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Circular RNAs in physiology and
non-immunological diseases

1,4,%

Liang Chen, ' Chuan Huang ®,23* and Ge Shan

Circular RNAs (circRNAs) are covalently closed single-stranded RNAs. Four
subclasses of circRNAs have been identified in animal cells, and they have unique
features in their biogenesis, degradation, and transport. CircRNAs have diverse
molecular functions in sponging miRNAs, regulating transcription, modulating
RNA-binding proteins, and even encoding proteins. Some circRNAs are important
regulators of various physiological processes to maintain homeostasis. Dysregula-
tion of circRNAs is associated with human disorders, and individual circRNAs are
crucial factors that contribute to major diseases including non-immunological
diseases such as cancers, neurological disorders, cardiovascular disease, and
metabolic disease. Debates on circRNAs have also been raised in recent years,
and further studies would help to resolve these disputes and potentially lead to bio-
medical applications of circRNAs.

Overview of animal and human circRNAs

CircRNAs are a large class of covalently closed single-stranded RNAs [1-8]. They are common
outputs of eukaryotic transcription and RNA processing, and some have been found to play
crucial roles in diverse molecular and cellular events [2—6]. The development of research methods
(Box 1) has substantially improved our understanding of the basic properties of circRNAs and
their roles in normal physiology and major human diseases. Although circRNAs have been
characterized in the context of immunological diseases and viral infections [9-11], we focus
here on the newly described functional relevance of individual circRNAs to normal physiology
and major non-immunological human diseases. We first provide a brief introduction to the
molecular functions and mechanisms of circRNAs, and then summarize their physiological and
pathological roles and discuss ongoing debates.

Major molecular mechanisms of circRNA function

Four subclasses of circRNAs have been identified in animal cells, including exonic circRNAs
(EcircRNAs), exon—intron circRNAs (EIciRNAs), and intronic circRNAs (ciRNAs) that are encoded
by the nuclear genome (Figure 1A) [2-6,12]. Another subclass has recently been identified as
mitochondria-encoded circRNAs (mecciRNAs) (Figure 1A) [13]. Features of the biogenesis
(Figure 1A), cellular export (Figure 1B), and degradation (Figure 1C) of these circRNAs are de-
scribed in Box 2.

Inhibiting miRNA activities

Multiple EcircRNAs are presumed to serve as competing endogenous RNAs (ceRNAs; see
Glossary) or microRNA (miRNA) sponges [2-6,14,15] (Figure 2A). A functional ceRNA would
possess multiple copies of binding sites for the same miRNA. For example, Cdrias is a con-
served mammalian circRNA, and human Cdr7as has 74 predicted binding sites for miR-7,
many of which are functional [14,15]. A circRNA in mice, circSry, contains 16 putative binding
sites for miR-138, and experimental data also support a role for circSry as a miR-138 sponge
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All circRNAs are covalently closed single-
stranded RNAs, but they are diverse in
their sequence composition, metabo-
lism, roles, and functional mechanisms.

The dynamic expression and functional
roles of circRNAs are closely associated
with different physiological states, and
various circRNAs are known to serve as
crucial regulators of normal homeostasis.

Perturbations in circRNA expression
are linked to an array of complex
diseases. In particular, numerous indi-
vidual circRNAs repress or induce the
initiation and/or progression of various
non-immunological diseases.

CircRNAs hold great potential as clinical
diagnostic and prognostic markers,
therapeutic targets, and even treatment
reagents.
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Box 1. Methods and biotechnologies used in circRNA studies

For global circRNA profiling, two main methods are used to prepare RNA fractions for next-generation sequencing (NGS).
RNAs depleted for ribosomal RNAs are fractionated, which allows both mRNA and circRNA characterization in the same
sample. CircRNAs can be enriched by RNase R treatment to degrade linear RNAs, and this method has been improved by
replacing K* in the reaction buffer by Li* to facilitate the complete degradation of linear RNAs [82]. Third-generation se-
quencing (TGS) has recently been utilized to profile circRNAs [83,84]. One of the advantages of TGS is the much longer
reads than NGS, and the full-length circRNAs can be deduced more reliably [83,94].

Molecular or biochemical methods such as real-time RT-PCR, northern blotting, and fluorescent in situ hybridization (FISH)
have been adapted for the detection of individual circRNAs based on their unigue circular junction sequences. Overex-
pression of circRNAs is achieved by plasmid- or virus-based systems that utilize reverse complementary sequences or
simply the cognate flanking sequences bracketing the circularization region. The expression of circRNAs can be knocked
down using RNA interference or RNase H-based antisense oligonucleotides (ASOs) that target the circular junction, with-
out adverse effects on transcription of the host gene [85].

CRISPR-based genome editing is used to generate circRNA knockout animals by removing intronic sequences that
facilitate circularization [44,67]. In these knockouts, the targeted circRNA is successfully eliminated, and the expression
of mRNAs and the levels of the corresponding proteins are not substantially affected. Other CRISPR-based technologies
that primarily directly target circRNAs have also been developed to identify their protein partners, for imaging, or to screen
circRNAs in functional studies [3-5,55].

A proof-of-concept example of a circRNA drug has been provided by brain-specific delivery of circSCMH1 encapsulated
in engineered rabies virus glycoprotein extracellular vesicles to alleviate symptoms in mouse and nonhuman primate stroke
models [73]. In this case, circSCMH1 was "prepared' via overexpression in cultured human HEK293 cells. CircRNAs are
synthesized from the circularization of in vitro transcribed linear RNAs, and circularization is achieved through chemical
ligation, DNA or RNA ligases, or ribozymes [86,87]. These in vitro synthesized circRNAs function as artificial ceRNAs or
RNA aptamers in cells; when an IRES is included, circRNAs can efficiently express proteins in cultured cells [86,88,89].
Optimistically, engineered circRNAs have the potential to be developed into vaccines or drugs.

[11]. Notably, only a few human circRNAs have over 10 computationally predicted miRNA binding
sites [16].

Crosslinking immunoprecipitation sequencing (CLIP-seq) data for Argonaute (AGO) proteins from
human HEK293 cells revealed that ~12% of circRNAs contain functional miRNA binding sites as
AGO footprint regions, whereas most of these circRNAs have only one such region [17]. Even for
EcircRNAs that bind to miRNAs, most of them may not function individually, and instead groups
of circRNAs may collectively sponge specific miRNAs. However, in many studies the role of a
circRNA as a ceRNA role is based largely on circRNA or miBNA overexpression at high levels,
and caution is needed when interpreting these results.

Regulating transcription

EIciRNAs are mostly retained in the nucleus (Figure 1A), and at least two of these, circEIF3J and
circPAIP2 in human cells, recruit U1 small nuclear ribonucleoprotein (snRNP) to promote
transcription initiation by RNA polymerase Il (Pol ll) at the promoter of host genes [12]. In addition,
several EcircRNAs regulate transcription by interacting with chromatin (Figure 2A). circFECR1,
encoded by Friend leukemia virus integration 1 (FL/7), activates FLI1 transcription in cis by recruiting
the DNA demethylase TET1 to induce extensive promoter demethylation [18], and circSMARCAS5,
derived from exons 15-16 of SMARCA5, forms an RNA:DNA hybrid (R-loop) with the coding
DNA, resulting in Pal Il stalling at exon 15 [19]. Finally, a ciRNA which is also retained in the nucleus
(Figure 1A), ciankrd52, forms an R-loop in cis and promotes transcription elongation by Pol Il [20].

Modulating the functions of RBPs

CircRNAs can act as scaffolds or decoys of RNA-binding proteins (RBPs) (Figure 2A).
For example, the Drosophila gene muscleblind (mbl) and its human homolog muscleblind-like
protein 1 (MBNL1) encode a circRNA, circMbl, which binds to the Mbl or MBNL1 protein [21].
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Glossary

Asthenozoospermia: an infertility
condition in male mammals that is
characterized by reduced sperm motility.
Backsplicing: an alternative form of
splicing in which a splice donor site is
joined to a splice acceptor site further
upstream in the primary linear transcript,
leading to the formation of a circular RNA.
Canonical splicing: the typical splicing
reaction that joins the pre-mRNA splice
sites in genomic order, and thus introns
are removed and exons are connected
together in the 5' to 3' direction.
Circular junction: a unique RNA
region that is only generated through
backsplicing or other circularization
mechanisms. It consists of sequences
that are 5" and 3' to each other and
non-continuous a linear RNA, but
become a contiguous sequences
following circularization that links the 5
and 3' sites together.

Competing endogenous RNAs
(ceRNAs): RNAs that impede other
RNA transcripts from miRNA-mediated
inhibition or degradation by competing
for shared miRNAs.

Internal ribosome entry site (IRES):
a class of cis-acting RNA elements that
recruit ribosomes and initiate translation
in a cap-independent manner.

Lariat RNAs: also known as intron
lariats, this class of RNA is derived from
spliced introns during canonical splicing.
Once generated, they are generally
subject to rapid debranching enzyme-
mediated degradation.

MicroRNA (miRNA) pathway: an
interconnected and dynamic process
that induces the degradation and/or
translational repression of targeted
RNAs guided by miRNAs loaded onto
Argonaute proteins.
N®-methyladenosine (m°®A)
modification: a class of RNA internal
maodification involving adenosine
methylation at the nitrogen-6 position. It
is the most abundant internal RNA
maodification on MRNAs and long
noncoding RNAs (IncRNAs) in higher
eukaryotic organisms, and is crucial for
the transcription, translocation,
translation, and degradation of some
RNASs.

RNA-binding proteins (RBPs):
proteins that recognize and bind to
RNAs. These proteins modulate the
transcription, translocation, translation,
and degradation of RNAs, thereby
playing important roles in RNA biology
and in regulating gene expression.
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Mbl and MBNL1 facilitate the biogenesis of circMbl by binding to flanking introns, thus decreasing
the production of the mbl or MBNL7 mRNA [21]. As a result, circMbl acts as a protein sponge
(or decoy) for Mbl (or MBNL1) to autoinhibit circRNA generation and favor mRNA biogenesis.

circ-Foxo8 in mice functions as a scaffold by binding to the cell-cycle proteins cyclin-dependent
kinase 2 (CDK2) and cyclin-dependent kinase inhibitor 1 (or p21) [22]. The formation of a
circ-Foxo3-p21-CDK2 ternary complex results in inhibition of CDK2 activity [22]. As a scaf-
fold, circ-Foxo3 also facilitates the degradation of mutant p53 and at the same time inhibits
Foxo3 degradation by modulating double-minute 2 (MDM2)-mediated ubiquitination in mu-
rine cells [23]. CDK2, p21, and MDM2 are so-called non-canonical RBPs.
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R-loop: an RNA-DNA hybrid formed by
base-pairing between an RNA and one
strand of the genomic DNA duplex.
Non-alcoholic steatohepatitis
(NASH): a common class of liver dis-
eases characterized by liver inflammation
and damage. NASH occurs in people
who rarely drink alcohol, and is mainly
induced by an excess of fat in the liver.
Non-canonical RBP: RNA-interacting
proteins that lack classical RNA-binding
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Figure 1. Subclasses and RNA homeostasis of circular RNAs (circRNAS). (A) The biogenesis and subclasses of circRNAs. Nuclear genome-derived circRNAs
comprise three groups: exonic circRNAs (EcircRNAs) that are generated by backsplicing and localize predominantly in the cytoplasm, exon-intron circRNAs (EICIRNAS)
that are circularized with intronic sequences retained between the backsplicing exons that are localized predominantly in the nucleus, and intronic circRNAs (CIRNAS)
from intronic lariat RNA precursors that localize in the nucleus. MecciRNAs are mitochondria-encoded circRNAs that are distributed in the mitochondria and the
cytosol. (B) Transport of circRNAs. (l) Length-related nuclear export of circRNAs: Drosophila Hel25E and its human homolog UAP5S6 regulate the nuclear export of long
circRNAs (>1300 nt), whereas Hel25E and another human homolog URH49 modulate the export of short circRNAs (<400 nt). (Il) The mPA-mediated nuclear export of
circRNAs: export is facilitated by YTHDC1 in a METTL3-mediated m®A methylation-dependent manner, and circNSUNZ is shown as an example. (lll) Intercellular transport
of circRNAs via extracellular exosomes: many circRNAs are packaged into exosomes and transported to other cells or various bodily fluids. (C) Degradation of circRNAs.
(I) Degradation of mPA-modified circRNA: mPA-modified circRNAs are recognized by YTHDF2 and HRSP12, which then recruit the RNase P/MRP complex to mediate
circRNA endonucleolytic cleavage. (Il) Degradation of highly structured circRNAs regulated by the RNA helicase UPF1 and its associated endonuclease G3BP1. (lll) The
microRNA (miRNA) pathway mediates circRNA degradation, as exemplified by miR-671:Cdr1as. (IV) GW182 regulates circRNA stability in an Argonaute-independent
manner. (V) Activated RNase L decreases global circRNA levels. (VI) R-loop-dependent ciankrd52 degradation mediated by RNase H1 cleavage.
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Box 2. The basic properties of circRNAs

EcircRNAs and EICiRNAs are generated by backsplicing (see Figure 1A in main text), and their junction sites are 5-3'
linkages. The flanking introns of circularizing exons usually consist of complementary repeat elements which facilitate circulariza-
tion [2-6]. Several RBPs, such as the alternative splicing factor QKI, act analogously to complementary sequences in backsplicing
[3-6,90]. ciRNAs are derived from lariat RNAs that escape debranching during canonical splicing (Figure 1A), and thus their
junction sites are 52" linkages [2-6]. The subclass of mecciRNAs has recently been identified [13,91], and mecciRNAs in the
murine brain have been verified by TGS [84] (Figure 1A). The biogenesis of mecciRNAs requires further studly.

Most EcircRNAs are cytoplasmic, whereas EICiIRNAs and ciRNAs are predominantly nuclear. The Drosophila RNA helicase
Hel25E and its human homologs UAP56 and URH49 modulate the nuclear export of EcircRNAs (Figure 1B) [2-4,92]. The
mCA modification regulates the nuclear export of a small portion of EcircRNAs (Figure 1B) [63,93]. In addition, mecciRNAs
are distributed in both the mitochondria and the cytosol but the mechanism is not well understood [13]. In addition to
intracellular transport, EcircRNAs are packaged into exosomes and transported to other cells or through various bodily
fluids (Figure 1B) [94,95].

CircRNAs are generally much less abundant than their linear RNA counterparts (with some exceptions), although circRNAs
can accumulate, especially in non-dividing cells [2-4]. An explanation for the accumulation is that circRNAs are highly
stable and are not susceptible to exonuclease degradation [2-4]. However, emerging studies have investigated their
degradation (Figure 1C). The m°PA-modified circRNAs are recognized by the reader YTHDF2 and its adaptor HRSP12,
which then recruits the RNase P/MRP complex to mediate circRNA endonucleolytic cleavage [96]. Some highly structured
circRNAs are degraded by the RNA helicase UPF1 and the associated endonuclease G3BP1 [97]. The microRNA
(miRNA) pathway contributes to the degradation of some circRNAs [74,98]. For example, miR-671 has perfectly
matched sites on Cdlr1as, and miR-671 invokes AGO2-mediated slicing of Cdr7as [98]. GW182, a mIRNA pathway compo-
nent, appears to regulate circRNA stability in an AGO2-independent manner [99]. In response to encephalomyocarditis virus
infection, RNase L is rapidly activated and decreased circRNA levels are observed [100]. One ciRNA, ciankrd52, forms
an R-loop with its cognate DNA, and then RNase H1, an RNase specific for the R-loop, degrades ciankrd52 [20].
MecciRNAs do not appear to be stable as nucleus-encoded circRNAs, but the mechanism responsible for their
degradation remains unknown [13].

The translation of circRNAs

Some EcircRNAs may be translated, and their polypeptide products have been shown to play roles
in physiology and disease [24-31] (Figure 2A). For example, Drosophila circSf1, which uses the
same start codon as the S mRNA and contains an in-frame stop codon after the circular junction,
can be translated into a shorter protein (~25 kDa), and its function in aging is discussed in the fol-
lowing text [24]. The presence of an internal ribosome entry site (IRES) and/or N°-
methyladenosine (m®A) modification in circRNAs may contribute to ribosome recruitment
and translation initiation [29-31]. Caution is needed when interpreting the coding ability of circRNAs
from overexpression constructs. In the example of circZNF609 overexpression, aberrant linear
transcripts are generated from the overexpression constructs, and translation of these linear tran-
scripts rather than from the overexpressed circRNAs is pervasive [32,33]. Although circRNAs may
encode proteins, most circRNAs are unlikely to serve as translation templates because the majority
of cytoplasm-localized circRNAs are not associated with polyribosomes [32,34,35].

CircRNAs in normal physiology
Multiple circRNAs are known to function as crucial regulators of animal and human physiology
(Figure 2B). The functions of individual circRNAs in development, pluripotency, fertility, metabo-
lism, and aging have been documented, and strong genetic, molecular, and cellular evidence is
available for some circRNAs (Table 1).

Development

Specific circRNAs have been shown to function in neurogenesis, myogenesis, and osteogenesis
(Figure 2B). circSLC45A4, a circRNA that is conserved from Xenopus to humans, is expressed at
high levels in the embryonic frontal cortex of humans [36]. Knockdown of circSic45a4 causes
spontaneous neuronal differentiation of SH-SY5Y human neuroblastoma cells, and disrupts the
cell fate switch from apical to basal progenitors in developing mouse cortex [36]. Decreased levels
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Figure 2. Molecular and physiological roles of circular RNAs (circRNAS). (A) Major molecular mechanisms of circRNA functionality. CircRNAs exert their functions
by () inhibiting MiIRNAs as ceRNAs, (Il) modulating transcription, (lll) modulating the functions of RBPs, and (IV) being translated into proteins. (B) Physiological functions of
circRNAs and the corresponding mechanisms. (l) In development: knockdown of the vertebrate circRNA circSLC45A4 disrupts the cell fate switch from apical to basal
progenitor in the developing mouse cortex; circZNFE09 may be translated to control myoblast proliferation; circTTC1 functions as miR-942-5p sponge to regulate the
expression of ZEB1 and VEGF and to promote the osteogenesis-angiogenesis coupling in BMSCs. (Il) Pluripotency: cTTNT interacts with RBM20 and SRSF10 and
subsequently modulates the splicing of key muscle genes, and circBIRC6 functions as a ceRNA for miR-34a and miR-145 to regulate pluripotency genes. (Ill) Fertility:
circSry plays roles in the mouse testis as a miR-138 sponge; circBoule, conserved from Drosophila to humans, binds to and promotes the ubiquitination of HSPs. (IV)
Metabolism: mecciRNAs (e.g., mecciND1 and mecciND5) facilitate the mitochondrial entry of nucleus-encoded proteins; the mecciRNA SCAR interacts with ATP5B to
regulate the permeability of mitochondrial ROS; ¢i-INS in humans (ci-Ins2 in rodents) interacts with TDP-43 to modulate Ca?* signaling and insulin secretion; circTshz2-
7 and circArhgap5-2 regulate genes involved in lipid biosynthesis and metabolism; circHIPK3 suppresses the expression of glycolysis-related enzymes by sponging
miR-124. (V) In aging: circSfl-derived protein is sufficient to extend the lifespan of Drosophila; the mammalian circGRIAT negatively regulates GRIA1 transcription and in-
hibits synaptic plasticity and synaptogenesis during brain aging. Abbreviations: BMSCs, bone marrow stem cells; hESC, human embryonic stem cell; hiPSC, human in-
duced pluripotent stem cell; IRES, internal ribosome entry site; NASH, non-alcoholic steatohepatitis; Pol Il, RNA polymerase Il; RBP, RNA-binding protein; ROS,
reactive oxygen species.

of circSlc45a4 promote the expression of particular signaling, adhesion, and development-
regulating genes, and suppress the expression of genes in multiple biosynthetic pathways
through a so far unknown mechanism [36].

Global changes in circRNA expression are observed during myogenesis in cultured human and
mouse myoblasts [27]. Based on features such as conservation and expression dynamics, 25 of
these circRNAs have been selected for further functional screens. circ-ZNF609 (or circZNF609)
is the most effective [30]; it is also is downregulated during myogenesis, and knockdown of
circ-ZNF609 in undifferentiated myoblasts leads to reduced proliferation [30]. Genetic and
biochemical data indicate that circ-ZNFE09 encodes a protein that is responsible for its func-
tion, although the authors have some reservations about a direct link between circ-ZNF609
function and its protein-coding capacity [30].

The circRNA hsa_circ_0074834 (or circTTC1) encoded by TTC1 was identified by comparing the
circRNA profiles between bone marrow mesenchymal stem cells (BMSCs) isolated from patients
with bone nonunion and normal controls [33]. Nonunion is an arrest in the fracture repair process
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Table 1. circRNAs in physiology and non-immunological diseases

circRNA

mecciND1 and
mecciND5

circFECR1
circSMARCAS

circ-Foxo3
circSfl
circSMO
circZNF609

circSLC45A4

circTTC1

circFOXP1

circBIRC6
CcTTNT

circSry

circBoule

ci-INS

circTshz2-1
and
circArhgap5-2
SCAR

circGRIA1
circTP63

circCCDC66

circ2082

CircAKT3

circ-E-Cad

circNSUN2

circPABPC1

circURIT

circACC1

Physiology or disease

Metabolism

Breast cancer

Breast cancer

Breast cancer
Aging
Glioblastoma

Myogenesis and
Duchenne muscular
dystrophy

Development:
neurogenesis

Development and bone
nonunion

Pluripotency

Pluripotency

Pluripotency and dilated
cardiomyopathy (DCM)

Fertiity

Fertility and
asthenozoospermia

Metabolism and type 2
diabetes

Metabolism and obesity

Metabolism and NASH

Aging

Lung squamous cell

carcinoma

Colorectal carcinoma

Glioblastoma

Gastric cancer (GC)

Glioblastoma

Colorectal carcinoma

Hepatocellular
carcinoma (HCC)

Gastric cancer

Metabolism and
colorectal cancer

Physiological functions or pathology

Protects mitochondria from UV irradiation or oxidative
stress

Promotes breast cancer metastasis

Inhibits DNA damage repair and improves drug sensitivity
of cancer cells

Decreases MDM2-mediated polyubiquitination of Foxo3
Extends the lifespan of fruit flies
Maintains the self-renewal and tumorigenicity of cancer cells

Sustains human myoblast growth

Promotes spontaneous neuronal differentiation and
disrupts the cell-fate switch from apical to basal
progenitor

Promotes bone tissue regeneration during fracture
healing

Maintains mesenchymal stem cell identity in the process
of bone repair

Determines the pluripotent state of hHESCs

Maintains the homeostasis of hiPSC-derived
cardiomyocytes

Testis-specific, may regulate mice spermatogenesis

Protects male reproductive function from heat stress

Controls insulin secretion

Promotes adipogenesis

Inhibits MROS output and fibroblast activation

Regulates synaptic plasticity and synaptogenesis

Promotes cell proliferation and cell cycle progression

Regulates proliferation and promotes tumor growth

Enhances tumorigenicity of glioblastoma cells

Promotes DNA damage repair and inhibits apoptosis of
GC cells

Enhances stemness, proliferation, invasion,
anti-apoptosis and senescence resistance of
glioblastoma cells

Promotes liver metastasis

Suppresses HCC metastasis and destabilizes cancer cell
adhesion to extracellular matrix

Suppresses GC metastasis

Modulates both the $-oxidation of fatty acids and
glycolysis
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Molecular mechanism Refs

Interacts with nucleus-encoded proteins [18]
and facilitates their mitochondrial import

Modulates transcription in cis [18]
Modulates transcription via R-loop [19]
formation

Interacts with MDM2 and p53 [23]

Is translated into a short version of Sfl [24]

Is translated into SMO-193a.a [25]
Is translated into a short version of [30]
ZNF609

N.D.* [36]
Sponging of miR-942-5p [37]

Sponging of miR-127-5p, miR-17-3p [38]
and miR-370-3p

Sponging of miR-34a and miR-145 [40]

Regulates the nuclear localization and [41]
splicing activity of RBM20

Sponging of miR-138 [14,15,43]
Interacts with non-canonical RBPs [44]
(heat-shock proteins)

Interacts with the RBP TDP-43 [46]

N.D. [47]

Interacts with the non-canonical RBP [48]
ATP5B

Modulates transcription in cis [62]
Sponging of miR-873-3p [56]
Sequesters miR-185, miR-33b, and [69]
miR-93

Binds to the RBP RBMS, leading to [60]
nuclear accumulation of DICER

Sponging of miR-198 [61]
Is translated into a E-cadherin variant [62]
Interacts with the RBP IGF2BP2 [63]

Interacts with the non-canonical RBP [64]
ITGBH

Interacts with the splicing factor [65]
hnRNPM

Enhances the enzymatic activity ofthe 66
non-canonical RBP AMPK

(continued on next page)
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Table 1. (continued)

circRNA Physiology or disease Physiological functions or pathology Molecular mechanism Refs
Cdrias Neuropsychiatric Regulates synapse transmission Sponging of miR-7 and miR-671 [67]
disorders
circTLK1 Ischemic stroke Aggravates neuronal injury and neurological deficits Sponging of miR-335-3p [71]
circDLGAP4 Ischemic stroke Attenuates neurological deficits and decreases infarct Sponging of miR-143 [72]
areas and blood-brain barrier damage
circSCMH1 Development and Improves brain plasticity, facilitates motor function Interacts with MeCP2 [73]
Ischemic stroke recovery, and reduces the activation of astrocytes and
microglia
circAnks1a Neuropathic pain Induces neuropathic pain induced by nerve injury Sponging of miR-324-3p and [75]
modulates transcription the Vegfb gene
circSLC8AT Aging and Parkinson’s Increases the main PD-inducing risks Sponging of miRk-128 [76]
disease (PD)
circFndc3b Myocardial infarction Improves neovascularization and left ventricular functions Interacts with the RBP FUS [78]
CcZNF292 Atherosclerosis Promotes angiogenic sprouting and tube formation N.D. [79]
circNIgn Fibrosis and heart failure Aggravates cardiac fibrosis and leads to heart failure Is translated into Nign173 [80]

@Abbreviation: N.D., not determined.

which requires the migration and differentiation of BMSCs. Notably, hsa_circ_0074834 is
significantly downregulated in BMSCs from nonunion patients [37]. circTTC1 promotes osteo-
genesis by cultured BMSCs, and the migration and angiogenesis of cultured HUVECs; these
effects of circTTC1 have been subsequently confirmed in vivo with transplanted BMSCs in
nude mice [37]. Mechanistically, circTTC1 functions as a miR-942-5p sponge to modulate
the expression of key genes involved in bone repair, such as ZEBT and vascular endothelial
growth factor (VEGF) [37]. circFOXP1, a specific marker of mesenchymal stem cells (MSCs),
maintains MSC identity during bone repair [34]. circFOXP1 may function as a ceRNA against
miR-127-5p/miR-17-3p/miR-370-3p [38]. The ceRNA roles of circTTC1 and circFOXP1 may
need more extensive examination because the published studies mainly relied on overexpres-
sion methods [37,38].

Pluripotency

Thousands of circRNAs are differentially expressed during the generation or differentiation of human
induced pluripotent stem cells (hiPSCs) [39)]. circBIRC6 and circCORO1C were subsequently found
to be expressed at high levels in hiPSCs and embryonic stem cells (ESCs); both play positive roles in
maintaining the pluripotent state [40] (Figure 2B). circBIRCE (but not circCORO1C) is associated with
AGQO2, and functions as a ceRNA with four binding sites for miR-34a and miR-145, two sites for each
miRNA [41]. Recently, the titin gene (TTIN) has been found to produce heart-specific circRNAs whose
biogenesis relies on the splicing factor RMB20 [41]. Among them, cTTN7 regulates the function of the
splicing factor SRSF10 in cardiac homeostasis through an SRSF10 binding motif at its circular junc-
tion [41]. cTTNT also regulates the nuclear localization and splicing activity of RMB20, and cTTN1
knockdown disrupts sarcomere structure and induces cell death in hiPSC-derived cardiomyocytes
[41] (Figure 2B). Hopefully, circRNAs will be used to modulate reprogramming efficiency and hiPSC
differentiation to facilitate stem cell applications.

Fertility

Many circRNAs are specifically expressed in the reproductive organs of animals and humans [42].
In particular, a mouse testis-specific circRNA, circSry, is one of the earliest identified mammalian
circRNAs [43] (Figure 2B). Surprisingly, the human SRY gene generates only linear transcripts but

256  Trends in Biochemical Sciences, March 2022, Vol. 47, No. 3


CellPress logo

Trends in Biochemical Sciences

no circRNA [44]. By contrast, conserved circBoule RNAs generated from the testis-specific gene
Boule have been identified to play a role in preserving male fertility [44]. Genetic knockout of
circBoule in both flies and mice results in reduced male fertility, especially under heat-stress
conditions. Mechanistically, circBoule functions as a scaffold to directly bind to heat-shock
proteins (HSPs; Hsp60C and Hsc4 in flies, and HSPA2 in mammals) via conserved RNA motifs
and then promote the ubiquitination and degradation of these HSPs [44] (Figure 2B). Patients
with asthenozoospermia have lower circBoule levels in sperm, and the protein level of HSPA2
is negatively correlated with circBoule levels in normozoospermia but not in asthenozoospermia
[44]. Most studies examining the roles of circRNAs in reproduction have been conducted in
males, and studies of circRNAs in females are needed [45].

Metabolism

Nucleus-localized ci-Ins2 or ci-INS, which is derived from the intron of the insulin 2 (Ins2) gene in
rats and mice or the insulin (/NS) gene of humans, modulates the expression of genes involved in
calcium signaling and insulin secretion at least in part by interacting with the RBP TDP-43 [46]
(Figure 2B). Extensive changes in circRNA expression have been observed during adipogenesis;
among these, circTshz2-1 and circArhgap5-2 modulate the expression of genes involved in lipid
biosynthesis and metabolism through an unidentified mechanism [47].

MecciRNAs such as mecciND1 and mecciND5 promote the mitochondrial import of specific
nuclear-encoded proteins (Box 2) [13]. mecciND1 and mecciND5 are closely associated with
mitochondrial DNA levels and cellular physiology. Cells exposed to UV irradiation or oxidative
stress and liver cancers show upregulated mecciND1 and mecciND5 expression, indicating
that they may play roles in the adaptation of mitochondria to stress [13]. A mammalian conserved
mecciRNA, SCAR (steatohepatitis-associated circRNA ATP5B regulator), suppresses mitochon-
drial reactive oxygen species (ROS) output and fibroblast activation by interacting with ATP5B, a
subunit of mitochondrial ATP synthase, and then closing the mitochondrial permeability transition
pore [48].

Aging

The expression of circRNAs in neuronal tissues increases substantially relative to their linear
counterparts in an age-dependent manner in both flies and mice [49-51]. In long-lived insulin
mutant flies, circRNA accumulation with age slows in a brain-specific manner [24]. circSfl is
one of the most highly upregulated circRNAs in most tissues of insulin mutant flies, and exten-
sive investigations using genetic and molecular cell biological methods have shown that circSf
encodes a shorter protein that corresponds to the N-terminal part of the Sfl protein [24]
(Figure 2B). Overexpression of circSfl or the shorter protein from a linear transcript is sufficient
to prolong lifespan [24].

In the prefrontal cortex and hippocampus of rhesus macaques, a circRNA conserved in mammals,
circGRIAT, shows age-related and male-specific increased levels [52]. circGRIAT localizes
predominately in the nucleus and exhibits an increased association with the promoter of GRIAT
during brain aging (Figure 2B). This circRNA negatively regulates the transcription of its host
gene in hippocampal slices and cultures [52]. Furthermore, in vivo knockdown of hippocampal
circGRIAT through microinjection of adeno-associated virus (AAV) viral particles expressing small
interfering RNAs (siRNAs) leads to increased levels of GRIAT mRNA and protein in rhesus
macaques [52]. More strikingly, circGRIAT knockdown increases hippocampal synaptogenesis
and synaptic plasticity as well as Ca®* homeostasis in aged males [52]. Based on the examples
of circSfl and circGRIA1, at least some circRNAs appear to play active roles in aging rather than
only exhibiting passive associations.
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CircRNAs in non-immunological diseases

Various circRNAs are involved in the initiation and progression of human diseases. We focus here on
non-immunological diseases such as cancers, neurological disorders, cardiovascular diseases
(CVDs), and metabolic diseases (Figure 3 and Table 1). The majority of human diseases are related
to immunology, and here non-immunological diseases refer to disorders that are not directly caused
by infections or by severe abnormalities or over-reaction of the immune system. For immunology-
related roles of circRNAs, the interested reader is referred to additional reviews [9—11].

Cancer

CircRNAs in cancers have been extensively investigated, and numerous studies have revealed
that the global expression of circRNAs is disturbed in almost all cancer types. Cancer cells gen-
erally express circRNAs at reduced levels [53-55]. Comprehensive databases of circRNAs de-
tected in tumor tissues, such as MiOncoCirc, are available for studies in this field [55]. Many
circRNAs are also upregulated in cancer; for example, circTP63 is upregulated in lung squamous
cell carcinoma [56]. In addition, some circRNAs exhibit inconsistent changes in different cancers.
One example is circHIPK3, which is upregulated in colorectal cancer (CRC) but downregulated in
bladder cancer [57,58]. Many of these dysregulated circRNAs function as either oncogenes or
tumor suppressors in key cellular events of cancer [54] (Figure 3A).

Regulating cell proliferation

CircRNAs have been observed to regulate cancer cell proliferation by acting as miRNA sponges
and by modulating RBPs (Figure 3Al). The circRNA circCCDC66, which is expressed at high
levels in CRC, is reported to regulate proliferation and promote tumor growth by sequestering
miR-185, miR-33b, and miR-93 from c-Myc mRNA [59]. In glioblastoma (GBM) cancer stem-
like cells (GSCs), circ2082, derived from the genomic region encoding the long noncoding RNA
(IncRNA) MALATT, increases cell proliferation and tumorigenesis by binding to the RBP RBMS3,
and then the circ2082-RBM3 complex facilitates the nuclear accumulation of DICER, which
eventually leads to suppression of miBNA biogenesis [60]. Pathologically, the size of tumors
from mouse brains implanted with circ2082-depleted GSCs is significantly smaller than that in
the non-depletion group [60].

Reguilation of apoptosis

Gastric cancer (GC)-specific circAKT3 has been found to activate PI3K signaling by inhibiting
miR-198-mediated suppression of PIKBR1, a regulatory subunit of PISK, thereby slowing the
apoptosis of cancer cells [61]. Cisplatin (CDDP) is a common chemotherapeutic drug that
induces apoptosis in cancers, including GC. circAKT3 enhances the cisplatin resistance of
GC cells in mice, and, clinically, circAKT3 is expressed at high levels in CDDP-resistant GC tissues
[61]. In another case, circ-Foxo3 increased the levels of PUMA, a proapoptotic protein, through
the MDM2-mediated ubiquitination and degradation pathway [23] (Figure 3All). It seems that
circRNAs are harnessed in cancer cells as antiapoptotic factors.

Regulating the self-renewal of cancer stem cells

At least two circRNAs regulate the self-renewal of cancer stem cells (CSCs) by being translated
into small proteins (Figure 3Alll). circSMO encoded by the smoothened (SMO) gene produces
the short protein SMO-193a.a. [25]. Higher levels of SMO-193a.a. in GBM have been verified
with specific antibodies, and this short protein regulates Hedgehog signaling by activating full-
length SMO, thereby promoting the self-renewal of CSCs [25]. Another GBM-specific circRNA,
circ-E-Cad, is translated to generate a secretory E-cadherin protein variant (C-E-Cad), and this
protein and its production from the circ-E-Cad template have been extensively authenticated
with specific monoclonal antibodies and protein mass spectrometry in conjunction with other
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Figure 3. Roles of circular RNAs (circRNAs) in non-immunological diseases. (A) Roles of circRNAs in key events
of cancer. () Proliferation: circCCDC66 sponges miR-185, miR-33b, and miR-93 to regulate oncogenes; circ2082-RBM3
facilitates the nuclear accumulation of DICER. (Il) Apoptosis: circAKT3 facilitates CDDP resistance by sponging miR-198;
circ-Foxo3 decreases the MDM2-mediated polyubiquitination of Foxo3. (lll) Self-renewal of CSCs: circSMO encodes
SMO193a.a. to sustain Hedgehog signaling; circ-E-Cad encodes C-E-Cad to activate EGFR signaling. (IV) Tumor

(Figure legend continued at the bottom of the next page.)
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methods [62]. C-E-Cad directly interacts with EGFR to stimulate EGFR-STAT3 signaling in CSCs
of GBM, and then promotes the expression of stemness-related genes and attenuates the
expression of differentiation-related genes [62].

Regulating cancer metastasis

Metastasis is a complex process, and circRNAs are involved in multiple ways (Figure 3AIV).
The expression of circNSUNZ is significantly upregulated in the serum of CRC patients with liver
metastasis [63]. Silencing of circNSUNZ robustly attenuates the migration and invasion of cultured
CRC cells and inhibits tumor metastasis in a mouse model [63]. Mechanistically, by forming a
complex with the RBP IGF2BP2 and HMGA2 mRNA, circNSUNZ stabilizes the HMGA2 mRNA,
which leads to increased levels of HMGA?2 protein that promotes the epithelial-to-mesenchymal
transition (EMT) during metastasis [63]. In hepatocellular carcinoma (HCC), circPABPC1 physically
connects the non-canonical RBP ITGB1 to the proteasome and facilitates ITGB1 degradation [64].
ITGB1 is a positive regulator of intrahepatic metastasis and HCC migration is inhibited [64]. The
regulatory effect of circPABPCT on the proteasome is evidenced by negative staining in electron
microscopy as well as by other lines of evidence [64]. FLI1 is closely associated with hematological
malignancies and some solid tumors, and circFECR1 promotes the invasiveness of breast cancer
cells by activating FL/7 transcription [18]. In GC, circURI1 is identified as a factor that inhibits
metastasis by functioning as a decoy of the splicing factor hnRNPM to modulate the alternative
splicing of key genes involved in cell migration, such as VEGFA [65].

Reguilation of metabolic reprogramming

A hallmark of cancer is metabolic reprogramming, and some circRNAs regulate this process [54].
A good example is circACC1 which is upregulated in cells in response to serum deprivation [66]
(Figure 3AV). By functioning as a scaffold, circACC1 stabilizes and enhances the enzymatic activity
of AMPK; and then modulates both glycolysis and fatty acid [3-oxidation in CRC [66].

Neurological disorders

One of the first- characterized circRNAs, Cdr1as, is brain-specific, and Cdr1as knockout mice are
also the first mammalian circRNA knockout model [14,15,67]. CircRNAs are generally more
abundant in neuronal tissues, and some brain-accumulated circRNAs are evolutionarily
conserved in their expression and sequences. Moreover, the expression patterns of circRNAs,
compared to their corresponding mRNAs, change more dramatically following the induction of
neuronal activity and plasticity [68,69]. ciRNAs were recently found to be generated from
disease-causing DNA sequences with hexanucleotide (GGGGCC) repeat expansions —
the leading genetic cause of diseases such as amyotrophic lateral sclerosis and frontotemporal
dementia [70]. In addition, individual circRNAs have been shown to play crucial roles in multiple
neurological diseases (Figure 3B and Table 1).

metastasis: circNSUNZ2 forms a circNSUN2-IGF2BP2-HMGA2 mRNA complex to increase the EMT; circPABPC1 facilitates
[TGB1 degradation by the proteasome; circFECR1 promotes invasiveness by activating FLI1 transcription; circURIT interacts
with hnRNPM to modulate alternative splicing of metastasis genes. (V) Metabolic reprogramming: circACC1 enhances and
stabilizes the AMPK complex. (B) Neurological disorders. (I) circTLK1 sponges miR-335-3p, resulting in exacerbated neuro-
nal injury; (Il) circDLGAP4 sponges miR-143 to attenuate BBB damage; (Ill) circSCMH1 releases MeCP2-mediated repres-
sion to exert anti-stroke effects; (IV) knockout of Cdr7as in mice leads to synaptic transmission deficiency and aberrant
behavior; (V) circAnks1 functions in VEGFb-mediated neuropathic pain; (VI) upregulated circSLC8AT in PD patients sponges
miR-128 to promote neurodegeneration. (C) Cardiovascular diseases. (1) circFndc3b interacts with FUS to regulate VEGFa
and reduce cardiomyocyte apoptosis; (1) silencing of cZNF292 inhibits angiogenic sprouting and tube formation; (Ill) circNign
encodes Nign173 to transcriptionally regulate gene expression in fibrosis and heart failure. (D) Metabolic diseases. () SCAR
exerts protective effects during the progression of steatosis to NASH; (1l) ci-INS levels are reduced in individuals with type 2
diabetes, and c¢i-INS silencing decreases insulin secretion. Abbreviations: BBB, blood-brain barrier; Cyto, cytoplasm; EMT,
epithelial-mesenchymal transition; NASH, non-alcoholic steatohepatitis; Nuc, nucleus; PD, Parkinson's disease.
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In animal models and perhaps in ischemic stroke patients, circTLK7 acts as a miR-335-3p
sponge to increase TIPARP expression, resulting in increased brain infarction and exacerbated
neuronal injury [71]. Similarly, circDLGAP4 functions as a ceRNA of miR-743 to increase the
expression of key genes related to the EMT during blood—-brain barrier (BBB) disruption, and
thus has a neuroprotective function to reduce BBB damage in mouse stroke models [72]
(Figure 3Bll). The expression of circSCMH1, one of the most abundant circRNAs in neurons,
exhibits a continuous decrease during the acute phase of stroke, and is an example of an
RBP—circRNA interaction [73]. circSCMH1 binds to MeCP2 (methyl-CpG binding protein 2) and
subsequently relieves the repressive effect of MeCP2 on target gene transcription. Impressively,
brain-specific delivery of circSCMH1 after stroke can facilitate motor function recovery and reduce
the activation of astrocytes and microglia in mouse and nonhuman primate models [73]
(Figure 3BIll). Loss of Cdr7as in mice leads to miR-7 degradation, deficits in excitatory synaptic
transmission, and aberrant memory and exploratory behaviors [67] (Figure 3BIV). In fact, the
INcRNA Cyrano, that is conserved in vertebrates, contains a perfect match for miR-7; Cyrano,
Cdri1as, miR-7, miR-671, and mRNA targets of the two miRNAs form a complex RNA regulatory
network in mouse brain [74]. As shown in a recent study, circAnks1 functions in VEGFb-
mediated neuropathic pain [75]. In the nucleus, circAnks1 recruits YBX1 to the VEGFB promoter
to activate transcription, whereas circAnks1 in the cytoplasm inhibits miR-324-3p to increase the
translation of VEGFB mRNA [75] (Figure 3BV).

Neurological diseases are major threats to human health, and multiple circRNAs have established
roles in these disorders. Thousands of circRNAs are dysregulated in patients with Alzheimer’s
disease (AD) and Parkinson’s disease (PD) [76,77]. For example, circSLC8AT is upregulated in
the substantia nigra of patients with PD, and this circRNA increases the expression of many
neurodegenerative and aging-related proteins, possibly through a circRNA-mMiRNA-MRNA
circuit [77]; circSLC8AT possesses seven functional miR-128 binding sites [77] (Figure 3BVI).

Cardiovascular diseases

CVDs are another class of major health problems, and individual circRNAs have been implicated.
After myocardial infarction, circFndc3b, a significantly downregulated circRNA, directly interacts
with the RBP FUS to regulate VEGFa expression and signaling in the heart [78] (Figure 3Cl). Over-
expression of circFndc3b not only reduces oxidative stress-induced apoptosis and promotes
tube formation at the cellular level, but also increases capillary density and reduces infarct size
in the hearts of mouse models [78]. The endothelial circRNA cZNF292, which is substantially
upregulated by hypoxia, may be associated with the risk of developing atherosclerosis [79].
Silencing of cZNF292 robustly inhibits the sprouting of spheroids and the proliferation of endothelial
cells through an unknown mechanism [79] (Figure 3Cll). circNign is significantly upregulated in
myocardial tissues from patients with specific congenital heart defects under cardiac overload
[80]. circNign is translated into a polypeptide of 173 aa (Nign173) which functions as a transcription
factor to regulate the expression of genes such as ING4 and SGK3, and also contributes to fibrosis
and heart failure in circNIgn transgenic mice and very possibly in patients [80] (Figure 3CIII).

Metabolic diseases

CircRNAs that regulate normal metabolism could also play crucial roles in metabolic diseases. For
example, expression of the mecciRNA SCAR, which is more abundant than its linear counterpart,
shows continuous reduction during the progression of steatosis to non-alcoholic steatohepatitis
(NASH) in patients [48]. Overexpression of SCAR robustly improves tolerance to insulin and reduces
fibrosis in liver tissues of mice fed a high-fat diet by regulating the mitochondrial permeability of ROS
[48] (Figure 3DI). The aforementioned ci-Ins2 and ci-INS are specifically expressed in 3 cells and are
present at reduced levels in the pancreatic islets of rodent diabetes models and patients with type 2
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diabetes [42]. Silencing of ci-ins2 or ci-INS specifically decreases insulin secretion from cultured rat
or human 3 cells treated with glucose or potassium [46] (Figure 3DII).

Concluding remarks

Early studies associated circRNAs with 'scrambled exons' or 'mis-splicing' [1-4,7,8]. To date
researchers have identified at least some circRNAs that are not noise from gene expression
and are instead regulatory molecules. Significant progress has been achieved in the characteriza-
tion of the molecular and cellular features and functions of circRNAs. In particular, the roles of
circRNAs in physiology and disease have been the focus of studies in recent years, but numerous
issues remain to be resolved (see Outstanding questions).

The vast numbers and the considerable diversity of circRNAs may enable many more regulatory
complexities. Some circRNAs, including circBoule and circSLC45A4, have conserved roles in
animal physiology and human disorders, whereas other circRNAs are specifically expressed in
humans or animal species (e.g., circSry in rodents). Many investigations on circRNAs in normal
physiology and diseases are either association studies or are purely descriptive, and more
molecular and cellular details will be necessary to pinpoint the precise significance of circRNAs.

A recent publication estimated that >97% of circRNAs generated by backsplicing are nonfunc-
tional products of splicing errors, based mainly on their low abundance and lack of conservation
across humans, macaques, and mice [81]. We have summarized the importance of an array of
circRNAs in physiology and disease, and future studies will help to resolve the debate regarding
whether circRNAs are erroneous noise or specific regulators. As further progress is achieved,
circRNAs have the potential to be developed into clinical diagnostic and prognostic markers,
therapeuitic targets, or even RNA drugs.
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Outstanding questions

How many circRNAs are truly
regulatory molecules? The functional
circRNAs included in this review may
indeed be outliers, and future in-depth
functional studies on circRNAs using
multiple approaches may be needed.
Even circRNAs that are 'real' gene ex-
pression noise can still be functional —
or at least must be handled or con-
trolled properly.

Does RNA homeostasis of circRNAs
play a crucial role in normal physiology;
furthermore, do abnormalities in circRNA
homeostasis contribute substantially to
the pathology of specific diseases? The
biogenesis, intracellular export, and
degradation of circRNAs may be tightly
regulated, and these regulatory mecha-
nism may be crucial to their physiological
activities at the cellular and organismal
levels. In addition, aberrant circRNA
biogenesis, intracellular export, or degra-
dation may be associated with or even
contribute significantly to the etiology of
particular diseases.

Are there any other fundamental
physiological or  pathological
mechanisms by which circRNAs exert
their functions? One possible scenario is
that one specific circRNA or a group
of circRNAs might serve as an
'information' carrier for intercellular
communication (e.g., circRNAs loaded
into extracellular exosomes). Alterna-
tively, circRNAs may participate in
epigenetic 'memory' at the cellular
level or even as intergenerational
and transgenerational messages to
offspring.

What other information will be
necessary to enable real-world clinical
applications of circRNAs? The develop-
ment of clinical applications of small
RNAs, mRNAs, and IncRNAs has
achieved some successes, although
the path has been challenging. Past
achievements and lessons from other
types of RNAs will surely be beneficial.
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