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Circular RNA: an important player with multiple
facets to regulate its parental gene expression
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Circular RNAs (circRNAs), a novel type of endogenous RNAs
with covalently closed-loop structures, have become a new
research hotspot in the RNA world. Their diversity, stability,
evolutionary conservation, and cell type- or tissue-specific
expression patterns endow circRNAs with various important
biological functions. As a consequence, circRNAs are emerging
as important regulators of physiological development and dis-
ease pathogenesis. Growing evidence has shown that circRNAs
can regulate parental gene expression through diverse
mechanisms, such as transcription and splicing regulation,
microRNA (miRNA) sponges, mRNA traps, translational mod-
ulation, and post-translational modification. The study of
circRNAs and how circRNAs regulate the expression of
parental genes will facilitate a deeper understanding of their
biological functions and provide new perspectives on their clin-
ical application. Herein, we review the biogenesis of circRNAs,
with a particular focus on the molecular mechanisms of
circRNAs regulating their parental gene expression and the
biological significance of such regulation.

Circular RNAs (circRNAs) are a novel group of endogenous tran-
scripts generally characterized by their covalently closed-loop struc-
tures. The existence of circRNAs was first reported in 1976 when a
group discovered circRNA molecules naturally existing in plant vi-
roids." With advancements in RNA sequencing and bioinformatics
analysis, large numbers of previously unannotated circRNAs have
been identified in different organisms. Unlike linear RNAs, circRNAs
lack free terminal structures since their 3’ and 5’ ends are joined
together by covalent bonds.” This unique structure enhances their sta-
bility and protects them from degradation by RNA exonuclease or
RNase R.>* While most circRNAs are low in abundance, some are
ubiquitously expressed and are present at higher copy numbers as
compared to their linear transcripts.” Moreover, most circRNAs are
conserved across species and often exhibit cell type- or tissue-specific
expression, suggesting potential regulatory roles.*™®

Based on the source of the genome and biogenesis patterns, circRNAs
are mainly divided into three groups: exonic circRNAs (EcircRNAs),
exonic-intronic circRNAs (EIciRNAs), and circular intronic RNAs
(ciRNAs).”” circRNAs have been reported to directly bind proteins,
sponge microRNAs (miRNAs), and translate into proteins.'’”"* How-
ever, emerging studies demonstrate that circRNAs can modulate the
expression of their parental genes at multiple levels and are involved

in the regulation of various physiological or pathological processes,
including embryogenesis, atherosclerosis, and tumorigenesis."”® I
this review, we briefly introduce the biogenesis of circRNAs, summa-
rize their functional roles in regulating parental gene expression, and
discuss the biological significance of their regulatory functions.

n

Biogenesis of circRNAs

Precursor (pre-)mRNAs are synthesized by RNA polymerase IT (RNA
Pol IT) and canonically spliced into linear mRNAs. However, circRNAs
are derived from back-splicing of pre-mRNAs, a novel mode of RNA
splicing involving joining of the 3’ splice site to the 5’ splice site.”"”
Several mechanisms have been recently proposed for the formation
of circRNAs (Figure 1).5%29°2% In 2013, Jeck et al.* first put forward
two models of circRNA circularization that were widely accepted,
that is, lariat-driven circularization and intron pairing-driven circular-
ization. The former requires covalent joining of 5’ donor splice sites and
3’ acceptor splice sites to form a lariat structure that contains at least
one exon.*?" In some cases, an intronic lariat, which is formed when
an intron is removed during pre-mRNA splicing, can produce ciRNA.”
Intron pairing-driven circularization is mostly related to complemen-
tary inverted sequences within the flanking introns of the back-spliced
exons. In this model, the pairing between two introns can bracket the
back-spliced exons and induce their circularization.*” In addition to
the complementary sequences, some RNA-binding proteins (RBPs),
such as QKI and FUS, can directly bind to specific RNA motifs in the
introns on both sides of the circularized exons.”*"*> Through the
dimerization of these RBPs, the splice sites are brought into close prox-
imity, and the spliceosome engages in a back-splicing reaction. A spe-
cial class of circRNAs called tRNA intronic circRNAs (tricRNAs) were
found to be generated during pre-tRNA splicing. In this case, the tRNA
splicing endonuclease complex cleaves an intron at the bulge-helix-
bulge motif of the pre-tRNA, and the released ends are ligated to
form a tRNA and a tricRNA.*

Regulation of parental gene expression by circRNAs
As circRNAs can interface with DNA or RNA at the sequence level
and fold into a unique tertiary structure capable of specific
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Figure 1. The biogenesis of circRNAs
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(A In lariat-driven circularization, the intron lariats depend on the GU-rich sequences close to the 5’ splice site and the C-rich sequences near the branch point to form ciRNA,
while the exon-containing lariats are processed by internal splicing to release EcircRNAs or EIciRNAs. (B) In intron pairing-driven circularization, the back-splicing event is
guided by repeated complementary elements, such as Alu repeats. (C) In RBP-driven circularization, the back-splicing event can be promoted by RBPs. (D) TricRNAs are

synthesized from introns spliced from pre-tRNA.

interactions with proteins, they are particularly well suited to regulate
gene expression at multiple levels. Indeed, recent studies have uncov-
ered many specific examples illustrating the involvement of circRNAs
in their parental gene expression at different regulatory levels (Fig-
ure 2), which are summarized in Table 1.

circRNAs regulate the transcription of parental genes

In eukaryotes, transcription of protein-coding genes is performed by
RNA Pol I1.*7°" Genes transcribed by RNA Pol II typically require
transcriptional regulatory elements (core promoters, proximal pro-
moters, distal enhancers, and silencers) and the molecular machinery
(general transcription factors, activators, and coactivators) that inter-
acts with the regulatory elements to mediate precisely controlled pat-
terns of gene expression. A growing body of evidence supports the
role of circRNAs in the regulation of their parental gene transcription
mediated by the transcriptional complex.*?>2¢

Some nuclear circRNAs can interact with RNA Pol II or transcrip-
tional factors. For example, ci-ankrd52 accumulates to its sites of
transcription, interacts with an elongation RNA Pol II complex,
and acts as a positive transcriptional regulator of its parental gene.’
EIciRNAs, such as circEIF3] and circPAIP2, have been found to
hold factors such as Ul small nuclear ribonucleoprotein (snRNP)
through RNA-RNA interaction between Ul small nuclear RNA
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(snRNA) and EIciRNA, and the EIiRNA-U1 snRNP complexes sub-
sequently interact with the RNA Pol II transcription complex at the
promoters of parental genes to enhance gene expression.® Another
circRNA, circ-HuR, can inhibit the transcription of HuR by repres-
sing the binding of CCHC-type zinc finger nucleic acid-binding pro-
tein (CNBP) to the HuR promoter and suppress the growth and

. . 24
aggressiveness of gastric cancer.

Certain nuclear circRNAs may activate parental gene transcription by
inducing DNA hypomethylation in the promoter or by regulating in-
tronic enhancer. For instance, a novel FLII exonic circRNA, FECR1,
utilizes a positive feedback mechanism to activate FLII transcription
by inducing DNA hypomethylation in the CpG islands of its pro-
moter.”” Thus, FLII can regulate metastasis in breast cancer by using
epigenetic mechanisms mediated by its exonic circRNA.”® In
Drosophila, a maternally inherited circular stable intronic sequence
RNA (sisR-4) promotes transcription of its parental gene by acti-
vating an intronic enhancer during embryogenesis.'”

Recent studies have shown that several cytoplasmic circRNAs can
regulate the expression of transcriptional factors.”** A study in
2018 showed that circITGA7 could promote the transcription of its
host gene ITGA7 by suppressing the transcription factor RREB1 via
the Ras pathway.”® Chia et al.”’ have suggested that circ-DABI1
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Figure 2. Regulation of parental gene expression by circRNAs

Post-translational
modification

(A) circRNAs interact with the transcriptional complex to control their parental gene transcription. (B) circRNA biogenesis competes with linear mRNA splicing. (C) circRNAs
act as mRNA sponges to facilitate their parental gene expression. (D) circRNAs serve as mRNA traps to inhibit their parental gene expression. (E) circRNAs regulate the
translation of parental genes through interaction with proteins. (F) circRNAs regulate post-translational modification of parental genes by encoding proteins.

upregulates the expression of recombination signal-binding protein
for the immunoglobulin kappa ] region (RBPJ), an important tran-
scriptional factor in the NOTCH pathway, to activate the parental
gene DABI transcription. Gli2 was previously reported as the tran-
scription factor to activate the expression of its downstream genes.>
More recently, circ-STAT3 was also found to elevate STAT3 expres-

sion by upregulating the transcription factor Gli2 via sponging
miR-29a/b/c-3p.”® Studies cited above illustrate that circRNA can
regulate the transcription of its parental gene and impact distinct
steps in the transcription cycle. Given that both cytoplasmic and nu-
clear circRNAs are involved, transcriptional control could represent a
more general role of circRNAs than is currently appreciated. It will be
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Table 1. circRNAs involved in parental gene expression

Mechanistic classification circRNA Parental gene Mechanism References
circEIF3] circPAIP2 EIF3] PAIP2 interact with RNA Pol I and Ul snRNA 8
ci-ankrd52 ANKRD52 interacts with elongation RNA Pol II ?
sisR-4 dpn activates an intronic enhancer "
circ-HuR HuR interacts with transcriptional factor CNBP 2

Transcriptional regulation -
FECR1 FLI1 induces DNA demethylation in the promoter -
circITGA7 ITGA7 suppresses the transcriptional factor RREB1 2
circ-DAB1 DABI upregulates the transcriptional factor RBPJ >
circ-STAT3 STAT3 upregulates the transcriptional factor Gli2 2
circMbl MBL competes with linear mRNA splicing »

Splicing regulation
circSEP3 SEP3 favors alternative splicing of SEP3 mRNA 0
circ-Sirtl SIRT1 sponges miR-132/212 o
circ-ENO1 ENOI sponges miR-22-3p 7
cTFRC TFRC sponges miR-107 3
circFBLIM1 FBLIM1 sponges miR-346 32
circGFRA1 GFRA1 sponges miR-34a 2

ceRNA circAmotl1 Amotll sponges miR-485-5p 3
circ-VANGLI VANGLI sponges miR-605-3p »
cir-ITCH ITCH sponges miR-7 and miR-20a 3
circSMO742 SMO sponges miR-338-3p 7
circ-AKT1 AKT1 sponges miR-942-5p i
circ-TFF1 TFFI sponges miR-326 >“’
HIPK2/3 circRNAs HIPK2/3 sequester ATG translation start site '

mRNA trap circular Fmn Fmn sequesters 5' UTR exons 0
dystrophin exonic circRNAs dystrophin lead to inactive dystrophin transcripts “
circ-Dnmt1 Dnmtl promotes nuclear translocation of AUF1 1
circYap Yap competitively interacts with elF4G and PABP *

Translational regulation -
circPABPN1 PABPNI competitively interacts with HuR s
circ-MMP9 MMP9 competitively interacts with AUF1 “
circFBXW7 FBXW7 encodes the FBXW7-185aa protein ®
circ-SPHRH SPHRH encodes the SHPRH-146aa protein o

Post-translational regulation >
circB-catenin B-catenin encodes the B-catenin-370aa protein 7
circ-AKT3 AKT3 encodes the AKT3-174aa protein "

interesting to determine how circRNAs influence their host gene
transcription and elucidate the mechanisms underlying these
phenomena.

circRNAs affect the splicing of their linear counterparts

As linear splicing and back-splicing mostly use the same pool of
canonical splice acceptors and donors, it is not surprising that the
processing of circRNAs can affect linear splicing of pre-mRNAs,
potentially leading to altered gene expression. Two different mecha-
nisms have been proposed for how circRNAs regulate the splicing
of their linear counterparts. (1) circRNA biogenesis competes with
linear mRNA splicing. For instance, when spliceosome components
are depleted or inhibited, the steady-state levels of circRNAs increase
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while the expression of their associated linear mRNAs concomitantly
decreases.” This is partly because nascent RNAs are directed to alter-
native pathways that lead to circRNA production. A study in 2018 re-
vealed that cardiac circRNAs were mostly produced from constitutive
exons, indicating that these circRNAs were generated at the expense
of their linear counterparts.”® Another example is circMbl.** This
circRNA and its flanking introns contain conserved binding sites of
the splicing factor muscleblind (MBL). When the MBL protein is in
excess, it binds to the mbl pre-mRNA and causes it to back-splice
into circMbl.*® The circMbl then binds to and sequesters MBL pro-
tein, lowering its free cellular concentration so that it can no longer
produce circMbl transcripts, consequently lowering its own level.
Therefore, the circularization and linear splicing of mbl compete
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against each other.” (2) circRNA can skew splicing preference and
favor alternative splicing of its host gene. For example, circSEP3 is
capable of binding SEP3 genomic DNA to form an RNA:DNA hybrid
or R-loop, which may physically slow transcriptional elongation, and
thereby lead to the formation of alternatively spliced SEP3 mRNA
with exon skipping.”’

circRNAs act as miRNA sponges to facilitate parental gene
expression

miRNAs are important gene expression regulators, binding to the 3’
UTR of target mRNA to prevent its translation or promote its degra-
dation. In the cytoplasm, some circRNAs may function as miRNA
sponges to enhance target gene expression by inhibiting miRNA ac-
tivity. In 2013, two research groups provided the first evidence that
the mouse Sry and human CDRIas circRNAs may function as
miRNA sponges through their binding sites.”'” With the extensive
studies of circRNAs, an increasing number of circRNAs have been
found to act as miRNA sponges and play important roles in disease
initiation and progression.” >*

Considering the homolog of circRNAs with parental genes, it is
possible that circRNAs can serve as competing endogenous RNAs
(ceRNAs) to regulate their linear counterparts. A recent study re-
ported that circ-Sirtl binds to miR-132/212 that interferes with
SIRT1 mRNA, and it facilitates the expression of host gene SIRTI
in vascular smooth muscle cells (VSMCs).'® As a consequence,
circ-Sirtl exhibits beneficial protective effects against the inflamma-
tory phenotype of VSMCs, suggesting that circ-Sirtl is involved in
the pathogenesis of vascular diseases and may act as a novel potential
biomarker in the detection of atherosclerosis.'® Additionally, cTFRC
promotes bladder carcinoma progression as a sponge of miR-107 to
enhance the oncogenic effect of its parental gene TFRC through the
cTFRC/miR-107/TFRC axis.”’ In another example, circFBLIMI
may function as a ceRNA to regulate FBLIM1 expression through
sponging miR-346 to exert regulatory functions in hepatocellular
cancer.””> Besides the above circRNAs, circ-ENO1, circGFRALI,
circAmotl1, circ-VANGLI, cir-ITCH, circSMO742, circ-AKT1, and
circ-TFF1 have been found to function as miRNA sponges, regulating
the expression of their cancer-related parental genes to alter the pro-
gression of human cancers.'”*>>*° However, the release of target
gene repression by competitive binding of circRNA to miRNA re-
quires the levels of both circRNA and miRNA to be comparable.
Given that most circRNAs are expressed at low levels, further inves-
tigation in diverse cell types or tissues is necessary to determine
whether there is sufficient evidence for the regulation of parental
gene expression by circRNAs acting as ceRNAs.

circRNAs serve as “mRNA traps” to inhibit parental gene
expression

Translation is a complex process of gene expression that determines
the abundance of the cellular proteome. Under most conditions, initi-
ation is the rate-limiting step of translation, and it allows rapid,
reversible, and spatial control over gene expression. During transla-
tion initiation, the cytosolic ribosome is recruited to the mRNA

and scans its 5 UTR for the presence of the translation start codon.
However, when the circRNA contains the translation start site of
the host gene, it may act as an mRNA trap by sequestering the trans-
lation start site, leaving a noncoding linear transcript and thereby
reducing the expression level of the functional protein. For example,
paralogous kinases HIPK2 and HIPK3 produce abundant circRNAs
from their second exon that contains an ATG translation start site,
yet the circularization of HIPK2/3 precludes the production of the
usual protein-encoding transcript, as it lacks the ATG and significant
N-terminal sequence.4 The formin (Fmn) gene, which is essential for
limb development in mice, was reported to produce circular Fmn
RNAs comprising 5 UTR exons.’ Targeted deletion of the relevant
exons in an animal model abrogates the production of circular tran-
scripts and causes aberrant expression of Fmn proteins.*” Thus, the
formation of circular Fmn RNAs may trap the transcripts arising
from the Fmn gene in a nonfunctional form and prevent the existence
of the linear Fmn transcripts that could be translated. The mRNA trap
phenomenon has also been found in patients with Duchenne
muscular dystrophy (DMD). A study from Gualandi et al.*' showed
that the increased production of the dystrophin EcircRNAs may
lead to inactive dystrophin transcripts in individuals with certain dele-
tion mutations and reduce the levels of functional proteins.

circRNAs regulate the translation of parental genes

The synthesis and degradation of circRNAs are regulated by some
RBPs.'>%%! Conversely, circRNAs can interact with different pro-
teins to form specific circRNA-protein complexes that influence the
activities of the associated proteins. Certain circRNAs may function
as protein sponges to block protein activity by working as competing
elements. For instance, circANRIL disrupts pre-rRNA processing and
ribosome biogenesis by competitively binding to pescadillo homolog
1, leading to nucleolar stress and activation of p53.'" Additionally,
circRNAs may serve as molecular scaffolds for the assembly of protein
complexes. A study by Du et al.* found that circ-Foxo3 could interact
with both CDK2 and p21 to form a ternary complex, which sup-
pressed cell cycle progression and cell proliferation.

In some cases, circRNAs can interact with specific proteins and
modulate the translation of their cognate mRNAs. Wu et al.** demon-
strated that circYap decreased Yap protein levels by inhibiting Yap
translation in cancer cells via its interaction with Yap mRNA and
the translation initiation associated proteins, eIF4G and PABP. The
complex containing circYap abolished the interaction of PABP on
the poly(A) tail with eIF4G on the 5 cap of the Yap mRNA, which
functionally led to the suppression of Yap translation initiation.**
Similarly, the extensive binding of circPABPN1 to HuR prevents
HuR binding to PABPNI mRNA and suppresses PABPNI transla-
tion.* A recent study showed that circ-MMP9 physically bound to
AUF1 to block its inhibitory effect, resulting in enhanced MMP9
mRNA stability, thereby facilitating oral squamous cell carcinoma
metastasis.”* Additionally, ectopic circ-Dnmtl can interact with
both p53 and AUFI to promote their nuclear translocation.'® Nuclear
translocation of p53 induces cellular autophagy while AUF1 nuclear
translocation increases Dnmtl mRNA stability and translation.'®
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Therefore, the ability of circRNAs to bind, sequester, or translocate
these translation-associated proteins to particular subcellular frac-
tions allows circRNAs to dynamically regulate the translation of their
parental genes.

circRNAs regulate post-translational modifications of parental
genes

Most circRNAs cannot be loaded into ribosomes and translated into
proteins due to their lack of a 5’ cap structure.>®> However, given that
most circRNAs are cytosolic and originate from protein-coding
exons, translation of circRNAs is a natural possibility. The presence
of 5’ cap-independent mechanisms of ribosomal recruitment allows
synthetic circRNAs to be translated in vivo and in vitro.**™*® For
example, the UTR element of circ-ZNF609, spanning from the termi-
nation to the initiation codons, can drive internal ribosome entry site
(IRES)-dependent translation.’” In other contexts, N6-methyladeno-
sine (m6A), the most abundant base modification of RN A, was found
to promote efficient initiation of protein translation from circRNAs."*

Because the translated product of a circRNA shares part of its amino
acid sequence with that of the protein encoded by the parental gene, it
may competitively interact with enzymes to regulate post-transla-
tional modification of the full-length protein. More recently,
circFBXW7 was found to encode the FBXW?7-185aa protein to sup-
press triple-negative breast cancer progression.”” Mechanistic studies
demonstrated that FBXW7-185aa competitively interacted with the
deubiquitinating enzyme USP28, preventing USP28 from binding
to FBXW?7, thereby upregulating FBXW7 expression.”” SHPRH-
146aa encoded by circ-SPHRH can increase the levels of the full-
length SHPRH protein by protecting it from ubiquitination.*® Stabi-
lized SHPRH ubiquitinates proliferating cell nuclear antigen (PCNA),
leading to suppression of cell proliferation and tumorigenicity.*®
Another study showed that B-catenin-370aa, generated by circp-cate-
nin, competitively interacted with GSK3f and served as a decoy that
prevented GSK3p from binding to full-length B-catenin, leading to
the antagonization of GSK3B-induced B-catenin degradation.””
Moreover, Xia et al.*® showed that AKT3-174aa, encoded by circ-
AKT3, competed with AKT isoforms to bind to pPDKI and reduce
AKT-Thr308 phosphorylation, suggesting that AKT3-174aa played
a negative regulatory role in modulating the phosphatidylinositol
3-kinase (PI3K)/AKT signal intensity. With research on circRNA
translation being at an early stage, more new circRNA-encoded pro-
teins will be discovered in the near future, whose roles in regulating
post-translational modification of parental genes will be worthy of
further study.

Conclusions

To date, the molecular functions of circRNAs remain largely enig-
matic. Nonetheless, research during the past decades has clearly
demonstrated that circRNAs have roles in multiple aspects of parental
gene expression through different mechanisms of action. This
review comprehensively summarizes these regulatory mechanisms,
including transcription and splicing regulation, ceRNA mechanisms,
mRNA traps, and translational/post-translational regulation. In addi-
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tion, circRNA can also inhibit degradation of proteins encoded by
parental genes, as has been proposed for circFoxo3 and circ-
GLIL”>"" Accordingly, these regulatory mechanisms provide a
further layer of complexity to the functions of circRNAs and make
them potential regulators of specific cellular functions.

While the role of circRNAs in regulating parental gene expression has
been elucidated to some extent, many questions remain unanswered.
Future studies are required to determine whether this role may be a
more general role for circRNAs and whether there may be additional
regulatory mechanisms such as affecting chromatin structure and
function. To address these questions, further improvements in tech-
niques are necessary to study these circRNAs without affecting their
host genes within cells. As their parental genes control a large set of
biological processes, the upstream roles of corresponding circRNAs
will also affect these pathways. Coupled with the stability and
conserved nature of their structure, circRNAs might be a future target
for therapies, either to decrease the circularization of functional tran-
scripts or to inhibit the expression of dysfunctional transcripts
through the regulatory function of circRNAs. A better understanding
of the mechanisms underlying the functions of circRNAs will help us
to understand multiple physiological and pathological processes, and
to pave the way for circRNA-based therapeutic intervention and di-
agnostics for human diseases in the future.
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