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Chapter

The circRNA and Role in
Alzheimer’s Disease: From
Regulation to Therapeutic and
Diagnostic Targets
Wen Li and Guohua Jin

Abstract
Alzheimer's disease (AD) is a devastating neurodegenerative disorder and the
most common form of dementia worldwide. Although the great progress on the
prevention and treatment of AD, no effective therapies are available as yet. With
the increasing incidence of AD, it has brought a growing burden to the family and
society. Histopathologically, AD is characterized by the presence of myloid β (Aβ)
plaques composed of Aβ and neurofibrillary tangles (NFTs) composed of hyperphosphorylated tau proteins, which lead to neuronal loss. However, the full spectrum of precise molecular mechanism that contribute to AD pathogenesis remains
largely unknown. circular RNAs (circRNAs) are a novel class of endogenous noncoding RNAs that play a vital role in post-transcriptional regulation. Recent reports
showed circRNAs to be an important player in the development of neurodegenerative diseases like AD. In this chapter, we review recent progress on understanding
the role of circRNAs in AD, and many studies implicating specific circRNAs in the
development of the disease. Moreover, we explore the potential promise of these
findings for future diagnosis and treatment.
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1. Introduction
Non-coding RNAs (ncRNAs) are a broad spectrum of functional RNA molecules
that are transcribed from DNA but not translated into proteins [1]. The discovery
of microRNAs (miRNAs) in 1993 followed by developments and discoveries in
small RNA biology have hinted the importance of RNA in the post-transcriptional
regulation of genes, especially in eukaryotes [2, 3]. With the development of highthroughput RNA sequencing technologies and bioinformatics methods, thousands
of new ncRNAs have been discovered. Circular RNAs (circular RNAs, circRNAs)
are a novel class of highly conservative endogenous ncRNA generated by premRNA back splicing, which is characterized by a covalently closed-loop structure
(Figure 1) [4]. It was originally discovered that circRNAs are universally present
in human and mouse, but then they were found to be common across essentially
all eukaryotes [5]. Although most circRNAs are generally expressed at low levels,
some of them are more abundant than their linear counterparts and often exhibit
1
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Figure 1.
Back-splicing and canonical splicing of a single pre-mRNA.

cell-type-specific and tissue-specific patterns [6, 7]. CircRNA levels are highly
enriched in the brain, both embryonic and adult stage, and many of them play
important roles in synaptic plasticity and neuronal function [8, 9]. Accumulating
data suggest key roles for circRNAs in Alzheimer’s disease (AD) by affecting mechanisms such as neuronal plasticity, autophagy, apoptosis, and inflammation [10].
This review covers the expression and function of circRNAs in the brain, as well as
their role involvement in initiation and progression of AD.

2. Characteristics of circRNAs
2.1 Abundance of circRNAs
In the 1970s, circRNAs were first discovered in eukaryotic cytoplasm, but due to
their low abundance and circular isoforms, these RNAs were perceived as mis-splicing
occurrences [11]. With the advancement of high-throughput sequencing technology,
circRNAs have been found to be abundant and widespread not only in metazoans
including mice, Drosophila, and zebrafish but also in protists, fungi, and plants [7].
Although most of these covalently linked transcripts generally are expressed at low
levels, in some cases, their abundance can exceed that of related linear mRNAs due
to higher expression accumulation [12, 13]. For example, the expression of CDR1as
within the brain is highly and independent of the expression of its linear isoform [14].
You et al. [15] discovered that the expression of some circRNAs exhibited strong upregulation in brain during development, and their expression independent of their
host linear transcripts. Jeck et al. [16] found that the abundance of some circRNAs
exceeded associated linear mRNA by >10-fold in human fibroblasts.
2.2 Stability of circRNAs
CircRNAs are found mostly in the cytoplasm, and most undesired splicing
products accumulate at the transcription site [17]. Because they do not have 5′-3′
polarities and polyadenylated tails, which make them much more stable than
2
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linear RNA and resistant to RNase R, an exonuclease that efficiently degrades
linear RNAs [13]. The average half-life of circRNAs in cells exceeds 48 hours, while
mRNAs only maintaine for the average of 10 hours [14]. Besides, circRNAs may
also be sensitive to many other RNases, such as RNase A, RNase T1, and RNase T2
[18], which suggests that circRNA may serve as an ideal biomarker for a variety
of disease. Recent studies have shown that circRNAs are enriched and stable in
exosomes, which can be transported to distant tissues and organs via exosomes
[19]. Moreover, circRNAs can be detected in blood cells like red blood cells, white
blood cells, and platelets [20]. Besides blood, circRNAs can also be detected in
other bodily fluids, such as saliva and seminal plasma [14, 21].
2.3 Profile and localization of circRNA
The expression of circRNA has tissue specificity, subcellular location specificity and developmental stage specificity. It is reported that circRNAs in Drosophila,
mice, and humans are highly enriched in the nervous system [22]. RNA sequencing of human adult and fetal tissues showed that up to 50% of circRNAs were
tissue-specific and development-specific fashion, and the number and expression
levels of circRNAs were higher in fetal tissue than adult tissue [23]. Notably, the
expression of circRNAs within the brain is highly specific and increases during
neuronal differentiation and development, which may be involved in brain diseases
[24]. CircRNAs are mostly found in the cytoplasm, and many of them in neurons
localized to axons, dendrites, and synaptosomes, which is modulated by neuronal
activity [15]. Reports show that compared with total brain RNA, circRNAs in
murine synaptoneurosome fractions and micro-dissected neuropil from hippocampal slices were more enriched in cytoplasmic RNA [25]. This is supported
by the detection of circRNAs in cultured hippocampal neurons and hippocampal
slices [15]. Moreover, some circRNAs show a regulated switch in their nuclear and
cytoplasmic positioning during development [24].
2.4 Classification of circRNAs
According to different combinations of sequences and domains, circRNAs can
be divided into three categories: exonic circRNAs (EciRNAs), intronic circRNAs
(CiRNAs) and exon-intron circRNAs (EIciRNA) (Figure 2) [26]. There are three
hypothetical models explaining the formation of exonic circRNAs. Most circRNAs
are formed by exon skipping during pre-mRNA transcription to produce specific
regions, called lariat structures. Lariat structures contain exons, in which the
intron sequence is then removed by splicing [27]. Other than exon skipping, due to
the presence of reverse complement sequences in introns of pre-mRNA, circular
structures can be formed by base-pairing between two introns, and some introns
are then removed [28].
During the biogenesis of circRNAs, some RNA binding proteins (RBPs) are considered to participate in the circularization of circRNA, such as Quaking, Muscleblind
and Fused-in sarcoma [29]. In some cases, during the formation of EciRNAs,
introns that surround the exons are not removed, and EIciRNAs are generated [30].
The formation of CiRNAs depends on a consensus motif containing a conserved
7-nucleotide GU-rich motif at the 5′ splicing site and the 11-nucleotide C-rich motif
at the 3′-branch site. it bypasses the action of the debranching enzyme, then generates a linear intron and form a circularized RNA lariat, leading to the production of
ciRNA [9, 31]. EciRNAs mainly locate in the cytoplasm, which is the focus of current
research, accounting for almost 80% of the total circRNAs [6]. CiRNAs and EIciRNAs
locate in the nucleus, and regulate the expression of their parental genes [32].
3

Hippocampus - Cytoarchitecture and Diseases

Figure 2.
Formation and classification of circRNAs.

3. Biological functions of circRNAs
circRNAs play key role in gene regulation at the post-transcriptional or transcription level, thereby affecting the level of gene expression. Here, we will introduce how circRNAs work at the molecular level and the underlying mechanisms
involved in the interaction with other molecules (Figure 3).
3.1 circRNAs can act as microRNA (miRNA) sponges
Some long non-coding RNAs were described as a sponge for miRNAs, which
can regulate the level or activity of miRNAs by selective sponging [33]. It was

Figure 3.
Functions of circRNAs.
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initially observed that some circRNAs have many miRNA-binding sites, leading
to speculation that these molecules could act as miRNA sponges. Some circRNAs
possess multiple binding sites for specific miRNAs, and some circRNAs harbor
many different types of miRNA binding sites. For example, circRNA Cdr1as
(ciRS-7) is extensively expressed in the mammalian brain and upregulated during neuronal development, which harbors 74 seed binding sites for miR-7 [34].
Intriguingly, miR-7 has been implicated, as a key regulator to modulate the
expression of several oncogenes [35] and hold potential for slowing Parkinson’s
disease (PD) progression [36]. Similarly, circ-SRY (sex-determining region Y),
is a master regulator of mammalian sex determination and specifically expressed
in testis, which has 16 binding sites for miR-138 [37, 38]. Additionally, circHIPK3
is observed to sponge to 9 miRNAs with 18 potential binding sites [39]. cir-ITCH
may act as a sponge of miR-7, miR-17, and miR-214 [40]. circHIPK3 was reported
to bind to miR-124, miR-30a, and miR-558 [39, 41, 42]. So far, circRNA-miRNA
axis in diseases have been expanded [43], and can be used as an advanced molecular technology to simulate or manufacture therapeutic agents, which indicates that
this regulatory function of circRNAs should be a hotspot in the field of RNA. For
instance, circHomer1 is upregulated in Hepatocellular carcinoma and regulates cell
proliferation, migration, and invasion by inhibition of miR-1322 [44]. circTLK1 is
upregulated during the acute period after focal ischemia, which can be functioned
as an endogenous miR-335-3p sponge, leading to neuronal injury and neurological
deficits [45]. Through deep RNA sequencing, novel_circ_0003012 and mmu-miR298-3p were identified dysregulated in the hippocampus of APP/PS1 mice. Besides,
novel_circ_0003012/mmu-miR-298-3p axis may regulate the pathological mechanism of AD by the cGPM-PKG signaling pathway [46].
3.2 circRNAs can interact with proteins
The most well-known proteins interacting with RNA molecules are the RBPs.
RBPs are a large class of over 2000 proteins, that interact with transcripts to participate in forming ribonucleoprotein (RNP) complexes to influence the RNA fate
[47]. Many circRNAs are predicted to interact with RBPs, although bioinformatic
analyses of circRNA sequences revealed very little enrichment in binding sites
of RBPs [48]. Human antigen R (HuR), an extensively studied RBP, regulates
protein expression patterns by associating with a wide range of noncoding RNAs
(ncRNAs), including miRNAs, long ncRNAs (lncRNAs), and circRNAs [49]. Li
et al. [50] found that circPABPN1 blocked HuR binding to Atg16l1 mRNA, and
represses HuR-induced ATG16L1 translation, thereby modulating Autophagy in the
Intestinal Epithelium. Chen et al. [51] showed that oncogenic circAGO2 physically
interacts with HuR, resulting in repression of AGO2/miRNA-mediated gene silencing during cancer progression. Quaking (QKI) is a member of the STAR family of
KH domain-containing RNA-binding proteins, which is involved in pre-mRNA
splicing, microRNA regulation, and formation of circRNA [52]. Gupta et al. [53]
found that overexpression of Quaking 5 (Qki5) strongly attenuates doxorubicininduced apoptosis and atrophy in cardiomyocytes via regulating a set of cardiac
circRNAs. Zhu et al. [54] discovered that Qki5 is significantly downregulated
in Hepatocellular carcinoma tissues, leading to the reduction of circZKSCAN1.
Furthermore, circ-Foxo3 was observed to function as a scaffold to regulate the
expression of its binding proteins by modulating protein–protein interaction. For
example, circ-Foxo3 interacts with p21 and CDK2, promoting the inhibition of
CDK2 by p21, and regulating cell cycle progression [17]. circ-Foxo3 can bind to p53
and Mdm2, to promote Mdm2-induced p53 ubiquitination and subsequent degradation, resulting in increased levels of Foxo3 protein [48]. circ-Foxo3 can interact with
5
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ID-1, E2F1, FAK, and HIF1α, leading to these proteins retaining in the cytoplasm
and no longer exerting their anti-senescent and anti-stress roles [55].
3.3 m6A modification regulates circRNA translation
N6-methyladenosine (m6A), the most prevalent internal RNA modification in
mammalian cells, regulates RNA transcription, processing, splicing, degradation,
and translation [56–58]. m6A modification occurs by RNA methylation on the sixth
N atom of adenylate (A) in RNAs [59]. m6A modification sites tend to be found
in the stop codon and 3′ untranslated region with a consensus sequence RRACH
(in which R represents A or G and H represents A, C or U) [60]. The regulation
function of m6A is consisted of three factors referred to as “writers”, “erasers”
and “readers” [61]. m6A “writers” are proteins involved in the formation of the
methyltransferase complex, including methyltransferase-like 3/14/16 proteins
(METTL3/14/16), Wilms tumor 1-associated protein (WTAP), RNA-binding
motif protein 15/15B (RBM15/15B), and Vir-like m6A methyltransferase associated
(VIRMA, also known as KIAA1429) [62, 63].
m6A methylation is dynamic and, and can be reversed by some demethylases
(erasers). Erasers include FTO and AlkB homolog 3/5 (ALKBH3/5) [63, 64]. m6A
regulates gene expression through m6A recognition factors, known as “readers,”
including YT521-B homology YTH domain family (YTHDF1/2/3), YTH domain
containing 1 (YTHDC1/2), heterogeneous nuclear ribonucleoproteins (HNRNPs),
eukaryotic translation initiation factor 3 (eIF3), and insulin-like growth factor-2
mRNA-binding proteins 1/2/3 (IGF2BP1/2/3) [61, 65].Recent studies have identified that m6A-modified circRNAs are related with pathophysiological processes.
For example, m6A-modified RNA immunoprecipitation sequencing (m6A-RIP-seq)
and RNA sequencing (RNA-seq) revealed the level of m6A abundance in total
circRNAs was decreased in the lens epithelium cells (LECs) from cortical type of
ARCs (ARCCs), and ALKBH5 was significantly upregulated [66]. Sun et al. [67]
found that.
m6A modification are present on circPVRL3, which promoted gastric cancer cell
proliferation. Huang et al. [68] found that circSTAG1 can bind ALKBH5 to inhibit
its nuclear entry and increase the level of m6A modification of RNA, which attenuated depressive-like behaviors.

4. Role of circRNAs in AD
There is rising recognition that ncRNAs differences in the context of AD have
yielded insight into the pathogenic mechanisms underlying this disease as well as
biomarkers and potential therapeutic targets. Here, we provide the latest information on potential circRNAs involved in AD pathology.
4.1 AD pathogenesis
Reported histopathological characteristics of AD are Aβ plaques and NFTs,
composed of Aβ protein accumulation and phosphorylated tau protein (p-tau) [69].
Amyloid pathogenesis starts with altered cleavage of amyloid precursor protein
(APP) by β-secretases (BACE1) and γ-secretases, leading to the production of Aβ,
which is then dumped into the extracellular space [70]. Consequently, accumulating Aβ forms Aβ oligomers and gradually polymerizes into amyloid fibrils that
aggregate into plaques [71]. Tau is a microtubule-associated protein in neurons and
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plays an important role in maintaining the stability of microtubules [72]. Abnormal
phosphorylation of tau makes it insoluble, reduces its ability to bind tubulin and
promote microtubule assembly, and makes it self-associate into paired helical
filament [73]. Additionally, microgliosis is consistently found around plaques in the
brain [74]. This facilitates microglial activation and inflammatory response, and
contributes to neuritic damage.
4.2 Aβ production and clearance in AD
Except for some antisense transcripts and microRNAs involved in accumulation, oligomerization, aggregation and formation of Aβ plaques, recent studies have
shown that circRNAs may play a role in the of production and clearance Aβ [75, 76].
For example, circHDAC9 acted as a miR-138 sponge, decreasing miR-138 expression, Inhibiting the production of Aβ, and alleviating synaptic and learning/memory
deficits in APP/PS1 mice. Moreover, circHDAC9 was remarkably decreased in the
serum of both mild cognitive impairment and AD patients [77]. Shi et al. [78] found
that ciRS-7 promotes the expression of UCHL1, reduces the protein levels of APP and
BACE1 by promoting their degradation, and inhibits translation of NF-κB, thereby
reducing the generation of Aβ. Shi et al. [79] demonstrated that circAβ-a, containing the corresponding Aβ coding sequence, served as a template for the synthesis of
a novel Aβ-containing Aβ175 polypeptide in both cultured cells and human brain.
Utilizing deep RNA sequencing, Zhang et al. [80] observed that there are 235 significantly dysregulated circRNA transcripts in a 7-month-old senescence-accelerated
mouse prone 8. Additionally, circRNA-related ceRNA networks in this AD mouse
model were mainly involved in the regulation of Aβ clearance.
4.3 Neuroinflammation in AD
A number of studies have proven that in addition to Aβ and NFTs, neuroinflammation is exhibited in the brains of AD patients and contributes to the pathogenesis
of this disease [81, 82]. Not only Aβ can activate the microglia, but also Tau protein
can trigger inflammation through interaction with microglia. Due to the accumulation of Aβ and hyperphosphorylation of Tau, microglia are persistently activated,
which produce inflammatory cytokines and chemokines, contributing to the neuroinflammation process [81, 83]. For instance, TNF-α can stimulate γ-secretase activity, which results in increased levels of Aβ and the following cognitive decline in AD
[84]. IL-1 increases generation of Aβ and phosphorylation of tau protein, leading
to dysfunction of the cholinergic system [85]. Studies have shown that CCL2 and
CCL5 expression are increased in the AD brain. Up to now, there are few reports
in this field. Wang et al. [86] found that in OGD-activated microglia, circPTK2
regulates neuronal apoptosis via sponging miR-29b. it can be inferred that circRNAs
may be involved in the activation of AD microglia. One study on circRNAs involved
in neuroinflammation indicates that circ_0000950 inhibits miR-103 expression and
increases prostaglandin-endoperoxide synthase 2 (PTGS2) expression in AD models. Moreover, circ_0000950 promotes neuron apoptosis, neurite outgrowth, and
affects the level of IL-1β, IL-6 and TNF-α via directly sponging miR-103 in AD [87].
4.4 Oxidative stress in AD
Emerging evidences demonstrate that oxidative stress has been recognized as a
contributing factor in the progression of AD. It has been confirmed that elevated
levels of Aβ are associated with increased levels of oxidation products, and protein
and lipid oxidation was observed in brain regions rich in Aβ [88, 89]. Moreover,
7
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due to the role of protein Tau both in the modulation microtubule dynamics and
morphology and physiology of neurons, Tau alteration would constitute to a target
for oxidative stress in AD [90, 91]. Recently, important regulatory roles of some
circRNAs in the oxidative stress have been identified. Previous studies have shown
that panax notoginseng saponins (PNS) could protect neurons in AD brain from
oxidative stress damage injury via attenuating the production of 8-hydroxydeoxyguanosine (8-OHdG), enhanceing the expressions and activities of superoxide
dismutase (SOD), catalase (CAT), and glutathione peroxidase (GSH-PX) [92].
Through circRNA Microarray, it was found that PNS treatment leads to five
circRNAs upregulation and two circRNAs downregulation. Next, mmu_circRNA_013636 and mmu_circRNA_012180 were selected, and GO and KEGG
analyses were showed that mmu_circRNA_013636 and mmu_circRNA_012180
were involved in AD-associated biological process [93]. Based on these results, the
mmu_circRNA_013636 and mmu_circRNA_012180 may be associated with the
mechanisms by which PNS attenuates AD progression, and may be highly related to
the regulation of oxidative stress. Zhu et al. [94] found that the expression level of
circular ribonucleic acid 0001588 was suppressed in model of AD, which promoted
cell growth, reduced levels of lactate dehydrogenase, caspase-3, and caspase-9.
Besides, circular ribonucleic acid 0001588 reduced reactive oxygen species production via activation of the silent information regulator 1 pathway.
4.5 Autophagy in AD
Substantial studies reveal that deficits in autophagy are involved in AD pathogenesis. Defective autophagy and mitophagy, which is responsible for synaptic
dysfunction and cognitive deficits, are triggered by Aβ and Tau accumulation [95].
Recently, several reports have described potential roles for circRNAs in autophagosome assembly or vesicular transport-mediated pathways [96]. For example, Chen
et al. [97] found that circNF1–419 regulates autophagy through PI3K-I/Akt-AMPKmTOR and PI3K-I/Akt–mTOR signaling pathways, and reduces the expression
of AD marker proteins Tau, p-Tau, Aβ1–42, and APOE in AD-like mice. Using
circRNA microarray, GO analysis revealed that mmu_circRNA_017963 is highly
associated with autophagosome assembly, exocytosis, apoptotic process, transport
and RNA splicing in an AD mouse model. Moreover, KEGG pathway analysis indicated that mmu_circRNA_017963 was strongly related with synaptic vesicle cycle,
spliceosome, glycosaminoglycan, and SNARE interactions in vesicular transport
[98]. All of these biological processes are reported to play an important role in the
development of AD [98, 99].
4.6 Therapeutic targets and diagnostic biomarkers in AD
Due to the high stability with covalently closed continuous loop, circRNAs
are not sensitive to ribonucleases, such as RNase R, and have a longer half-life
compared to linear RNAs [100]. An accumulating number of studies have shown
that dysregulated circRNAs are significantly related to AD, which are considered
to be potential biomarkers. For instance, Dube et al. [101] found that circRNA
expression significantly associated with the diagnosis of AD, the severity of clinical dementia, and the severity of neuropathology. Lo et al. [102] profiled circRNA
expression at different AD stages in brain samples from four brain regions: anterior
prefrontal cortex, superior temporal lobe, parahippocampal gyrus and inferior
frontal gyrus using a public RNA-sequencing dataset. There are 147 differentially
expressed circRNAs to be found in the four regions, and most circRNAs in AD
patients with severe symptoms are enriched in the parahippocampal gyrus. This
8
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finding could help to distinguish the disease severity of patients, and further
implying that circRNAs may serve as biomarkers of AD. In addition, circRNAs can
stably exist in blood plasma and cerebrospinal fluid. Liu et al. [103] discovered
that hsa_circ_0003391 is significantly downregulated in the peripheral blood, and
closely related to clinical features of patients with AD. By microarray, Li et al. [104]
found 112 circRNAs were upregulated and 51 circRNAs were downregulated in
cerebrospinal fluid of AD patients. Among the up-regulated circRNAs, circ-AXL
was negatively correlated with Aβ42 and positively correlated with t-Tau and p-tau,
suggesting it hold the clinical value for predicting disease risk and disease severity
of AD. Moreover, research on circRNAs sponges may help to design and develop
effective artificial sponges to regulate disease progression. As a stable and effective
miRNA inhibitor, artificial miRNA sponge technology may be a new strategy for
RNA gene therapy in the future.

5. Conclusions and future perspectives
circRNAs have gained increased attention because of their involvement in different biological processes. With the rapid progress of high throughput sequencing and
bioinformatics technology, multiple circRNAs have demonstrated to be closely associated with various diseases. Although the function and modulation of circRNA has
not been clearly understood, studies have started to excavate effect of AD-related
circRNAs, which brought us many surprising findings. As a class of stable RNA,
circRNAs have natural advantages and may play vital roles as therapeutic targets
and prognostic factors for AD. Recently, with the emergence of CRISPR-Cas13d
screening tools [105], lipid nanoparticle (LNP) delivery system [106], the in vitro
engineered preparation of circRNA can be realized, and make the application of
circRNA in clinical therapy possible. In addition, Lavenniah et al. [107] constructed
a circmiR sponge targeting the known cardiac pro-hypertrophic miRs-132 and
miRs-212, and delivered it to cardiomyocytes in vivo by Adeno-associated viruses
(AAVs). Subsequently, the hypertrophic characteristics of the disease were attenuated, thus supporting the therapeutic potential of Engineered circRNAs. However,
there are some some questions that deserve attention. Firstly, most of the current
studies on circRNAs rely on the results of RNA-sequencing and microarray. There
are significant differences between the output of different algorithms, emphasizing
that these circRNAs need urther validation. Secondly, many circRNAs have been
identified to be differentially expressed at different developmental stages, but the
precise mechanisms are still not clear. Thirdly, at present, most studies on circRNAs
mainly focus on miRNA sponge, and there are few studies on other mechanisms. In
conclusion, circRNA research is still in its infancy and their molecular mechanism
and functional role need to be further elucidated. circRNAs are widely involved in
the regulation of physiological and pathophysiological processes, and may have the
potential to be new biomarkers and novel therapeutic targets.
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