
Review
Circular RNAs: A Novel Class of Functional
RNA Molecules with a Therapeutic Perspective
Laura Santer,1 Christian Bär,1,2 and Thomas Thum1,2,3

1Institute of Molecular and Translational Therapeutic Strategies, Hannover Medical School, Hannover, Germany; 2REBIRTH Cluster of Excellence, Hannover Medical

School, Hannover, Germany; 3National Heart and Lung Institute, Imperial College London, London, UK
https://doi.org/10.1016/j.ymthe.2019.07.001.

Correspondence: Thomas Thum, Institute of Molecular and Translational Ther-
apeutic Strategies, Hannover Medical School, Hannover, Germany.
E-mail: thum.thomas@mh-hannover.de
Correspondence: Christian Bär, Institute of Molecular and Translational Thera-
peutic Strategies, Hannover Medical School, Hannover, Germany.
E-mail: baer.christian@mh-hannover.de
Circular RNAs (circRNAs) are a subclass of non-coding RNAs
that lack free 30 and 50 ends and, thus, exist as continuous
loop RNAs. Such circular transcripts have been identified for
thousands of genes, are regulated in developmental stages
and pathophysiological conditions, and are often expressed in
a tissue- or cell-type-specific manner. For a long time, circular
transcripts were considered as aberrant splicing by-products.
However, high-throughput transcriptome sequencing and
focused molecular characterization of individual circRNAs un-
covered their ubiquity. Evidence emerges suggesting circRNAs
are functional molecules. In this review, we illustrate the cur-
rent knowledge of circRNA formation and circRNA detection
methods. We summarize different molecular mechanisms
of action and highlight circRNAs with specific roles in cardio-
vascular disease. Finally, we describe a number of tools for
circRNA manipulation, which may be exploited for circRNA-
based therapeutic interventions in the future.

In the past several years, new sequencing technologies have demon-
strated that the major part of the human genome is transcribed
into RNAs. However, only 1%–2% of the genome encodes for tran-
scripts that are further translated into proteins.1 Hence, RNA tran-
scripts without any protein-coding potential, so called non-coding
RNAs (ncRNAs), display the majority of RNA molecules, but they
were considered as transcriptional junk for a long time. Within the
last few years, broad transcriptome sequencing led to the discovery
of a new class of non-coding RNAs: circular RNAs (circRNAs). These
covalently closed single-stranded RNAs exist for thousands of genes,
and they are produced by a process called backsplicing of linear pre-
cursor RNAs.2–4 The term circRNAwas already introduced by Sanger
et al.5 in 1976, when they characterized infectious single-stranded
covalently closed RNA molecules in plant viroids. Later, circRNAs
were found in all kingdoms of life.5–7 In 1991, Nigro et al.8 detected
the first circular transcripts in mammals. They observed RNA tran-
scripts from theDCC tumor suppressor gene with “scrambled exons,”
which were joined at the ends. However, these single and untypical
RNA molecules were initially considered as aberrant splicing
by-products.8–11

The extensive discovery of circRNAs in mammals, including humans,
started in 2012, when advances in high-throughput sequencing
and bioinformatics pipelines identified thousands of circular tran-
scripts.2–4 Circular transcripts gained even more attention when
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two groups simultaneously published a function of the circRNA
CDR1as (according to Memszak et al.3)/ciRS-7 (according to Hansen
et al.12). This circRNA acts as a competing RNA molecule by
sponging microRNAs (miRNAs). It contains more than 70 conserved
binding sites for miR-7 and can, thereby, efficiently suppress miR-7.
However, most circRNAs do not contain multiple miRNA-binding
sites,13 and, consequently, other molecular mechanisms were eluci-
dated for a number of circRNAs (discussed later in this review).

Today more than 32,000 human exonic circRNAs have been anno-
tated;14 they are abundant, evolutionarily conserved, and can be spe-
cific for certain cell types as well as for developmental and disease
stages,2–4,13 and they are, therefore, believed to constitute functional
molecules. Indeed, regulatory involvement of circRNAs was already
observed in a variety of biological processes. Nevertheless, an almost
complete sequence overlap with the linear mRNA counterparts
makes the precise evaluation of circRNA expression and function
more challenging in comparison to other forms of non-coding RNAs.

In this review, we discuss circRNA biogenesis and detection, circRNA
functions in disease, and molecular tools to manipulate circRNA
expression for the development of circRNA-based therapeutics.
Although we mainly focus on cardiovascular diseases, general aspects
in terms of biogenesis and function are transferable to any other field
in biology.

Circle Formation and Detection

Biogenesis

Large-scale RNA profiling has indicated that approximately 75% of
the human genome is transcribed into RNA and gives rise to mil-
lions of RNA transcripts.15,16 Retention or skipping of single exons
can generate multiple distinct mRNAs from one pre-mRNA,
known as alternative splicing. The formation of covalently closed
exon circRNAs occurs when a 30 end of an exon (splice donor
site) is joined to a 50 end of the same (single-exon circRNA) or
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Figure 1. circRNA Formation

(A) Lariat-driven circulation, proposed by Jeck et al.,4 gives

rise to circRNAs from lariat intermediate structures, which

are produced during exon skipping. (B) Intron-pairing-

driven circularization is a more direct circRNA formation

and involves hybridization of flanking introns, which brings

splice sites in close proximity.

www.moleculartherapy.org

Review
an upstream exon (multiple-exon circRNA), forming a closed
RNA loop. In 2013, Jeck et al.4 proposed two models of circRNA
formation: “lariat-driven circularization” and “intron-pairing-
driven circulation.” In lariat-driven circulation (Figure 1A),
circRNAs are formed from lariat intermediates, which are pro-
duced during splicing. Further internal splicing reactions or
debranching of the lariat can lead to several distinct circular
transcripts: circRNAs from exons only (most often referred to as
circRNAs), exon-intron circRNAs (EIciRNAs),17 and intronic
circRNAs (ciRNAs)18 (Figure 1A).

Intron-pairing-driven circulation is based on hybridization of flank-
ing introns, which brings both splice sites in close proximity (Fig-
ure 1B). In many cases, complementary sequences (e.g., ALU repeat
elements) within the flanking regions facilitate intron hybridization
and, thus, mediate exon circulation4,19,20 (Figure 1B). Besides the
presence of ALU elements, circRNA flanking introns are often
longer than the average intron length.2,4,21 It has been found that
one gene locus can produce multiple circRNAs by using different
splice donor and acceptor sites during backsplicing. Around 50%
of circRNA-expressing host genes produce a single circRNA iso-
form, whereas other genes produce more. The Ttn gene is well
known to produce at least 38 different circRNAs.22 In general,
Mole
longer linear genes correlate with a higher num-
ber of circRNA isoforms.23

Interestingly, exon 2 of the gene locus is
particularly often present in circRNAs. Many
circRNAs contain two to six exons, however,
others can harbor even around 100 exons within
the backsplice site, and their sizes range from
100 bp to several kilobases.24,25 Most circRNAs
are derived from constitutive exons and are,
thereby, generated at the expense of their linear
counterpart.22 circRNAs also often contain the
canonical splice site motif GT/AG, suggesting
the involvement of the canonical spliceo-
some.23,26 However, Liang et al.27 could show
that circRNAs become the preferred RNA tran-
script when core spliceosome components (e.g.,
SF3b or SF3a) or transcription termination fac-
tors are inhibited. Read-through transcripts can
be further extended into downstream genes and
are subjected to backsplicing.27 How circulariza-
tion and linear alternative splicing are mechanistically regulated
remains largely unknown.

For some cirRNAs, it was shown that also RNA-binding proteins
(RBPs) are involved in their formation. The RBPQuaking (QKI) seems
to be involved in the formation of several different circRNAs.28,29 Conn
et al.28 found that QKI can bind to intronic QKI-binding motifs in in-
trons flanking the circRNA-forming exons of several genes. By dimer-
ization of two QKI molecules, QKI facilitates the hybridization of
those flanking introns. The RBP Muscleblind (MBL) is involved in
the formation of a circRNA from the same gene locus, circMbl. MBL
acts as a splicing factor and modulates the generation of Mbl mRNA
and circMbl. The protein MBL can bind to both introns flanking the
circMbl as well as to several binding sites on the circMbl. Ashwal-Fluss
and colleagues30 have proposed a balanced adjustment of circMbl
biogenesis and MBL protein generation by the MBL protein itself.

Furthermore, the RNA-editing enzyme ADAR (adenosine deaminase
acting on RNA), which mediates A-to-I substitution in RNA process-
ing, is also linked to circRNA biogenesis. ADAR expression level
negatively correlates with several circRNAs.30,31 More recently, it
was described that the RNA helicase DHX9 (DExH-Box Helicase
9), which binds double-stranded RNA (dsRNA), is involved in the
cular Therapy Vol. 27 No 8 August 2019 1351
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formation of many circRNAs. Aktaş et al.32 observed that DHX9
specifically binds dsRNA formed by base-pairing Alu elements.
Moreover, DHX9 was shown to interact with ADAR (p150 isoform).
DHX9 depletion leads to an increased number of circRNA-producing
genes and to an increased global circRNA expression. Overexpression
of a helicase-dead DHX9 mutant in DHX9-depleted cells indicated
that the helicase activity resolves the Alu-mediated secondary
structure of RNA.32 Thus, DHX9 binding to circRNA-flanking Alu
elements inhibits backsplicing by direct unwinding of the flanking
intronic regions or recruiting ADAR enzymes that convert adeno-
sines to inosines, or both.

Whether circRNA are generated co-transcriptionally or post-tran-
scriptionally is still a matter of debate. Ashwal-Fluss et al.33 analyzed
datasets of chromatin-bound (nascent) RNA from fly heads, and they
found hundreds of head-to-tail junction reads in these datasets, sug-
gesting that circRNAs are generated co-transcriptionally. However,
using metabolic tagging of newly transcribed RNAs with 4-thiouri-
dine (4sU), Zhang et al.34 showed that the majority of circRNAs are
formed after transcription of their parent genes has completed.
Consequently, according to Zhang and colleagues, only a few
circRNA are produced co-transcriptionally.34 They also reported
that backsplicing is extremely inefficient and far less favorable than
linear splicing. They hypothesize that ligation of a downstream 50

splice site with an upstream 30 splice site by the spliceosome might
be sterically unfavorable.

Characterization

circRNAs are generally expressed at low levels compared to mRNAs,
however, some circRNAs are more abundant than their linear tran-
scripts, and their expression can be independent of the related
parental mRNA.2,4,24,30,34,35 The lack of free ends, which are prone
to exonucleolytic degradation, gives them an extraordinary stability
compared to linear transcripts, and, hence, it makes them resistant
to the RNA exonuclease RNase R.36 Several studies have revealed
that circRNAs are most abundantly expressed in neural tissue.30,37

This may be explained by the high resistance of circRNAs against
RNA degradation and slow division rates of cell types like neurons,
leading to an accumulation of circular transcripts even if the back-
splicing process is less favorable than linear splicing.34

Within the cell, exonic circRNAs are predominantly found in the
cytoplasm,38 whereas ciRNAs and EIciRNAs are enriched in the
nucleus.17,18 How circRNAs are released from the nucleus to the cyto-
plasm is not well understood yet. In 2018, Huang and colleagues39

published the first study on nuclear export of circRNAs. Using an
RNAi-based approach in Drosophila DL1 cells, they screened 26
candidate proteins with known function in RNA nuclear export.
The DExH/D-box helicase Hel25E was shown to be necessary and
sufficient for the nuclear export of long (>811 nt) circRNAs.
Hel25E depletion caused nuclear retention of long (>811 nt), but
not short (>701 nt), circRNAs. In human HeLa cells, the Hel25E
homologs UAP56 (DDX39B) and URH49 (DDX39A) were shown
to be involved in the nuclear export of 14 circRNA candi-
1352 Molecular Therapy Vol. 27 No 8 August 2019
dates. UAP56 functions in the nuclear export of long circRNAs
(>1,298 nt), whereas URH49 functions in the nuclear export of short
circRNAs (<356 nt). A four-amino acid motif that is divergent among
the Hel25E human homologs UAP56 and UAP49 (KSLN/RSFS in
UAP56 and UAP49, respectively) controls the circRNA export length
preference.39 How exactly the circRNA size is recognized by the four-
amino acid motif is still unknown. It was reported previously that
UAP56 and UAP49 have distinct protein-binding partners, and it is
possible that these unique binding partners may act as size sensors
in the circRNA export mechanism.39,40 Understanding subcellular
trafficking of circRNAs is just at the beginning, however, Huang
et al.39 reported the first evidence that nuclear export must occur
by an active process rather than diffusion.

Within the whole organism, mouse or human, circRNAs are often cell
type-specifically, tissue-specifically, and/or developmental stage-spe-
cifically expressed.24 By performing RNA sequencing (RNA-seq) on
ribosomal-depleted RNA from human hearts and mouse hearts,
Tan et al.23 observed that circRNA-expressing genes that do not ex-
press their linear transcript in a certain tissue usually do not express
the circular transcript in the same tissue. However, they reported
some exceptions for the non-cardiac-expressed protein-coding genes
RBL1, PIK3R2, and RP1-27O5.3, which exclusively expressed the
respective circRNAs.23

Detection

Due to the lack of polyadenylated (poly(A)) tails and their non-linear
conformation, circRNAs were overlooked in next-generation RNA-
seq profiling, which in the past was usually done including a poly(A)+

enrichment step. However, RNA-seq in rRNA-depleted RNA led to
the discovery of thousands of circRNAs, including in the heart. Tan
et al.23 detected 15,318 and 3,017 cardiac circRNAs in the human
and mouse hearts, respectively, using the de novo circRNA identifica-
tion algorithm CIRI. The bioinformatic identification of circRNAs
by aligning the sequencing data to the reference genomes is based
on the presence of backsplice junction-spanning reads. Several bio-
informatic algorithms were developed that allow sequence alignment
of reads covering the backsplice site to the reference genome and,
thereby, detecting non-linear splice events. Widely used examples
include CIRCexplorer,19 CIRI,41,42 find_circ,3 circRNA_finder,21

MapSplice,43 DCC,44 acfs,35 KNIFE,45 miARma-Seq,46 PTESFinder,47

Segemehl,48 NCLScan,49 and UROBORUS.50

While classic alignment tools reject all reads that do not arise from
linear splicing, these circRNA detection tools filter for linear not-
mappable reads that connect one exon with an upstream exon.
circRNA detection algorithms typically use either a fragmentation-
or a pseudo-reference-based method for the alignment. Fragmenta-
tion (or segmented read)-based methods split not-mappable reads
into smaller fragments and align these separately. A reconstruction
of the alignment pattern allows the identification of non-linear
spliced transcripts. Preudo-reference-based methods rely on already
existing annotation, generate putative splicing events, and try to align
reads on these putative transcripts. A comprehensive overview of
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circRNA detection and sequence alignment tools is reviewed by Zeng
et al.51 and Carrara et al.52

The increasing circRNA RNA-seq profiling in different organisms, tis-
sues, and cell types as well as ongoing de novo detection of circRNAs
generated the need for a comprehensive circRNA database that sum-
marizes all the detected and validated circRNAs. The most widely
used database called circBase was generated in 2014 by Gla�zar et al.53

The recent update (from 2017) includes nine RNA-seq studies in
different organisms, including human and mouse. Other commonly
used databases are CircNet54 and CircInteractome.55 The number of
circRNA databases is still growing, with other examples including the
following: circRNADb14 (circRNAs with protein-coding annotation),
CSCD56 (cancer-specific circRNAs), exoRBase57 (non-coding RNAs
expressed in exosomes), PlantcircBase58 (plant circRNAs), and
CircFunBase59 (functional circRNAs). However, there is still a need
for one comprehensive database that compiles all the information.

The individual circRNA abundance generally correlates with the
abundance of its linear host gene transcript RNA, but they may
also exist at much higher levels than their linear counterparts. The
most abundantly expressed circRNAs within the heart are derived
from key cardiac genes, including TTN (Titin), RYR2, and DMD.
The TTN gene alone gives rise to up to 415 different circRNA iso-
forms, of which 83% originate from the I-band domain. Among
those, the longest cardiac circRNA includes 153 exons. The most
abundantly expressed circRNA within the heart is a cytoplasmically
localized single-exon circRNA, circSLC8A1-1.23,38 This circular tran-
script of exon 2 of the SLC8A1 gene, which codes for the sodium-
calcium exchanger (NCX1), is one of a few circRNAs that was already
discovered before the advent of huge circRNA-profiling studies. It
was already discovered in 1991 that this circularized exon 2 encodes
a small protein.60

Validation of circRNAs and their expression levels can be assessed by
using divergent (outward-facing) primers. These primer pairs are
amplifying away from each other regarding the genomic orientation,
and, thereby, they only amplify a circRNA transcript without ampli-
fying linear transcripts from that same genomic region.26 However,
since detection of exons in a shuffled order is not an exclusive char-
acteristic for circRNAs,26 circRNA validation should always rely on
the combination of multiple methods to confirm the existence
of backsplice junction (by PCR and sequencing), circularity (by
RNase R), and expected size (northern blot). Of note, a few circRNAs
were found to be degradable by RNase R, and some linear transcripts
were found to be resistant to RNase R;26 therefore, caution is
warranted. Additionally, circRNAs and linear transcripts can be
distinguished by northern blot. A circRNA will migrate much faster
than a linear RNA of the same length. If the RNA sample undergoes
targeted RNase H digestion prior to gel electrophoresis, a linear RNA
molecule will be cut into two parts and shows two bands, whereas a
circRNA will be nicked and shows only one band on the gel. Other
methods strengthening circularity are 2D gel electrophoresis and
gel trap electrophoresis.26
circRNA Mode of Action

The ubiquitous presence of circRNAs revealed by large-scale RNA-
seq studies in 20122 initiated the systematic search for circRNA func-
tions. Just 1 year later, simultaneously published by two groups,3,12

circRNA CDR1as was shown to act as a competing RNA molecule
by sponging miRNAs. Shortly afterward, several other circRNAs
were reported and shown to act as miRNA sponges also,61–67

strengthening the general miRNA sponge function of circRNAs.
However, most circRNAs do not contain multiple miRNA-binding
sites,13 thus miRNA sponging is just one of multiple potential func-
tions. Further molecular mechansims were elucidated for a number
of circRNAs, including sponging of proteins, acting as scaffolds for
protein complexes, modulation of transcription and splicing, and
translation to produce small peptides (Figure 2). In this section, we
give a comprehensive overview of circRNA functions that are known
thus far.

miRNA Sponging

miRNAs are a class of small RNAs with a size of �20 nt. Precursor
miRNA (pri-miRNA) transcripts, which contain a hairpin structure
covering the mature miRNA sequence, are cleaved in a two-step pro-
cess, leading to an RNA duplex of�22 nt. The RNA duplex associates
with Ago (Argonaute) proteins in the cytosol, assembling the
miRNA-induced silencing complex (miRISC). The mature miRNA
(guide strand) remains in the miRISC, while the passenger strand
of the RNA duplex (miRNA*) is degraded. The miRISC regulates
gene expression on a post-transcriptional level by interacting with
miRNA-binding sites mostly in the 30 UTR of mRNAs, leading to
mRNA deadenylation, decreased mRNA stability, and reduced
translation.25

The most frequently described function of circRNAs is the
miRNA sponge activity. Within their nucleotide sequence, some
circRNAs contain multiple miRNA-binding sites. Thus, they are
able to bind miRNAs, preventing them from binding to their
canonical mRNA target genes (sponge effect) (Figure 2A).
The best known example, circRNA CDR1as, contains more than
70 conserved binding sites for miRNA-7 (miR-7), therefore
strongly inhibiting miR-7 activity.3,12 However, since the miR-7-
binding sites are only partially complementary to miR-7, miR-7
is densely bound, but not sliced, by Ago proteins in a miR-7-
dependent manner.3 Another almost complementary miRNA-
binding site for miR-671, however, enables miR-671 to cleave
CDR1as in an Ago-dependent manner and, thereby, directly regu-
late CDR1as.68

Subsequent to the cdr1as publications in 2013, multiple other circR-
NAs were shown to act as miRNA sponges.61–67 Using bioinformatics
tools, miRNA-binding sites can be predicted within the circRNA
sequence (e.g., by using CircInteractome55). Therefore, circRNAs
that hold conspicuous many miRNA-binding sites for the same
miRNA can be relatively easily uncovered as miRNA sponges.
However, other circRNAs contain only a few binding sites for one
or multiple miRNAs. circHIPK3 (circularized exon 2 of the HIPK3
Molecular Therapy Vol. 27 No 8 August 2019 1353
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Figure 2. Overview of circRNA Functions Discovered Thus Far

circRNAs can act as (A) miRNA sponge, (B) protein sponge, (C) protein decoy, and (D) scaffold for the formation of protein complexes. (E) A few circRNAs were shown to

encode small peptides. (F) Candidates from subclasses of circular transcripts, ciRNAs and EIciRNAs, were shown to regulate parental gene expression. (G) By a thus far

unknown mechanism, circRNAs are released from cells and can be detected in serum, plasma, and exosomes.
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gene) is significantly upregulated in liver cancer, and silencing of
circHIPK3 inhibits human cell proliferation.69 Mechanistically,
circHIPK3 was shown to sponge at least 9 different miRNAs with a
total of 18 potential miRNA-binding sites (1–3 binding sites per
miRNA). These miRNAs were identified by cloning the circHIPK3
sequence downstream of a luciferase reporter construct and, subse-
quently, using this reporter construct for a miRNA library screening.
All nine miRNAs have been reported previously to act as growth-
suppressive miRNAs. Transfection of miRNA mimics revealed
that four of these nine miRNAs (miR-124, miR-193, miR-379, and
miR-654) could indeed inhibit HEK293T cell proliferation.69 Another
example from the cancer field, circ-ITCH was shown to share the
same miRNA-binding sites (miR-7, miR-17, and miR-214) with the
30 UTR of the ITCH mRNA and, thereby, sponge miRNAs, which
otherwise suppress protein translation of the linear mRNA from
the same gene locus.70
1354 Molecular Therapy Vol. 27 No 8 August 2019
Protein Sponging

Most circRNAs do not contain multiple miRNA-binding sites.13 Not
surprisingly, shortly after designating circRNAs as miRNA sponges,
other molecular functions were elucidated. Already in 2014,
Ashwal-Fluss et al.33 had shown that circ-Mbl contains several bind-
ing sites for the MBL protein and that circ-Mbl and MBL protein
biogenesis is tightly regulated by the transcriptional products as
well as MBL protein from the mbl locus itself.

Du et al.71–73 intensively studied the circRNA circ-Foxo3, a well-stud-
ied protein-interacting circRNA. Cytoplasmically distributed circ-
Foxo3 is able to interact with multiple proteins in the cytoplasm.71

Anti-stress protein ID-1, anti-stress protein FAK, HIF-1a, and tran-
scription factor E2F1 are retained in the cytoplasm (sponged by the
circRNA; Figure 2B), and, hence, they cannot fulfill their anti-senes-
cence and anti-stress functions in the nucleus, leading to increased
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cellular senescence. The same group focused on the association be-
tween circ-Foxo3 expression and cell cycle suppression.72 circ-
Foxo3 expression levels negatively correlate with cell proliferation.
Silencing circ-Foxo3 promoted cell proliferation whereas overexpres-
sion repressed cell cycle progression. Mechanistically, high circ-
Foxo3 levels lead to an enhanced interaction between p21 and
Cdk2 in the cytoplasm, thereby preventing Cdk2 interaction with cy-
clines A and E and a subsequent block of cell cycle progression.72

Another example of RBP-interacting circRNAs revealed that circR-
NAs are also able to regulate translation. circPABPN1 was identified
as a binding target of the well-studied RBP HuR.74 Overexpression of
circPABPN1 led decreased PABPN1 mRNA in HuR immunoprecip-
itation experiments, showing that high levels of circPABPN1 block
HuR binding to the PABPN1 mRNA. HuR RNA immunoprecipita-
tion (RIP) and HuR knockdown showed indeed that HuR regulates
PABPN1 protein levels. Consequently, this study showed that
circPABPN1 suppressed HuR binding to its host gene mRNA and
lowered the protein level from the parental gene.74

Protein Decoy and Stabilization

While circ-Foxo3 negatively correlates with cell proliferation and acts
as a protein-binding partner in the cytosol, circ-Amotl1 acts as a
tumorigenic circRNA and exhibits its function in the nucleus. circ-
Amotl1, highly expressed in patient tumor samples and human
cancer cell lines, triggers tumorigenicity through an interaction
with the oncogenic transcription factor c-Myc. circ-Amotl1 is able
to bind and retain c-Myc in the nucleus, stabilize c-Myc, and upregu-
late c-Myc target genes, leading to increased cell proliferation,
reduced apoptosis, and a highly tumorigenic phenotype.75 This study
gives an example of how a circRNA can decoy single proteins to a
specific cellular compartment and stabilize them (Figure 2C).

Scaffold for Protein Complexes

circRNAs that have binding sites for different RBPs can also function
as scaffolds facilitating contact between two or more proteins. In a
third study by Du et al.73 in 2017, circ-Foxo3 was shown to regulate
apoptosis by acting as a scaffold for protein interaction. By binding
p53 and the E3 ubiquitin-protein ligase Mdm2, circ-Foxo3 promotes
MDM2-induced ubiquitination and the subsequent degradation of
p53. With high levels of circ-Foxo3, Foxo3 protein can thereby escape
MDM2 ubiquitination and proteasome degradation. High Foxo3 pro-
tein levels result in the upregulation of Foxo3 downstream target
PUMA and lead to PUMA and BAX-mediated apoptosis.73

Another example is the circRNA circ-Amotl1. Besides its function in
tumorigenicity by inducing c-Myc nuclear translocation,75 the same
group presented circ-Amotl1 as a scaffold for the protein interaction
between AKT and PDK1. circ-Amotl1 brings AKT and PDK1 in close
proximity, which facilitates by phosphorylation of AKT by PDK1 and
nuclear translocation of pAKT76 (Figure 2D). However, the group
stated that circ-Amotl1 is exclusively expressed in human cells.
Although the human Amotl1 gene is highly conserved to mouse
and rat Amotl1 gene, the sequence at the backsplice junction area
of circ-Amotl1 differs in humans and rodents. Of note, functional
in vitro studies of cardiac repair in this report were performed in
primary mouse cardiomyocytes and mouse cardiac fibroblasts,
and in vivo studies were performed in a doxorubicin-induced
cardiomyopathy mouse model. Therefore, the proposed functions
of circ-Amotl1 to reduce apoptosis and enhance cardiac repair await
validation in a human context, for instance, in human induced plurip-
otent stem cells (iPSC)-derived cardiomyocytes.

Translation

Investigating the possibility of circRNA translation, Jeck et al.4 per-
formed polysome profiling by sucrose gradient centrifugation, and
they detected circRNAs merely in the unbound fractions, but not
in any bound fractions, suggesting that circRNAs are usually not
translated.

Nevertheless, although circRNAs belong to the class of non-coding
RNAs, some circRNAs can encode small peptides (Figure 2E). Trans-
lation of circRNAs was already described in the 1990s,60,77 and three
recent studies confirmed that individual circRNAs are translated.78–80

Investigating differentially expressed circRNAs in myoblast differen-
tiation, circZNF609 was identified to control skeletal myoblast prolif-
eration.78 circZNF609, a single-exon circRNA of exon 2 from the
ZNF609 gene locus, contains two open reading frames (ORFs) span-
ning from two AUG start codons to a stop codon located 3 nt after the
splice junction. In regard to linear exon 2, the stop codon is located
upstream of the start codons, thus the open reading frame is only
generated by circularization. Polysome profiling revealed that
circZNF609 (hsa_circ_0000615) is bound to heavy polysome frac-
tions. Using an overexpression construct containing a FLAG-tag
immediately upstream of the stop codon showed that circZNF609
is translated, as demonstrated in anti-FLAG western blot. Since
circRNAs do not contain Cap sequences, translation occurs in a
Cap-independent manner.78 It has also been shown that the nucleo-
tide modification N6-methyladenosine (m6A) can promote circRNA
translation.80 Of note, two other studies reported that circZNF609
can also act as a miRNA sponge for miR-615-581 and for miR-150p.82

More recently, another group published translation of a 17-kDa pep-
tide from the circRNA circ-SHPRH.83 circ-SHPRH (hsa_circ_
0001649), previously reported as a novel biomarker and downregulated
in hepatocellular carcinoma,84 was shown to encode a 146-amino acid
peptide (SHPRH-146aa). Both SHPRH-146aa and full-length SHPRH
protein interact with the E3 ubiquitin ligase DTL. SHPRH-146aa was
shown to act as a decoy and serve as a tumor suppressor by protecting
the full-length SHPRH protein from DTL-induced ubiquitination and
subsequent degradation. Stabilized SHPRH, in turn, sequentially ubiq-
uitinates PCNA (proliferating cell nuclear antigen) as an E3 ubiquitin
ligase, which leads to reduced cell proliferation and tumorigenicity.83

Other Functions

In comparison to exonic circRNAs, intronic circRNAs (ciRNAs and
EIciRNAs) are mainly located in the nucleus. Zhang et al.18 discov-
ered a new function of intronic circular transcript by showing that
Molecular Therapy Vol. 27 No 8 August 2019 1355
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these circRNAs can regulate host gene transcription (Figure 2F). Also
some EIciRNAs (e.g., circPAIP2) can interact with U1 small nuclear
ribonucleoproteins (snRNPs) and, thereby, enhance RNA polymerase
II (Pol II) activity, leading to an increased transcription of the parental
gene.17 However, the functional characterization of ciRNAs is still in
its infancy.

In addition to defined functions in the cell cytoplasm or nucleus,
circRNAs are also released from the cell. Several studies discovered
circRNAs as potential new biomarkers in body fluids, such as serum,
plasma, or urine samples of patients85–87 (Figure 2G). circRNAs were
also shown to be enriched and stable in exosomes. qRT-PCR analysis
of three circRNAs in serum samples of three healthy donors revealed
that these circRNAs were predominantly located in serum-derived
exosomes, but not in exosome-depleted serum,88 therefore suggesting
rather active cellular release mechanisms in contrast to just passive
shedding of dying cells.

circRNAs in Cardiovascular Disease

Cardiovascular diseases belong to the leading causes of death in the
industrialized countries. Major pathological changes in the failing
heart are cardiac hypertrophy and fibrosis.89 Several transcriptome
profiling studies generated large datasets of cardiac expressed
circRNAs.23,38,90 For instance, Werfel et al.38 performed RNA-seq
analysis in rRNA-depleted libraries from human hearts (heart failure
[HF] versus non-failing), mouse hearts (transverse aortic constriction
[TAC] versus sham), and rat hearts (adults versus neonatal), and they
detected several differentially expressed circRNAs in cardiac disease
and postnatal development. Overall, the circRNA expression was
slightly increased in disease condition and increased in the heart of
neonates compared to adult rats.38 In addition, hundreds of differen-
tially expressed circRNAs were detected in human thoracic aortic
dissection (TAD) patients91 as well as in a myocardial infarction
(MI) model of HF in mice.92 In addition to other types of non-coding
RNAs, such as miRNAs and long non-coding RNAs (lncRNAs),
which are already known to regulate cardiac physiology and patho-
physiology,93,94 several recent studies indicated that circRNAs are
present in all cardiac cell types and also play a role in cardiovascular
physiology and disease.

circRNAs with Functions in the Cardiac Muscle

circRNA CDR1as, initially mainly studied in the brain, was shown to
act as a competing endogenous RNA by sponging miRNAs.3,12 In
2016, Geng et al.66 investigated the function of the CDR1as/miR-7
pathway in a murine MI model. CDR1as expression is significantly
upregulated in mice after MI as well as in hypoxia-treated primary
cardiomyocytes in vitro. CDR1as overexpression was shown to
increase myocyte apoptosis and infarct size after MI via reducing
miR-7a activity and enhancing the expression of miR-7a target genes
PARP and SP1.66

In the same year, Wang et al.95 published the first study on the role of
circRNAs in cardiac hypertrophy and heart failure. They showed that
the heart-related circRNA (HRCR) can bind to miR-223 and acts as a
1356 Molecular Therapy Vol. 27 No 8 August 2019
miRNA sponge to inhibit miR-223 activity, thus leading to an
increased expression of the apoptosis repressor with CARD domain
(ARC) protein. Adeno-associated virus (AAV) vector-mediated
overexpression of HRCR attenuates isoproterenol-induced cardiac
hypertrophy in vivo. Using very similar experimental settings, the
same group 1 year later reported on the circRNAMFCAR (Mitochon-
drial Fission and Apoptosis Circular RNA),96 which acts as a miRNA
sponge for miR-652. miR-652 negatively regulates the mitochondrial
membrane-associated protein MTP18, whereas MTP18 knock-
down reduces mitochondrial fission and suppresses cardiomyocyte
apoptosis and ischemia-reperfusion (I/R) injury. Consequently, intra-
coronary delivery of MFCAR-small interfering RNA (siRNA) adeno-
viral vectors prior to I/R operation showed a beneficial effect on heart
function. Since then, an increasing number of reports about circRNAs
as miRNA sponges has been published. circRNA_000203 enhances
the expression of fibrosis-associated genes by inhibiting the targets
of miR-26b-5p, Col1a2, and CTGF in cardiac fibroblasts.97 There
are more studies on circRNAs as miRNA sponges in cardiovascular
disease.98,99

As already mentioned above, circ-Foxo3 promotes cardiac senescence
by interacting with anti-stress protein ID-1, anti-stress protein FAK,
HIF-1a, and transcription factor E2F1 and preventing nuclear
translocation of these proteins. Silencing of circ-Foxo3 inhibited
senescence whereas ectopic overexpression of circ-Foxo3 induced
senescence. In vivomodulation of circ-Foxo3 in doxorubicin-induced
cardiomyopathy in mice showed that overexpression of circ-Foxo3
deteriorates cardiac function whereas siRNA-mediated silencing
attenuated doxorubicin-induced cardiotoxicity.71

circ-Amotl1 was shown to act as a scaffold for the protein interaction
between AKT and PDK1, followed by phosphorylation of AKT by
PDK1 and nuclear translocation of pAKT.76 AKT activation was
already shown to have a cardioprotective role in cardiovascular
diseases.100,101 Overexpression of the human circ-Amotl1 increased
nuclear pAKT in vitro and in vivo. Intraperitonal injection of nano-
particles carrying the human circ-Amotl1 overexpression construct
was found to be protective against doxorubicin-induced cardiomyop-
athy in mice, as shown by reduced left ventricle dilatation, reduced
fibrosis, and reduced apoptosis.76

A recent study by Gupta et al.29 revealed that the RBP QKI inhibits
doxorubicin-mediated cardiotoxicity through the regulation of
several cardiac circRNAs. QKI is strongly downregulated in response
to doxorubicin in vitro and in vivo. QKI knockdown increases
apoptosis in primary cardiomyocytes, whereas QKI overexpression
attenuates doxorubicin-induced cardiotoxicity. AAV9-mediated
overexpression of QKI could prevent cardiac apoptosis and cardiac
atrophy induced by doxorubicin and improved cardiac function.
Modulation of QKI protein levels identified several circRNAs,
including circRNAs from the Ttn, Fhod3, and Strn3 gene locus, to
be expressed in a QKI-dependent manner. The Titin circRNA
(circTtn-exon105-111) was further shown to act as a downstream
effector of QKI. Lentivirally mediated overexpression of circRNA
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Ttn exons 105–111 resulted in a reduced susceptibility to doxoru-
bicin, similar to QKI overexpression, whereas siRNA-mediated
knockdown of circRNA Ttn exons 105–111 increased the susceptibil-
ity of cardiomyocytes to doxorubicin.29

The RNA Binding Motif protein 20 (RBM20) was recently shown to
regulate circRNA production from the Titin gene.102 RBM20 is a
known regulator of splicing of many cardiac genes. Mutations in
the RBM20 gene are associated with dilated cardiomyopathy.
RMB20 is required for the production of circRNAs from the I-band
region of Titin, as demonstrated in RBM20-knockout mice. In addi-
tion, in a cardiac sample from a dilated cardiomyopathy (DCM)
patient with a heterozygous mutation in RBM20, circRNA produc-
tion from the Titin I-band region was severely altered. These data sug-
gest a strong connection between alternative splicing and circRNA
production. Mechanistically, RMB20 may exclude specific exons
from the pre-mRNA and, thereby, produce a precursor substrate
for circRNA production (RBM20-dependent Ttn circRNAs).102

circRNAs in the Vasculature

Just as in cardiomyocytes and fibroblasts (as described above),
circRNAs can also act as miRNA sponges in endothelial cells
and vascular smooth muscle cells (VSMCs).103–105 For example,
hsa_circ_0010729 regulates vascular endothelial cell proliferation
and apoptosis by targeting the miR-186 and HIF-1a axis.105 Another
example, circ_Lrp6 was shown to be enriched in VSMCs and act as a
miRNA sponge for miR-145. As miR-145 is known to regulate VSMC
physiology and homeostasis, and it was previously shown to be
involved in the development of atherosclerosis, circ_Lrp6 is able to
modulate VSMC migration, proliferation, and differentiation
through the inhibition of miR-145. circ_Lrp6 silencing induced a
pro-differentation phenotype, coherent with upregulated miR-145
levels and a reduced migration and proliferation. A small hairpin
RNA (shRNA)-mediated knockdown of circ_Lrp6 was also shown
to be beneficial in a mouse carotid artery stenosis model.63

Moreover, Boeckel et al.106 investigated hypoxia-regulated circRNAs,
and they identified the hypoxia-induced circRNA cZNF292. siRNA-
mediated knockdown of cZNF292 reduced tube formation and
spheroid sprouting in vitro, suggesting a pro-angiogenic role of
cZNF292. However, little is known about the mechanistic function
of cZNF292 so far.106,107

Some non-coding genes also give rise to circular non-coding tran-
scripts, among them circTTN-As1-1, circFLG-AS1-1, circMKLN1-
AS1-1, circMEF2C-AS1-1,23 and circANRIL.108,109 circANRIL is a
circular antisense transcript from the INK4A/ARF locus. The pre-
dominant circular isoform from that locus consists of exons 5–7.
SNPs near the INK4A/ARF locus on chromosome 9p21.3 are linked
to susceptibility of atherosclerotic vascular disease (ASVD). Patients
with the coronary artery disease (CAD)-protective haplotype at
9p21 showed significantly increased expression of circANRIL in
peripheral blood mononuclear cells (PBMCs) and whole blood.
Interestingly, this effect was opposite to the published correlation
for lncANRIL, which is downregulated in patients carrying the
9p21 protective genotype. Functional studies revealed that circANRIL
overexpression increased cell apoptosis and reduced proliferation
in an lncANRIL-independent manner. Mechanistically, circANRIL
was shown to bind and block PES1, an essential 60S-pre-ribosomal
assembly factor, thereby impairing pre-rRNA processing and
ribosome biogenesis in VSMCs and macrophages. Thus, a high
circANRIL level induces nucleolar stress and p53 activation, leading
to the induction of apoptosis and reduced proliferation. circANRIL
may act as a protective factor against atherosclerosis by controlling
pre-rRNA processing and nucleolar stress in atherosclerotic plaques.

circRNAs as Novel Biomarkers in Cardiovascular Disease

Due their high stability, also in the extracellular space, circRNAs
represent ideal candidates for diagnostic biomarkers. Vausort
et al.85 identified the MI-associated circRNA (MIRCA) in peripheral
blood of acute MI patients and age- and gender-matched healthy con-
trols. circRNA MICRA also originates from the ZNF609 gene locus,
however, compared to circZNF609,78,81,82,106 MICRA includes a
different exon. (MICRA is a 874-nt-long circRNA formed mainly
from exon 1 of the ZNF609 gene.85) Circulating levels of MICRA in
MI patients were significantly lower compared to healthy controls.
Moreover, MICRAwas shown to be a strong predictor of left ventricle
dysfunction (4-month ejection fraction [EF] %40%).85 In a more
recent study, patients with low MICRA levels in peripheral blood at
the time of reperfusion had a higher risk of left ventricular dysfunc-
tion.86 The molecular function of MICRA is currently unknown.
The authors speculate that MICRA may sponge miR-150, a miRNA
known to be associated with the development of HF after acute
MI.110 Interestingly, exon 2 circRNA of the ZNF609 gene locus,
circZNF609, was reported to sponge miR-150-5p,82 and circulating
levels of cZNF609 were downregulated in the patients with CAD
and hypertension.81 Using circRNA microarray, Zhao et al.111

screened for dysregulated circRNAs in the peripheral blood of CAD
patients, and they identified hsa_circ_0124644 from the ROBO2
gene as a putative new biomarker for CAD.

Manipulation Tools for circRNA-Based Therapeutic Strategies

Due to their postulated ability to regulate gene expression, circRNAs
emerge as potential therapeutic tools. Consequently, molecular tools
for their manipulation are currently under investigation. In addition,
functional characterization of circRNAs also requires modulation of
the circRNA expression in order to understand the impact of the
altered circRNA expression level. This is usually assessed by gain-
and loss-of-function experiments through circRNA overexpression
or knockdown, respectively (Figure 3). The easiest method to inhibit
circRNA expression is RNAi, which, however, still contains some
challenges.71,95,108 siRNAs have to be complement to the backsplice
site in order to be circRNA specific without affecting the host gene
expression (Figure 3A). Thus, siRNA-mediated knockdown is limited
to the backsplice junction, and negative effects on the parental pro-
tein-coding gene expression should always be tested for and ruled
out. Naked single-stranded RNA strands are prone to degradation.
Thus, especially for in vivo experiments, chemically modified
Molecular Therapy Vol. 27 No 8 August 2019 1357
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Figure 3. Manipulation Tools for circRNA Expression

(A–E) Overview of circRNA repression strategies and (F) circRNA overexpression. circRNA knockdown is typically achieved by directing antisense oligonucleotides, such as

(A) siRNAs or (B) locked-nucleic acid (LNA), to the circRNA backsplice site (bss). (C) CRISPR/Cas9-mediated deletion of the circRNA-coding genome locus prevents circRNA

expression. (D) CRISPR/Cas9-mediated disruption of circRNA-flanking repeat elements prevents backsplicing and, thus, suppresses circRNA expression. (E) A circRNA-

specific single-guide RNA (sgRNA) targeted against the circRNA backsplice site directs the RNase Cas13 to the circRNA, with subsequent circRNA degradation. (F) Vector

constructs containing long inverted flanking repeats are typically used to enable backsplicing and produce circular transcripts from an exogenous vector.
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antisense oligonucleotides such as GapmeRs exert a higher stability112

(Figure 3B). To our knowledge, GapmeRs haven’t been used so far to
target circRNAs in vivo. However, as they are commonly used to
target lncRNAs, it is conceivable that they may additonally downre-
gulate circRNAs.25

The complete circRNA knockout by genome editing is (in most cases)
more difficult, since the deletion of circRNA-involved exons would
also disrupt the host gene expression. Piwecka et al.113 used the
CRISPR/Cas9 genome-editing tool to remove the CDR1as locus (Fig-
ure 3C), and they generated CDR1as loss-of-function mutant mice.
However, this was only possible because the CDR1as precursor
1358 Molecular Therapy Vol. 27 No 8 August 2019
RNA transcript is so efficiently backspliced that no linear transcript
can be detected. Another approach of CRISPR/Cas9 genome editing
to suppress circRNA expression was recently described by Zhang
et al.34 By excising the intronic complement sequence (ICS) of the
circGCN1L1-flanking introns (Figure 3D), circGCN1L1 expression
was abolished. Removal of one ICS was sufficient to completely
remove circGCN1L1 expression without effecting the linear mRNA
transcription from the GCN1L1 gene locus.34

CRISPR-Cas13 was recently reported as a new tool for RNA modula-
tion.114 The RNA-guided RNA-targeting CRISPR-Cas effector
Cas13a is able to bind and degrade RNA in mammalian cells.
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Figure 4. circRNA IVT

(A) Wesselhoeft et al.121 generated IVT-produced circRNA based on a vector containing self-splicing intron sequences. The two halves of a self-splicing intron enable

backsplicing of the interjacent sequence. (B) IVT, mono-phosphorylation of the linear precursor RNA, and intermolecular ligation by T4 RNA ligase can generate circular RNA

transcripts of up to 500 nt in length.
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With comparable knockdown efficiency and improved specificity
compared to RNAi, CRISPR-Cas13 is a promising tool for RNA-
knockdown studies, including circRNA silencing by targeting the
CRISPR-Cas13 guide RNA to the circRNA backsplice site (Figure 3E).
Moreover, mutations in the catalytic domain created a catalytically
dead variant (dCas13), which was only binding respective RNA mol-
ecules and could be fused to any other protein domain (e.g., fluoro-
phores for intracellular localization or RNA-editing domains like
ADAR).114,115 Even though CRISPR-Cas13 is an interesting new
tool to study circRNA functional mechanisms, CRISPR-Cas13-
mediated silencing is not applicable in a therapeutic context, since
the Cas13 protein and guide RNA would have to be delivered into
the organism with unknown side effects.

circRNA overexpression is usually achieved by vector constructs con-
taining the circRNA sequence flanked by introns containing inverted
repeats for hybridization as well as splicing signals (Figure 3F).
However, this method can lead to concatemers if the RNA polymer-
ase fails to recognize the transcription terminator site (TTS) and con-
tinues transcription in a rolling-cycle manner.116 Thus, checking the
overexpression product size by northern blot is necessary to rule out
concatemer expression. Engineered circRNAs containing an internal
ribosomal entry site (IRES) can also drive translation of an open
reading frame and, therefore, be used for protein translation.77 The
overexpression construct can be delivered by any vector, e.g., plasmid
transfection12 or viral vector systems like adenovirus vectors95 or
AAV vectors.117

Since AAV vectors generally do not integrate into the genome, they
count as relatively safe and are already used in clinical trials.118,119

However, new delivery strategies avoiding viral vectors are arising
in the field of somatic gene transfer. The advantages of non-viral sys-
tems include a faster vector production and lower biosafety risks. For
example, delivery of naked RNA does not necessarily require nuclear
localization (compared to DNA-based virus systems), however, linear
RNA is very prone to nucleolytic degradation.120 Wesselhoeft et al.121

developed an approach to produce exogenous circRNAs in vitro for
potent and stable protein expression in eukaryotic cells. The circular-
ization system is based on self-splicing introns that can generate
circRNAs up to 5 kb in length (Figure 4A). After in vitro transcription
(IVT), circular products can be purified from by-products of the IVT
reaction by high-performance liquid chromatography (HPLC). IVT-
produced circRNA of protein-coding genes transfected in HEK293
cells can produce the respective protein. Due to their high stability
against RNA degradation and/or increased translation, engineered
circRNAs transfected into cell lines produced more protein than
the same amount of transfected unmodified or modified linear
mRNA.121 However, for future in vivo approaches, suitable delivery
Molecular Therapy Vol. 27 No 8 August 2019 1359
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strategies are needed, and nucleoside modifications may further
improve the stability and suppress undesired immune responses.121

Another in vitromethod for the generation of circRNAs is the ligation
of a 50 phosphorylated RNA by using T4 RNA ligase77,122,123 (Fig-
ure 4B). First, linear RNA can be prepared by either chemical synthe-
sis or IVT. Chemical synthesis allows one to introduce any backbone
or base modifications, while IVT allows transcription of RNAs up to
several kilobases. After generation of the linear RNA, 50 monopho-
spohorylation is required prior to enzymatic ligation of the RNA
ends by T4 RNA ligase.123 Notably, intermolecular ligation can give
rise to linear by-products as well as circular oligomers. To avoid inter-
molecular reactions, a low concentration of the linear precursor to
favor intramolecular ligation (circulation) should be used. Moreover,
adding a short oligonucleotide splint (complementary to the circRNA
backsplice site) can help to increase intramolecular circularization.122

Finally, the desired circular product can be purified from site products
by PAGE or HPLC.121 However, in vitro circRNA production is still
in its infancy and needs further advancements, especially for the pro-
duction of long circRNAs (R500 nt). Overall, circRNAmanipulation
tools are a great gain in discovering circRNA function in diseases, and
they have good prospects for being developed into circRNA-based
therapeutic strategies in the future.
Conclusions and Future Perspectives

circRNAs, once considered to be an aberrant by-product of mRNA
splicing, have become a major new class of non-coding RNAs.
They are currently under intense investigation in a large number of
research studies in almost all biological and biomedical fields. In
contrast to their initially proposed function as miRNA sponges, solid
evidence emerges that circRNAs exhibit a wide variety of molecular
functions, including regulation of transcription and translation, regu-
lation of cellular localization of interacting proteins, and even trans-
lation into small peptides. However, the knowledge about circRNA
expression patterns, their mechanistic role in physiological and path-
ological conditions, their potential as diagnostic biomarkers, and the
potential use of circRNAs as therapeutic targets is still in an early
stage. A few circRNAs were shown to be critically involved in cardiac
function. Whether more circRNAs play a role in different cell types of
the heart remains to be investigated.
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