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Circular RNAs (circRNAs) represent a category of non-coding RNAs (ncRNAs) and constitute functional RNAs that are
predetermined not to be translated, but transcribed. CircRNAs are characterized by single-stranded closed-loop structures
without 5'-3'-polarity or a polyadenylated tail. The term “circRNA” was first used by Sanger et al. when identifying the
structure of viroids.

Keywords: circular RNAs ; CircRNAs

| 1. Categories, Biogenesis, Localization, Degradation

CircRNAs are categorized according to their synthesis by introns, exons, or both into four main categories described
below:

 Exonic circRNAs (EcircRNAS), localized to the cytoplasm @ and consisting of a single or multiple exons, usually two or
three (28], A median length of 353 nucleotides is required for single-exon back-splicing.

« Intronic circRNAs (CiRNASs), localized to the cell nucleus 4,
« Exon-Intron circRNAs (ElcircRNAs), also localized to the cell nucleus and functionally similar to ciRNAs (2,

« Intergenic circRNAs, generated by two ciRNAs fragments flanked by GT-AC splicing signals, acting as the splice donor
and acceptor of the circular junction, and forming an integrated circRNAs (€,

CircRNAs are generated by back-splicing (Figure 1) of primary messenger RNA (mRNA) transcripts. During back-
splicing, a 5' splice site (donor) is joined to an upstream 3' site (acceptor) by the spliceosome machinery, forming a
covalently closed structure with a specific junction site . This process competes with canonical splicing and can produce
different circRNAs from the same sequence [l |t has been reported that the more back-splicing an exon can undergo,
the less it is included in the fully processed mRNA &,
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Figure 1. Biogenesis and diversity of circRNAs. CircRNAs are produced by exon-skipping or another non-canonical event
(like back-splicing) that can initiate internal splicing. CircRNAs are present in blood, body fluids and tissues, and can serve
as potential disease biomarkers. They are non-polyadenylated, unlike mRNAs, and they are covalently closed. CircRNAs
are resistant to exonucleases digestion due to their lack of 5’ or 3' end. CircRNAs can be exonic, intronic or a combination
of both (this illustration was created with BioRender.com, accessed on 3 November 2021).

Back-splicing occurs both co-transcriptionally and post-transcriptionally and is a much less efficient process than
canonical splicing. It is favored over canonical splicing up on depletion of splicing factors and can be affected by
epigenetic changes within histones and gene bodies [LALL12]



There are three basic models of circRNAs biogenesis. Firstly, on an exon-skipping event, lariats are formed when
alternative exons are spliced out of the final mMRNA product. The lariat containing the excised exons undergoes internal
back-splicing and circRNA (EcircRNA or ElcircRNA) are formed B3l |ntron lariats that contain a CiRNA specific
consensus motif consisting of an 11-Nucleotide (nt) C-rich element near the branch point and a 7-nt GU-rich element near
the 5' splice site can escape debranching and form ciRNAs according to this model 241, Secondly, on “intron pairing-driven
circularization”, inverted repeat elements (for example ALU elements) are located in the upstream and downstream
introns. By base-pairing of complementary sequences of inverted repeat elements, a hairpin structure is formed and
looping brings the acceptor and donor sites in proximity BI4E. Thirdly, looping can be mediated by RNA-Binding Proteins
(RBPs), such as Quaking, Muscleblind or FUS/TLS (Fused in Sarcoma/Translocated in Liposarcoma) protein LSI[181127]
Interestingly, not all RBPs promote circRNAs biogenesis, as ADAR1 (Adenosine Deaminase RNA-Specific Binding
Protein) binds to double-stranded RNA regions and promotes the melting of stem structures to destabilize RNA pairing,
thereby suppressing circRNAs formation (28],

Apart from the four main categories, there are newly emerging subtypes of circRNAs, such as tRNA Intronic circRNAs
(tricRNAs), generated during pre-tRNA maturation or fusion circRNAs (f-circRNAs), created from chromosomal
translocations in host genes (221201,

Following synthesis, all circRNAs, apart from intron-containing, are transported from the nucleus to the cytoplasm in a
size-dependent manner by the enzymes Adenosine Triphosphate (ATP)-dependent RNA helicase DDX39A and
spliceosome RNA helicase DDX39B [21],

First reports regarding the mechanisms implicated on circRNAs degradation were based on studies of the circRNAs
Cerebellar Degeneration-Related Protein 1 Transcript (CDR1as), a circRNA upregulated in OS, that described cleavage of
CDR1as as mediated by Argonaute 2 (Ago2), after binding to microRNA (miRNA) miR-671 22, Nevertheless, whether this
type of degradation is universal to circRNAs is still not clear . Recent evidence points to other endonucleases
functioning on circRNAs decay, upon special conditions. A portion of circRNAs that have undergone m®A (N6-
Methyladenosine) modification are cleaved by the ribonuclease complex RNase P/MRP, a process mediated by the mfA
reader protein YTHDF2 (YTH N6-Methyladenosine RNA Binding Protein 2) and HRSP12 (Heat-Responsive Protein 12)
(23] That could be the case for circNRIP1, a circRNA upregulated in OS. Its expression was reportedly elevated by
METTL3, a methyltransferase that induces m®A modification to circNRIP1. In turn, circNRIP1 sponges miR-199a to
upregulate FOXC2 expression in OS 241, Additionally, RNase L, activated upon viral infection, can degrade all types of
circRNAs. UPF1 (ATP-Dependent RNA Helicase Upstream Frameshift 1) and associated endonuclease G3BP1 (Ras
Gtpase-Activating Protein-Binding Protein 1) can target and catalyze the degradation of some circRNAs 23, Moreover,
circRNAs accumulation is eliminated through exocytosis or exosome activity 28I,

| 2. Biochemical Properties and Detection Methods

CircRNAs possess an exceptionally stable structure that results in their accumulation to the cytoplasm as previously
mentioned, along with possible mechanisms of degradation. Most EcircRNAs’ half-life surpasses 48 h, in contrast to linear
mRNA with average half-life of 10 h 11,

Another feature of circRNAs is their tissue -and developmental stage- or age-specificity. In human tissues, RNA-
sequencing studies demonstrated that up to 50% of circRNAs were expressed in a highly specific pattern and showed
increased levels on fetal compared to adult tissues 4.

CircRNAs are abundant in human tissues and tend to accumulate in tissues with low proliferation rate, for example
cardiomyocytes. CircRNAs accumulation is also dependent on age 281291 Different human tissues show variable rates of
circRNAs production, as in the human heart where 9% of the expressed genes produce circRNAs, whereas in the human
brain the rate of production reaches 20% B9 However, circRNA expression is not related to that of its linear isoforms, and
under specific circumstances can far exceed it (.

CircRNAs’ stability to degradation and the lack of polar structure at the end are properties that can be utilized for their
detection. Their migration rate in a cross-linked gel is slower than that of long linear RNAs, and when compared with
homologous gene transcription, nucleic acids show slower migration rate in weakly cross-linked gels, enabling circRNAs
detection with northern blot analysis B2 Sybcellular location can be assessed with the Fluorescence In Situ
Hybridization (FISH) technique B4l |mproved algorithms for high-throughput sequencing (circRNA candidate sequence
boundary combination concerning different forms of exon rearrangement in comparison to sequencing data, different
sequence alignment algorithms to match sequencing data to the genomic sequence and direct detection from cDNA



sequences by designing multiple splice sequences) have also rendered the detection of low-abundance circRNAs feasible
(331341 cyrrently, multiple circRNA-associated in silico tools and pipelines can support the de novo identification, assembly
and annotation of circRNAs 2. Depending on their implementation, circRNA identification tools are divided into three
categories; BSJ-based (Back-Splicing Junction), integrated-based and machine learning-based B8l Additionally, novel
tools can perform more complex functions (e.g., alternative splicing events, expression estimation and circRNA structure
prediction). In their review, Chen et al. 28 provide a comprehensive guide for hundreds of circRNA-related tools and their
functionality.

| 3. Biological Functions

CircRNAs exert many important biological functions through three major mechanisms of action (Figure 2):
« MIRNA sponging

« Protein and mRNA interplay

« Translation

MiIRNA sponging is the most well-studied mechanism of action of circRNAs. CircRNAs contain binding sites for miRNAs
and compete endogenous RNAs to sequester miRNAs via complementary base-pairing, while inhibiting miRNA from
binding to their target molecules 4. Subsequently, miRNA sponging leads to suppression of target mRNAs. The well-
known paradigm of circRNA CDR1as, with more than 70 binding sites for miR-7 B8 but also other circRNAs such as
circRNA-Homeodomain-Interacting Protein Kinase-2 (circHIPK2), have mechanistically confirmed sponge effect to
miR124-2HG B9, Considering their multiple binding sites, circRNAs can act both as oncogenes or tumor suppressors
through binding to different miRNAs 4. A large part of research focusing on circRNA role on sarcomas refers to circRNA-
miRNA interactions and their impact on tumor growth, described later. Nevertheless, bioinformatics analysis reports that
although circRNAs may have abundant binding sites, they may not exert prominent sponge effect, and under normal
conditions this effect is not important on highly expressed miRNAs [2l[221140141]

CircRNAs interactions with proteins are multifold, since they can act as protein sponges, scaffolds, enhance protein
function or recruit proteins to specific subcellular compartments, or even facilitate contact between two or more proteins. It
is well documented that circRNAs that carry RBP binding motifs may act as decoys or sponges to RBPs and interfere with
their effects [4. CircMbl is documented to bind both mbl and MBNL1 (Muscleblind-like Protein 1) proteins. Upon increased
mbl or MBNLL1 proteins, circMbl synthesis is promoted. In turn, linear mRNA splicing of the gene is favored, creating an
autoregulatory loop of the gene expression 12 |n addition, RNA Polymerase 1I-U1 (Pol I-U1) Small Nuclear
Ribonucleoproteins (snRNPs) complex binding is facilitated by interaction with circEIF3J with U1 RNA, resulting in
upregulated parental gene transcription &l Similarly, circRNAs can bind dsRBPs [Double-Strand RNA-Binding Proteins
(e.g., NF90, NF110)] #2 and create a reservoir to be used in specific conditions. Moreover, several circRNAs are reported
to act as mRNA decoys or modulate mRNA stability 2243l Reports of proteins binding circRNAs without predicted binding
sites imply that the tertiary structure of circRNAs may play an important role on protein binding, and that the tertiary
structure may exhibit certain fluidity in different developmental stages or tissues 24, The mechanisms underlying the way
that tertiary structure affects circRNA function should be an object of further research.

Bioinformatics have proven that circRNAs have Open Reading Frame (ORF) and ribosome binding site, making
translation possible. Translation may occur via Internal Ribosome Entry Site (IRES) elements that recruit the ribosomal
40S subunits in a cap-independent manner 42, m8A modification may also play a role in circRNA translation, as m®A
reader protein YTHDF3 interacts with translation initiation factors elF4G2 and elF3A, after binding to m®A modified
circRNA 24, The resulting peptides are truncated versions of the original proteins and, therefore, their functional relevance
remains to be investigated. They might serve as dominant-negative protein variants, having been expressed under
different conditions than the original protein or localized to other cellular compartments 221,

It has been mentioned above that circRNAs that localize in the nucleus (ElcircRNAs and ciRNAs) can regulate their
parental gene expression by interacting with U1 snRNP complex. CircRNAs also regulate alternative splicing and
transcription, given that under certain circumstances (depletion of splicing factors) circRNA biosynthesis is promoted over
canonical splicing 12, exerting an important role on translation regulation by interfering with mRNA mobility and stability
(221143]146] Other studies also show that circRNAs control the role of ribosomes in protein expression ¥4, In addition, recent
data demonstrate that stabilized circRNAs could form circRNA pseudogenes and be retrotranscribed and integrated into
the genome 481491 thys modifying gene expression.
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Figure 2. CircRNA interactions: (a) CircRNA binds with RNA-Binding Proteins (RBPs), such as MBNL1 B9: (b) circRNAs
act as miRNA sponges; (c) ElcircRNA interacts with the U1 Small Nuclear Ribonucleoprotein (sSnRNP) and then binds to
RNA Polymerase Il (Pol I1) 21 (d) circRNA translation into proteins. The surface of the molecules MBNL1 and Pol Il are
modelled according to van der Waals surface (this illustration was created with BioRender.com, accessed on 3 November
2021).

| 4. Roles in Homeostasis and Malighancy

CircRNAs participate in cell cycle regulation as key factors in multiple check points B2 and modulate c-MYC expression
as well as other molecules downstream of c-MYC, including p21. They have also been involved in mediation of immune
response 231, cell differentiation and pluripotency 24, as well as apoptosis 221,

Recent literature points to the dysregulation of circRNAs in cancer, inducing oncogenic or suppressive effects and playing
a pivotal role in tumorigenesis 2. Bioinformatics analysis has yielded interesting results on many tumor types, identifying
a network of circRNAs and their target miRNAs and mRNAs as well as their interaction with important signaling pathways,
such as Wnt/p-catenin, TGF-B (Transforming Growth Factor Beta) or PI3K/AKT 2. They have also been shown to
regulate Epithelial-Mesenchymal Transition (EMT), resist apoptosis, induce angiogenesis, DNA methylation and
demethylation coordination as well as influence metastatic spread 452 whereas some studies have indicated the
presence of circRNAs in exosomes, implicating their transport between cells and tissues B85, Moreover, new evidence
implies that circRNAs may affect acquired chemoresistance 8. The above-mentioned mechanisms have been shown to
be critical in sarcomagenesis B6ABLI62]63]64]65] anq a large number of circRNAs have been demonstrated to affect
chemoresistance in OS, such as hsa_circ_0004674, hsa_circ_0081001 and circPVT1, among others B2[68IE7I[6E][69]
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