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Circular RNAs are a recently discovered class of RNAs formed by covalently linking the 5' and 3' end of an RNA.
Pre-mRNAs generate circular RNAs through a back-splicing mechanism. Whereas in linear splicing a 5' splice site
is connected to a downstream 3' splice site, in back-splicing the 5' splice site is connected to an upstream 3' splice
site. Both mechanisms use the spliceosome for catalysis. For back-splicing to occur, the back-splice sites must
frequently be brought into close proximity, which is achieved through the formation of secondary structures in
the pre-mRNA. In general, these pre-mRNA structures are formed by RNA base pairing between complementary
sequences flanking the back-splicing sites. Proteins can abolish these RNA structures through binding to one of
the complementary strands. However, proteins can also promote back-splicing without strong RNA structures
through multimerization after binding to intronic regions flanking circular exons. In humans, Alu-elements
comprising around 11% of the human genome are the best-characterized elements generating structures pro-
moting circular RNA formation. Thus, intronic pre-mRNA structures contribute to the formation of circular

RNAs.

1. Introduction

Circular RNAs (circRNAs) are covalently closed RNAs that are ex-
pressed in all branches of life [1]. Most circRNAs are generated through
pre-mRNA back-splicing [2] where a downstream 5' splice site is con-
nected to an upstream 3' splice site (Fig. 1A). Most circRNAs contain
exons of mRNAs, but circRNAs composed of pre-mRNA introns have
also been detected [3]. Other mechanisms to create circRNAs like tRNA
splicing [4], self-splicing of tetrahymena rRNA [5], and the formation
of circular viroid RNAs also exist [6,7], but are far less common.

In general, circRNAs have a much lower abundance than linear
mRNAs and early reports considered them splicing artifacts [8]. As
circRNAs lack a poly adenosine tail, they are diminished in libraries
made by oligo dT priming. Their widespread expression became only
apparent when next generation sequencing techniques were developed
[9]. Currently it is estimated that, in general, circRNAs comprise
0.8-1% of mRNAs [9,10].

The overall function of circRNAs remains enigmatic. CircRNAs ac-
cumulate in the cytosol using an export pathway that depends on the
RNA helicases UAP56 (DDX39B) and URH49 (DDX39A) [11], pointing
towards functions in the cytosol. Some circRNAs have been shown to
sequester miRNAs, acting as ‘sponges’ [12,13], which indirectly influ-
ences mRNA abundance. Numerous circRNAs are associated with ri-
bosomes [14] and proof of principle experiments indicated that they
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can be translated [15-20]. In drosophila and humans, the highest di-
versity and expression of circRNAs has been found in the brain
and increases during aging [21-23] suggesting tissue-specific roles for
circRNAs.

The vast majority of exons in circRNAs are also present in their
linear counterparts, suggesting a competition between linear splicing
and back-splicing. In some cases, this competition can reduce linear
mRNA expression [2,24,25], indicating a role of some circRNAs in
mRNA expression.

2. Types of circular RNAs

The highest expressed individual circRNAs are generated by a single
large exon through a back-splicing mechanism [26]. Overall most
circRNAs contain multiple exons, mostly two exons. The number of
circRNA transcripts decreases with the number of their forming exons
[26]. Similar to linear mRNAs, circRNAs can be alternatively spliced
[26,27]. Numerous circRNAs contain intronic sequences, but the ma-
jority of circRNAs lack intronic sequences, suggesting that multi-exon
circRNAs are generated after parts of the pre-mRNA have been already
spliced together, indicating that frequently linear splicing likely occurs
prior to back-splicing [21].

Reflecting the low abundance and cell-type specific expression,
there is a large discrepancy between circRNAs identified in different

Received 21 May 2019; Received in revised form 16 July 2019; Accepted 17 July 2019

1874-9399/ © 2019 Elsevier B.V. All rights reserved.

https://doi.org/10.1016/j.bbagrm.2019.194410

Please cite this article as: Justin R. Welden and Stefan Stamm, BBA - Gene Regulatory Mechanisms,



http://www.sciencedirect.com/science/journal/18749399
https://www.elsevier.com/locate/bbagrm
https://doi.org/10.1016/j.bbagrm.2019.194410
https://doi.org/10.1016/j.bbagrm.2019.194410
mailto:Stefan@stamms-lab.net
https://doi.org/10.1016/j.bbagrm.2019.194410

J.R. Welden and S. Stamm

3

R ]

o»e

i
linear splicing

KoRfod Ko

Fig. 1. Generation of circRNAs through back-splicing.
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A. Back-splicing due to a pre-mRNA structure. A pre-mRNA containing exon 1, 2, and 3 is shown. The double stranded RNA structure formed by complementary
regions in the pre-mRNA brings the 5' and 3' splice site of exon 2 into close proximity, allowing back-splicing (solid arrow) leading to the formation of a circRNA
(striped circle). This process competes with the formation of linear mRNA, joining exons 1, 2 and 3, indicated by dashed lines with arrows.

B. Back-splicing can also occur when proteins (gray shapes) multimerize after binding to short recognition sequences that flank an exon [39], which brings the back-

splicing sites into close proximity.

C. The presence of an exon in a lariat created during the splicing reaction can also lead to back-splicing of this exon. The exon is first present in a lariat formed by
branch point 2 (bp2) in intron 2 of a three-exon substrate. Next a branch-point (bp1) in intron 1 forms a lariat with the guanosine of the 5' splice site (dashed line with

arrow), allowing back-splicing to occur (solid line with arrow) [43].

experiments [10] and new circRNAs are being discovered [27].
CircRNA sequences are available from various databases: (CIRCpedia
[27], circBase, [28] CircFunBase, [29], CircNet [30], circRNADbD [31],
and PlantcircBase [32]).

3. Mechanism of back-splicing

Back-splicing that creates circRNAs uses the same splicing ma-
chinery and most of the splicing enhancer and silencers as linear pre-
mRNA splicing. Thus, exons present in circRNAs are surrounded by
canonical splice sites in the pre-mRNA and the formation of circRNAs is
sensitive to splicing inhibition [33]. siRNA mediated depletion of spli-
cing factors increases formation of some circRNAs while the corre-
sponding mRNAs were reduced, suggesting a coupling between
circRNA and mRNA formation [34]. Minigene analyses showed that,
similar to linear splicing, the recognition of exons in circRNAs is based
on combinatorial control that takes into account splice site strength
[33], the concentration of hnRNPs, SR-proteins, SR-protein kinases
[35,36] and RNA-helicases [37]. For circRNAs made from single exons,
the yield of circRNA formation increases with exon length [38] and in
drosophila long flanking introns favor circRNA formation [21].

4. Recognition of back-splicing sites depends on the pre-mRNA
secondary structure

For back-splicing to occur, the splice sites involved have to be
brought into close contact, either through a secondary structure in the
RNA (Fig. 1A) or through protein interactions (Fig. 1B). In most cases
studied, these structures are generated through base-pairing of com-
plementary RNA sequences within the same pre-mRNA molecule. Pro-
tein interactions have been shown for quaking I (QKI) that binds to
short intronic recognition sites flanking the back-splicing sites resulting
in circRNA formation [39]. Similarly, the muscle blind protein (MBL)
binds to repeat sequences flanking back-splicing sites and also promotes
circRNA formation [40]. Bridging of exons through intronic hnRNP
binding sites have been shown for other proteins, such as hnRNPA1
[41] and PTB/hnRNPI [42], suggesting a more general role for this
mechanism in circRNA formation. In lower eukaryotes that have less
inverted repeats, circRNAs can be formed through a lariat precursor,

where back-splicing occurs within the circular lariat [43], (Fig. 1C).

Due to its high expression, one of the first circRNAs identified was
from the mouse SRY gene (sex determining region Y) [44]. This single-
exon circRNA is located in a 2.7 kb long region flanked by a large in-
verted repeats (> 15.5kb) that is necessary for the circularization
[44,45], providing the first evidence that often genomic repeat ele-
ments flanking the back-splice sites generate the secondary structures
necessary for proper alignment of the splice sites. In humans, these
repeat elements are often provided by Alu elements [2] and their con-
tribution to circRNA formation has been extensively studied experi-
mentally [26,38]. Similarly, reverse complementary sequences not
emanating from repeat elements have been detected in C. elegans [46].
However, a genome-wide screen in drosophila failed to detect direct
repeats for the majority of circRNAs [21], although detailed experi-
ments using model RNAs revealed that some highly expressed droso-
phila circRNAs, like laccase 2 (Fig. 3C) rely on repeats for their for-
mation [35].

Genome wide cloning of human RNase resistant double stranded
RNA revealed thousands of double stranded RNAs outside known re-
peats, further supporting the idea of RNA double stranded structures
that occur independent of repeat elements [47]. Thus, despite the
current research focus on inverted repeat elements, especially Alu ele-
ments, other RNA structures likely also facilitate back-splicing.

5. Alu elements form secondary structures promoting human
circular RNA formation

Sequencing of human circRNAs revealed that they are often flanked
by Alu elements in their genomic location [2,26]. Alu elements are
about 300 nucleotides (nt) long short interspersed nuclear elements
(SINE) [48-50] that were derived from the 7SL-RNA in the early pri-
mate lineage [51,52] (Fig. 2A, B). There are more than one million Alu
element copies in the human genome that comprise about 11% of the
human genome [53]. Alu elements continue to amplify through a
polymerase IlI-derived RNA intermediate and it is estimated that there
is about one new Alu insertion in 21 human births [54]. They are
predominantly located in gene-rich regions [55], possibly because their
small size does not interfere strongly with gene regulation [48]. Alu
elements are subdivided into the J (Jurka, Jerzy), S (Smith, Temple)
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Fig. 2. Alu elements promote back-splicing through for-
mation of structures in the pre-mRNA.
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A. General sequence of an Alu element, “A, B”: A and B
boxes as recognition sites for DNA polymerase III. AAA:

__FLAM

AAAAATACA

CTCGCTTC-
FRAM

distance between elements

sequence similarity of elements

ACATATTCTCGGCCGGGCGC TGS NI GTAATTCCAGCACTTTGGGAGGCCAAGGTG!
GGTGGATCATGAGGTCAGGAGAIMNeINS)NSCATCCTGGCTAACACAGTGAAACCCCGTCTCTACT

TTAGCCGGGCGTGGTGGTGGGCGCCTGTAGTCCCAGCTACTCCGGAGGCT
GAGGCAGGAAAATGGCGTGAACCCGGAAGGCGGAGCTTGCAGTGAGCGGAGTGAGCAGAGATCG
CGCCACTGCACTCCAGCCTGGGCGACAGAGCGAGACTCCGTCTCINYNYNVNNNNIGCACATGTT

short mid A stretch; AAAA (red): terminal A stretch, TTT:
downstream T-stretch, acting as a pol III termination site,
arrows, yellow direct repeats (genomic Alu insertion
site). The common depiction of an Alu element is an
arrow that shows the direction from the A box to the
terminal A stretch (arrowhead).

B. Sequence of an AluJB element with the elements
highlighted from the human MAPT gene (hg38
chrl7:46,014,583-46,014,913). FLAM: free left Alu
monomer (dashed box), FRAM: free right Alu monomer
(solid box). The coloring of the elements is similar to
panel A.

C. Determinants of Alu-element mediated secondary
structures. Alu elements oriented in opposite direction
can form double stranded regions, measured through
editing of the Alu-elements. The probability to form a
double stranded structure increases exponentially when
the Alu-elements are getting closer.

D. Arrangement of Alu elements in a pre-mRNA can
promote alternative circRNA splicing. Depending on the
interaction (dotted line) of the Alu elements a circle be-
tween exon 1 and 2 or a circle composed of exon 2

splice site strength
SR-proteins,
hnRNPs

Y

distance :

RNA helicases
proteins competing with

ADAR double strand formation

and Y (young) subfamilies, which reflect an alphabetical progression
from the oldest (J) to the youngest (Y) Alu subtypes [56]. Since dif-
ferent subfamilies of Alu elements are highly similar in sequence, they
can form secondary structures when inserted in opposite orientation in
a pre-mRNA transcript, referred to as inverted repeated Alu structure
(IRAlus) [48], (Fig. 2C, examples in Fig. 3A, B).

The ability of Alu-elements to form double-stranded secondary
structures and thus their propensity to promote circRNA formation is
reduced by adenosine to inosine (A- > I) editing, which is the most
common post-transcriptional RNA modification in primates [57,58]. A-
> I editing is performed by the adenosine deaminases acting on RNA
(ADAR) family of enzymes that require RNA double strands as a

w

(dotted) can be formed.

E, F. Removal of an intron through splicing can decrease
the distance between dsRNA structure forming Alu-ele-
ments. E. shows the situation before splicing, where the
Alu-elements are too far apart to allow back-splicing. F:
Intron removal through splicing allows back-splicing and
circRNA formation.

G. Elements controlling circRNA formation: hnRNPs and
SR-proteins control general splice site recognition and
influence competition between linear and circular spli-
cing. Helicases influence the stability of the RNA struc-
tures promoting circular splicing, a larger distance be-
tween the back-splicing sites, i.e. the length of the
circularized exon promotes back-splicing.

template [59]. Thus, the editing of Alu elements can be used to measure
whether an Alu element is in a double stranded conformation. The
double strandedness, (i.e. the formation of a secondary structure) of an
Alu-element mostly depends on the distance to the closest reversely
oriented Alu element, which is around 800 nt. The Alu-element edit-
ability decreases exponentially with longer distances [57]. Other fac-
tors affecting double strandedness include the presence of additional
competing Alu elements, which decrease double strandedness of a
single Alu element; and the subfamily of the Alu element, where related
subfamilies are edited stronger (Fig. 2C). ADAR knockdown increases
circRNA expression in human cells [46], further suggesting a role of
Alu-element modification in human circRNA formation. ADARs are not
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FECCEEEEL LR LR T
Ga

5' UCAGGAGUUUGAGACCAGCCUGGCCAACAUGGUGAAACCUUGUCUCUACUAAAAAUAU
3 ' UUCAGUCGUCCCGUACCACCGUCCGCGGACAUUAGGGUCGAUGAGCCUUUCGACUCCGUC

5 ' AAAUUAGCCAGGCAUGGUGGCACAUUCCUGUAAUCCCAGCUACUCGGGAGGCUGAGGCAG
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Fig. 3. Experimentally characterized examples of RNA structures leading to back-splicing.
Schematic structures and double stranded region of A. ZKSCAN1 [38], B. EPHB4 [38], C. LACCASE2 [35] and D. HIPK3 [38] genes are shown. Experimentally
validated double stranded pre-mRNA regions are shown on the right. A “*” indicated G-U base pairing.

specific for double stranded RNAs formed by Alu elements, and thus
ADAR knockdown in mouse promotes formation of some circRNAs as
well [22].

Double stranded Alu-element structures can form within an intron
as well as across an exon. Usually, only Alu elements localized across an
exon in opposite directions promote circRNA formation [26]. Often, an
Alu-element can base-pair with other distinct Alu-elements, leading to
alternative circRNA formation (Fig. 2D). Since linear splicing reduces
the distance between Alu-elements that flank exons it promotes circRNA

formation when it occurs faster than back-splicing (Fig. 2E, F). Deletion
analyses in several model systems showed that the full Alu element is
not necessary for circRNA formation to occur [26]. In fact com-
plementary sequences as small a 30-40nt are sufficient and give
stronger circRNA formation than longer elements [38] (Fig. 3A).
DHX9 is an RNA helicase that selectively binds to Alu-elements lo-
cated in proximity (458 nt). DHX9 binds to an interferon-inducible form
of ADAR, and knock down of DHX9 increases circRNA production
[37,60], suggesting that DHX9 destabilizes pre-mRNA structures
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necessary for circRNA formation.

There is emerging evidence that Alu-elements can also act in trans,
i.e. between different pre-mRNA molecules, leading to trans-splicing
[61], which could conceptually compete with circRNA splicing.

In summary, multiple factors control the occurrence of back-splicing
and thus the formation of circRNAs. Most importantly, a double
stranded pre-mRNA structure brings back-splicing sites together. Its
formation is influenced by the availability of complementary se-
quences, which in turn are negatively influenced by RNA helicases,
ADAR enzymes and single-stranded RNA binding proteins. Factors that
influence intron splicing, such as splice site strength, the concentration
of SR-proteins and hnRNPs as well as the availability of exon enhancers
and silencers also impact on circRNA formation (Fig. 2G).

6. Experimental studies

The correlations between double stranded pre-mRNA structures and
circRNA formation have been tested experimentally. Current reporter
gene constructs and experimentally validated double stranded RNA
structures are summarized in Fig. 3. The double stranded structures can
be surprisingly small. For example the experimentally determined
structure needed to form circRNAs forming from ZKSCAN1 exon 2/3 is
only 36 nt long and contains 7 mismatches, although the natural repeat
is much longer [38], (Fig. 3A). It is thus not surprising that circRNAs
can form without known or identifiable repeats [33].

7. Outlook

Despite their low expression when compared to their linear coun-
terparts, circRNAs could turn out to be biologically highly important.
An increasing number of studies are showing now that circRNAs can
form proteins [16,62]. CircRNAs are highly expressed in the brain,
where they could encode new peptide hormones that are small, re-
flecting the short reading frames of circRNAs and work at small con-
centrations. For example, a-melanocyte-stimulating hormone (a-MSH),
generated from POMC is a peptide composed of 13 amino acids that
binds to the melanocortin 1 receptors with an affinity of 200 pM to
2nM [63]. Thus, the generation of novel brain-specific signaling pep-
tides could be an important function of circRNAs. It is notable that the
development of the brain cortex in primates correlates with the ex-
pansion of Alu elements [64], which could result in so far unknown
peptide hormones.

The formation of circRNAs depends on intronic elements that form
double-stranded RNA structures. CircRNAs and possibly their encoded
peptides could be an evolutionary force reflecting differences in intron
sequences caused by the presence of species-specific repeat elements,
such as primate-specific Alu elements and SINEC_Cf elements char-
acteristic for various dog species [65]. Similarly, deep intronic muta-
tions characteristic for cancer [66] and present in numerous hereditary
diseases [67] could act by influencing circRNA expression.

So far, studies of pre-mRNA structures do not take RNA modifica-
tions other than A- > I editing into account. N6-Adenosine methylation
(m6A) is another common mRNA modification that could influence
RNA structures and thus circRNA formation. M6A RNA modification
creates a strong binding site for YTH-domain proteins [68] that could
bridge back-splicing sites. In addition m6A modifications create
hnRNPG or hnRNPC binding sites [69] which abolishes RNA double
stranded structures and was shown to change linear alternative splicing
[69]. It is thus conceivable that circRNA formation is similarly influ-
enced by m6A RNA modifications and could be thus under epigenetic
control.
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