficiently produced in
both vectors, where no pre-mRNA could be detected (Figure 4E).
By examining fluorescence intensity, we observed that these
two vectors produced comparable EGFP, but the intensity was
clearly decreased in cells transfected with the full-length
ci-ankrd52-producing intron followed by the ASOa treatment
(Figure 4E, middle), although introns in both vectors contain
the same targeted sites for ASOa. Importantly, egfo mRNA
was also significantly decreased when ci-ankrd52 was depleted
(Figure 4E, bottom). Moreover, similar experiments revealed that
knockdown of ci-sirt7 led to a reduced expression of its parent
gene (egfp) from the expression vector (Figure 4F). Together,
these lines of evidence strongly suggest that ciRNA plays a
role in local gene regulation.

In addition, we found that knockdown of other ciRNAs, such as
ci-mcmb and ci-sirt7, led to a similar reduction on their parent
mRNA expression, while treatment with ASOs targeted to
the non-ciRNA sequence in ciRNA-producing intron or to an
adjacent intron had no detectable effect on mRNAs expression
(Figures S4A-S4D). Similar results were observed in H9 cells
(Figures S4E-S4G) and Hela cells (data not shown). Moreover,
we found that knockdown of such RNAs had no dramatic effect
on expression of genes upstream or downstream of the exam-
ined parent genes (Figures S5A-S5C). Finally, transient expres-
sion of ci-ankrd52 has no detectable effect on the mRNA level
of ankrd52, compared to that in normal cells (Figure S5D), sug-
gesting that ciRNAs do not act in trans, probably due to their
aberrant localization during overexpression (Figure S5E). Taken
together, we conclude that nuclear enriched ciRNAs are involved
in cis gene expression regulation.

ciRNAs Do Not Likely Modulate Posttranscriptional
Local Gene Expression

IncRNAs act on gene express regulation via a variety of mecha-
nisms (for reviews, see Chen and Carmichael, 2010; Guttman
and Rinn, 2012; Rinn and Chang, 2012; Wilusz et al., 2009). In
our scenario, we reasoned that at least three possibilities existed
for the observed ciRNAs mediated in cis gene regulation. First,
nuclear enriched ciRNAs may carry out a function similar to
circRNAs (Hansen et al., 2013; Memczak et al., 2013), acting
as microRNA sponges. In this model, knockdown of ciRNAs
may result in the release of some microRNAs, which could
potentially silence their parent genes. However, careful analyses
of several abundant ciRNAs revealed that such RNAs contain
only a few microRNA binding sites and that none of these sites
are clustered (Figure 5A), suggesting these RNAs do not function
as microRNA sponges.

The second possibility is that ciRNAs may be required for the
proper processing of their parent pre-mRNAs. In this model,
knockdown of such RNAs could affect downstream intron
processing and exon definition, which in turn might generate
premature stop codon(s), and subsequently caused nonsense-
mediated decay (NMD) (Kervestin and Jacobson, 2012; Rebbap-
ragada and Lykke-Andersen, 2009) to reduce the parent gene
expression. To test this possibility, we first examined intron pro-
cessing in ANKRD52 by analyzing the relative abundance of
splicing intermediates. We observed that the ciRNA-processing
intron is processed at a similar rate compared to those of
its downstream introns (Figure 5B). However, knockdown of
ci-ankrd52 slightly increased the retention of its downstream
introns (Figure 5B), leading to the formation of new isoforms of
RNAs with retained intron(s) (Figure 5C). Transfection of ASOs
which target adjacent introns led to no obvious differences in
the relative abundance of intermediates (data not shown), thus
ruling out the act of ASOs on this effect. Although the resulting
aberrant splicing isoforms only accounted for a small fraction
of all detected isoforms (Figure 5C), these results nevertheless
suggest that knockdown of ci-ankrd52 affects downstream
splicing events. Further analysis revealed that retained introns
in new isoforms of ankrd52 contain potential premature stop
codons (data not shown), suggesting the likelihood of the
involvement of NMD in the ci-ankrd52-mediated local gene
silencing, especially if the altered RNAs were exported to the
cytoplasm. However, knockdown of one of key factors in the
NMD pathway, UPF1 (Kervestin and Jacobson, 2012; Rebbapra-
gada and Lykke-Andersen, 2009) (Figure 5D), followed by knock-
down of ci-ankrd52, did not rescue the observed downregulation
of ankrd52 mRNA (Figure 5E).

ci-ankrd52 Accumulates to Its Sites of Transcription

As ci-ankrd52 does not likely modulate posttranscriptional local
gene expression (Figure 5), we reasoned that it may affect the
rate or efficiency of transcription. We thus studied the nuclear
localization of ci-ankrd52 in greater detail by RNA in situ
hybridization (ISH). Since the antisense RNA probe (about
400 nt) for ci-ankrd52 also recognizes the pre-mRNA of
ankrd52 during ISH, we first examined the sensitivity of such
Digoxigen-labeled probes. Strikingly, the nascent pre-ankrd52
cannot be detected until the long probe (4,000 nt) has been
used (Figure 6A); thus, the 400 nt probe that we used to detect
ci-ankrd52 should only reveal mature ciRNA rather than
nascent pre-mRNA.

Interestingly, there are two localization patterns of ci-ankrd52
with its parent gene loci by RNA/DNA double FISH in the exam-
ined cells. About half of the cells showed a strong signal of
ci-ankrd52 accumulation to its sites of transcription, while others

(D) NB revealed the relative abundance of ci-ankrd52 and ankrd52 after knockdown of ci-ankrd52. The percentage of ankrd52 under each treatment was

determined using Imaged and labeled underneath.

(E) Knockdown of ci-ankrd52 led to reduced expression of its parent gene (egfp) in expression vectors. Top, a schematic drawing of vectors used in Figure 3A
were transfected to PA1 cells followed by the treatment of ASOa which targets ci-ankrd52. Middle, EGFP intensity under each indicated treatment. Bottom, NB
revealed that egfo mRNA was significantly reduced when ci-ankrd52 was knocked down. The relative abundance of egfp and ci-ankrd52 was determined using

Imaged and labeled underneath. n.d., not detectable.

(F) Knockdown of ci-sirt7 led to reduced expression of its parent gene (egfp) in expression vectors.
In (A) and (B), error bars represent + SD in triplicate experiments. See also Figures S4 and S5.
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Figure 5. ci-ankrd52 Does Not Likely Modulate Posttranscriptional Local Gene Expression
(A) ciRNAs show little enrichment for microRNA target sites. The reported CDR7as (Memczak et al., 2013) and representative ciRNAs are shown.

(B) The processing of intron lariats in ANKRD52 before and after knockdown of ci-ankrd52 in PA1 cells. Top, a schematic drawing of the processing of each
indicated intron intermediate, and arrows indicate PCR primer sets. Bottom, bar plots represent relative abundance of intron intermediates under each treatment
(normalized to total ankrd52 RNAs).

(C) Knockdown of ci-ankrd52 affected the downstream intronic splicing. Semiquantitative RT-PCRs were carried out in control or ci-ankrd52 knockdown

samples. Each PCR band was sequenced, and the relative isoform was drawn.

(D) Knockdown of UPF1 by siRNAs in PA1 cells. Actin was used as a loading control.

(E) Knockdown of UPF1 cannot rescue ci-ankrd52-mediated local gene regulation. The ci-ankrd52 knockdown and scramble treatment were performed in both
control and UPF1-depleted PA1 cells, and total RNAs were collected for RT-gPCR analysis.

In (B) and (E), error bars represent + SD in triplicate experiments.

exhibited weak colocalization (Figure 6B). Importantly, by care-
fully investigating detectable transcription loci of ANKRD52 in
both H9 and Hela cells, we found that the majority of these
loci are associated with ci-ankrd52 (Figures 6C and 6D). For
example, among 489 transcription loci of ANKRD52 in H9 cells
that we counted, 91% exhibited colocalization with ci-ankrd52
RNA (Figure 6C). Although we do not yet know what other factors
are associated with non-transcription-site-localized ci-ankrd52
RNA (Figure 6B and data not shown), the specific colocalization
with genomic loci of its parent gene in most cells clearly supports

one function of such RNAs, that they are involved in the local
gene expression regulation (Figure 4).

ci-ankrd52 Interacts with Pol Il Machinery and
Modulates Its Transcription Activity

Due to the localization to its sites of transcription and function in
cis, we then examined whether ciRNAs are associated with the
transcription machinery. First, we incorporated biotin into the
linearized ci-ankrd52 RNA by in vitro transcription. After incuba-
tion with nuclear extracts isolated from PA1 cells, we observed
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Figure 6. ci-ankrd52 Accumulates to Its Sites of Transcription

strong weak
colocalization
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(A) The detection of ankrd52 pre-mRNA requires long AS probe. Top, a schematic drawing of ANKRD52 and the length and position of Dig-labeled AS probes.
Bottom, representative images of ankrd52 pre-mRNA ISH with different length of probes in H9 cells are shown. White arrows indicate signals of ankrd52 pre-
mRNA. Note that detectable signals for ankrd52 pre-mRNA require a Dig-AS probe as long as 4,000 nt. Nuclei were counterstained with DAPI. The white scale bar

denotes 5 um in all images.

(B) Double FISH of ci-ankrd52 (green) and its adjacent DNA region (ANKRD52, red) in H9 cells. Representative images of two colocalization patterns of ci-ankrd52
with its transcription sites are shown. White arrows indicate the colocalization of ci-ankrd52 with its parent gene loci.

(C) The majority of ANKRD52 transcription loci are associated with ci-ankrd52 in H9 cells. In total, 489 ANKRD52 transcription loci were counted from 266 cells.
(D) The majority of ANKRD52 transcription loci are associated with ci-ankrd52 in Hel a cells. In total, 408 ANKRD52 transcription loci were counted from 105 cells.

that only the linearized sense ci-ankrd52, but not the antisense
RNA, could specifically precipitate phosphorylated RNA Pol I
(Figure 7A), suggesting the interaction between ci-ankrd52 and
the elongation Pol Il can be RNA sequence dependent. Second,
costaining of RNA and proteins also revealed that ci-ankrd52 is at
least partially colocalized with phosphorylated Pol Il (Figure S6A).
Third, by native RNA immuoprecipitation, we found that several
ciRNAs were specifically coprecipitated with antisera directed
against phosphorylated Pol Il, but not with those targeting an

abundant nuclear protein, Fibrillarin (Figure 7B). Fourth, we
observed an even stronger association of ciRNAs with phosphor-
ylated Pol Il, but not with Fibrillarin, under UV or formaldehyde
crosslinking conditions (Figures 7C and 7D, Figures S6B and
S6C). Meanwhile, another abundant intron-derived IncRNA,
H/ACA sno-IncRNA (Yin et al., 2012), could not be pulled down
by either antibody, demonstrating the specificity of the RNA pre-
cipitation assays. Together, these analyses indicate that ciRNAs
are associated with the elongation Pol Il complex.
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Figure 7. ci-ankrd52 Modulates RNA Pol Il Transcription

(A) Linearized ci-ankrd52 and phosphorylated RNA Pol Il interact in vitro. Biotin-RNA pull-downs using linearized ci-ankrd52 transcript in PA1 nuclear extracts
showed specific binding to phosphorylated Pol Il. The nonphosphorylated Pol Il and fibrillarin were shown as controls.

(B) Association between endogenous ciRNAs and phosphorylated Pol Il by native RNA immunoprecipitation (RIP). Left, native RIP was performed from PA1 cells
using anti-Pol Il, anti-fibrillarin, and anti-IgG, followed by RT-gPCR. Right, WB shows the precipitation with each indicated antibody.

(C) Association between ciRNAs and phosphorylated Pol Il by UV crosslinking RIP from PA1 cells.

(D) Association between ciRNAs and phosphorylated Pol Il by formaldehyde crosslinking RIP from PA1 cells.

(E) Chromatin IP with anti-Pol Il in scramble and ci-ankrd52 ASO-treated PA1 cells. Data were expressed as the percentage of Pol Il coprecipitating DNAs along
ANKRD52 versus input under each indicated condition.

(F) A crude preparation of nuclei was subjected to nuclear run-on assays under indicated conditions in PA1 cells. Nascent transcription of ANKRD52 detected
from scramble ASO treated nuclei was defined as one.

In (B)-(D), bar plots represent enrichment of RNAs immunoprecipitated by each indicated antibody over IgG for individual RNAs.

In (B)~(F), error bars represent + SD in triplicate experiments. See also Figure S6.

Since overexpression of ci-ankrd52 failed to increase endoge-
nous ANKRD52 expression (Figure S5D), probably due to the
aberrant localization of these overexpressed RNAs (Figure S5E),
we next sought to knock down ciRNAs and then analyzed phos-

phorylated Pol Il occupancy and nascent RNA transcription.
Although knockdown of ci-ankrd52 has no dramatic effect on
Pol Il engagement on the gene body (Figure 7E), the depletion
of ci-ankrd52 resulted in a reduced transcription rate of the
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nascent transcript of ankrd52 as revealed by nuclear run-ons
(Figure 7F). In addition, we included a control ASO (ASOg) that
targets the fourth intron of ANKRD52 (Figure 4B) in the nuclear
run-on experiment. Although we observed a slight decrease
(~20%) of ankrd52 expression after treating PA1 cells with this
ASO (Figure 4B), we repeatedly observed that the transcription
of nascent ankrd52 transcripts was not altered under the same
treatment (Figure 7F). This observation thus indicated that the
reduced transcription efficiency of pre-mRNA of ankrd52 was
mediated by depletion of ci-ankrd52. In addition, it was the
case for ci-sirt7, where depletion of this RNA slowed down its
parent pre-mRNA transcription although Pol Il engagement on
the gene was not altered (Figures S6D and S6E). Together, these
lines of evidence suggest that some ciRNAs function as positive
regulators of Pol Il transcription and play a role in the efficient
transcription of their parent genes.

ciRNAs Are Widely Expressed in Human Cells but Are
Less Evolutionarily Conserved

Interestingly, we found that ciRNAs such as ci-ankrd52 (and
others, data not shown) are widely expressed in many human tis-
sue samples, upon hESC lineage-specific differentiation (Fig-
ure S7A) and in other cultured cell lines (data not shown) but
also exhibit a strong tissue-/cell-specific expression pattern. In
addition, the expression of ciRNAs and their parent mRNAs is
positively correlated in most of examined cell types and tissues
(Figure S7A and data not shown), suggesting that such RNAs
and their local effects on gene expression regulation are wide-
spread in human cells. However, the tissue-specific expression
of ciRNAs also indicates that additional non-RNA elements
may be involved in their processing.

Although their parent mRNAs are abundantly expressed,
many ciRNAs are species specific to human cells, as they are
absent in examined mouse cell and tissue samples (Figures
S7B). We then analyzed sequence conservation within intronic
RNAs and their adjacent exons by calculating PhastCons scores
from multiple alignments of primate genomes. Interestingly, in-
tronic RNAs are much less evolutionarily conserved compared
with their adjacent exons (Figure S7C). Further analyses revealed
that transfection of human ciRNA-expressing vectors into mouse
cells successfully generated these RNAs, suggesting they can
be made in mouse (Figure S7D). However, comparison of human
ciRNA-producing introns with those in the mouse genome
revealed that the murine branchpoint sites do not contain the
same consensus RNA elements for ciRNA formation (Fig-
ure S7E), suggesting that evolutionarily unconserved intronic
sequences could add more complexity to human genomes.

DISCUSSION

It is becoming increasingly apparent that intronic sequences are
able to encode functional ncRNAs, including both small and long
ncRNAs (Kiss and Filipowicz, 1995; Ladewig et al., 2012; Oka-
mura et al., 2007; Petfalski et al., 1998; Rearick et al., 2011;
Yin et al., 2012). Earlier studies have reported that a spliced
intron could accumulate as a set of lariat RNA structures with
different length tails in the nucleus (Qian et al., 1992) and that sta-
ble lariat introns of some viruses were present in infected cells

due to atypical splicing (Wu et al., 1998). We report the system-
atic identification of ciRNAs in human cells (Figures 1 and 2 and
Table S3). These RNAs are derived from introns, escape
debranching, and depend on consensus RNA elements near
the 5’ splice site and the branchpoint for proper processing (Fig-
ure 3). However, we do not yet know how these consensus RNA
elements work to resist debranching and what protein partners
are involved in this process. It is known that a significant fraction
of long Pol Il transcripts may lack a canonical poly(A) tail (Cheng
etal., 2005; Wu et al., 2008; Yang et al., 2011). While linear RNAs
with noncanonical 3’ ends (Sunwoo et al., 2009; Wilusz et al.,
2008; Yin et al., 2012) and circular RNAs produced from back-
spliced exons (Hansen et al., 2013; Jeck et al., 2013; Memczak
et al., 2013) account for many RNAs that lack a poly(A) tail, we
report here that ciRNAs represent yet another type of circular
RNA molecules derived from intronic sequences.

CiRNAs are abundant in the nucleus, associated with the
nuclear insoluble fraction (Figure 4A), and are involved in the
regulation of expression of their parent genes (Figures 4B—4F,
Figures S4 and S5). These features distinguish them from
circRNAs, which primarily localize to the cytoplasm and func-
tion as microRNA sponges (Hansen et al., 2013; Jeck et al,,
2013; Memczak et al., 2013). However, some abundant
ciRNAs, such as ci-ankrd52, also localize to scattered but strik-
ing nuclear dots in addition to their sites of synthesis (Fig-
ure 6B), strongly indicating that such RNAs have additional
roles besides local effects. It is worthy to mention that a recent
study showed that after depletion of the nuclear debranching
enzyme, many intronic lariats accumulate in the cytoplasm
and likely act as decoys to sequester TDP43, thus suppressing
TDP43 toxicity in an ALS disease model (Armakola et al., 2012).
Therefore, some abundant ciRNAs may function as “molecular
sponges” in the nucleus for TDP43 and other RNA binding
proteins to regulate gene expression in trans under certain cir-
cumstances. However, as the loss of function (LOF) of ciRNAs
affects their parent gene expression, the genome-wide analysis
of such LOF cells is not likely to be generally informative.

Transcription by RNA Pol Il is known to be regulated by some
ncRNAs. In C. elegans, nuclear small regulatory RNAs inhibit Pol
Il during the elongation phase of transcription and cotranscrip-
tionally silence nuclear localized RNAs (Guang et al., 2010). In
mammalian cells, mouse B2 RNA and human Alu RNA bind
directly and tightly to Pol Il and potentially assemble into preini-
tiation complexes at promoter regions to repress transcription of
mRNA genes during heat shock response (Allen et al., 2004;
Espinoza et al., 2004; Yakovchuk et al., 2009). Moreover, recent
global run-on analyses revealed that the accumulation and
pausing of Pol Il at many promoters can be targeted for gene
regulation (Core and Lis, 2008; Core et al., 2008). For example,
IncRNAs transcribed in upstream regions of CCND1 (Wang
etal., 2008) and DHFR (Martianov et al., 2007) mediate transcrip-
tion suppression by targeting transcription initiation machineries.
In our scenario, the coupling between transcription and splicing
may allow processed ciRNAs to associate with the elongating
Pol Il complex at their parent gene loci and enhance transcription
activity. In support of this hypothesis, we have observed that
ciRNAs partially accumulate to their sites of synthesis (Figure 6)
and colocalize with elongation Pol Il (Figure S6A). Moreover, they
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are specifically associated with phosphorylated Pol Il (Figures
7A-7D, S6B, and S6C), and depletion of them leads to signif-
icant reduction in parent gene transcription (Figure 7F and
Figure S6E).

Finally, it is known that regulatory INcRNAs are less conserved
than protein-coding genes (Cabili et al., 2011; Derrien et al.,
2012). For example, braveheart, a IncRNA that is required for
cardiovascular lineage commitment, is only detected in mouse,
butis in no orthologous sequence in human or rat genomes (Klat-
tenhoff et al., 2013). Interestingly, we found that many ciRNAs
are species specific to human cells (Figure S7). As such RNAs
are tissue and cell specific, further application of approaches
similar to those we have used here for different tissues and spe-
cies may result in the identification of additional ciRNAs. A recent
study revealed many stable intronic sequence RNA (sisRNA) in
the oocyte nucleus of Xenopus tropicalis; however, why sisSRNAs
are stable and what they do in oocytes have not yet been inves-
tigated (Gardner et al., 2012). While some sisRNAs could be
potentially produced by a similar mechanism as ciRNAs, several
examined ciRNAs exert regulatory roles on their parent genes
that are unique to human cells, indicating that this unexpected
regulatory function of ciRNAs may be evolutionarily selected.

EXPERIMENTAL PROCEDURES

Detailed experimental
Information.

procedures are available in the Supplemental

Computational Pipelines for Intronic RNA Annotation and ciRNA
Enrichment
See the Supplemental Information and Figures S1-S3 for details.

Identification of Consensus Motifs for ciRNAs

ciRNAs with RPKM 1y a)-/ribo- = 10 were selected for the identification of RNA-
seq reads anchored to 2',5'-phosphodiester bond regions. See Figure S3 and
the Supplemental Information for details. Similar analyses were also applied to
six ENCODE data sets (GEO accession number GSE26284).

RNA In Situ Hybridization, Immunofluorescence, and RNA/DNA FISH
RNA in situ hybridyzation using in vitro-transcribed Dig-labeled antisense
probes was carried out as previously described (Yin et al., 2012). For colocal-
ization studies with Pol I, cells were fixed for 5 min in 2% formaldehyde after
RNA ISH, and immunofluorescence was performed with anti-Pol Il CTD phos-
pho Ser2 (Abcam). For RNA/DNA FISH, after RNA ISH, cells were denatured
and then hybridized with denatured fluorescence-labeled PCR products
recognizing a 20 kb region of chr12q13.3 close to ANKRD52 genomic locus
overnight. PCR primers are listed in Table S4. After hybridization and washes,
the nuclei were counterstained with DAPI, image analyses were performed on
single z stacks acquired with an Olympus IX70 DeltaVision RT Deconvolution
System microscope.

Biotin-Labeled RNAs to Pull Down Proteins

Biotinylated RNA pull-down assay was performed as described (Klattenhoff
et al.,, 2013; Tsai et al., 2010) with modifications. Linearized ciRNAs were
in vitro transcribed with the biotin RNA Labeling Mix and were then incubated
with nuclear lysates followed by extensive washes. The retrieved proteins were
analyzed by western blot.

Native RNA-Protein Complex Immunoprecipitation, UV Crosslinking
RIP, and Formaldehyde Crosslinking RIP

Native RNA-protein complex immunoprecipitation (RIP) assays were carried
out as previously described (Yin et al., 2012; Yeo et al., 2009; Niranjanakumari
et al., 2002) with modifications. See the Supplemental Information for details.
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Chromatin Immunoprecipitation
See the Supplemental Information for details.

Nuclear Run-On Assay

The nuclear run-on assays in PA1 cells under different treatments were per-
formed as reported by Core (Core et al., 2008) and Guang (Guang et al.,
2010) with minor modifications. See the Supplemental Information for details.

ACCESSION NUMBERS

The NCBI Gene Expression Omnibus accession number for the sequence and
the bigWig track file of poly(A)-/ribo-enriched and RNase R-digested RNAs in
H9 cells reported in this paper is GSE48003.

SUPPLEMENTAL INFORMATION

Supplemental Information includes seven figures, four tables, Supplemental
Experimental Procedures, and Supplemental References and can be found
with this article online at http://dx.doi.org/10.1016/j.molcel.2013.08.017.
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