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Circular RNAs (circRNAs), a type of covalently closed endogenous single-stranded

RNA, have been regarded as the byproducts of the aberrant splicing of genes

without any biological functions. Recently, with the development of high-throughput

sequencing and bioinformatics, thousands of circRNAs and their differential

biological functions have been identified. Except for the great advances in identifying

circRNA roles in tumor progression, diagnosis, and treatment, accumulated evidence

shows that circRNAs are enriched in the brain, especially in the synapse, and

dynamically change with the development or aging of organisms. Because of the

specific roles of synapses in higher-order cognitive functions, circRNAs may not

only participate in cognitive functions in normal physiological conditions but also

lead to cognition-related diseases after abnormal regulation of their expression

or location. Thus, in this review, we summarized the progress of studies looking

at the role of circRNA in cognitive function, as well as their involvement in the

occurrence, development, prognosis, and treatment of cognitive-related diseases,

including autism, depression, and Alzheimer’s diseases.

KEYWORDS
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Introduction

Hsu and Coca-Prados (1979) first reported the circular form of RNA in the cytoplasm
of eukaryotic HeLa cells by electron microscopy. However, for a long time, circular RNAs
(circRNAs) have been regarded as the byproducts of the aberrant splicing of genes without
any biological functions (Sanger et al., 1976; Capel et al., 1993; Cocquerelle et al., 1993;
Zaphiropoulos, 1996). Recently, with the development of high-throughput sequencing and
bioinformatics, thousands of circRNAs have been confirmed in multiple species and were
found to be highly conserved with separate regulation from their linear counterparts, thus
attracting increasing attention from scientists (Rybak-Wolf et al., 2015; Gokool et al., 2020).
Except for the great advances in understanding circRNA roles in tumor progression, diagnosis,
and treatment (Meng et al., 2017; Zhang and Xin, 2018; Kristensen et al., 2022), accumulated
evidence has shown that circRNAs are abundantly expressed in the brain compared with other
tissues (Rybak-Wolf et al., 2015; You et al., 2015; Hanan et al., 2017).

To be more precise, most circRNAs are enriched in the synapse, including the presynaptic
active zone, the presynaptic membrane, and postsynaptic density (Rybak-Wolf et al.,
2015; Zajaczkowski and Bredy, 2021). Synapses are the key regions where neurons can
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communicate with each other and further form specific neural
networks involved in higher-order cognitive functions. Additionally,
circRNAs change dramatically in two phases, namely, brain
development and aging, which are closely related to the rise and fall
of cognitive function, suggesting that they have the potential to be
important regulators of normal cognitive function (Rybak-Wolf et al.,
2015; Xu et al., 2018; Mahmoudi and Cairns, 2019). Thus, aberrant
expression or location of circRNAs may also be involved in many
cognitive-related diseases (Akhter, 2018; Mehta et al., 2020).

In this review, we outline the recent progress in the biogenesis,
turnover, properties, and biological roles of circRNAs, especially
focusing on what the potential effects of circRNAs are on neural
cognitive functions and how abnormal circRNA expression and
dysfunction are associated with the pathogenesis of some cognitive-
related diseases, including autism spectrum disorder (ASD), major
depressive disorder (MDD), and some aging-related diseases, such
as Alzheimer’s disease (AD). In addition, the possibility of using
circRNAs as clinical diagnostic biomarkers and therapeutic targets in
these diseases is also elaborated.

Biogenesis and turnover of circRNAs

Biogenesis

CircRNAs can be derived from the back-splicing of canonical
splice sites, which is different from the canonical splicing mode of
linear RNAs (Salzman et al., 2012; Jeck et al., 2013; Memczak et al.,
2013; Zhang et al., 2014). A simple description of back-splicing is
that the downstream sequence of a precursor mRNA is inversely
connected with its upstream RNA sequence to form the circRNA.
Although the complete mechanism of circRNA biogenesis remains
unclear, three main possible formation models of circRNAs are fairly
well accepted.

Direct back-splicing
Research shows that direct back-splicing is the main mechanism

of circRNA formation (Pan et al., 2020). During this process,
a circular structure is formed by looping the intron sequences
flanking the downstream splice-donor site with the upstream
splice-acceptor site. Base pairing of two introns via short repeat
sequences is one important pattern to bring these sites into close
proximity (Kristensen et al., 2019). One report by Liang and Wilusz
(2014) found that the Alu family played an important role in the
circularization of some exons, and only a small portion of them was
sufficient to form circRNAs. Interestingly, they found that longer
repeat parts were not necessarily better for circularization; in contrast,
some may even play an inhibitory role (Liang and Wilusz, 2014).
RNA-binding proteins (RBPs) that bind to specific motifs in the
flanking introns can also facilitate the formation of circRNAs during
direct back-splicing. For example, Quaking changed during the
epithelial–mesenchymal transition could specifically bind with the
motif in introns and positively regulate the abundance of circRNAs
(Conn et al., 2015). Errichelli et al. (2017) reported that another RBP,
FUS, a key protein linked to the pathogenesis of amyotrophic lateral
sclerosis and frontotemporal dementia, regulated circRNA biogenesis
by binding the introns flanking the back-splicing junctions. After

forming the circular structure, some introns are then removed, and
exonic circRNAs (ecircRNAs) or exon-intron circRNAs (EIciRNAs)
are generated (Figure 1A).

Exon skipping
During this process, an exon “skips” from the final mRNA

product, and sequences between its upper and downstream
exons can form an exon-intron lariat structure. Then, the lariat
undergoes internal splicing and finally generates a circRNA (Petkovic
and Muller, 2015) (Figure 1B). This phenomenon is common
in lower eukaryotes. For example, in a type of yeast named
Schizosaccharomyces pombe, mrps16 gene lacks any base pairing
between the regions flanking the circularized exon, which means
that the method to form mrps16 circRNA is quite likely to be
different from direct back-splicing. Through the quantitative analysis
of isoforms, it has been demonstrated that exon skipping is the
main mechanism of circRNA biogenesis in mrps16 (Barrett et al.,
2015). Kelly et al. (2015) also verified exon skipping in primary
human endothelial cells. They used a custom pipeline to characterize
circRNAs derived from coding exons and found that circularization
of exons is widespread and correlates with exon skipping (Kelly et al.,
2015).

Formation of circular intronic RNAs (ciRNAs)
CiRNA can be derived from an intron lariat, which is quite

different from back-splicing and exon skipping. An intron lariat is
produced due to the failure of debranching, and the formation of
a ciRNA is related to specific consensus motifs, which contain key
RNA elements near the 5’ splice site and the branchpoint (Figure 1C).
These critical elements can produce a marked effect through the
promotion of inefficient debranching, making it possible to generate
a ciRNA (Zhang et al., 2013).

Turnover

Due to the special circular structure of circRNAs, they are unlikely
to become the primary targets of exonucleases or some exogenous
chemicals, which enables them to have higher stability than their
parental linear RNAs (Zhang L. et al., 2020). Due to this structure,
and except for some methods similar to linear RNAs, circRNAs also
have some unique ways for their turnover.

Currently, there are more than 160 chemical modifications
identified for RNAs, and methylation is the most common type
of these modifications (Boccaletto et al., 2022). Of all the types of
methylation modifications, N6-methyladenosine (m6A) modification
is the most frequently found type in eukaryotic cells (Wang
et al., 2020c). The m6A modification plays a significant role in
the regulation of RNA, including turnover. One previous study
reported that m6A-modified circRNAs can be cleaved through the
endoribonucleolytic cleavage pathway with the help of HRSP12,
YTHDF2, and RNase P/MRP (Park et al., 2019). HRSP12 is one
kind of adapter and is responsible for bridging YTHDF2 and RNase
P/MRP to form a complex. Once the mA-modified circRNA is
distinguished by YTHDF2, it can be cleaved by RNase P/MRP and
downregulated as a result, which means that m6A modification is a
way to degrade circRNAs.
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FIGURE 1

Biogenesis of circRNAs. (A) Direct back-splicing occurs when an upstream intron and downstream intron pair with each other through complementarity,
forming ecircRNAs or EIciRNAs. (B) The process of exon skipping begins with the splicing of pre-mRNA. Then, a lariat containing the exon (yellow) and
introns is produced, after which an ecircRNA is generated. (C) The formation of ciRNA depends on two significant RNA elements (yellow and red), which
enable an intron to escape debranching and degradation.

Another study showed that the decay of circRNAs can be
initiated with the binding of miRNA, which appears to be a
distinctive method for cerebellar degeneration-related protein 1
antisense transcript (circRNA CDR1as) (Hansen et al., 2011).
There is a miR-671 target site on CDR1as, which makes it
possible for CDR1as to be cleaved by Argonaute 2 (Ago2). In

addition, circRNAs can also be transferred between cells through
exosomes. CiRS-122 is reported to be delivered from drug-resistant
cells to drug-sensitive cells with the help of exosomes, which
indicates that the decreases in circRNAs in drug-resistant cells
may mainly occur through blocking the release of exosomes
(Wang et al., 2020d).
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Categories and properties of
circRNAs

Categories of circRNAs

According to the composition of different circRNAs, they can be
classified into three types: ecircRNAs, EIciRNAs, and ciRNAs (Zhang
et al., 2013; Li et al., 2015; Petkovic and Muller, 2015). The most
common type identified in studies is ecircRNAs, which are mainly
located in the cytoplasm, while the other two types are predominantly
located in the nucleus (Li et al., 2015; Pan et al., 2020). Because of the
different cellular localizations, their biological functions and the way
they act are completely distinct (Chen, 2020).

The properties of circRNAs

Based on current research, some notable characteristics of
circRNAs have been identified. First, circRNAs have better stability
than linear RNAs. Due to the closed loop structure, which lacks
5′ caps and 3′ poly(A) tails, circRNAs are quite stable and can
resist the degradation of RNAase R (Qu et al., 2015). Second,
circRNAs have a wide variety and distribution. It has been shown
that circRNAs widely exist in the biological world and can be
detected in many species, from viruses to plants and animals.
In addition, circRNAs account for 5–10% of the parent gene
transcripts and are a major transcript with higher abundance
than mRNAs (Danan et al., 2012; Jeck et al., 2013; Guo et al.,
2014). Finally, circRNAs can be expressed with tissue/developmental
stage specificity, indicating that diverse functions might exist both
in physiological and pathological conditions in almost all organs
(Rybak-Wolf et al., 2015; Szabo et al., 2015).

Putative biological functions of
circRNAs

MiRNA sponges

CircRNAs can interact with many molecules, of which miRNAs
are important (Ma et al., 2020). There are some miRNA binding sites
on circRNAs, similar to the relationship between mRNA and miRNA.
One circRNA can bind to many different miRNAs, and a miRNA can
also link with multiple circRNAs. CircRNAs are able to competitively
bind miRNAs and act as sponges to inhibit the interaction between
miRNAs and their target genes. CiRS-7, which harbors more than
70 binding sites for miR-7, is one of the most studied circRNAs
related to the development of the brain. As ciRS-7 and miR-7 are
both highly expressed in the brain and there are many binding sites
on ciRS-7, ciRS-7 can absorb the complexes of miR-7 and Ago2 and
subsequently make miR-7 ineffective, which increases the expression
level of miR-7 target genes (Hansen et al., 2013; Memczak et al., 2013).

Interacting with RBPs

Similar to the relationship between circRNAs and miRNAs,
circRNAs have also been reported to function as RBP sponges

and indirectly regulate downstream signaling pathways (Ashwal-
Fluss et al., 2014). For example, circFoxo3, produced by the tumor
suppressor gene Foxo3, can play a role in regulating cell cycle
progression by interacting with cell division protein kinase 2 and
cyclin-dependent kinase inhibitor 1 (Diallo et al., 2019). In addition,
circRNA FECR1 can recruit TET1 to the promoter part of its host
gene, Friend leukemia virus integration 1, which ultimately induces
transcription (Chen N. et al., 2018).

Acting in protein translation

Since circRNAs are one kind of ncRNA, they are normally
considered to be unable to encode proteins, which has been
proven to be incorrect now. Although there are no essential
elements for cap-dependent translation, such as the 5′ cap and
the poly(A) tail, circRNAs can be translated in a cap-independent
manner (Li et al., 2018). This special translation may occur with
the help of internal ribosome entry sites or m6A motifs (Li
et al., 2018). One study reported that circFBXW7 can encode
the protein FBXW7-185aa, which may have an effect on arresting
the cell cycle and reducing the proliferation of glioma cells
(Yang et al., 2018). Interestingly, FBXW7-185aa exhibits a different
function compared with the protein FBXW7α. FBXW7α can
inhibit c-Myc with a ubiquitination-induced degradation manner,
and play a tumor-suppressive role (Shen et al., 2022). Unlike
FBXW7α, FBXW7-185aa can interact with USP28, a deubiquitinating
enzyme that can stabilize c-Myc, and unoccupied FBXW7α to
degrade c-Myc.

Regulation of parental gene transcription

Studies have shown that circRNAs containing introns,
such as ciRNAs and EIciRNAs, are mostly distributed in the
nucleus and can participate in the expression of their host
genes. For example, ci-ankrd52 and ci-sirt7 can take part
in the process of modulating parental gene transcriptional
activity in cis by interacting with RNA polymerase II
(Zhang et al., 2013).

Online databases for circRNAs study

Based on the development of circRNAs sequencing and the
in-depth understanding of circRNAs, many online databases with
numerous bioinformatic analysis tools have been established,
which can facilitate the study of circRNAs from different
perspectives. Previous reviews have made a good summary of
these databases, including the advantages or disadvantages of
them, detailed analysis functions, and applications (Aghaee-
Bakhtiari, 2018; Liu et al., 2022a). Due to the limited space, it
will not be repeated here. But one thing needs to be noted that
these databases are built with different theories and modeling
methods, therefore, the results of the same prediction may be
inconsistent in different databases, and further experiments are
essential.
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Involvement of circRNAs in regulating
cognitive function

Differential expression of circRNAs during
brain development and aging

During evolution, the number and proportion of non-coding
RNAs in the genome surged with the increase in complexity of
organisms, while the number of protein-coding genes remained
roughly constant (Zajaczkowski and Bredy, 2021), suggesting that
the appearance of higher-order cognitive ability may be related to
the increase of regulatory functions of non-coding RNAs, but not to
the mRNAs. It has been proven that circRNAs are not only highly
abundant in the mammalian brain but also expressed dynamically
with the development of organisms (Rybak-Wolf et al., 2015). The
evidence acquired from Drosophila, mice, pigs, and humans all
showed that circulating circRNAs explode at specific developmental
periods in brains, independent of their linear isoform dynamics
(Westholm et al., 2014; Rybak-Wolf et al., 2015; Venø et al., 2015).
It was shown that 58% of brain circRNAs are developmentally
regulated, while only 2% of linear transcripts show this trend (Chen
J. et al., 2018). Moreover, the increased circRNAs were largely
associated with some key events during neurodevelopment, including
axon guidance, dendrite morphogenesis, and neuron differentiation
(Chen et al., 2019). This specific expression pattern of circRNAs
indicates their important regulatory functions in the development
and differentiation of the nervous system. In addition to the
developmental stages of the brain, investigators are also interested
in the expression of circRNAs in aging brains. After reaching peaks
in the late stage of development, most of the circRNAs gradually
decreased and finally reached a relatively stable level (Venø et al.,
2015). During aging, as brain structure integrity and function decline,
many neural circRNAs increase again and accumulate but the mRNA
expression of their parental genes decreases (Westholm et al., 2014;
Gruner et al., 2016; Xu et al., 2018; Mahmoudi and Cairns, 2019).
Surprisingly, many circRNAs also exhibited sex dimorphism in the
brain and were observed to target mRNAs associated with aging
(Paudel et al., 2020). Given the strong correlation between brain
development or aging and cognitive functions such as learning and
memory, the differentially changed circRNAs in these two stages
might be involved in the regulation of such cognitive functions.

Distribution of circRNAs in the brain

Tissue distribution specificity is one of the important properties
of circRNAs. Recently, reports have shown that circRNAs are
highly enriched in mammalian brain tissue, and some of them
cannot be detected in other tissues (Venø et al., 2015; You et al.,
2015; Mahmoudi and Cairns, 2019). The reasons for the above
phenomenon might be that approximately 20% of protein-coding
genes can produce circRNAs in the mammalian brain, and in which
many of the circRNA-hosting genes are expressed only. Even if those
genes are not expressed specifically in the brain, more circRNAs are
produced in the brain than in other tissues because there are more
Alu elements and relatively long introns in neural genes, which are
more likely to circularize (Jeck and Sharpless, 2014; You et al., 2015;
Xu et al., 2021).

The brain is anatomically and functionally divided into distinct
regions consisting of diverse cell types with complex transcriptome
architectures. It has also been proven that the enriched circRNAs
vary in different brain areas. A comparison of circRNA expression in
different brain regions of mice indicated that circRNAs were mostly
enriched in the forebrain, in which the prefrontal cortex had higher
expression of circRNAs than the hippocampus (Rybak-Wolf et al.,
2015). In addition, the cerebellum is another area with an abundance
of circRNA enrichment (You et al., 2015).

CircRNAs existing in distinct types of neural cells have also
been studied to clarify the underlying mechanism of them in brain’s
functions and diseases. So far, the number of reported circRNAs in
neurons is still the largest of all neural cells. Certainly, the expression
of circRNAs was also identified in other two important neuroglial
cells, astrocytes and microglia. Astrocytic circNF1-419, circHIPK2,
circSTAG1, and circHECTD1 have been identified to promote
astrocyte activation by regulating targeted proteins or miRNAs (Nagy
et al., 2015; Huang et al., 2017; Han et al., 2018). CircDYM is
mainly located in microglia and is involved in depression disorder
by regulating the activation of microglia (Zhang Y. et al., 2020). In
addition to these adult neural cells, there are some circRNAs in neural
stem cells (NSCs), such as circSLC45A4, circHIPK2, and cZNF292,
which are strongly linked to the proliferation, differentiation, and
expansion of NSCs (Wang et al., 2020a).

Subsequently, the exact subcellular localization of circRNAs in
brain cells was further studied (You et al., 2015). Gene Ontology
(GO) analysis predicts that circRNAs in the brain are mostly
derived from genes that are enriched in cellular components such
as the presynaptic active zone, presynaptic membrane, synapse,
and postsynaptic density. To further confirm this hypothesis, high-
resolution in situ hybridization (ISH) was used, and it showed that
circRNAs are mainly located in both the cell body and the dendrites of
neurons (You et al., 2015). These findings suggest that circRNAs are
enriched in synapses and may play a role in synaptic plasticity-related
cognitive function.

CircRNAs, which can be packaged into extracellular vesicles and
exchanged between cells (Cheng et al., 2020; Kuo et al., 2021; Liu et al.,
2022b; Pan et al., 2022), are suitable for regulating cognitive function.
The execution of cognitive function generally requires the activation
and coordination of a large number of related neurons in different
regions. The release of circRNAs from the donated cell’s synapse via
extracellular vesicles could quickly influence neighboring cells to fine-
tune the related neural networks involved in cognition. To date, there
is still limited understanding of how these vesicles carrying circRNAs
are specifically taken in by effector cells.

Effects of circRNA on synaptic plasticity and
memory

Previous GO and Kyoto Encyclopedia of Genes and Genomes
(KEGG) analyses of circRNAs in the brain revealed that many of them
were closely related to the regulation of synaptic plasticity (Bu et al.,
2019; Mahmoudi et al., 2019; Filippenkov Ivan et al., 2021), which was
supported by some in vitro and in vivo experiments. For example,
a circRNA called circHomer 1 derived from the precursor RNA of
Homer scaffold protein 1 is thought to modulate the expression
of many genes involved in synaptic plasticity and psychiatric
disease (Zimmerman et al., 2020). circGRIA1, a conserved circRNA
isoform derived from the AMPA receptor subunit Gria1, shows
an age-related and male-specific increase in the prefrontal cortex
and hippocampus of rhesus macaques. Knockdown of circGRIA1
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in hippocampal neurons promotes synaptogenesis and attenuates
age-induced decreases in spontaneous mEPSCs both in amplitude
and frequency (Xu et al., 2020). Wang et al. (2020a) showed
that circHIPK2 silencing enhanced NSC-differentiated neurons and
promoted neuronal plasticity in vitro by changing the formation
of synapses, thereby helping ischemic brain tissue recover more
quickly after stroke. Additionally, Nrf2, a neuroprotective agent, can
positively regulate circ-Vps41 expression to increase the number
of synaptic vesicles and dendritic spines in the hippocampus and
improve impaired memory (Zhang et al., 2022). All of these studies
suggest that circRNAs are involved in neuronal plasticity regulation.
Our lab, using a fear conditioning model, first screened for the
circRNAs that play a role in memory formation, extinction and
erasure through the RNA-seq method. We also constructed circRNA-
miRNA-mRNA networks in different memory stages according to
the competing endogenous RNAs (ceRNA) theory. Through these
analyses, we further proved that circRNAs play a role in cognition
under normal physiological conditions, and the circRNAs involved
in different memory processes vary greatly (Wang, 2021). In the
following, more works need to be done to clarify the key circRNAs
involved in the specific processes of memory, including fear memory
and spatial memory, and their potential mechanisms.

Involvement of circRNAs in
cognitive-related diseases

CircRNAs and ASD

As a neurodevelopmental disorder, ASD usually occurs
before age 3 and lasts for a lifetime, and is characterized by
stereotypical interests/behaviors and deficits in social interaction
and communication (Lai et al., 2014). The occurrence of ASD is
related to abnormal synapse and neuron structure (Varghese et al.,
2017). Abnormal enlargement and hyperplasia of the cerebrum
(Sparks et al., 2002), volume and neuron number changes in the
amygdala and hippocampus (Schumann et al., 2004), and abnormal
connections of neurons in different brain regions (Herbert et al.,
2003; Just et al., 2007) were found in autistic patients. It has been
reported that there are widespread gene expression disorders in
autism (Parikshak et al., 2016; Turner et al., 2017), and epigenetic
factors are also linked to autism (Sun et al., 2016; Vogel Ciernia
and LaSalle, 2016; Wu et al., 2016; Turner et al., 2017). Because
of the dynamic expression during neurogenesis, synaptogenesis,
and neuronal differentiation (Izuogu et al., 2018), as well as their
important roles in epigenetic control over gene expression (Parikshak
et al., 2016), circRNA may be involved in the pathogenesis of ASD.

Differential expression of circRNAs in ASD
The fact that circRNAs are the most resistant of the RNA

species to degradation, they are ideal for postmortem studies.
The expression profiles of most circRNAs in autism have been
elucidated. Chen et al. (2020) measured circRNA expression levels
in the postmortem cerebral cortex of ASD and non-ASD controls
and identified 60 circRNAs (22 upregulated and 38 downregulated)
involved in ASD. Putative targets of circRNA-microRNA-mRNA axes
were enriched in ASD risk genes and genes encoding inhibitory
postsynaptic density proteins. By comparing the expression of
circRNA in the brains of autistic patients and mice, it was found

that the expression of circRNA is highly conserved between humans
and mice. In addition, Gasparini et al. (2020) studied the expression
profile of circRNA in the hippocampus of BTBR mice, a fully
characterized ASD model, and age-matched C57BL/6J mice. In
this study, 29 circRNAs were significantly downregulated and 12
were upregulated in BTBR mice. Using another ASD mouse model
induced by valproate acid, 1,059 differentially expressed circRNAs
(477 upregulated and 582 downregulated) were screened by RNA
sequencing. Module analysis further showed that these dysregulated
circRNAs correlated with autism-related pathways, including the
TGF-beta signaling pathway, Notch signaling pathway, and long-
term depression (Wang et al., 2020b).

Regarding the underlying mechanism of these candidate
circRNAs in ASD, the ceRNA pattern was proposed in these studies.
In vitro experiments confirmed that upregulation of circARID1A
could increase some ASD risk genes, such as SFARI or AutismKB,
by directly sponging miR-204-3p (Chen et al., 2020).

At present, there are relatively few experimental studies on the
effect of circRNA on ASD, and most of them are descriptive studies.
More experimental and clinical correlation studies need to be done in
the future. Therefore, there is still a long way to go for ASD diagnosis
and treatment using circRNA.

circRNA and MDD

Major depressive disorder, characterized by emotional
dysfunction, is one of the most familiar mental obstacles in the world.
It seriously affects people’s thoughts, feelings, and behaviors and can
even lead to suicide. The pathogenesis of MDD is complicated and
involves a series of factors, including genetics, neuroendocrinology,
epigenetic regulation, and social-psychological factors (Gan et al.,
2021). The imbalance of the neural-endocrine-immune regulatory
network makes the abnormal secretion of neurotransmitters,
hormone, and cytokines, which are closely related to the occurrence
of depression (Gold and Chrousos, 2002; Franklin et al., 2012; Lang
and Borgwardt, 2013; Yrondi et al., 2018).

The differential expression of circRNAs in
depression

Given the multiple roles of circRNAs in the regulation of
neurotransmitters and synaptic plasticity, the possible involvement
of circRNAs in depression has received more attention. Studies have
shown that compared with normal subjects, there are changes in the
expression of circRNAs in patients with depression, which may be
related to the formation mechanism of depression.

Cui et al. (2016) analyzed the expression profiles of circRNAs
in peripheral blood mononuclear cells (PBMCs) of patients with
depression and healthy controls and identified four differentially
expressed circRNAs: hsa_circRNA_002143, hsa_circRNA_103636,
hsa_circRNA_100679, and hsa_circRNA_104953. After
antidepressant treatment, it was found that only the downregulated
hsa_circRNA_103636 had obvious changes, suggesting that
hsa_circRNA_103636 may have potential diagnostic value for
depression (Cui et al., 2016). Jiang et al. (2017) analyzed by
microarray the plasma samples of 7 patients with type 2 diabetes
mellitus (T2DM) and 7 patients with T2DM and depression and
identified 183 circRNAs that were upregulated and 64 circRNAs
that were downregulated. Zhang et al. (2018) comprehensively

Frontiers in Neuroscience 06 frontiersin.org

https://doi.org/10.3389/fnins.2023.1097878
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/


fnins-17-1097878 January 28, 2023 Time: 14:41 # 7

Yu et al. 10.3389/fnins.2023.1097878

analyzed the circRNA spectrum of chronic unpredictable mild
stress (CUMS) mice with typical depressive symptoms and found
that the expression levels of mmu_circ_0001355 and 0001788 were
slightly lowered, while the expression of mmu_circ_0001223 was
greatly inhibited in the ventral medial prefrontal cortex (vmPFC)
of CUMS mice. In addition, they also confirmed that total saponins
from the leaves of Panax notoginseng saponins (PNS) can inhibit
the development of depression, and deep sequencing shows that a
large number of circRNAs are differentially expressed in the vmPFC
and hippocampus of CUMS mice treated with PNS (Zhang et al.,
2018). Ketamine has an obvious antidepressant effect (Berman
et al., 2000). Mao et al. (2020) found five differentially expressed
circRNAs in the rat hippocampus after ketamine injection and
verified the upregulated rno_circRNA_014900 and downregulated
rno_circRNA_005442 by qRT-PCR. Maternal separation (MS) is
a stable and reliable method to simulate depression-like behavior.
Zheng et al. (2019) examined the whole genome transcriptome of the
prefrontal cortex in male rats with MS and found that 20 circRNAs
were significantly overexpressed and 17 circRNAs were significantly
underexpressed.

The role of circRNAs as miRNA sponges in
depression

The effects of circRNAs on depression by miRNA sponging are
the most studied. As an important posttranscriptional regulator,
miRNAs decrease the expression of target genes by binding to
their 3′-UTR, which could indirectly be regulated by circRNAs.
By using the bioinformatics program RNA hybrid, Huang et al.
(2017) found that circHIPK2 contained a target site of miRNA-124.
Double ISH showed that circHIPK2 and miRNA-124 colocalize in
primary mouse astrocytes, and the expression of miRNA-124 and
its downstream target gene sigma non-opioid intracellular receptor
1 are both regulated by circHIPK2 in a ceRNA-dependent manner,
thus subsequently affecting the activation of astrocytes (Huang
et al., 2017). Due to the important roles of activated astrocytes in
depression, circHIPK2 is believed to participate in the formation
and development of depression. Zhang et al. (2019) found that
the expression level of circHIPK2 in chronic unpredictable stress
(CUS) mice was significantly higher than that in the control group.
Fecal microbiota transplantation from NLRP3 KO mice significantly
alleviated astrocyte dysfunction in CUS-treated recipient mice via
inhibition of circHIPK2 expression (Zhang et al., 2019). In addition
to discovering the role of circRNAs in astrocytes, studies confirmed
another circRNA, circDYM, which is involved in MDD pathogenesis
and treatment by sponging miR-9 and regulating the activation of
microglia (Zhang Y. et al., 2020). Moreover, circDYM delivered by
extracellular vesicles (RVG-circDYM-EVs) significantly increased the
expression of circDYM in the brain, inhibited microglial activation,
and thus alleviated CUS-induced depression-like behavior (Yu et al.,
2022). RVG-circDYM-Evs can easily overcome the obstacles of the
blood–brain barrier but also enhance its integrity and inhibit the
infiltration of peripheral immune cells (including lymphocytes and
myeloid cells) into the brain of CUS mice. This indicates that
extracellular vesicle-mediated circDYM delivery is expected to be
applied in clinical depression treatment. In addition, Fan et al. (2022)
found that the expression of circANKS1B in the dentate gyrus area
of CUS rats decreased significantly. This change could decrease
the sponging of miR-146a-5p, a microRNA derived from microglial
cells, and its downstream target gene KLF4, thus participating in
the occurrence of depressive-like behaviors (Fan et al., 2022). These

discoveries provide novel insights regarding the specific contribution
of circRNAs in the pathogenesis and treatment of depression.

The role of circRNAs in depression through the
interaction with RBPs

Increasing evidence suggests that the RNA demethylase ALKBH5
is related to MDD (Du et al., 2015). Huang et al. (2020) found that the
expression of circSTAG1 in the hippocampus of CUS mice decreased,
and the expression of circSTAG1 in the plasma and whole blood
of patients with depression decreased significantly. Furthermore, it
was found that circSTAG1 had a stronger affinity for ALKBH5 than
STAG1 mRNA, especially in astrocytes. When the expression of
circSTAG1 was downregulated, ALKBH5 could be released, which
reduced the methylation of FAAH and then enhanced the stability
of FAAH mRNA, resulting in the dysfunction of astrocytes and the
occurrence of depressive-like behaviors (Huang et al., 2020).

Perspectives of circRNAs in the diagnosis and
treatment of depression

Emerging studies have shown that circRNAs may be involved
in the onset and progression of depression, so they have become
a promising new field in the diagnosis of depression. Reports have
shown that hsa_circRNA_103636 (Cui et al., 2016), hsa_circ_0126218
(Bu et al., 2021), circFKBP8 (Shi et al., 2021), circMBNL1 (Shi et al.,
2021), and circDYM (Song et al., 2020) might be promising MDD
biomarkers, which may further improve the early detection, effective
diagnosis, and convenient monitoring of MDD. However, at present,
the diagnostic accuracy and specificity of these circRNAs still need to
be verified by multicenter and large samples. Similarly, both in vivo
and in vitro experiments indicated that some circRNAs, including
circHIPK2 (Zhang et al., 2019), circDYM (Zhang Y. et al., 2020; Yu
et al., 2022), circSTAG1 (Huang et al., 2020), and mmu_circ_0001223
(Zhang et al., 2018) might be drug targets for depression treatment,
although there are still few effective anti-depression drugs targeting
these targets. Recently, the transportation of exogenous circRNAs or
their interfering RNAs into the brain by extracellular vesicles has
achieved the same effects as local brain region microinjection on
cognitive-related diseases (Yu et al., 2022). Since it is a much easier
way to change the expression of circRNAs in the brain, it is expected
to be used in clinical practice in the future. However, before this
clinical application, more research is needed, especially regarding the
safety, efficacy, and cost of circRNA delivery systems.

CircRNAs and aging-related cognitive disorders
Aging is a degenerative change of the body due to the increase

in age. In the nervous system, it is mainly reflected in the structural
degeneration and the decline of physiological functions, such as
cognitive impairment and reduced stress response ability, which
lead to the occurrence of age-related diseases (Cai et al., 2019).
Studies have shown that circRNAs seem to accumulate specifically in
the brains of various aging organisms, including Drosophila, mice,
and humans (Knupp and Miura, 2018; Xu et al., 2021) and are
involved in cell aging and survival, thus regulating aging-related
disorders (Cai et al., 2019). However, the mechanisms accounting
for the increased levels of circRNAs during aging are still unclear.
A special ring structure resistant to degradation by exoribonucleases,
the postmitotic nature of neurons, global changes in splicing patterns,
and all possible circRNA turnover regulators during aging in the
brain are mostly involved in the increased levels of circRNAs
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(Jeck et al., 2013; Deng et al., 2014; Enuka et al., 2016; Errichelli et al.,
2017; Knupp and Miura, 2018).

The high stability and specificity of circRNA expression make
circRNA a potential biomarker of human disease and one of the
methods for disease diagnosis and prognosis. In particular, some
circRNAs accumulated rapidly during brain aging compared with
their corresponding mRNAs, suggesting that circRNAs may be
sensitive biomarkers for aging. For example, in the analysis of human
peripheral blood, the levels of hsa_circ_1305 and hsa_circ_722 in
the elderly are higher than those in the young (Dluzen et al., 2018).
CircDEF6, circFOXO3, circEP300, and circFNDC3B are confirmed
to be related to the human aging phenotype (Haque et al., 2020).
These screened circRNAs are helpful for determining the physical
condition and initiating early prevention of some aging-related
diseases, such as Alzheimer’s disease and Parkinson’s disease. Due to
length limitations, this review will mainly focus on the relationship
between circRNAs and AD.

CircRNAs as biomarkers and therapeutic targets in
AD

AD is a neurodegenerative disease with insidious onset and slow
progression and is also the leading cause of cognitive dysfunction
in the aging population. To date, the neuropathological features of
AD are thought to involve excessive amyloid β (Aβ) aggravation,
hyperphosphorylation of Tau-induced neurofibrillary tangles (NFTs),
and neuronal damage (Jeong, 2017; Ma et al., 2017; Reiss et al.,
2018; Naseri et al., 2019). Excessive Aβ causes neuronal inflammation,
oxidative stress, and Ca2+ overload, which may lead to neuronal
damage and subsequent cognitive impairment (Katsumoto et al.,
2018; Tiwari et al., 2019). It is helpful for the diagnosis and treatment
of AD to understand how related molecules participate in these
processes. Due to the rapid development of high-throughput RNA-
seq technologies, the dynamic expression patterns and functions of
circRNAs in AD have been characterized recently in a large number of
studies (Dube et al., 2019; Cervera-Carles et al., 2020; Cochran et al.,
2021).

Differential expression of circRNAs in AD
circRNAs easily accumulate in the aging brain. Of the numerous

changes in circRNAs, which ones are only related to aging and which
ones are related to the development of AD needs to be clarified.
Therefore, microarray or RNA-sequencing data from different brain
regions of AD and age-matched healthy persons, including the
frontotemporal lobar, entorhinal cortex, parietal cortex, posterior
cingulate, hippocampus, and parahippocampal gyrus, were fully
analyzed (Sekar et al., 2018; Dube et al., 2019; Cervera-Carles et al.,
2020; Lo et al., 2020; Cochran et al., 2021; Urdanoz-Casado et al.,
2021) (Table 1). Many AD-related circRNAs have been confirmed,
and most of them are enriched in neurotrophic signaling, Aβ

clearance, neuroinflammation, and oxidative stress. In addition to the
brain parenchyma described above, abnormal changes in circRNAs in
the cerebrospinal fluid and peripheral blood of AD patients have also
been observed (Li et al., 2020a,b; Liu et al., 2020) (Table 1). Although
it remains unknown whether the occurrence of AD is caused by the
changed circRNAs in the brain, they may serve as biomarkers for the
prediction or diagnosis of AD. Additionally, differential expression
profiles of circRNAs in some AD cellular or animal models, including
Amyloid precursor protein (APP)/PS1, Tg2576, 5xFAD, SAMP8, or
Aβ administration, were constructed (Zhang et al., 2017, 2021; Wang
et al., 2018; Lee et al., 2019; Ma et al., 2019; Nam et al., 2019) (Table 1).

However, few dysregulated circRNAs have been found in common in
both AD human and animal models according to these studies.

Role of circRNAs in AD
To date, the pathogenesis of AD is still unclear. The cascade of

pathological reactions caused by amyloid aggregation is still the focus
of AD research. Recently, the effects of circRNAs on AD pathology
have mainly been explored in terms of Aβ production and clearance,
neuroinflammation, and oxidative stress.

CircRNAs were associated with the production and
clearance of Aβ in AD

Excessive deposition of Aβ in the cerebral cortex accelerates the
development of AD (Alcendor, 2020). Aβ protein comes from the
cleavage of APP by β-secretase and γ-secretase, the clearance of
which is mainly dependent on the function of autophagy in neural
cells (Baranello et al., 2015; Chen et al., 2017; Xin et al., 2018). GO
enrichment analysis of some RNA sequencing data showed that many
dysregulated circRNAs in AD were involved in the regulation of Aβ

production and clearance. CiRS-7, a circRNA highly expressed in the
human brain, has been proven to be downregulated in the brains
of AD patients (Lu and Xu, 2016). Using HEK293T and SH-SY5Y
cells, Shi et al. (2017) found that dysregulated ciRS-7 promoted the
degradation of APP and beta-site amyloid precursor protein cleaving
enzyme 1(BACE1) via the proteasome and lysosome in an NF-κB-
dependent manner, which finally reduced the generation of Aβ.
CircCwc27 could also be directly bound with purine-rich element-
binding protein A, which suppressed the expression of a cluster of AD
genes (Song et al., 2022). Interestingly, while studying the mechanism
of Aβ production, a circRNA that can encode a polypeptide was
found. This circRNA could be efficiently translated into a novel Aβ-
containing Aβ175 polypeptide, which will be processed into Aβ (Mo
et al., 2020). These results indicated an alternative pathway of Aβ

production induced by a circRNA. In terms of Aβ clearance, the role
of ciRS-7 was also referred to. It showed that ciRS-7 could sponge
miR-7 and affect the expression of its target ubiquitin protein ligase
UBE2A, a protein essential in the clearance of amyloid peptides in AD
(Zhao et al., 2016). Moreover, circRNAs can change autophagy ability
and indirectly regulate Aβ clearance and reduce the phosphorylation
of Tau (Inoue et al., 2012; Lonskaya et al., 2014; Diling et al., 2019).
For example, circRNA NF1-419 enhanced autophagy by binding
dynamin-1 and adaptor protein 2 B1 in AD-like mice and reduced
the expression of AD marker proteins, including Tau, p-Tau, Aβ, and
APOE (Diling et al., 2019).

CircRNAs were associated with neuronal injury
in AD

The loss of nerve cells is one of the typical features of
AD, which is mainly caused by neuroinflammation and oxidative
stress. Several studies have confirmed some roles of circRNAs in
these processes. circ_0002945 was overexpressed in AD patient
serum, Aβ-stimulated SK-N-SH cells and human primary neurons.
Inhibition of circ_0002945 attenuated Aβ-induced cell apoptosis and
endoplasmic reticulum stress through a novel circ_0002945/miR-
431-5p/TNFAIP1 ceRNA network (Li G. et al., 2022). Similarly,
using Aβ-treated SK-N-SH and SK-SY5Y cell lines, a study suggested
that circRNA AXL increased neuronal injury and inflammation by
targeting microRNA-328-mediated BACE1 in AD (Li Y. et al., 2022).
The presence of Aβ and NFTs promotes microglial cell activation,

Frontiers in Neuroscience 08 frontiersin.org

https://doi.org/10.3389/fnins.2023.1097878
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/


fnins-17-1097878
January

28,2023
Tim

e:14:41
#

9

Y
u

e
t

al.
10

.3
3

8
9

/fn
in

s.2
0

2
3

.10
9

78
78

TABLE 1 Studies profiling circRNAs in AD.

Experimental subject Sample Method Summary of
dysregulated circRNAs
(AD vs. control)

GO and KEGG enrichment function References

28 AD patients and 16 matched healthy control. Entorhinal cortex RT-qPCR circHOMER1 ↓ Aβ deposition Urdanoz-Casado et al., 2021

83 AD patients and 13 matched healthy control. Parietal cortex RNA-seq 14 ↓ (*cirHOMER1)
19 ↑ (*circCDR1-AS)

Co-express with AD-relevant genes (APP and SNCA) and pathways (AD and oxidative
phosphorylation)

Dube et al., 2019

4 male Tg2576 mice (7 M age) and 4 matched normal
male C57BL/6 mice; 4 male Tg2576 mice (12 M age)
and 4 matched normal male C57BL/6 mice.

Whole brain Microarray 7 M (55 ↑ 46 ↓)
12 M(5 ↑ 7 ↓)

7 M (↑: immune activation, activation of inflammatory cascade, cellular adhesion,
production of reactive oxygen species; ↓: progenitor self-renewal and neuronal
differentiation and maintenance).
12 M (↑: immune activation, inflammatory response, cellular adhesion; ↓: synapse
function and preservation of neuronal networks).

Lee et al., 2019

54 AD patients (19 sporadic AD, 9 autosomal
dominant AD, 16 FTLD-TDP43, and 10 FTLD-Tau)
and 15 control.

Frontotemporal
lobar

RT-qPCR circDOCK1 ↑ circHOMER1 and
circKCNN2 ↓

/ Cervera-Carles et al., 2020

10 AD patients and 10 healthy control. Posterior cingulate
astrocyte

RNA-seq No changed circRNAs / Sekar et al., 2018

8 AD patients and 8 matched healthy control. Cerebrospinal fluid Microarray 51 ↓ (* circ-PCCA, circ-HAUS4,
circ-KIF18B, and circ-TTC39C).
112 ↑ (*circ-LPAR1, circ-AXL and
circ-GPHN).

Neurotrophin signaling pathway, natural killer cell mediated cytotoxicity and
cholinergic synapse.

Li et al., 2020a

5 AD patients and 5 matched healthy control. PBMCs Microarray 2070 ↓ (*hsa_circRNA_004884,
406961, 404524, 038632, 048474,
405836, 007215, 019252, 405383, and
101820).
1990 ↑
(*hsa_circRNA_402265, 404757,
101543, 004561, 092423, 406368,
003553, 402986, 404144, and 404225)

Inflammation, metabolism, and immune responses. Li et al., 2020b

50 AD patients and 50 matched healthy control and 20
patients with dementia with Lewy bodies, and 40
patients with vascular dementia.

Peripheral blood Microarray 10 ↓
(*hsa_circ_0003391, 0066336, and
0066331)
5 ↑

/ Liu et al., 2020

(1) 6 M APP/PS1 mice and matched wild-type control
mice (n = 3 each group).
(2) 9 M APP/PS1 mice and matched wild-type control
mice (n = 3 each group).

Cerebral cortex RNA-seq 6 M: 151 ↓ 192 ↑
9 M: 102 ↓ 141 ↑

GO: synapse, cytoskeleton, postsynaptic density, cell–cell adherens junction, dendrite,
axon, and neuron projection;
KEGG pathways: cAMP signaling, MAPK signaling, insulin secretion, hippo signaling,
adherens junction, focal adhesion, dopaminergic synapse, and PI3K-Akt signaling
pathways.

Ma et al., 2019

7 M SAMP8 (AD model, n = 3) and SAMR1 (control,
n = 3)

Cerebral cortex RNA-seq 141 ↓
94 ↑

GO: axon terminus, synapse, neuron projection terminus, axon part, and long-term
synaptic depression.

Zhang et al., 2017
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leading to a persistent and robust release of inflammatory cytokines
and chemokines and finally the death of surrounding neurons
(Agrawal and Jha, 2020; Perea et al., 2020; Xu Y. et al., 2022).
In a microglial cell line, BV2 cells, knockdown of circ_0005835
downregulated neuroinflammation by sponging miR-576-3p and
changed the process of AD (Xu X. et al., 2022). In terms of oxidative
stress, circLPAR1 and circ_0001588 have been proven to regulate
oxidative stress in rat models and in vitro models of AD by sponging
miRNAs (Zhu et al., 2020; Wu et al., 2021). In addition to the above
indirect effects of circRNAs on neuronal morphology, circRNAs can
directly regulate neuronal survival or neurite growth and branching
in AD. CircTulp4 predominantly localizes in the nucleus, positively
regulates hippocampal neurite growth and branching by changing
the transcription of its parental gene, Tulp4, and might participate
in the development of AD (Ma et al., 2021). It has been found that
circ_0000950 decreased the expression of miR-103 and increased the
expression of Ptgs 2 in AD patients, as well as promoted neuronal
apoptosis, inhibited the growth of neuronal processes, and enhanced
the level of inflammatory cytokines (Yang et al., 2019). The regulatory
roles of circRNAs in neuroinflammation, oxidative stress, and neurite
growth imply that circRNAs may function as important players in the
pathogenesis of AD. Certainly, additional studies are still required to
test the hypotheses in humans.

Future perspectives of circRNAs in AD
In view of the changes and biological roles of circRNAs in AD, as

well as its high stability, it is expected to be used in clinical diagnosis
and as a therapeutic target of drugs. Some studies have made
useful attempts in this regard. Hsa_circ_0003391 was significantly
downregulated in the peripheral blood of AD patients. Receiver
operating characteristic curve analysis showed that hsa_circ_0003391
in peripheral blood or circ-AXL and circ-GPHN in cerebrospinal
fluid had a relatively high area under the curve (AUC) value,
suggesting a promising biomarker for AD diagnosis (Liu et al.,
2020). Moreover, circPSEN1 was reported to be able to discriminate
autosomal dominant AD from sporadic AD and controls with an
AUC above 0.70. These results showed that circRNAs expression
levels in body fluids are significantly correlated with both the
occurrence and clinical severity of AD. Although there has been
some progress in diagnosis, the evidence is still weak and needs to
be further supported by large, multicenter studies (Chen et al., 2022).
In addition, circRNAs, combined with other biomarkers and imaging
tools to improve the diagnostic power, should also be considered.

Recently, direct intracerebral injection or in vitro cellular
intervention and certain circRNAs have been confirmed to
improve AD symptoms. In addition, the roles of circRNAs in
AD drug treatment have also been reported, although disease-
associated proteins are currently the main targets for AD treatment.
Breviscapine, combined with bone marrow mesenchymal stem cell
treatment, can reduce Aβ deposition and promote the degradation
of APP and BAEC1 by regulating the circRNA ciRS-7 (Sun et al.,
2023). PNS significantly inhibited the pathological progression of
AD by upregulating five circRNAs or downregulating two circRNAs
in AD mouse models (Huang et al., 2018b). Similarly, in human
neuronal cells, berberine attenuated Aβ42-induced neuronal damage
by regulating the circHDAC9/miR-142-5p axis (Zhang N. et al.,
2020). Of course, the evidence from in vitro and animal experiments
is still inadequate to prove the clinical efficacy of circRNAs as
therapeutic drugs. In the future, more work should be done in AD
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patients, and targeting circRNAs may provide new ideas for the
struggling development of AD drugs.

Discussion

The recent discovery of circRNAs in the mammalian brain further
deepens our understanding of the non-coding RNA regulatory
system. Not only the spatiotemporal expression and distribution
of circRNAs but also their various biological roles imply a
close relationship between circRNAs and higher-order cognitive
functions of the brain. However, until now, little direct evidence
has indicated the role of circRNAs in cognitive abilities, such as
reasoning, perception, memory, verbal and mathematical ability, and
problem solving. In the future, using specific cognitive behavioral
models, evaluating whether and how circRNAs are involved in
these physiological functions under normal conditions is of great
importance for clarifying the role of circRNAs in cognition. Given
the closer kinship and similar complex cognitive functions between
human and non-human primates, primates such as macaques are an
ideal animal model for studying the above tissues.

Regarding the clinical application of circRNAs in cognitive-
related diseases, although much progress has been made, there is
still a long way to go. Increasing evidence indicates that circRNAs
expression levels have potential value as non-invasive clinical
biomarkers for central nervous system disorders. However, the
evidence may not be solid. First, most of the studies were performed
only in a single center with a relatively small number of cases. Second,
the sensitivity and specificity of selected circRNA assemblies are
not very good, so more specific circRNAs need to be screened and
confirmed in multicenter, large-scale trials. Additionally, combining
diagnosis with other clinical indicators, such as imaging indicators,
should be considered to improve the accuracy of diagnosis. Several
of the latest studies, using an exosome drug delivery system that
directly regulates the expression of circRNA in the brain, achieved
good efficacy in the progress of anti-depressant and anti-stroke
interventions in mouse models, which may shed light on the

future treatment of cognitive-related diseases with circRNAs by this
convenient and efficient method.

Author contributions

XY, HL, NC, WF, and ZG wrote the manuscript. YW conceived,
coordinated the project, and revised the manuscript. All authors
contributed to the article and approved the submitted version.

Funding

This study was supported by the National Natural Science
Foundation of China (NSFC) (81871059), National College
Student Innovation and Entrepreneurship Training Program
(202110439135), and Academic Promotion Programme of Shandong
First Medical University (2019QL016).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the reviewers.
Any product that may be evaluated in this article, or claim that may
be made by its manufacturer, is not guaranteed or endorsed by the
publisher.

References

Aghaee-Bakhtiari, S. (2018). Online databases and circular RNAs. Adv. Exp. Med. Biol.
1087, 35–38. doi: 10.1007/978-981-13-1426-1_3

Agrawal, I., and Jha, S. (2020). Mitochondrial dysfunction and Alzheimer’s disease:
Role of microglia. Front. Aging Neurosci. 12:252. doi: 10.3389/fnagi.2020.00252

Akhter, R. (2018). Circular RNA and Alzheimer’s disease. Adv. Exp. Med. Biol. 1087,
239–243. doi: 10.1007/978-981-13-1426-1_19

Alcendor, D. (2020). Interactions between amyloid-beta proteins and human brain
pericytes: Implications for the pathobiology of Alzheimer’s disease. J. Clin. Med. 9:1490.

Ashwal-Fluss, R., Meyer, M., Pamudurti, N. R., Ivanov, A., Bartok, O., Hanan, M., et al.
(2014). circRNA biogenesis competes with pre-mRNA splicing. Mol. Cell 56, 55–66.

Baranello, R. J., Bharani, K. L., Padmaraju, V., Chopra, N., Lahiri, D. K., Greig,
N. H., et al. (2015). Amyloid-beta protein clearance and degradation (ABCD) pathways
and their role in Alzheimer’s disease. Curr. Alzheimer Res. 12, 32–46. doi: 10.2174/
1567205012666141218140953

Barrett, S., Wang, P., and Salzman, J. (2015). Circular RNA biogenesis can proceed
through an exon-containing lariat precursor. Elife 4:e07540. doi: 10.7554/eLife.0
7540

Berman, R. M., Cappiello, A., Anand, A., Oren, D. A., Heninger, G. R., Charney, D. S.,
et al. (2000). Antidepressant effects of ketamine in depressed patients. Biol. Psychiatry 47,
351–354. doi: 10.1016/S0006-3223(99)00230-9

Boccaletto, P., Stefaniak, F., Ray, A., Cappannini, A., Mukherjee, S., Purta, E., et al.
(2022). MODOMICS: A database of RNA modification pathways. 2021 update. Nucleic
Acids Res. 50, D231–D235. doi: 10.1093/nar/gkab1083

Bu, Q., Long, H., Shao, X., Gu, H., Kong, J., Luo, L., et al. (2019). Cocaine induces
differential circular RNA expression in striatum. Transl. Psychiatry 9:199. doi: 10.1038/
s41398-019-0527-1

Bu, T., Qiao, Z., Wang, W., Yang, X., Zhou, J., Chen, L., et al. (2021). Diagnostic
biomarker Hsa_circ_0126218 and functioning prediction in peripheral blood monocular
cells of female patients with major depressive disorder. Front. Cell. Dev. Biol. 9:651803.
doi: 10.3389/fcell.2021.651803

Cai, H., Li, Y., Niringiyumukiza, J., Su, P., and Xiang, W. (2019). Circular RNA
involvement in aging: An emerging player with great potential. Mech. Ageing Dev. 178,
16–24. doi: 10.1016/j.mad.2018.11.002

Capel, B., Swain, A., Nicolis, S., Hacker, A., Walter, M., Koopman, P., et al. (1993).
Circular transcripts of the testis-determining gene sry in adult mouse testis. Cell 73,
1019–1030. doi: 10.1016/0092-8674(93)90279-Y

Cervera-Carles, L., Dols-Icardo, O., Molina-Porcel, L., Alcolea, D., Cervantes-
Gonzalez, A., Muñoz-Llahuna, L., et al. (2020). Assessing circular RNAs in Alzheimer’s
disease and frontotemporal lobar degeneration. Neurobiol. Aging. 92, 7–11. doi: 10.1016/
j.neurobiolaging.2020.03.017

Frontiers in Neuroscience 11 frontiersin.org

https://doi.org/10.3389/fnins.2023.1097878
https://doi.org/10.1007/978-981-13-1426-1_3
https://doi.org/10.3389/fnagi.2020.00252
https://doi.org/10.1007/978-981-13-1426-1_19
https://doi.org/10.2174/1567205012666141218140953
https://doi.org/10.2174/1567205012666141218140953
https://doi.org/10.7554/eLife.07540
https://doi.org/10.7554/eLife.07540
https://doi.org/10.1016/S0006-3223(99)00230-9
https://doi.org/10.1093/nar/gkab1083
https://doi.org/10.1038/s41398-019-0527-1
https://doi.org/10.1038/s41398-019-0527-1
https://doi.org/10.3389/fcell.2021.651803
https://doi.org/10.1016/j.mad.2018.11.002
https://doi.org/10.1016/0092-8674(93)90279-Y
https://doi.org/10.1016/j.neurobiolaging.2020.03.017
https://doi.org/10.1016/j.neurobiolaging.2020.03.017
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/


fnins-17-1097878 January 28, 2023 Time: 14:41 # 12

Yu et al. 10.3389/fnins.2023.1097878

Chen, B., Huang, S., and Janitz, M. (2019). Changes in circular RNA expression
patterns during human foetal brain development. Genomics 111, 753–758. doi: 10.1016/
j.ygeno.2018.04.015

Chen, G., Xu, T., Yan, Y., Zhou, Y., Jiang, Y., Melcher, K., et al. (2017). Amyloid beta:
Structure, biology and structure-based therapeutic development. Acta Pharmacol. Sin. 38,
1205–1235. doi: 10.1038/aps.2017.28

Chen, H., Eteleeb, A., Wang, C., Fernandez, M. V., Budde, J. P., Bergmann, K.,
et al. (2022). Circular RNA detection identifies circPSEN1 alterations in brain specific
to autosomal dominant Alzheimer’s disease. Acta Neuropathol. Commun. 10:29. doi:
10.1186/s40478-022-01328-5

Chen, J., Zou, Q., Lv, D., Wei, Y., Raza, M. A., Chen, Y., et al. (2018). Comprehensive
transcriptional landscape of porcine cardiac and skeletal muscles reveals differences of
aging. Oncotarget 9, 1524–1541. doi: 10.18632/oncotarget.23290

Chen, L. (2020). The expanding regulatory mechanisms and cellular functions of
circular RNAs. Nat. Rev. Mol. Cell. Biol. 21, 475–490. doi: 10.1038/s41580-020-0243-y

Chen, N., Zhao, G., Yan, X., Lv, Z., Yin, H., Zhang, S., et al. (2018). A novel FLI1 exonic
circular RNA promotes metastasis in breast cancer by coordinately regulating TET1 and
DNMT1. Genome Biol. 19:218. doi: 10.1186/s13059-018-1594-y

Chen, Y., Chen, C., Mai, T., Chuang, C., Chen, Y., Gupta, S. K., et al. (2020). Genome-
wide, integrative analysis of circular RNA dysregulation and the corresponding circular
RNA-microRNA-mRNA regulatory axes in autism. Genome Res. 30, 375–391. doi: 10.
1101/gr.255463.119

Cheng, J., Meng, J., Zhu, L., and Peng, Y. (2020). Exosomal noncoding RNAs in
Glioma: Biological functions and potential clinical applications. Mol. Cancer 19:66. doi:
10.1186/s12943-020-01189-3

Cochran, K., Veeraraghavan, K., Kundu, G., Mazan-Mamczarz, K., Coletta, C.,
Thambisetty, M., et al. (2021). Systematic identification of circRNAs in Alzheimer’s
disease. Genes (Basel) 12:1258. doi: 10.3390/genes12081258

Cocquerelle, C., Mascrez, B., Hetuin, D., and Bailleul, B. (1993). Mis-splicing yields
circular RNA molecules. FASEB J. 7, 155–160. doi: 10.1096/fasebj.7.1.7678559

Conn, S. J., Pillman, K. A., Toubia, J., Conn, V. M., Salmanidis, M., Phillips, C. A.,
et al. (2015). The RNA binding protein quaking regulates formation of circRNAs. Cell
160, 1125–1134. doi: 10.1016/j.cell.2015.02.014

Cui, X., Niu, W., Kong, L., He, M., Jiang, K., Chen, S., et al. (2016).
Hsa_circRNA_103636: Potential novel diagnostic and therapeutic biomarker in Major
depressive disorder. Biomark. Med. 10, 943–952. doi: 10.2217/bmm-2016-0130

Danan, M., Schwartz, S., Edelheit, S., and Sorek, R. (2012). Transcriptome-wide
discovery of circular RNAs in Archaea. Nucleic Acids Res. 40, 3131–3142. doi: 10.1093/
nar/gkr1009

Deng, H., Gao, K., and Jankovic, J. (2014). The role of FUS gene variants in
neurodegenerative diseases. Nat. Rev. Neurol. 10, 337–348. doi: 10.1038/nrneurol.2014.78

Diallo, L. H., Tatin, F., David, F., Godet, A., Zamora, A., Prats, A., et al. (2019). How
are circRNAs translated by non-canonical initiation mechanisms? Biochimie 164, 45–52.
doi: 10.1016/j.biochi.2019.06.015

Diling, C., Yinrui, G., Longkai, Q., Xiaocui, T., Yadi, L., Xin, Y., et al. (2019). Circular
RNA NF1-419 enhances autophagy to ameliorate senile dementia by binding Dynamin-
1 and Adaptor protein 2 B1 in AD-like mice. Aging (Albany N Y). 11, 12002–12031.
doi: 10.18632/aging.102529

Dluzen, D. F., Hooten, N. N., De, S., Wood, W. H., Zhang, Y., Becker, K. G., et al.
(2018). Extracellular RNA profiles with human age. Aging Cell 17:e12785. doi: 10.1111/
acel.12785

Du, T., Rao, S., Wu, L., Ye, N., Liu, Z., Hu, H., et al. (2015). An association study of the
m6A genes with major depressive disorder in Chinese Han population. J. Affect. Disord.
183, 279–286. doi: 10.1016/j.jad.2015.05.025

Dube, U., Del-Aguila, J. L., Li, Z., Budde, J. P., Jiang, S., Hsu, S., et al. (2019). An atlas of
cortical circular RNA expression in Alzheimer disease brains demonstrates clinical and
pathological associations. Nat. Neurosci. 22, 1903–1912. doi: 10.1038/s41593-019-0501-5

Enuka, Y., Lauriola, M., Feldman, M., Sas-Chen, A., Ulitsky, I., and Yarden, Y. (2016).
Circular RNAs are long-lived and display only minimal early alterations in response to a
growth factor. Nucleic Acids Res. 44, 1370–1383. doi: 10.1093/nar/gkv1367

Errichelli, L., Modigliani, S. D., Laneve, P., Colantoni, A., Legnini, I., Capauto, D.,
et al. (2017). FUS affects circular RNA expression in murine embryonic stem cell-derived
motor neurons. Nat. Commun. 8:14741. doi: 10.1038/ncomms14741

Fan, C., Li, Y., Lan, T., Wang, W., Long, Y., and Yu, S. (2022). Microglia secrete
miR-146a-5p-containing exosomes to regulate neurogenesis in depression. Mol. Ther. 30,
1300–1314. doi: 10.1016/j.ymthe.2021.11.006

Filippenkov, Ivan B, Stavchansky, Vasily V, Denisova, Alina E, Valieva, Liya V,
Remizova, Julia A, Mozgovoy, Ivan V, et al. (2021). Genome-wide RNA-sequencing
reveals massive circular RNA expression changes of the neurotransmission genes in the
rat brain after ischemia-reperfusion. Genes (Basel) 12:1870. doi: 10.3390/genes12121870

Franklin, T., Saab, B., and Mansuy, I. (2012). Neural mechanisms of stress resilience
and vulnerability. Neuron 75, 747–761. doi: 10.1016/j.neuron.2012.08.016

Gan, H., Lei, Y., Yuan, N., Tang, K., Hao, W., Ma, Q., et al. (2021). Circular
RNAs in depression: Biogenesis, function, expression, and therapeutic potential. Biomed
Pharmacother. 137:111244. doi: 10.1016/j.biopha.2021.111244

Gasparini, S., Vecchio, G. D., Gioiosa, S., Flati, T., Castrignano, T., Legnini, I., et al.
(2020). Differential expression of hippocampal circular RNAs in the BTBR mouse model

for autism spectrum disorder. Mol. Neurobiol. 57, 2301–2313. doi: 10.1007/s12035-020-
01878-6

Gokool, A., Anwar, F., and Voineagu, I. (2020). The landscape of circular RNA
expression in the human brain. Biol. Psychiatry 87, 294–304. doi: 10.1016/j.biopsych.
2019.07.029

Gold, P., and Chrousos, G. (2002). Organization of the stress system and its
dysregulation in melancholic and atypical depression: High vs low CRH/NE states. Mol.
Psychiatry 7, 254–275. doi: 10.1038/sj.mp.4001032

Gruner, H., Cortes-Lopez, M., Cooper, D., Bauer, M., and Miura, P. (2016). CircRNA
accumulation in the aging mouse brain. Sci. Rep. 6:38907. doi: 10.1038/srep38907

Guo, J., Agarwal, V., Guo, H., and Bartel, D. (2014). Expanded identification and
characterization of mammalian circular RNAs. Genome Biol. 15:409. doi: 10.1186/
s13059-014-0409-z

Han, B., Zhang, Y., Zhang, Y., Bai, Y., Chen, X., Huang, R., et al. (2018). Novel
insight into circular RNA HECTD1 in astrocyte activation via autophagy by targeting
MIR142-TIPARP: Implications for cerebral ischemic stroke. Autophagy 14, 1164–1184.
doi: 10.1080/15548627.2018.1458173

Hanan, M., Soreq, H., and Kadener, S. (2017). CircRNAs in the brain. RNA Biol. 14,
1028–1034. doi: 10.1080/15476286.2016.1255398

Hansen, T. B., Jensen, T. I., Clausen, B. H., Bramsen, J. B., Finsen, B., Damgaard, C. K.,
et al. (2013). Natural RNA circles function as efficient microRNA sponges. Nature 495,
384–388. doi: 10.1038/nature11993

Hansen, T. B., Wiklund, E. D., Bramsen, J. B., Villadsen, S. B., Statham, A. L., Clark,
S. J., et al. (2011). miRNA-dependent gene silencing involving Ago2-mediated cleavage
of a circular antisense RNA. EMBO J. 30, 4414–4422. doi: 10.1038/emboj.2011.359

Haque, S., Ames, R. M., Moore, K., Pilling, L. C., Peters, L. L., Bandinelli, S., et al.
(2020). circRNAs expressed in human peripheral blood are associated with human aging
phenotypes, cellular senescence and mouse lifespan. Geroscience 42, 183–199. doi: 10.
1007/s11357-019-00120-z

Herbert, M. R., Ziegler, D. A., Deutsch, C. K., O’Brien, L. M., Lange, N., Bakardjiev,
A., et al. (2003). Dissociations of cerebral cortex, subcortical and cerebral white matter
volumes in autistic boys. Brain 126(Pt 5), 1182–1192. doi: 10.1093/brain/awg110

Hsu, M., and Coca-Prados, M. (1979). Electron microscopic evidence for the circular
form of RNA in the cytoplasm of eukaryotic cells. Nature 280, 339–340. doi: 10.1038/
280339a0

Huang, J., Qin, M., Zhou, Y., Xu, Z., Yang, S., Zhang, F., et al. (2018a). Comprehensive
analysis of differentially expressed profiles of Alzheimer’s disease associated circular
RNAs in an Alzheimer’s disease mouse model. Aging (Albany N Y). 10, 253–265. doi:
10.18632/aging.101387

Huang, J., Xu, Z., Yang, S., Yu, C., Zhang, F., Qin, M., et al. (2018b). Identification
of differentially expressed profiles of Alzheimer’s disease associated circular RNAs in a
panax notoginseng saponins-treated Alzheimer’s disease mouse model. Comput. Struct.
Biotechnol. J. 16, 523–531. doi: 10.1016/j.csbj.2018.10.010

Huang, R., Zhang, Y., Bai, Y., Han, B., Ju, M., Chen, B., et al. (2020). N(6)-
methyladenosine modification of fatty acid amide hydrolase messenger RNA in
circular RNA STAG1-regulated astrocyte dysfunction and depressive-like behaviors. Biol.
Psychiatry 88, 392–404. doi: 10.1016/j.biopsych.2020.02.018

Huang, R., Zhang, Y., Han, B., Bai, Y., Zhou, R., Gan, G., et al. (2017). Circular RNA
HIPK2 regulates astrocyte activation via cooperation of autophagy and ER stress by
targeting MIR124-2HG. Autophagy 13, 1722–1741. doi: 10.1080/15548627.2017.1356975

Inoue, K., Rispoli, J., Kaphzan, H., Klann, E., Chen, E. I., Kim, J., et al. (2012).
Macroautophagy deficiency mediates age-dependent neurodegeneration through a
phospho-tau pathway. Mol. Neurodegener. 7:48. doi: 10.1186/1750-1326-7-48

Izuogu, O. G., Alhasan, A. A., Mellough, C., Collin, J., Gallon, R., Hyslop, J., et al.
(2018). Analysis of human ES cell differentiation establishes that the dominant isoforms
of the lncRNAs RMST and FIRRE are circular. BMC Genomics 19:276. doi: 10.1186/
s12864-018-4660-7

Jeck, W. R., Sorrentino, J. A., Wang, K., Slevin, M. K., Burd, C. E., Liu, J., et al. (2013).
Circular RNAs are abundant, conserved, and associated with ALU repeats. RNA 19,
141–157. doi: 10.1261/rna.035667.112

Jeck, W., and Sharpless, N. (2014). Detecting and characterizing circular RNAs. Nat.
Biotechnol. 32, 453–461. doi: 10.1038/nbt.2890

Jeong, S. (2017). Molecular and cellular basis of neurodegeneration in Alzheimer’s
disease. Mol. Cells 40, 613–620.

Jiang, G., Ma, Y., An, T., Pan, Y., Mo, F., Zhao, D., et al. (2017). Relationships of circular
RNA with diabetes and depression. Sci. Rep. 7:7285. doi: 10.1038/s41598-017-07931-0

Just, M., Cherkassky, V., Keller, T., Kana, R., and Minshew, N. (2007). Functional and
anatomical cortical underconnectivity in autism: Evidence from an FMRI study of an
executive function task and corpus callosum morphometry. Cereb. Cortex 17, 951–961.
doi: 10.1093/cercor/bhl006

Katsumoto, A., Takeuchi, H., Takahashi, K., and Tanaka, F. (2018). Microglia in
Alzheimer’s disease: Risk factors and inflammation. Front. Neurol. 9:978. doi: 10.3389/
fneur.2018.00978

Kelly, S., Greenman, C., Cook, P., and Papantonis, A. (2015). Exon skipping is
correlated with exon circularization. J. Mol. Biol. 427, 2414–2417. doi: 10.1016/j.jmb.
2015.02.018

Frontiers in Neuroscience 12 frontiersin.org

https://doi.org/10.3389/fnins.2023.1097878
https://doi.org/10.1016/j.ygeno.2018.04.015
https://doi.org/10.1016/j.ygeno.2018.04.015
https://doi.org/10.1038/aps.2017.28
https://doi.org/10.1186/s40478-022-01328-5
https://doi.org/10.1186/s40478-022-01328-5
https://doi.org/10.18632/oncotarget.23290
https://doi.org/10.1038/s41580-020-0243-y
https://doi.org/10.1186/s13059-018-1594-y
https://doi.org/10.1101/gr.255463.119
https://doi.org/10.1101/gr.255463.119
https://doi.org/10.1186/s12943-020-01189-3
https://doi.org/10.1186/s12943-020-01189-3
https://doi.org/10.3390/genes12081258
https://doi.org/10.1096/fasebj.7.1.7678559
https://doi.org/10.1016/j.cell.2015.02.014
https://doi.org/10.2217/bmm-2016-0130
https://doi.org/10.1093/nar/gkr1009
https://doi.org/10.1093/nar/gkr1009
https://doi.org/10.1038/nrneurol.2014.78
https://doi.org/10.1016/j.biochi.2019.06.015
https://doi.org/10.18632/aging.102529
https://doi.org/10.1111/acel.12785
https://doi.org/10.1111/acel.12785
https://doi.org/10.1016/j.jad.2015.05.025
https://doi.org/10.1038/s41593-019-0501-5
https://doi.org/10.1093/nar/gkv1367
https://doi.org/10.1038/ncomms14741
https://doi.org/10.1016/j.ymthe.2021.11.006
https://doi.org/10.3390/genes12121870
https://doi.org/10.1016/j.neuron.2012.08.016
https://doi.org/10.1016/j.biopha.2021.111244
https://doi.org/10.1007/s12035-020-01878-6
https://doi.org/10.1007/s12035-020-01878-6
https://doi.org/10.1016/j.biopsych.2019.07.029
https://doi.org/10.1016/j.biopsych.2019.07.029
https://doi.org/10.1038/sj.mp.4001032
https://doi.org/10.1038/srep38907
https://doi.org/10.1186/s13059-014-0409-z
https://doi.org/10.1186/s13059-014-0409-z
https://doi.org/10.1080/15548627.2018.1458173
https://doi.org/10.1080/15476286.2016.1255398
https://doi.org/10.1038/nature11993
https://doi.org/10.1038/emboj.2011.359
https://doi.org/10.1007/s11357-019-00120-z
https://doi.org/10.1007/s11357-019-00120-z
https://doi.org/10.1093/brain/awg110
https://doi.org/10.1038/280339a0
https://doi.org/10.1038/280339a0
https://doi.org/10.18632/aging.101387
https://doi.org/10.18632/aging.101387
https://doi.org/10.1016/j.csbj.2018.10.010
https://doi.org/10.1016/j.biopsych.2020.02.018
https://doi.org/10.1080/15548627.2017.1356975
https://doi.org/10.1186/1750-1326-7-48
https://doi.org/10.1186/s12864-018-4660-7
https://doi.org/10.1186/s12864-018-4660-7
https://doi.org/10.1261/rna.035667.112
https://doi.org/10.1038/nbt.2890
https://doi.org/10.1038/s41598-017-07931-0
https://doi.org/10.1093/cercor/bhl006
https://doi.org/10.3389/fneur.2018.00978
https://doi.org/10.3389/fneur.2018.00978
https://doi.org/10.1016/j.jmb.2015.02.018
https://doi.org/10.1016/j.jmb.2015.02.018
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/


fnins-17-1097878 January 28, 2023 Time: 14:41 # 13

Yu et al. 10.3389/fnins.2023.1097878

Knupp, D., and Miura, P. (2018). CircRNA accumulation: A new hallmark of aging?
Mech. Ageing Dev. 173, 71–79. doi: 10.1016/j.mad.2018.05.001

Kristensen, L., Andersen, M., Stagsted, L., Ebbesen, K., Hansen, T., and Kjems, J.
(2019). The biogenesis, biology and characterization of circular RNAs. Nat. Rev. Genet.
20, 675–691. doi: 10.1038/s41576-019-0158-7

Kristensen, L., Jakobsen, T., Hager, H., and Kjems, J. (2022). The emerging roles of
circRNAs in cancer and oncology. Nat. Rev. Clin. Oncol. 19, 188–206. doi: 10.1038/
s41571-021-00585-y

Kuo, M., Liu, S., Hsu, Y., and Wu, R. (2021). The role of noncoding RNAs in
Parkinson’s disease: Biomarkers and associations with pathogenic pathways. J. Biomed
Sci. 28:78. doi: 10.1186/s12929-021-00775-x

Lai, M., Lombardo, M., and Baron-Cohen, S. (2014). Autism. Lancet. 383, 896–910.
doi: 10.1016/S0140-6736(13)61539-1

Lang, U., and Borgwardt, S. (2013). Molecular mechanisms of depression: Perspectives
on new treatment strategies. Cell Physiol. Biochem. 31, 761–777. doi: 10.1159/000350094

Lee, W., Moon, J., Jeon, D., Shin, Y., Yoo, J., Park, D., et al. (2019). Possible epigenetic
regulatory effect of dysregulated circular RNAs in Alzheimer’s disease model. Sci. Rep.
9:11956. doi: 10.1038/s41598-019-48471-z

Li, G., Liang, R., Lian, Y., and Zhou, Y. (2022). Circ_0002945 functions as a competing
endogenous RNA to promote Abeta25-35-induced endoplasmic reticulum stress and
apoptosis in SK-N-SH cells and human primary neurons. Brain Res. 1785:147878. doi:
10.1016/j.brainres.2022.147878

Li, X., Yang, L., and Chen, L. (2018). The biogenesis, functions, and challenges of
circular RNAs. Mol. Cell 71, 428–442. doi: 10.1016/j.molcel.2018.06.034

Li, Y., Fan, H., Sun, J., Ni, M., Zhang, L., Chen, C., et al. (2020a). Circular RNA
expression profile of Alzheimer’s disease and its clinical significance as biomarkers for the
disease risk and progression. Int. J Biochem. Cell Biol. 123:105747. doi: 10.1016/j.biocel.
2020.105747

Li, Y., Lv, Z., Zhang, J., Ma, Q., Li, Q., Song, L., et al. (2020b). Profiling of differentially
expressed circular RNAs in peripheral blood mononuclear cells from Alzheimer’s disease
patients. Metab. Brain Dis. 35, 201–213. doi: 10.1007/s11011-019-00497-y

Li, Y., Han, X., Fan, H., Sun, J., Ni, M., Zhang, L., et al. (2022). Circular RNA AXL
increases neuron injury and inflammation through targeting microRNA-328 mediated
BACE1 in Alzheimer’s disease. Neurosci. Lett. 776:136531. doi: 10.1016/j.neulet.2022.
136531

Li, Z., Huang, C., Bao, C., Chen, L., Lin, M., Wang, X., et al. (2015). Exon-intron
circular RNAs regulate transcription in the nucleus. Nat. Struct. Mol. Biol. 22, 256–264.
doi: 10.1038/nsmb.2959

Liang, D., and Wilusz, J. (2014). Short intronic repeat sequences facilitate circular RNA
production. Genes Dev. 28, 2233–2247. doi: 10.1101/gad.251926.114

Liu, L., Chen, X., Chen, Y., and Zhang, K. (2020). Identification of circular RNA
hsa_Circ_0003391 in peripheral blood is potentially associated with Alzheimer’s disease.
Front Aging Neurosci. 12:601965. doi: 10.3389/fnagi.2020.601965

Liu, Y., Ao, X., Yu, W., Zhang, Y., and Wang, J. (2022a). Biogenesis, functions, and
clinical implications of circular RNAs in non-small cell lung cancer. Mol. Ther. Nucleic
Acids 27, 50–72. doi: 10.1016/j.omtn.2021.11.013

Liu, Y., Li, Y., Zang, J., Zhang, T., Li, Y., Tan, Z., et al. (2022b). CircOGDH is a
penumbra biomarker and therapeutic target in acute ischemic stroke. Circ. Res. 130,
907–924. doi: 10.1161/CIRCRESAHA.121.319412

Lo, I., Hill, J., Vilhjalmsson, B., and Kjems, J. (2020). Linking the association
between circRNAs and Alzheimer’s disease progression by multi-tissue circular RNA
characterization. RNA Biol. 17, 1789–1797. doi: 10.1080/15476286.2020.1783487

Lonskaya, I., Hebron, M., Chen, W., Schachter, J., and Moussa, C. (2014). Tau deletion
impairs intracellular beta-amyloid-42 clearance and leads to more extracellular plaque
deposition in gene transfer models. Mol. Neurodegener. 9:46. doi: 10.1186/1750-132
6-9-46

Lu, D., and Xu, A. (2016). Mini review: Circular RNAs as potential clinical biomarkers
for disorders in the central nervous system. Front. Genet. 7:53. doi: 10.3389/fgene.2016.
00053

Ma, N., Pan, J., Wen, Y., Wu, Q., Yu, B., Chen, X., et al. (2021). RETRACTED:
CircTulp4 functions in Alzheimer’s disease pathogenesis by regulating its parental gene,
Tulp4. Mol. Ther. 29, 2167–2181. doi: 10.1016/j.ymthe.2021.02.008

Ma, N., Pan, J., Ye, X., Yu, B., Zhang, W., and Wan, J. (2019). Whole-transcriptome
analysis of APP/PS1 mouse brain and identification of circRNA-miRNA-mRNA
networks to investigate ad pathogenesis. Mol. Ther. Nucleic Acids 18, 1049–1062. doi:
10.1016/j.omtn.2019.10.030

Ma, R., Zhang, Y., Hong, X., Zhang, J., Wang, J., and Liu, G. (2017). Role of
microtubule-associated protein tau phosphorylation in Alzheimer’s disease. J. Huazhong
Univ. Sci. Technol. Med. Sci. 37, 307–312. doi: 10.1007/s11596-017-1732-x

Ma, Y., Liu, Y., and Jiang, Z. (2020). CircRNAs: A new perspective of biomarkers in the
nervous system. Biomed Pharmacother. 128:110251. doi: 10.1016/j.biopha.2020.110251

Mahmoudi, E., and Cairns, M. (2019). Circular RNAs are temporospatially regulated
throughout development and ageing in the rat. Sci. Rep. 9:2564. doi: 10.1038/s41598-019-
38860-9

Mahmoudi, E., Fitzsimmons, C., Geaghan, M. P., Weickert, C. S., Atkins, J. R.,
Wang, X., et al. (2019). Circular RNA biogenesis is decreased in postmortem cortical
gray matter in schizophrenia and may alter the bioavailability of associated miRNA.
Neuropsychopharmacology 44, 1043–1054. doi: 10.1038/s41386-019-0348-1

Mao, J., Li, T., Fan, D., Zhou, H., Feng, J., Liu, L., et al. (2020). Abnormal expression
of rno_circRNA_014900 and rno_circRNA_005442 induced by ketamine in the rat
hippocampus. BMC Psychiatry 20:1. doi: 10.1186/s12888-019-2374-2

Mehta, S., Dempsey, R., and Vemuganti, R. (2020). Role of circular RNAs in brain
development and CNS diseases. Prog. Neurobiol. 186:101746. doi: 10.1016/j.pneurobio.
2020.101746

Memczak, S., Jens, M., Elefsinioti, A., Torti, F., Krueger, J., Rybak, A., et al. (2013).
Circular RNAs are a large class of animal RNAs with regulatory potency. Nature 495,
333–338. doi: 10.1038/nature11928

Meng, S., Zhou, H., Feng, Z., Xu, Z., Tang, Y., Li, P., et al. (2017). CircRNA: Functions
and properties of a novel potential biomarker for cancer. Mol. Cancer 16:94. doi: 10.1186/
s12943-017-0663-2

Mo, D., Li, X., Raabe, C., Rozhdestvensky, T., Skryabin, B., and Brosius, J. (2020).
Circular RNA encoded amyloid beta peptides-a novel putative player in Alzheimer’s
disease. Cells 9:2196. doi: 10.3390/cells9102196

Nagy, C., Suderman, M., Yang, J., Szyf, M., Mechawar, N., Ernst, C., et al. (2015).
Astrocytic abnormalities and global DNA methylation patterns in depression and suicide.
Mol. Psychiatry 20, 320–328. doi: 10.1038/mp.2014.21

Nam, K., Yoon, G., Kim, Y., and Song, J. (2019). Transcriptome analysis of pineal
glands in the mouse model of Alzheimer’s disease. Front. Mol. Neurosci. 12:318. doi:
10.3389/fnmol.2019.00318

Naseri, N., Wang, H., Guo, J., Sharma, M., and Luo, W. (2019). The complexity of tau
in Alzheimer’s disease. Neurosci. Lett. 705, 183–194. doi: 10.1016/j.neulet.2019.04.022

Pan, Y., Wu, W., and Xiong, X. (2020). Circular RNAs: Promising biomarkers for
age-related diseases. Aging Dis. 11, 1585–1593. doi: 10.14336/AD.2020.0309

Pan, Z., Zhao, R., Li, B., Qi, Y., Qiu, W., Guo, Q., et al. (2022). EWSR1-
induced circNEIL3 promotes glioma progression and exosome-mediated macrophage
immunosuppressive polarization via stabilizing IGF2BP3. Mol. Cancer 21:16. doi: 10.
1186/s12943-021-01485-6

Parikshak, N. N., Swarup, V., Belgard, T. G., Irimia, M., Ramaswami, G., Gandal, M. J.,
et al. (2016). Genome-wide changes in lncRNA, splicing, and regional gene expression
patterns in autism. Nature 540, 423–427. doi: 10.1038/nature20612

Park, O., Ha, H., Lee, Y., Boo, S., Kwon, D., Song, H., et al. (2019). Endoribonucleolytic
cleavage of m(6)A-containing RNAs by RNase P/MRP complex. Mol. Cell 74, 494–507.e8.
doi: 10.1016/j.molcel.2019.02.034

Paudel, P., Pierotti, C., Lozano, E., Amoah, S. K., Gardiner, A. S., Caldwell, K. K.,
et al. (2020). Prenatal alcohol exposure results in sex-specific alterations in circular RNA
expression in the developing mouse brain. Front. Neurosci. 14:581895. doi: 10.3389/fnins.
2020.581895

Perea, J., Bolos, M., and Avila, J. (2020). Microglia in Alzheimer’s disease in the context
of tau pathology. Biomolecules 10:1439. doi: 10.3390/biom10101439

Petkovic, S., and Muller, S. (2015). RNA circularization strategies in vivo and in vitro.
Nucleic Acids Res. 43, 2454–2465. doi: 10.1093/nar/gkv045

Qu, S., Yang, X., Li, X., Wang, J., Gao, Y., Shang, R., et al. (2015). Circular RNA: A
new star of noncoding RNAs. Cancer Lett. 365, 141–148. doi: 10.1016/j.canlet.2015.0
6.003

Reiss, A., Arain, H., Stecker, M., Siegart, N., and Kasselman, L. (2018). Amyloid
toxicity in Alzheimer’s disease. Rev. Neurosci. 29, 613–627. doi: 10.1515/revneuro-2017-
0063

Rybak-Wolf, A., Stottmeister, C., Glažar, P., Jens, M., Pino, N., Giusti, S., et al. (2015).
Circular RNAs in the mammalian brain are highly abundant, conserved, and dynamically
expressed. Mol. Cell 58, 870–885. doi: 10.1016/j.molcel.2015.03.027

Salzman, J., Gawad, C., Wang, P., Lacayo, N., and Brown, P. (2012). Circular RNAs are
the predominant transcript isoform from hundreds of human genes in diverse cell types.
PLoS One 7:e30733. doi: 10.1371/journal.pone.0030733

Sanger, H., Klotz, G., Riesner, D., Gross, H., and Kleinschmidt, A. (1976). Viroids are
single-stranded covalently closed circular RNA molecules existing as highly base-paired
rod-like structures. Proc. Natl. Acad. Sci. U.S.A. 73, 3852–3856. doi: 10.1073/pnas.73.11.
3852

Schumann, C., Hamstra, J., Goodlin-Jones, B., Lotspeich, L. J., Kwon, H., Buonocore,
M. H., et al. (2004). The amygdala is enlarged in children but not adolescents with
autism: The hippocampus is enlarged at all ages. J. Neurosci. 24, 6392–6401. doi: 10.1523/
JNEUROSCI.1297-04.2004

Sekar, S., Cuyugan, L., Adkins, J., Geiger, P., and Liang, W. (2018). Circular RNA
expression and regulatory network prediction in posterior cingulate astrocytes in elderly
subjects. BMC Genomics 19:340. doi: 10.1186/s12864-018-4670-5

Shen, W., Zhou, Q., Peng, C., Li, J., Yuan, Q., Zhu, H., et al. (2022). FBXW7 and the
hallmarks of cancer: Underlying mechanisms and prospective strategies. Front. Oncol.
12:880077. doi: 10.3389/fonc.2022.880077

Shi, Y., Song, R., Wang, Z., Zhang, H., Zhu, J., Yue, Y., et al. (2021). Potential
clinical value of circular RNAs as peripheral biomarkers for the diagnosis and treatment
of major depressive disorder. EBioMedicine 66:103337. doi: 10.1016/j.ebiom.2021.10
3337

Frontiers in Neuroscience 13 frontiersin.org

https://doi.org/10.3389/fnins.2023.1097878
https://doi.org/10.1016/j.mad.2018.05.001
https://doi.org/10.1038/s41576-019-0158-7
https://doi.org/10.1038/s41571-021-00585-y
https://doi.org/10.1038/s41571-021-00585-y
https://doi.org/10.1186/s12929-021-00775-x
https://doi.org/10.1016/S0140-6736(13)61539-1
https://doi.org/10.1159/000350094
https://doi.org/10.1038/s41598-019-48471-z
https://doi.org/10.1016/j.brainres.2022.147878
https://doi.org/10.1016/j.brainres.2022.147878
https://doi.org/10.1016/j.molcel.2018.06.034
https://doi.org/10.1016/j.biocel.2020.105747
https://doi.org/10.1016/j.biocel.2020.105747
https://doi.org/10.1007/s11011-019-00497-y
https://doi.org/10.1016/j.neulet.2022.136531
https://doi.org/10.1016/j.neulet.2022.136531
https://doi.org/10.1038/nsmb.2959
https://doi.org/10.1101/gad.251926.114
https://doi.org/10.3389/fnagi.2020.601965
https://doi.org/10.1016/j.omtn.2021.11.013
https://doi.org/10.1161/CIRCRESAHA.121.319412
https://doi.org/10.1080/15476286.2020.1783487
https://doi.org/10.1186/1750-1326-9-46
https://doi.org/10.1186/1750-1326-9-46
https://doi.org/10.3389/fgene.2016.00053
https://doi.org/10.3389/fgene.2016.00053
https://doi.org/10.1016/j.ymthe.2021.02.008
https://doi.org/10.1016/j.omtn.2019.10.030
https://doi.org/10.1016/j.omtn.2019.10.030
https://doi.org/10.1007/s11596-017-1732-x
https://doi.org/10.1016/j.biopha.2020.110251
https://doi.org/10.1038/s41598-019-38860-9
https://doi.org/10.1038/s41598-019-38860-9
https://doi.org/10.1038/s41386-019-0348-1
https://doi.org/10.1186/s12888-019-2374-2
https://doi.org/10.1016/j.pneurobio.2020.101746
https://doi.org/10.1016/j.pneurobio.2020.101746
https://doi.org/10.1038/nature11928
https://doi.org/10.1186/s12943-017-0663-2
https://doi.org/10.1186/s12943-017-0663-2
https://doi.org/10.3390/cells9102196
https://doi.org/10.1038/mp.2014.21
https://doi.org/10.3389/fnmol.2019.00318
https://doi.org/10.3389/fnmol.2019.00318
https://doi.org/10.1016/j.neulet.2019.04.022
https://doi.org/10.14336/AD.2020.0309
https://doi.org/10.1186/s12943-021-01485-6
https://doi.org/10.1186/s12943-021-01485-6
https://doi.org/10.1038/nature20612
https://doi.org/10.1016/j.molcel.2019.02.034
https://doi.org/10.3389/fnins.2020.581895
https://doi.org/10.3389/fnins.2020.581895
https://doi.org/10.3390/biom10101439
https://doi.org/10.1093/nar/gkv045
https://doi.org/10.1016/j.canlet.2015.06.003
https://doi.org/10.1016/j.canlet.2015.06.003
https://doi.org/10.1515/revneuro-2017-0063
https://doi.org/10.1515/revneuro-2017-0063
https://doi.org/10.1016/j.molcel.2015.03.027
https://doi.org/10.1371/journal.pone.0030733
https://doi.org/10.1073/pnas.73.11.3852
https://doi.org/10.1073/pnas.73.11.3852
https://doi.org/10.1523/JNEUROSCI.1297-04.2004
https://doi.org/10.1523/JNEUROSCI.1297-04.2004
https://doi.org/10.1186/s12864-018-4670-5
https://doi.org/10.3389/fonc.2022.880077
https://doi.org/10.1016/j.ebiom.2021.103337
https://doi.org/10.1016/j.ebiom.2021.103337
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/


fnins-17-1097878 January 28, 2023 Time: 14:41 # 14

Yu et al. 10.3389/fnins.2023.1097878

Shi, Z., Chen, T., Yao, Q., Zheng, L., Zhang, Z., Wang, J., et al. (2017). The circular RNA
ciRS-7 promotes APP and BACE1 degradation in an NF-kappaB-dependent manner.
FEBS J. 284, 1096–1109. doi: 10.1111/febs.14045

Song, C., Zhang, Y., Huang, W., Shi, J., Huang, Q., Jiang, M., et al. (2022). Circular RNA
Cwc27 contributes to Alzheimer’s disease pathogenesis by repressing Pur-alpha activity.
Cell Death Differ. 29, 393–406. doi: 10.1038/s41418-021-00865-1

Song, R., Bai, Y., Li, X., Zhu, J., Zhang, H., Shi, Y., et al. (2020). Plasma circular
RNA DYM related to major depressive disorder and rapid antidepressant effect treated
by visual cortical repetitive transcranial magnetic stimulation. J. Affect. Disord. 274,
486–493. doi: 10.1016/j.jad.2020.05.109

Sparks, B. F., Friedman, S. D., Shaw, D. W., Aylward, E. H., Echelard, D., Artru, A. A.,
et al. (2002). Brain structural abnormalities in young children with autism spectrum
disorder. Neurology 59, 184–192. doi: 10.1212/WNL.59.2.184

Sun, F., Zhang, Y., Wu, X., Xu, X., Zhu, C., and Huang, W. (2022). Breviscapine
combined with BMSCs reduces abeta deposition in rat with Alzheimer’s disease
by regulating circular RNA ciRS-7. Curr. Mol. Med 23, 76–86. doi: 10.2174/
1566524022666220113151044

Sun, W., Poschmann, J., Cruz-Herrera Del Rosario, R., Parikshak, N., Hajan, H.,
Kumar, V., et al. (2016). Histone acetylome-wide association study of autism spectrum
disorder. Cell 167, 1385–1397.e11. doi: 10.1016/j.cell.2016.10.031

Szabo, L., Morey, R., Palpant, N. J., Wang, P. L., Afari, N., Jiang, C., et al. (2015).
Statistically based splicing detection reveals neural enrichment and tissue-specific
induction of circular RNA during human fetal development. Genome Biol. 16:126. doi:
10.1186/s13059-015-0690-5

Tiwari, S., Atluri, V., Kaushik, A., Yndart, A., and Nair, M. (2019). Alzheimer’s disease:
Pathogenesis, diagnostics, and therapeutics. Int. J. Nanomed. 14, 5541–5554. doi: 10.2147/
IJN.S200490

Turner, T., Coe, B., Dickel, D., Hoekzema, K., Nelson, B., Zody, M., et al. (2017).
Genomic patterns of de novo mutation in simplex autism. Cell 171, 710–722.e2. doi:
10.1016/j.cell.2017.08.047

Urdanoz-Casado, A., Sanchez-Ruiz de Gordoa, J., Robles, M., Acha, B., Roldan, M.,
Zelaya, M., et al. (2021). Gender-dependent deregulation of linear and circular RNA
variants of HOMER1 in the entorhinal cortex of Alzheimer’s disease. Int. J. Mol. Sci.
22:9205. doi: 10.3390/ijms22179205

Varghese, M., Keshav, N., Jacot-Descombes, S., Warda, T., Wicinski, B., Dickstein,
D. L., et al. (2017). Autism spectrum disorder: Neuropathology and animal models. Acta
Neuropathol. 134, 537–566. doi: 10.1007/s00401-017-1736-4

Venø, T., Hansen, T. B., Venø, T., Clausen, B. H., Grebing, M., Finsen, B., et al. (2015).
Spatio-temporal regulation of circular RNA expression during porcine embryonic brain
development. Genome Biol. 16:245. doi: 10.1186/s13059-015-0801-3

Vogel Ciernia, A., and LaSalle, J. (2016). The landscape of DNA methylation amid a
perfect storm of autism aetiologies. Nat. Rev. Neurosci. 17, 411–423. doi: 10.1038/nrn.
2016.41

Wang, X., Wu, R., Liu, Y., Zhao, Y., Bi, Z., Yao, Y., et al. (2020c). m6A mRNA
methylation controls autophagy and adipogenesis by targeting Atg5 and Atg7. Autophagy
16, 1221–1235. doi: 10.1080/15548627.2019.1659617

Wang, X., Zhang, H., Yang, H., Bai, M., Ning, T., Deng, T., et al. (2020d). Exosome-
delivered circRNA promotes glycolysis to induce chemoresistance through the miR-
122-PKM2 axis in colorectal cancer. Mol. Oncol. 14, 539–555. doi: 10.1002/1878-0261.
12629

Wang, G., Han, B., Shen, L., Wu, S., Yang, L., Liao, J., et al. (2020a). Silencing of circular
RNA HIPK2 in neural stem cells enhances functional recovery following ischaemic
stroke. EBioMedicine 52:102660. doi: 10.1016/j.ebiom.2020.102660

Wang, J., Yang, Z., Chen, C., Xu, Y., Wang, H., Liu, B., et al. (2020b). Comprehensive
circRNA expression profile and construction of circRNAs-related ceRNA network
in a mouse model of autism. Front. Genet. 11:623584. doi: 10.3389/fgene.2020.6
23584

Wang, Y. (2021). Identification of the similarities and differences of molecular
networks associated with fear memory formation, extinction, and updating in the
amygdala. Front. Mol. Neurosci. 14:778170. doi: 10.3389/fnmol.2021.778170

Wang, Z., Xu, P., Chen, B., Zhang, Z., Zhang, C., Zhan, Q., et al. (2018).
Identifying circRNA-associated-ceRNA networks in the hippocampus of Abeta1-42-
induced Alzheimer’s disease-like rats using microarray analysis. Aging (Albany N Y). 10,
775–788. doi: 10.18632/aging.101427

Westholm, J. O., Miura, P., Olson, S., Shenker, S., Joseph, B., Sanfilippo, P., et al.
(2014). Genome-wide analysis of drosophila circular RNAs reveals their structural and
sequence properties and age-dependent neural accumulation. Cell Rep. 9, 1966–1980.
doi: 10.1016/j.celrep.2014.10.062

Wu, L., Du, Q., and Wu, C. (2021). CircLPAR1/miR-212-3p/ZNF217 feedback loop
promotes amyloid beta-induced neuronal injury in Alzheimer’s disease. Brain Res.
1770:147622. doi: 10.1016/j.brainres.2021.147622

Wu, Y., Parikshak, N., Belgard, T., and Geschwind, D. (2016). Genome-wide,
integrative analysis implicates microRNA dysregulation in autism spectrum disorder.
Nat. Neurosci. 19, 1463–1476. doi: 10.1038/nn.4373

Xin, S., Tan, L., Cao, X., Yu, J., and Tan, L. (2018). Clearance of amyloid beta and
tau in Alzheimer’s disease: From mechanisms to therapy. Neurotox. Res. 34, 733–748.
doi: 10.1007/s12640-018-9895-1

Xu, K., Chen, D., Wang, Z., Ma, J., Zhou, J., Chen, N., et al. (2018). Annotation and
functional clustering of circRNA expression in rhesus macaque brain during aging. Cell
Discov. 4:48. doi: 10.1038/s41421-018-0050-1

Xu, K., Zhang, Y., and Li, J. (2021). Expression and function of circular RNAs in the
mammalian brain. Cell. Mol. Life Sci. 78, 4189–4200. doi: 10.1007/s00018-021-03780-3

Xu, K., Zhang, Y., Xiong, W., Zhang, Z., Wang, Z., Lv, L., et al. (2020). CircGRIA1
shows an age-related increase in male macaque brain and regulates synaptic plasticity
and synaptogenesis. Nat. Commun. 11:3594. doi: 10.1038/s41467-020-17435-7

Xu, X., Gu, D., Xu, B., Yang, C., and Wang, L. (2022). Circular RNA circ_0005835
promotes promoted neural stem cells proliferation and differentiate to neuron and
inhibits inflammatory cytokines levels through miR-576-3p in Alzheimer’s disease.
Environ. Sci. Pollut. Res. Int. 29, 35934–35943. doi: 10.1007/s11356-021-17478-3

Xu, Y., Au, N., and Ma, C. (2022). Functional and phenotypic diversity of microglia:
Implication for microglia-based therapies for Alzheimer’s disease. Front. Aging Neurosci.
14:896852. doi: 10.3389/fnagi.2022.896852

Yang, H., Wang, H., Shang, H., Chen, X., Yang, S., Qu, Y., et al. (2019). Circular RNA
circ_0000950 promotes neuron apoptosis, suppresses neurite outgrowth and elevates
inflammatory cytokines levels via directly sponging miR-103 in Alzheimer’s disease. Cell
Cycle 18, 2197–2214. doi: 10.1080/15384101.2019.1629773

Yang, Y., Gao, X., Zhang, M., Yan, S., Sun, C., Xiao, F., et al. (2018). Novel role
of FBXW7 circular RNA in repressing glioma tumorigenesis. J. Natl. Cancer Inst. 110,
304–315. doi: 10.1093/jnci/djx166

You, X., Vlatkovic, I., Babic, A., Will, T., Epstein, I., Tushev, G., et al. (2015). Neural
circular RNAs are derived from synaptic genes and regulated by development and
plasticity. Nat. Neurosci. 18, 603–610. doi: 10.1038/nn.3975

Yrondi, A., Sporer, M., Peran, P., Schmitt, L., Arbus, C., and Sauvaget, A. (2018).
Electroconvulsive therapy, depression, the immune system and inflammation: A
systematic review. Brain Stimul. 11, 29–51. doi: 10.1016/j.brs.2017.10.013

Yu, X., Bai, Y., Han, B., Ju, M., Tang, T., Shen, L., et al. (2022). Extracellular
vesicle-mediated delivery of circDYM alleviates CUS-induced depressive-like behaviours.
J. Extracell. Vesicles 11:e12185. doi: 10.1002/jev2.12185

Zajaczkowski, E., and Bredy, T. (2021). Circular RNAs in the brain: A possible role in
memory? Neuroscientist 27, 473–486. doi: 10.1177/1073858420963028

Zaphiropoulos, P. (1996). Circular RNAs from transcripts of the rat cytochrome P450
2C24 gene: Correlation with exon skipping. Proc. Natl. Acad. Sci. U.S.A. 93, 6536–6541.
doi: 10.1073/pnas.93.13.6536

Zhang, H., Chen, Z., Zhong, Z., Gong, W., and Li, J. (2018). Total saponins from the
leaves of Panax notoginseng inhibit depression on mouse chronic unpredictable mild
stress model by regulating circRNA expression. Brain Behav. 8:e01127. doi: 10.1002/brb3.
1127

Zhang, Y., Hou, C., Chen, C., Guo, Y., Yuan, W., Yin, D., et al. (2020). The role of
N(6)-methyladenosine (m(6)A) modification in the regulation of circRNAs. Mol. Cancer
19:105. doi: 10.1186/s12943-020-01224-3

Zhang, M., and Xin, Y. (2018). Circular RNAs: A new frontier for cancer diagnosis and
therapy. J. Hematol. Oncol. 11:21. doi: 10.1186/s13045-018-0569-5

Zhang, N., Gao, Y., Yu, S., Sun, X., and Shen, K. (2020). Berberine attenuates Aβ42-
induced neuronal damage through regulating circHDAC9/miR-142-5p axis in human
neuronal cells. Life Sci. 252:117637. doi: 10.1016/j.lfs.2020.117637

Zhang, R., Gao, Y., Li, Y., Geng, D., Liang, Y., He, Q., et al. (2022). Nrf2 improves
hippocampal synaptic plasticity, learning and memory through the circ-Vps41/miR-26a-
5p/CaMKIV regulatory network. Exp. Neurol. 351:113998. doi: 10.1016/j.expneurol.2022.
113998

Zhang, S., Zhu, D., Li, H., Li, H., Feng, C., and Zhang, W. (2017). Characterization of
circRNA-associated-ceRNA networks in a senescence-accelerated mouse prone 8 brain.
Mol. Ther. 25, 2053–2061. doi: 10.1016/j.ymthe.2017.06.009

Zhang, X., Wang, H., Zhang, Y., Lu, X., Chen, L., and Yang, L. (2014). Complementary
sequence-mediated exon circularization. Cell 159, 134–147. doi: 10.1016/j.cell.2014.09.
001

Zhang, Y., Du, L., Bai, Y., Han, B., He, C., Gong, L., et al. (2020). CircDYM ameliorates
depressive-like behavior by targeting miR-9 to regulate microglial activation via HSP90
ubiquitination. Mol. Psychiatry 25, 1175–1190. doi: 10.1038/s41380-018-0285-0

Zhang, Y., Huang, R., Cheng, M., Wang, L., Chao, J., Li, J., et al. (2019). Gut microbiota
from NLRP3-deficient mice ameliorates depressive-like behaviors by regulating
astrocyte dysfunction via circHIPK2. Microbiome 7:116. doi: 10.1186/s40168-019-0
733-3

Zhang, Y., Qian, L., Liu, Y., Liu, Y., Yu, W., and Zhao, Y. (2021). CircRNA-ceRNA
network revealing the potential regulatory roles of CircRNA in Alzheimer’s disease
involved the cGMP-PKG signal pathway. Front. Mol. Neurosci. 14:665788. doi: 10.3389/
fnmol.2021.665788

Zhang, Y., Zhang, X., Chen, T., Xiang, J., Yin, Q., Xing, Y., et al. (2013). Circular
intronic long noncoding RNAs. Mol. Cell 51, 792–806. doi: 10.1016/j.molcel.2013.08.017

Frontiers in Neuroscience 14 frontiersin.org

https://doi.org/10.3389/fnins.2023.1097878
https://doi.org/10.1111/febs.14045
https://doi.org/10.1038/s41418-021-00865-1
https://doi.org/10.1016/j.jad.2020.05.109
https://doi.org/10.1212/WNL.59.2.184
https://doi.org/10.2174/1566524022666220113151044
https://doi.org/10.2174/1566524022666220113151044
https://doi.org/10.1016/j.cell.2016.10.031
https://doi.org/10.1186/s13059-015-0690-5
https://doi.org/10.1186/s13059-015-0690-5
https://doi.org/10.2147/IJN.S200490
https://doi.org/10.2147/IJN.S200490
https://doi.org/10.1016/j.cell.2017.08.047
https://doi.org/10.1016/j.cell.2017.08.047
https://doi.org/10.3390/ijms22179205
https://doi.org/10.1007/s00401-017-1736-4
https://doi.org/10.1186/s13059-015-0801-3
https://doi.org/10.1038/nrn.2016.41
https://doi.org/10.1038/nrn.2016.41
https://doi.org/10.1080/15548627.2019.1659617
https://doi.org/10.1002/1878-0261.12629
https://doi.org/10.1002/1878-0261.12629
https://doi.org/10.1016/j.ebiom.2020.102660
https://doi.org/10.3389/fgene.2020.623584
https://doi.org/10.3389/fgene.2020.623584
https://doi.org/10.3389/fnmol.2021.778170
https://doi.org/10.18632/aging.101427
https://doi.org/10.1016/j.celrep.2014.10.062
https://doi.org/10.1016/j.brainres.2021.147622
https://doi.org/10.1038/nn.4373
https://doi.org/10.1007/s12640-018-9895-1
https://doi.org/10.1038/s41421-018-0050-1
https://doi.org/10.1007/s00018-021-03780-3
https://doi.org/10.1038/s41467-020-17435-7
https://doi.org/10.1007/s11356-021-17478-3
https://doi.org/10.3389/fnagi.2022.896852
https://doi.org/10.1080/15384101.2019.1629773
https://doi.org/10.1093/jnci/djx166
https://doi.org/10.1038/nn.3975
https://doi.org/10.1016/j.brs.2017.10.013
https://doi.org/10.1002/jev2.12185
https://doi.org/10.1177/1073858420963028
https://doi.org/10.1073/pnas.93.13.6536
https://doi.org/10.1002/brb3.1127
https://doi.org/10.1002/brb3.1127
https://doi.org/10.1186/s12943-020-01224-3
https://doi.org/10.1186/s13045-018-0569-5
https://doi.org/10.1016/j.lfs.2020.117637
https://doi.org/10.1016/j.expneurol.2022.113998
https://doi.org/10.1016/j.expneurol.2022.113998
https://doi.org/10.1016/j.ymthe.2017.06.009
https://doi.org/10.1016/j.cell.2014.09.001
https://doi.org/10.1016/j.cell.2014.09.001
https://doi.org/10.1038/s41380-018-0285-0
https://doi.org/10.1186/s40168-019-0733-3
https://doi.org/10.1186/s40168-019-0733-3
https://doi.org/10.3389/fnmol.2021.665788
https://doi.org/10.3389/fnmol.2021.665788
https://doi.org/10.1016/j.molcel.2013.08.017
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/


fnins-17-1097878 January 28, 2023 Time: 14:41 # 15

Yu et al. 10.3389/fnins.2023.1097878

Zhao, Y., Alexandrov, P., Jaber, V., and Lukiw, W. (2016). Deficiency in the ubiquitin
conjugating enzyme UBE2A in Alzheimer’s disease (AD) is linked to deficits in a
natural circular miRNA-7 sponge (circRNA; ciRS-7). Genes (Basel) 7:116. doi: 10.3390/
genes7120116

Zheng, Y., He, J., Guo, L., Yao, L., Zheng, X., Yang, Z., et al. (2019). Transcriptome
analysis on maternal separation rats with depression-related manifestations ameliorated
by electroacupuncture. Front. Neurosci. 13:314. doi: 10.3389/fnins.2019.00314

Zhu, R., Qi, X., Liu, C., Wang, D., Li, L., Liu, X., et al. (2020). The silent information
regulator 1 pathway attenuates ROS-induced oxidative stress in Alzheimer’s disease.
J. Integr. Neurosci. 19, 321–332. doi: 10.31083/j.jin.2020.02.1151

Zimmerman, A. J., Hafez, A. K., Amoah, S. K., Rodriguez, B. A., Dell’Orco, M.,
Lozano, E., et al. (2020). A psychiatric disease-related circular RNA controls synaptic
gene expression and cognition. Mol. Psychiatry 25, 2712–2727. doi: 10.1038/s41380-020-
0653-4

Frontiers in Neuroscience 15 frontiersin.org

https://doi.org/10.3389/fnins.2023.1097878
https://doi.org/10.3390/genes7120116
https://doi.org/10.3390/genes7120116
https://doi.org/10.3389/fnins.2019.00314
https://doi.org/10.31083/j.jin.2020.02.1151
https://doi.org/10.1038/s41380-020-0653-4
https://doi.org/10.1038/s41380-020-0653-4
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/

	Circular RNAs: New players involved in the regulation of cognition and cognitive diseases
	Introduction
	Biogenesis and turnover of circRNAs
	Biogenesis
	Direct back-splicing
	Exon skipping
	Formation of circular intronic RNAs (ciRNAs)

	Turnover

	Categories and properties of circRNAs
	Categories of circRNAs
	The properties of circRNAs

	Putative biological functions of circRNAs
	MiRNA sponges
	Interacting with RBPs
	Acting in protein translation
	Regulation of parental gene transcription

	Online databases for circRNAs study
	Involvement of circRNAs in regulating cognitive function
	Differential expression of circRNAs during brain development and aging
	Distribution of circRNAs in the brain
	Effects of circRNA on synaptic plasticity and memory


	Involvement of circRNAs in cognitive-related diseases
	CircRNAs and ASD
	Differential expression of circRNAs in ASD

	circRNA and MDD
	The differential expression of circRNAs in depression
	The role of circRNAs as miRNA sponges in depression
	The role of circRNAs in depression through the interaction with RBPs
	Perspectives of circRNAs in the diagnosis and treatment of depression
	CircRNAs and aging-related cognitive disorders
	CircRNAs as biomarkers and therapeutic targets in AD
	Differential expression of circRNAs in AD
	Role of circRNAs in AD
	CircRNAs were associated with the production and clearance of A in AD
	CircRNAs were associated with neuronal injury in AD
	Future perspectives of circRNAs in AD


	Discussion
	Author contributions
	Funding
	Conflict of interest
	Publisher's note
	References


