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Best practices to ensure robust investigation of
circular RNAs: pitfalls and tips
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Abstract

Pre-mRNAs from thousands of eukaryotic genes can be non-
canonically spliced to generate circular RNAs (circRNAs) that have
covalently linked ends. Most mature circular RNAs are expressed
at low levels, but some have known physiological functions and/or
accumulate to higher levels than their associated linear mRNAs.
These observations have sparked great interest into this class of
previously underappreciated RNAs and prompted the development
of new experimental approaches to study them, especially meth-
ods to measure or modulate circular RNA expression levels.
Nonetheless, each of these approaches has caveats and potential
pitfalls that must be controlled for when designing experiments
and interpreting results. Here, we provide practical advice, tips,
and suggested guidelines for performing robust identification, vali-
dation, and functional characterization of circular RNAs. Beyond
promoting rigor and reproducibility, these suggestions should help
bring clarity to the field, especially how circular RNAs function and
whether these transcripts may sponge microRNAs/proteins or
serve as templates for translation.
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Introduction

Most eukaryotic genes contain intronic sequences that must be
removed from nascent pre-mRNAs by the spliceosome in a highly
regulated fashion (reviewed in Nilsen & Graveley, 2010; Fica &
Nagai, 2017; Shi, 2017). Many introns and exons can be alterna-
tively included or excluded, which allows a variety of stable, mature
transcripts to be produced from a single gene. Besides generating
linear RNAs, many protein-coding genes and some non-coding RNA
genes can produce covalently closed circular RNAs (circRNAs)
when a splice donor (5 splice site) is joined to an upstream splice
acceptor (3’ splice site) via a form of alternative splicing called
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backsplicing (Fig 1A) (reviewed in Wilusz, 2018; Kristensen et al,
2019; Patop et al, 2019; Chen, 2020; Xiao et al, 2020). The first
circular RNAs in eukaryotic cells were identified in the early 1990s
(Nigro et al, 1991; Cocquerelle et al, 1992; Capel et al, 1993), and
the field has exploded in recent years as high-throughput sequenc-
ing projects have identified tens of thousands of previously missed
circular transcripts (Salzman et al, 2012; Jeck et al, 2013; Memczak
et al, 2013). Some circular RNAs, e.g., CDR1as/ciRS-7, are highly
conserved, accumulate to levels that exceed that of their cognate
linear mRNA, and have clear molecular functions (Hansen et al,
2011; Hansen et al, 2013; Memczak et al, 2013; Piwecka et al,
2017). Other circular RNAs have been associated with developmen-
tal or disease processes (reviewed in Patop & Kadener, 2017; Knupp
& Miura, 2018). It is thus perhaps not surprising that there has been
great excitement and many groups entering the field, with over
7,000 new manuscripts that contain the keyword “circRNA” indexed
on PubMed since 2012. Here, we aim to provide practical advice,
tips, and suggested guidelines for identifying, validating, and char-
acterizing circular RNAs. We break down some of the computa-
tional and experimental approaches that are often used in the field,
stressing best practices and ways to avoid common pitfalls. Our goal
is to help investigators ensure their circular RNA experiments are
performed rigorously as well as aid the community in their efforts to
critically assess articles in this rapidly growing field.

RNA-seq datasets provide some, but not all of the critical
data that are needed to support the existence of a
circular RNA

Most circular RNAs have been identified using high-throughput
RNA-seq followed by computationally finding spliced reads that
span backsplicing junctions (reviewed in Szabo & Salzman, 2016)
(orange read in Fig 1B). Circular RNAs do not end in poly(A) tails
so they are depleted (but not completely absent) from RNA-seq
libraries that were generated using an oligo(dT) affinity purification
step. Ribosomal RNA (rRNA) depletion should instead be used for
library preparation, although differences in the efficiencies of
commercially available rRNA depletion kits have been noted
(Zinshteyn et al, 2020). Reads spanning backsplicing junctions typi-
cally represent a tiny amount (< 1%) of the overall sequencing data,
but, as one would expect, biochemically enriching for circular RNAs
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Glossary

4sU 4-thiouridine

cDNA Complementary DNA

CDR1 Cerebellar degeneration related protein 1

CDR1as CDR1 antisense RNA

circRNA Circular RNA

ciRS-7 Circular RNA sponge for miR-7

CRISPR Clustered regularly interspaced short palindromic repeats

DNA Deoxyribonucleic acid

elF4E Eukaryotic translation initiation factor 4E
HEK293 Human embryonic kidney 293 cells

IRES Internal ribosome entry site

m7G 7-methylguanosine

MCS Multicloning site

miR-7 MicroRNA-7

miRNA MicroRNA

MRE MicroRNA recognition element

(discussed further below) or increasing the length of RNA-seq reads
can help with their identification. A number of computational algo-
rithms have been developed to identify backsplicing reads (re-
viewed in Szabo & Salzman, 2016), but there are three important
caveats that must be considered regardless of the annotation
approach one selects.

First, sequencing reads that appear to span a backsplicing junc-
tion may not, in fact, be derived from a circular RNA. Rearrange-
ments in the genomic DNA (e.g., those that result in a tandem
duplication of exons) (Fig 1C) or trans-splicing events, in which the
spliceosome joins together exons from two independent pre-mRNAs
(Fig 1D), each can yield sequencing reads that resemble backsplicing
junctions, but are derived from linear RNAs (Chuang et al, 2018). In
addition, reverse transcriptase can switch RNA templates during
cDNA synthesis (Kulpa et al, 1997), creating junctions that do not
naturally exist in cellular RNAs (Fig 1E). Therefore, before focusing
in detail on any particular circular RNA candidate, it is good to check
whether it is flanked by canonical splice sites and resistant to diges-
tion by the exonuclease RNase R (discussed below).

Second, circular RNA detection algorithms yield divergent
results, in part because of differences in how they identify reads
spanning backsplicing junctions. Some algorithms are guided by
genome annotations, while others make de novo predictions (re-
viewed in Szabo & Salzman, 2016). Regardless of the algorithm,
there are often many false positives (10-20%) in the set of circular
RNAs predicted, and these false positives may sometimes be as high
as 45% (Hansen et al, 2016; Zeng et al, 2017; Hansen, 2018). When
the same RNA-seq dataset was analyzed using five different algo-
rithms, the most highly abundant circular RNAs were generally
predicted by all algorithms but ~ 40% of all putative circular RNAs
were predicted with only a single approach (Hansen et al, 2016).
Some of these transcripts may represent true circular RNAs, but
these results underscore the importance of using at least two algo-
rithms for annotating circular RNAs (Hansen, 2018). In our group,
we typically have used CIRCexplorer2 (Zhang et al, 2016a) and
CIRI2 (Gao et al, 2018) for annotation, and only used the intersect-
ing set of circular RNA predictions for downstream analyses. It
should be noted that circular RNAs that are listed in databases
like circBase (Glazar et al, 2014) or assayed by commercially avail-
able microarrays were not all annotated by the same approach
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mRNA Messenger RNA

nt Nucleotide

oligo(dT)  Oligodeoxythymidylic acid
poly(A) Polyadenosine
pre-mRNA Precursor messenger RNA
RNA Ribonucleic acid

RNA-seq  RNA sequencing

RNase Ribonuclease

rRNA Ribosomal RNA

RT Reverse transcriptase

RT-PCR Reverse transcription—polymerase chain reaction
shRNA Short hairpin RNA

SiRNA Small interfering RNA

snRNA Small nuclear RNA

tRNA Transfer RNA

(or even a stringent approach), so appropriate caution should
always be applied.

Third, RNA-seq reads are typically short (< 250 bp) and often do
not capture the entire circular RNA sequence (Fig 1B). This leaves
the internal structure of the transcript ambiguous (Fig 2). It has
often been assumed that all introns are removed from mature multi-
exonic circular RNAs (e.g., this is how circular RNAs are annotated
in circBase). However, there are now many examples of alternative
splicing events in circular RNAs, including retained introns or inclu-
sion of exons that are never observed in the cognate linear mRNA
(Li et al, 2015; Gao et al, 2016; Zhang et al, 2016a; preprint: Rahimi
et al, 2019). Follow-up sequencing of RT-PCR products is thus criti-
cal for defining the exact sequence of a circular RNA as well as
determining if there may, in fact, be multiple distinct circular RNAs
that share the same backsplicing junction (Fig 2). It is also now
possible to use high-throughput long-read sequencing platforms,
e.g., Oxford Nanopore, to define full-length circular RNA sequences
(preprint: Rahimi et al, 2019). For clarity and to promote repro-
ducibility, the full sequences of all investigated circular RNAs
should be experimentally determined and provided in all published
works, e.g., in supplemental material.

There is not yet a broadly accepted consensus for how to name
circular RNAs, but the HUGO Gene Nomenclature Committee has
suggested they be named circ[gene symbol]-n, where n is an itera-
tive five-digit number (with the first identified circular RNA for a
given gene being 00001) (Seal et al, 2020).

RNase R digests many, but not all linear RNAs

Once a set of circular RNA candidates has been identified, the next
critical step is to validate that the transcripts have covalently linked
ends and are resistant to digestion by RNA exonucleases. RNase R is
commonly used for this purpose as it is a highly processive 3'-5
exonuclease that contains helicase activity and can digest many
linear RNAs (Jeck et al, 2013; Hossain et al, 2016; Zhang et al,
2016¢). However, it is important to recognize that RNase R often
does not digest all linear RNAs, especially those with structured 3’
ends, such as histone mRNAs, snRNAs, and tRNAs (Panda et al,
2017; Xiao & Wilusz, 2019) (Fig 3). This is because RNase R only
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binds to transcripts that have a 3’ single-stranded tail of at least
seven nucleotides (Vincent & Deutscher, 2006). Therefore, to better
deplete RNAs with structured 3’ ends, poly(A) polymerase (e.g.,
from Escherichia coli) can be used in an in vitro reaction to add poly
(A) tails to the 3’ ends of purified RNAs. This is then followed by
either an oligo(dT) pulldown step (Panda et al, 2017) or incubation

© 2021 The Authors
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Figure 1. Annotation of circular RNAs using RNA-seq reads that span
backsplicing junctions.

(A) Splice sites can be joined in a linear order by the pre-mRNA splicing
machinery to generate a canonical linear mRNA that is also capped and
polyadenylated (top). Alternatively, a pre-mRNA can be subjected to
backsplicing, which yields a circular RNA whose ends are covalently linked
(bottom). (B) High-throughput RNA-seq reads can be used to annotate RNA
isoforms generated from a gene locus. In this example, red sequencing
reads do not span a splicing junction and cannot distinguish linear vs.
circular RNA isoforms, whereas the green reads are consistent with
production of the canonically spliced linear mRNA. The orange read
suggests the existence of a transcript that has the end of exon 2 joined to
the beginning of exon 2. This is consistent with a backsplicing event that
results in production of a circular RNA from exon 2 (as in (A)). (C-E)
However, the orange sequencing read may not be derived from a circular
RNA backsplicing junction and thus may represent a false positive. (C) If
exon 2 is duplicated in the genomic DNA, transcription of the gene results
in a linear RNA that has the apparent backsplicing junction. (D) If pre-
mMRNAs derived from the gene are subjected to a trans-splicing event, a
linear RNA that has the apparent backsplicing junction is produced. (E)
During cDNA synthesis, reverse transcriptase (RT) can dissociate from a
template RNA and resume extension from a second template, which can
also result in a false-positive backsplicing junction.

with RNase R (Xiao & Wilusz, 2019). Recent work has found that
RNase R also abruptly stalls at internal G-quadruplex structures,
thereby only partially degrading linear RNAs that contain them
(Xiao & Wilusz, 2019). G-quadruplex structures are stabilized by K"
cations, which are present in commonly used RNase R reaction
buffers, but not by cations with smaller ionic radius such as Li*. We
showed that replacing K* with Li* in the reaction buffer was suffi-
cient to enable RNase R to proceed through these sequences and
fully degrade the linear RNAs (Xiao & Wilusz, 2019). Therefore, to
obtain higher purity circular RNAs, we now suggest treating purified
RNA samples with poly(A) polymerase followed by RNase R diges-
tion in the presence of Li" cations (Fig 3). Note, however, that this
protocol still does not remove all linear RNAs. We have further
noticed differences in digestion efficiencies across commercial lots
of RNase R, so one should always verify that the reaction conditions
used in an experiment lead to efficient digestion of housekeeping
linear mRNAs. In addition, some circular RNAs (especially larger
ones) have been found to be sensitive to RNase R digestion, espe-
cially when high RNase R concentrations are used, and this may be
due to nicking by contaminating endonucleases.

Multiple complementary approaches need to be used to
validate circular RNA expression

To confirm the expression of individual circular RNAs of interest,
the easiest approach is RT-PCR using primers that amplify across
the backsplicing junction (Panda & Gorospe, 2018). Unlike standard
“convergent” primer pairs that face toward each other on the linear
RNA (as well as on the corresponding cDNA and genomic DNA)
(Fig 4A, green and purple primers), one must instead use “diver-
gent” primers that face away from each other (Fig 4A, orange
primers). These primers thus will not amplify cDNA derived from a
linear RNA, but should instead be specific for the circular RNA due
to its unique topology. Oligo(dT) should be avoided for cDNA
synthesis (we instead typically use random hexamers) and, if
desired, primers can be designed immediately next to one another
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Figure 2. RNA-seq reads that span backsplicing junctions often do not reveal the internal structure of the circular RNA.

An example RNA-seq read (orange) that connects the end of exon 4 to the beginning of exon 2. This may be derived from a circular RNA that contains the three
annotated exons or from a circular RNA that has been alternatively spliced. Follow-up analyses, e.g., using RT-PCR or Northern blots, are required to determine which

circular RNA isoform(s) are, in fact, present in cells.

so that the entire circular RNA sequence is amplified. Regardless of
the primers selected, the amplified RT-PCR products should be
sequenced to verify on-target amplification and that the expected
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Figure 3. Differences in the sets of transcripts digested by RNase R
depend on the assay conditions.

RNase R digestions are typically performed in a K™ containing buffer, but this
approach fails to remove many linear RNAs that contain G-quadruplexes (G4)
or have highly structured 3’ ends. By treating purified RNA samples with poly
(A) polymerase followed by RNase R digestion in the presence of a Li*
containing buffer, linear RNAs are more efficiently removed. This allows
circular RNAs to be more highly enriched.
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backsplicing junction is indeed used. For additional tips on perform-
ing and designing quantitative RT-PCR experiments, we recommend
the Minimum Information for Publication of Quantitative Real-Time
PCR Experiments (MIQE) guidelines (Bustin et al, 2009; Udvardi
et al, 2008).

Just like when analyzing RNA-seq data, it is important to remem-
ber that some RT-PCR products that appear to span a backsplicing
junction may not be derived from a circular RNA (Fig 1C-E). Poten-
tial sources of artifacts again need to be ruled out. Potential DNA
rearrangements can be dismissed by verifying that the divergent
primers do not amplify genomic DNA, but keep in mind that the
genomic DNA amplicon may be very long due to introns. Likewise,
trans-splicing events are fairly easy to rule out, as they generally
result in linear RNAs that should become depleted after RNase R
digestion. Artifacts due to template switching during cDNA synthe-
sis are harder to control for, although comparing the results from
two distinct reverse transcriptases may be useful as the enzymes are
unlikely to jump at the same sequences. It is further important to
check whether the predicted backsplicing junction is at consensus
splice sites as well as validate circular RNAs of interest through
orthologous approaches that do not involve reverse transcriptase.

In our laboratory, we prefer to use Northern blotting to validate
circular RNA expression as this approach is both quantitative and
independent of reverse transcriptase (Liang et al, 2017; Tatomer
et al, 2017; Fig 4B). A probe complementary to the exon of interest
can be used to confirm and quantify the relative amounts of linear
vs. circular RNAs that accumulate from a given gene. Importantly,
Northerns also allow one to determine if there are multiple different
RNA isoforms (linear or circular) being generated, and the inclusion
of an RNase R treatment can help one better distinguish linear from
circular RNAs. One must nonetheless rule out cross-hybridization
artifacts and verify that multiple independent probes detect the tran-
scripts. Keep in mind that a short (~ 20 nt) oligonucleotide probe
complementary to the backsplicing junction should only detect the
circular RNA (Fig 4B, orange probe) and thus such a probe provides
no information as to whether the gene may produce linear mRNAs

© 2021 The Authors
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(A) By designing different primer pairs, RT-PCR can be used to quantify expression of the linear mRNA (green primers), the circular RNA (orange primers), or both
transcripts (purple primers) derived from a gene. (B) Likewise, antisense oligonucleotides that are complementary to the middle of the exon (purple probe) or the
backsplicing junction (orange probe) can be used as probes to visualize gene outputs using a Northern blot.

at significantly higher levels. We thus recommend that, at mini-
mum, two Northern blots are shown: one that was hybridized with
a probe complementary to the middle of the exon (detecting linear
and circular RNAs, purple probe in Fig 4B) and a second that was
hybridized with a probe complementary to the backsplicing junction
(detecting only circular RNAs) (Fig 4B). Circular RNAs should
migrate aberrantly (compared to linear RNAs of the same sequence)
in polyacrylamide gels, although we find that they run fairly true to
size in formaldehyde agarose gels. It must be stressed that the main
drawback of Northerns is that they are much less sensitive than RT—
PCR, so only the most abundant circular RNAs can typically be
detected by this approach. RNase protection assays (Carey et al,
2013) may provide increased sensitivity compared to Northerns, but
care needs to be taken when designing an RNA probe and interpret-
ing the results. As an additional approach to prove circularity,
RNase H, which cleaves RNA-DNA hybrids, can be used (Starke
et al, 2015). Cleavage of a circular RNA should result in a single
linear fragment, whereas cleavage of a linear RNA should result in
two fragments.

Regardless of the technique used to determine circular RNA
levels, a key point to recognize is that steady-state transcript levels
are almost always what is being measured. Steady-state RNA levels
are determined by the interplay of RNA synthesis and degradation.
Thus, one may be tempted to say that abundant circular RNAs arise
from host genes that prefer backsplicing over canonical linear splic-
ing, but 4-thiouridine (4sU) labeling of nascent RNAs has shown
that the efficiency of circular RNA production is generally very low
(Zhang et al, 2016b). Hence, most circular RNAs accumulate to low

© 2021 The Authors

levels because they are rarely produced. Circular RNA decay is
nonetheless also very slow, and this can enable some circular RNAs
to reach high levels that exceed that of their cognate linear mRNA.

Over-expression of circular RNAs often also leads to
production of undesired transcripts

Once a circular RNA of interest has been validated, a next obvious
question to ask is what happens to cells when its expression is
altered. The presence of inverted repeat sequences (e.g., Alu
sequences) in the flanking introns can drive backsplicing reactions
(Dubin et al, 1995; Jeck et al, 2013; Liang & Wilusz, 2014; Zhang
et al, 2014), and thus, it is possible to over-express circular RNAs
using plasmids or viral vectors. These constructs typically consist of
a promoter that drives expression of the exon(s) that circularize
along with their immediate flanking sequences (Fig 5). The lack of
flanking exons limits the types of undesired linear RNAs that can be
produced. However, most circular RNA over-expression constructs
still backsplice at low efficiency and generate many undesired tran-
scripts, including unspliced RNAs, concatamers, or trans-spliced
RNAs (Ho-Xuan et al, 2020; Fig 5). These undesired RNAs all poten-
tially limit the utility of these constructs for defining circular RNA
functions. It is thus critical that Northern blots be performed to
adequately characterize the outputs of any over-expression system
(Tatomer et al, 2017) and that such results be clearly presented in
published works. We strongly recommend against using RT-PCR for
this purpose as prominent by-product RNAs can easily be missed,

EMBO reports  22:€5207212021 5 0of 12



EMBO reports

Alu
Endogenous gene

Samantha Dodbele et al

Alu

N

[ 4

)|

circRNA

Undesired RNAs

o

© EMBO

=+

' —— I — AAAA

Unspliced RNA

' —— R R — AAAA

Concatemer or trans-spliced RNA

Figure 5. Over-expression constructs can generate circular RNAs as well as other transcripts.

Backsplicing can be induced when inverted repeats (gray arrows) in the flanking introns base pair to one another. To generate circular RNA over-expression constructs,
the exon that circularizes along with the immediate flanking sequences is often cloned. This can result in backsplicing (orange) and the production of the circular RNA,
but a number of linear transcripts that are not desired are also often produced from these vectors.

especially if only a single set of primers that amplify across the
backsplicing junction is used.

We suggest the use of the Drosophila Laccase2 or human
ZKSCANI1 flanking intronic sequences for over-expressing circular
RNAs, as these natural intronic sequences have inverted repeat
sequences and have been shown to produce more circular RNA than
constructs containing artificial intronic repeats (Kramer et al, 2015).
Plasmids that have easy-to-use restriction sites between the introns
are available (pcDNA3.1(+) Laccase2 MCS Exon and pcDNA3.1(+)
ZKSCAN1 MCS Exon, respectively), and a variety of single exon
circular RNAs (ranging in size from 300 to 1,500 nucleotides) have
been produced in cells using this approach (Kramer et al, 2015;
Meganck et al, 2018; Garikipati et al, 2019). It should be noted that
these plasmids backsplice more efficiently than our originally
described over-expression plasmids (e.g., pcDNA3.1(+) CircRNA
Mini Vector) (Liang & Wilusz, 2014), but they nonetheless still
generate undesired transcripts besides the circular RNA of interest.
For example, recent work has shown that the ZKSCANI1 introns can
result in low levels of trans-spliced RNAs that can be translated into
protein (Ho-Xuan et al, 2020). Therefore, to test whether any
observed phenotype is truly due to over-expression of a circular
RNA, one should test constructs that lack one or both of the intronic
repeats (as this should eliminate circular RNA generation from the
construct) and confirm that the phenotype has been lost.

Beyond using plasmids or viral vectors to over-express circular
RNAs, it is becoming increasingly common to also test the effect of
transfecting into cells purified circular RNAs that were made
in vitro. A number of approaches have been described, including
ones based on ribozymes (Ford & Ares, 1994; Wesselhoeft et al,
2018; Litke & Jaffrey, 2019), splint ligation (Moore, 1999), and
chemical methods (Petkovic & Muller, 2015; Miiller & Appel, 2017).
There are currently conflicting data as to whether circular RNAs
made in vitro trigger innate immune responses when added to cells
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(Chen et al, 2017; Wesselhoeft et al, 2018; Wesselhoeft et al, 2019;
Chen et al, 2019b). The discrepancy may be due to differences in
circular RNA sequence/nucleotide modification status or how effi-
ciently reaction by-products/impurities were removed by purifica-
tion procedures. Immune responses thus need to be kept in mind,
but ideally one should be able to show similar phenotypes regard-
less of whether the circular RNA was over-expressed from a plas-
mid/viral vector or made in vitro and subsequently transfected.

Knocking down (or out) a circular RNA can have
unintended effects on the cognate linear mRNA

The flip side to an over-expression experiment is, of course, to
deplete or fully knock out the transcript of interest, but this task is
challenging when trying to manipulate circular RNAs. The sequence
of the mature circular RNA often fully overlaps with that of its
cognate linear mRNA, leaving the backsplicing junction as the only
distinguishing (and thus targetable) feature in the mature circular
RNA (Fig 1A). Small interfering RNAs (siRNAs) or short hairpin
RNAs (shRNAs) complementary to the backsplicing junction have
been successfully used to deplete some endogenous circular RNAs
(Zheng et al, 2016; Legnini et al, 2017; Chen et al, 2019a; Pamudurti
et al, 2020; Suenkel et al, 2020). However, such an approach some-
times also results in reduced levels of the cognate linear mRNA,
likely due to miRNA-type silencing effects from pairing of the seed
sequence to the mRNA (Bartel, 2018). This can make it impossible to
determine whether an observed phenotype is due to depletion of the
circular RNA, the linear mRNA, or a combination of both transcripts.
Recent work from Pamudurti and colleagues described a number of
methods to computationally determine si/shRNA off-target effects,
including ways to look for downregulated mRNAs that have
sequence complementary to the si/shRNA (Pamudurti et al, 2020).

© 2021 The Authors
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Because the backsplicing junction is the only unique, targetable
feature within a mature circular RNA, a second si/shRNA is often
used that has the region of complementarity shifted by a few nucleo-
tides. This is an okay, but not ideal solution. Stronger genetic
evidence for circular RNA functionality comes from knockdown-
rescue experiments. Here, the endogenous circular RNA is depleted
with an si/shRNA, and one then tests whether the phenotypes can
be rescued by a construct that expresses the circular RNA (with an
altered backsplicing junction to make it resistant to the si/shRNA).
Besides si/shRNAs, emerging work indicates that CRISPR/Casl3
systems can be targeted to backsplicing junctions to deplete circular
RNAs (Li et al, 2020; Zhang et al, 2021), but some caution may need
to be applied as some Cas13 enzymes are known to cause significant
collateral damage and cleavage of bystander RNAs (Zhang et al,
2018).

Making a circular RNA knockout is feasible (Piwecka et al,
2017; Xia et al, 2018) but has significant challenges, especially if
the goal is to prove that the circular RNA and not the overlapping,
cognate linear mRNA is responsible for a phenotype. CDRlas/
ciRS-7 has been knocked out in mice by using CRISPR/Cas9 to
remove the entire exon that circularizes, and this resulted in
impaired sensorimotor gating (Piwecka et al, 2017). For this
particular locus, the cognate linear transcript is very lowly
expressed and the protein-coding CDRI gene on the opposite
strand seems to never be transcribed. The observed brain pheno-
types thus are most likely due to removal of the CDRlas/ciRS-7
circular RNA, but one must keep in mind that additional tran-
scripts besides the circular RNA have been removed and it
remains unknown if they contribute in any way to the phenotype.
It is thus not ideal to generate knockouts by removing the entire
exon(s) that are backspliced, and a cleaner approach may instead
be to prevent circular RNA production by removing one or both of
the complementary repeats in the flanking introns that drive back-
splicing (Zheng et al, 2016; Zhang et al, 2016b; Xia et al, 2018;
Yoshimoto et al, 2020). This approach is, however, technically
challenging as some circular RNAs are flanked by no repeats (and
thus there is nothing obvious to delete) or many repeats, some of
which may compensate when one repeat is deleted to result in
residual expression of the circular RNA. One must, of course, keep
in mind that deletion of an intronic repeat may affect linear mRNA
levels or alternative splicing events. Therefore, demonstrating that
any observed phenotype is rescued by re-expressing the circular
RNA remains the gold standard.

Most circular RNAs are not highly expressed, so
stoichiometry must be considered before proposing a
sponging model

The CDR1as/ciRS-7 circular RNA has been studied in most detail
and has driven great interest in the field as it represents a striking
example of a functional circular RNA. CDRlas/ciRS-7 is highly
expressed in the brain and harbors > 60 evolutionarily conserved
binding sites (also known as microRNA recognition elements,
MREs) for miR-7, which suggests it has the potential to sequester
(or sponge) this microRNA and prevent miR-7 from regulating
expression of its target mRNAs (Hansen et al, 2013; Memczak et al,
2013). These results have motivated countless other groups to
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examine whether additional circular RNAs may function as
microRNA sponges, also known as competing endogenous RNAs
(ceRNAs) (Ebert et al, 2007; Salmena et al, 2011). A few additional
circular RNAs (e.g., mouse Sry) do indeed have many microRNA
binding sites (Hansen et al, 2013), but computational evidence indi-
cates that the vast majority of circular RNAs are not enriched in
microRNA binding sites (Guo et al, 2014; Enuka et al, 2016). There
have nonetheless been hundreds of published reports claiming that
many different endogenous circular RNAs function as microRNA
sponges. Here, we discuss why such dichotomous conclusions have
been reached and suggest that most reported circular RNAs likely
are not microRNA sponges.

The ability of a microRNA to interact with a target transcript (re-
gardless if it is linear or circular) is tightly linked to the relative
abundance of that target in the overall pool of cellular RNAs (Fig 6).
As the expression of one target mRNA or circular RNA increases, it
theoretically can bind and titrate the microRNA away from other
transcripts that have target sites, thereby de-repressing the expres-
sion of these other transcripts (Ebert et al, 2007; Salmena et al,
2011; Thomson & Dinger, 2016). However, quantitative measure-
ments have shown that, at minimum, thousands of new microRNA
target sites are typically needed in order to induce significant
changes in the set of mRNAs that are bound by a given microRNA
(Bosson et al, 2014; Denzler et al, 2014; Jens & Rajewsky, 2015;
Denzler et al, 2016). Most reported circular RNAs have a single
predicted target site (or a few at most) for a given microRNA (Fig 6,
left), which suggests the transcript must be present in thousands of
copies per cell for any functional effect on microRNA targeting to
likely be observed. Alternatively, the circular RNA must be present
at a very high concentration in a specific subcellular domain for
localized regulation of a microRNA to occur.

Focusing again on CDRlas/ciRS-7, this is one of the top
expressed circular RNAs and is orders of magnitude more abundant
than the average circular RNA. Yet, CDRlas/ciRS-7 is still only
present at ~ 200-300 copies per HEK293 cell (Memczak et al, 2013).
The presence of > 60 miR-7 binding sites per CDR1as/ciRS-7 tran-
script allows it to potentially bind thousands of miR-7 molecules per
cell, which is consistent with a potential sponge function (Fig 6,
right). Nonetheless, it is now clear that CDR1as/ciRS-7 functions in
a more nuanced way (Piwecka et al, 2017). The sponging model
predicts that the expression of miR-7 target genes should decrease
when CDR1as/ciRS-7 is knocked out (as miR-7 can now more effi-
ciently bind those other targets), but the opposite phenotype was, in
fact, observed. This is because miR-7 levels are reduced ~ 2-fold
when CDR1as/ciRS-7 is knocked out in mice (Piwecka et al, 2017).
CDR1las/ciRS-7 thus likely does not function as a standard
microRNA sponge, but instead appears to function as part of a larger
post-transcriptional regulatory network that protects miR-7 from
degradation and/or controls its temporal and spatial localization
(Piwecka et al, 2017; Kleaveland et al, 2018).

CDR1as/ciRS-7 has further been described as a putative onco-
gene and microRNA sponge in various cancers, but recent in situ
hybridization experiments have revealed that this circular RNA is
often only expressed in stromal cells, not in the cancer cells them-
selves (Kristensen et al, 2020). Therefore, the observed correlations
between expression of CDR1as/ciRS-7 and specific cancer-associated
mRNAs are not due to a sponging function. Kristensen et al (2020)
nicely showed that these correlations can instead be explained by
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Figure 6. Stoichiometry dictates whether a circular RNA can function as a microRNA sponge.

(Left) A circular RNA that is expressed at low levels and has a single microRNA recognition element (MRE) is unlikely to out-compete other cellular transcripts for binding
to that microRNA. (Right) Only when a circular RNA is highly expressed and has many MREs, does it have the potential to titrate away the microRNA and serve as a

sponge.

different cancer-to-stromal cell ratios in the tumor specimens that
were examined.

In the vast majority of studies that have claimed microRNA
sponging roles for other circular RNAs, the stoichiometry of the
endogenous circular RNA has not been adequately considered
(Fig 6). Instead, the microRNA and circular RNA are often over-
expressed to non-physiological levels and the outputs of reporter
genes or cherry-picked endogenous genes are then examined. Such
experiments represent logical initial steps that can clarify whether
one should further consider a microRNA sponging model. However,
they should be seen as just the beginning and recent work from
Kristensen et al (2020) underscores why one should always be
cautious when interpreting correlations between circular RNA and
mRNA expression. One needs to test whether similar sponging
effects are observed when expressing a mutated circular RNA that
lacks the microRNA binding sites. More importantly, one needs to
accurately measure endogenous circular RNA and microRNA levels,
e.g., using digital droplet PCR and a standard curve, as well as
determine transcriptome-wide effects on the expression of predicted
targets of that microRNA after modulating circular RNA levels. If a
circular RNA is present at 1 copy or less per cell, it near certainly
has minimal or no effect on microRNA targeting and the transcrip-
tome-wide results should confirm that this is indeed the case. The
same logic holds true when considering whether a circular RNA
may serve as a sponge for other molecules. For a circular RNA to
sponge a protein, the sum of the circular RNA copy number and the
number of protein binding sites on that circular RNA must be high
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relative to the concentration of the protein (Schreiner et al, 2020). In
addition, the circular RNA and protein must be localized in the same
subcellular compartment, e.g., as determined by RNA fluorescence
in situ hybridization and immunofluorescence. If a circular RNA is
not present at high stoichiometry or in the proper location, a spong-
ing model is highly unlikely.

Endogenous circular RNAs may be translated, but
obtaining convincing evidence remains challenging

In eukaryotic cells, initiation of protein synthesis typically requires
elF4E to first recognize the mRNA 5’ 7-methylguanosine (m7G) cap,
as this step enables recruitment of additional initiation factors and
the small (40S) subunit of the ribosome (reviewed in Jackson et al,
2010). Circular RNAs lack a cap so alternate initiation mechanisms
are required for ribosome recruitment. It has long been known that
artificial circular RNAs can be translated when a viral internal ribo-
some entry site (IRES) is present (Chen & Sarnow, 1995). This has
made it very tempting to speculate that endogenous circular RNAs
may likewise have IRES elements and be translated to yield proteins
that have critical cellular functions, e.g., during stress. However,
there is still ongoing debate as to whether endogenous circular
RNAs are, in fact, translated (Guo et al, 2014; Legnini et al, 2017;
Pamudurti et al, 2017; Tatomer & Wilusz, 2017; Yang et al, 2017;
Stagsted et al, 2019; van Heesch et al, 2019; Ho-Xuan et al, 2020;
Weigelt et al, 2020).
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Box 1. “In need of answers”

i What criteria should be used to confidently identify only true
circular RNAs from RNA-seq datasets?

ii Biochemical methods enable enrichment of circular RNAs but
contaminating linear RNAs inevitably remain. Can approaches
be further improved to enable the clean isolation of only circu-
lar RNAs from a pool of cellular total RNA?

iii ~ Plasmids and viral vectors used to over-express circular RNAs
often generate undesired transcripts. Can improved constructs
be developed that allow only the circular RNA of interest to be
produced?

iv. How many circular RNAs result in cellular phenotypes when
over-expressed or knocked down?

% How many circular RNAs truly function to sponge microRNAs
or RNA binding proteins?

vi  How many endogenous circular RNAs are translated at signifi-
cant levels? How is the ribosome assembled on these tran-
scripts and what are the molecular functions of the encoded
proteins?

vii  What determines whether circular RNAs made in vitro induce
an innate immune response?

viii Can circular RNAs be used as disease biomarkers or as thera-
peutic modalities?

One of the strongest and most obvious pieces of evidence for
translation of a circular RNA is detection of the encoded protein
product by mass spectrometry. However, this task is difficult as (i)
most circular RNAs are expressed at low levels, (ii) IRES-driven
translation mechanisms are typically not efficient (often only 1-
10% as efficient as cap-dependent initiation (Merrick, 2004)), and
(iii) only those peptides that span the backsplicing junction are
truly informative. Such junction spanning peptides have been
found for some circular RNAs, but an open question is how many
of these peptides represent false positives, especially when very
large proteomics datasets have been analyzed. The same caveats
hold true for ribosome profiling experiments (reviewed in Ingolia
et al, 2019) where one looks for ribosome-protected fragments that
span backsplicing junctions. Such fragments are rare but, in some
cases, they can be detected. The question now is whether they
represent true translation events or false positives that come from
regions of RNA that are protected from nuclease digestion by non-
ribosomal proteins. Further complicating matters, standard quality
control metrics (Fields et al, 2015) that significantly increase the
robustness of ribosome profiling data cannot be applied to circular
RNAs. For example, one cannot confirm 3-nucleotide periodicity of
ribosome-protected fragments on circular RNAs as it is impossible
to determine whether a fragment is derived from a linear or circu-
lar RNA when the backsplicing junction is not present in the
sequencing read.

Ribosome profiling or mass spectrometry can thus be informative
starting points, but follow-up analyses are critical to support any
claim that a circular RNA is translated. Antibodies should be gener-
ated to detect endogenous circular RNA-derived proteins and poly-
some profiling of the endogenous transcripts can be especially
informative. Note that a puromycin treatment control must be run
in parallel to confirm that co-sedimentation of the circular RNA with
polysomes is lost when translation is terminated. One can try to
over-express or deplete the circular RNA and look for corresponding
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changes in translational output, but one must remember all the
caveats that we discussed earlier regarding these approaches. In
particular, recent work from the Meister laboratory (Ho-Xuan et al,
2020) should be considered a must read for anyone planning to use
circular RNA over-expression plasmids to study translation. In that
manuscript, the authors describe a set of controls that are absolutely
critical for determining whether the circular RNA or undesired RNAs
made from a plasmid are the transcripts, in fact, being translated.
Without these controls, the data are not interpretable. If a circular
RNA is indeed translated, it likely contains an IRES element that
should show activity using well-established bicistronic reporters,
but one must again rule out common experimental artifacts (e.g.,
cryptic promoters or splicing events) in these assays (Thompson,
2012). In total, we want to stress the importance of looking at the
translational outputs of endogenous loci and wusing properly
controlled follow-up experiments to confirm any findings.

Concluding remarks

Circular RNAs were once considered to be rare errors in pre-mRNA
splicing, but it is now clear that these transcripts are much more
widespread than previously appreciated. This has led to a tremen-
dous influx of new studies into how these transcripts are made,
regulated, and function (reviewed in Wilusz, 2018; Kristensen et al,
2019; Patop et al, 2019; Chen, 2020; Xiao et al, 2020). Here, we have
highlighted how every step in studying circular RNAs (from initial
identification to functional characterization) is inherently compli-
cated, in large part due to the fact that mature circular RNA
sequences overlap with that of their cognate linear mRNA. It is thus
critical that appropriate experimental controls be included and that
the caveats of each method are recognized. We have stressed the
use of multiple complementary approaches at each step to ensure
that results are robust, reproducible, and correctly interpreted.
Suggestions and tips from our own experience have been provided,
but this review is not intended to be exhaustive and other method-
ologies can be equally valid (e.g., also see Li et al, 2018; Tsitsipatis
& Gorospe, 2021).

Going forward, it is important to recognize that only a very
small subset of circular RNAs identified by RNA-seq experiments
have so far been validated or studied in sufficient detail, so many
important questions about circular RNAs remain to be addressed
(see Box 1 “In need of answers”). In particular, more work is
needed to address how many circular RNAs are important for cellu-
lar physiology and to clarify if some of these transcripts simply
represent noise or splicing errors. These efforts will be challenging
and will require continued improvements to current methodologies,
but they should reveal unprecedented insights into how circular
RNAs act at the molecular level to impact normal development and
disease processes.
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