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The Role of circRNAs in the Pathological Mechanisms of Alzheimer's
Disease: Potential Biomarkers for Diagnosis
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Abstract: Alzheimer's disease (AD) is the most common neurodegenerative disease leading to
dementia in the elderly, and the mechanisms of AD have not been fully defined. Circular RNAs
(circRNAs), covalently closed RNAs produced by reverse splicing, have critical effects in the patho-

genesis of AD. CircRNAs participate in production and clearance of AP and tau, regulate neuroin-
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flammation, synaptic plasticity and the process of apoptosis and autophagy, indicating that circRNAs
may be alternative biomarkers and therapeutic targets. Our review summarizes the functions of
circRNAs in the progression and development of AD, which provide insights into the prospect of
circRNAs in the diagnosis and treatment of AD.
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1. INTRODUCTION

As a progressive and irreversible neurodegenerative dis-
ease, Alzheimer's disease (AD) causes most dementia and
results in memory loss and cognitive impairment, affecting
millions of people in the whole world. In the United States,
6.7 million people over 65 years old suffer from AD, and the
number will double by 2060 unless there is a medical break-
through in AD. AD has undoubtedly brought a huge eco-
nomic burden and pressure on individuals and the whole
society [1].

Early-onset AD (EOAD) and late-onset AD (LOAD) are
the two main forms of AD. EOAD generally occurs before
the age of 65, accounting for 1% to 5% of all AD [2]. The
genetic mutations of EOAD mainly include genes of amyloid
precursor protein (APP), presenilin 1 (PSEN1) and presenilin
2 (PSEN2) [3], leading to protein proteolysis of APP to
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produce a mixture of AP peptides and aggravate amyloid
plaques [4]. ApoE &4 remains the major genetic risk factor in
LOAD, and the €4 allele can raise the disease risk and lower
the age of onset [5]. In addition, multiple genes have been
identified in LOAD, including CD33, the ATP-Binding Cas-
sette Subfamily A Member 7 gene (ABCA7), triggering re-
ceptor expressed on myeloid cells 2 (TREM2) and bridging
integrator 1 (B1N1), which are involved in oxidative homeo-
stasis, metabolism of protein and cholesterol as well as syn-
apse function [6].

The pathogenesis of AD has not been fully defined. The
accumulation of beta-amyloid (Ap) is the core of pathologi-
cal processes, known as the "amyloid cascade hypothesis"
[7]. Overproduction or decreased clearance of soluble Af
will induce its self-assembly into oligomers, which eventual-
ly form insoluble amyloid plaques [8]. In addition, AP in-
duces hyperphosphorylation of tau protein, neurofibrillary
tangles (NFTs), neuroinflammation and oxidative stress.
However, emerging evidence suggests that these pathologi-
cal features may occur independently of the initial AP trigger
[9]. Eventually, AP deposition, Tau tangles, synaptic dys-
functions, abnormal neuronal apoptosis, autophagy and neu-
roinflammation will be fundamental to the preclinical and
clinical phases of AD [10] (Fig. 1).

© 2025 Bentham Science Publishers
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Fig. (1). The key pathological features of AD. 1. The process of generating AB: B-secretase first cleaves APP into sAPPP and B-C-terminal,
and then y-secretase cleaves it to produce AP peptide fragments. AP aggregates into oligomers, which then progressively form amyloid
plaques. 2. The process of Tau: tau proteins are highly phosphorylated and detach from microtubules, leading to microtubules disorganization
and damage to neurons. Phosphorylated tau proteins accumulate and form neurogenic fiber tangles (NFTs), which have toxic effects and lead
to AD. 3. Neuroinflammatory processes: microglias activated by Ap and inflammatory factors (IL-6, IL-1B, TNF-a) can ingest and degrade
AP, and chronically activated microglial cells become dysfunctional and lose their role in phagocytosis of AP, as well as releasing large
amounts of inflammatory factors. 4. Disruptions in synaptic plasticity: AP over-activates mGluRS5, AMPA and NMDA receptors, leading to
an imbalance between excitatory and inhibitory neuronal functions, resulting in synaptic damage. 5.A. Excessive increase in neuronal apopto-
sis: AP and tau deposition, and inflammation can trigger the apoptotic pathway; 5.B. Decreased autophagy in the brain: autophagy is defective
in AD, which reduces AP and Tau clearance. (4 higher resolution/colour version of this figure is available in the electronic copy of the arti-
cle).

Circular RNAs (circRNAs) are one of the recently identi- Ago2 complexes and affect the expression of miR-
fied categories of non-coding RNAs (ncRNAs) which is pro- NAs’ targets [15].
duced by reverse splicing and the 3'-end of the transcript is (2) Bind to RNA-binding proteins: CircRNAs can bind

spliced covalently with the 5'-end, creating a continual loop
with covalently closed ends [11]. CircRNA molecules lack 3’
and 5’ termini, which makes them resistant to exonuclease
degradation, and the mean half-life of circRNA is assumed
to be at least 4-5 folds that of mRNAs [12]. Because of the

to RNA-binding proteins (RBPs), except for miR-
NAs, and isolate them from their targets or modu-
late their activity and persistence, while RBPs can
also regulate circRNAs’ expression [16].

covalently closed structures, they remain evolutionarily con- (3) Direct regulation of gene expression: CircRNAs
servative with tissue-specific expression and can be regulat- have been found in the nucleus and they can regu-
ed independently of their linear counterparts [13]. Various late the expression of genes at the level of transcrip-
splicing models have been found [14], and the functions are tion by interacting with U1 small nuclear ribonucle-
summarised (Fig. 2): oprotein (Ul snRNP), which can enhance RNA

polymerase II complex function, or recruiting
methylcytosine dioxygenase TET1 to promoter re-
gions [17].

(1) MiRNA sponging: Many circRNAs have miRNA
recognition elements (MREs), then they can act as
effective “sponges” via interactions with miRNA-
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(4) Interactions with proteins: CircRNAs can not only
act as scaffolds, transporters or protein baits, but al-
so modulate protein activities by combining with
them [18].

(5) Translation into proteins: Although circRNAs are
generally considered as “noncoding” molecules,
mass spectroscopy (MS) has uncovered plenty of
translatable circRNAs [19]. Cytoplasmically local-
ized circRNAs that have internal ribosome entry
site (IRES) elements and AUG sites can be translat-
ed by CAP-independent mechanisms and N6-
methyladenosine (m6A)-modifications may have a
regulatory role in circRNAs translational activity
[20].

Accumulating evidence suggests that compared to other
tissues, circRNAs are abundantly expressed in the brain [21].
Besides, most circRNAs are enriched in synapses, including
presynaptic activity regions, presynaptic membrane and
postsynaptic density. Since synapse dysfunctions have a vital
role in cognitive impairment, it is hypothesized that circR-
NAs might be involved in neuronal activity and modulate
cognitive functions [11], participating in cognitive-related
diseases, such as AD.

2. CircRNA IN AD PATHOGENESIS
2.1. CircRNA and A

The amyloidogenic pathway of APP leads to the produc-
tion of neurotoxic AP. Typically, there is a balance between
the degradation and production of AP, but during the pathol-
ogy of AD, familial AD associated mutations lead to over-
production of A, and the clearance of Ap is impaired due to
the dysfunction of glia cells. Multiple circRNAs participate
in the A pathology.

2.1.1. CircHDACY and Af

MiR-138 is abundant in brains and elevated in the cere-
brospinal fluid (CSF) of AD patients, acting as a negative
regulator of dendritic spine morphogenesis [22]. In APP/PS1
mice, miR-138 is found to be age-dependently increased and
promote the AP production via inhibiting the expression of a
major a-secretase, a disintegrin and metalloproteinase do-
main-containing protein 10 (ADAMI10) [23]. In addition,
miR-138 has a highly conserved binding site on the 3'-UTR
of Sirtuin 1 (Sirt 1) mRNA, and reduces the expression of
Sirt 1, which directly activates ADAMI10 transcription.
CircRNA HDAC9 (circHDACY) is found to have a binding
site for miR-138 and serve as a miR-138 sponge. CircH-
DACO reverses the Sirt 1 inhibition and AP overproduction
induced by miR-138 in vitro. Furthermore, in mild cognitive
impairment (MCI) and AD patients, circHDAC9 is reduced
in the serum, which probably increases the level of miR-138
and thus causes the aggravation of Ap accumulation.

This research provides us with circHDAC9/miR-138/Sirt1
signal pathway for better understanding AP pathology in AD,
indicating that it can be used as a therapeutic target in AD.

2.1.2. Circ-0007556 and Ap

Recent reports have shown that circRNA open reading
frames (ORFs) can serve as templates for the biosynthesis of
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proteins. The circ-0007556 (circAB-a) sequence contains the
AB-coding region of the APP gene and can be translated into
A associated protein (AB175) in human embryonic kidney
293 (HEK293) cells and human brain samples. AB175 in-
cludes cleavage sites for § and y secretases, implying that the
AP peptide can be generated from AB175 and providing an
alternative way of AP production in vivo [24]. However,
¢circ-0007556 is extensively expressed among 33 circRNAs
derived from the APP gene and is reduced in the entorhinal
cortex of AD patients, with a negative correlation with A
depositions [25]. Given that at least 17 miRNAs are identified
to target circ-0007556 [26], we speculate that the complex
modulation system might contribute to the inconsistent results.
What’s more, the circ-0007556 participation in pathological
changes of AD probably depends on its translational mobiliza-
tion but not on variation in the expression level.

All human individuals generate circ-0007556, which
suggests that it may contribute to the pathogenesis of sporad-
ic AD. Thus, the mechanisms of circ-0007556 in AD need to
be confirmed by further research.

2.1.3. CircCwc27 and Ap

CircCwc27 is found to be abundant in neurons compared
to other tissues and is overexpressed in the brains of
APP/PS1 mice as well as in the temporal lobe cortex and
plasma of AD patients.

In the context of AD pathology, a positive correlation is
observed between the expression of circCwc27 and the level
of AB40 or AB42. Knockdown of circCwc27 can reduce sol-
uble and insoluble AB40 and AP42, and markedly decrease
the areas of co-localization of dystrophic neurites with Af.
What’s more, circCwc27 knockdown is found to prevent a
reduction of synapse-associated proteins and significantly
decrease pro-inflammatory markers. These results suggest
that circCwc27 is involved in neurodegenerative pathologic
processes and cognitive function in AD.

RNA pulldown assay and mass spectrometry (MS) analy-
sis show that circCwc27 functions via binding to RNA-
binding proteins including Pur-a in the brains. Pur-a is high-
ly expressed in neurons and directly binds to and alters the
activity of promoters of genes that are dysregulated in AD,
including APP, membrane metalloendopeptidase (Mme, a
key driver of AP degradation), Ntrkl, Ppplrlb, Drdl and
Lhx8 [27]. Since circCwc27 is predominantly present in the
cytoplasm, binding of circCwc27 and Pur-a affects the nu-
clear translocation of Pur-a and decreases the recruitment of
Pur-a to these prompters, which results in an increase of
APP and a decrease of Mme.

This article demonstrates that circCwc27 can interact
with RBP Pur-a to regulate AD-related genes, revealing an
unexplored role of circRNA in AD and circCwc27 knock-
down can be a treatment strategy.

2.1.4. Circ-0004381 and Af

Circ-0004381 is reported to promote neuronal damage in
Parkinson's disease and AD. Circ-0004381 is increased after
AP treatment in hippocampal neurons, and down-regulation
of circ-0004381 attenuates hippocampal neuron apoptosis,
mitochondrial dysfunction and oxidative stress.
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Fig. (2). Splicing models and functions of circRNAs. Splicing models of circRNAs: (A) Classical pathway: pre-mRNA splicing forms mature
linear mRNA, exons link and introns dissolve. (B) Introns are not solubilized but reverse spliced to form intron-only circRNAs (ciRNAs). (C)
The pre-mRNA is reverse spliced to form circRNA: the 5' splice site downstream of the intron is joined to the upstream 3' splice site to form a
circular RNA. Intron-free circRNAs(ecRNA) can be formed and the exons that are sheared off can form new mRNAs. (D) CircRNAs with
both exons and introns (EIciRNA) can be formed when introns are retained. However, the functional and mechanistic differences between
these circRNAs are not fully understood. Functions of circRNAs: (i) CircRNAs sponge miRNA and affect the expression of miRNAs. (ii)
CircRNAs bind to RBPs and isolate them from their targets or modulate their expression. (iii) CircRNAs can regulate the expression of genes
at the level of transcription by interacting with Ul snRNP and RNA polymerase II complex. (iv) CircRNAs can act as scaffolds, transporters
or protein baits, but also can modulate protein activities by combining with them. (v) CircRNAs can be translated into proteins. (4 higher
resolution/colour version of this figure is available in the electronic copy of the article).

Additionally, the bioinformatics database reveals that
miR-647 has PSEN1 and circ-0004381 binding sites.
PSENI, a catalysis subunit of the y-secretase complex, is
increased in AD mice and promotes the deposition of amy-
loid plaques. Knockdown of circ-0004381 increases the ex-
pression of miR-647 but suppresses the level of PSENI,
while inhibition of miR-647 can reverse the reduction of
PSENI caused by circ-0004381 knockdown. These data in-
dicate that circ-0004381 can sponge miR-647 to regulate
PSENI1 level [28]. In addition, circ-0004381 inhibition re-
duces the production of inflammatory factors such as IL-1p,
IL-6, and TNF-q, resulting in a decrease in the M 1-type (pro-
inflammatory phenotype) and an increase in the M2-type

(anti-inflammatory phenotype) of microglia, which suggests
that circ-0004381 may modulate AP processing by microglia
conversion.

2.1.5. CircPSENI and Af

Autosomal dominant AD (ADAD) occurs before 65
years of age and there is autosomal dominant inheritance in
families of three or more generations. CircPSENI is pro-
duced by PSENI mutations, and circPSEN1 gene counts are
dramatically increased in individuals with ADAD, while no
significant differences in linear PSEN1 gene expression are
observed.
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The circPSEN1 species include circ-0008521, circ-
0003848, and circ-0002564, and the biological functions of
these circPSEN1 species have not been characterized. Twen-
ty-six miRNAs are identified to target these three species of
circPSEN1 [29], which contribute to the functions of
circPSENTI in AD. For example, miR-144-3p can target APP
and inhibit its expression, and miR-433 can target janus ki-
nase2 (JAK2) to moderate its inhibition of AB-induced neu-
ronal viability.

In conclusion, circPSENI is an essential modulator of the
AP pathway, particularly in AD, and the underlying process-
es must be investigated. Furthermore, circPSENI counts
could be used as indicators to differentiate AD from normal
people and AD that occurs sometimes.

2.2. CircRNA and Tau

Excessive or aberrant phosphorylated tau will lose the
biological activity that promotes microtubule assembly, lead-
ing to disordered microtubule depolymerization and axonal
transport, which causes neuronal degeneration and cell apop-
tosis in AD [30]. Hyperphosphorylated tau eventually forms
neurofibrillary tangles (NFT), which is one of the main pa-
thologies of AD. AD has been divided into six stages based
on the degree of NFT involvement [31], and it is included in
the diagnostic criteria for AD neuropathology [32]. Recently,
it has been identified that circRNAs are essential in tau pro-
tein pathology.

2.2.1. Tau circRNA and TAU

Under pathological circumstances, MAPT can misfold to
NFT and paired helical filaments (PHF), an insoluble intra-
cellular protein polymer.

MAPT pre-mRNA is found to be able to form circRNAs
that can be translated. By reverse splicing exon 12 to either
exon 7 (12—7) or 10 (12—10), MAPT generates two circR-
NAs (tau circRNA): 12—7circRNA and 12—10 circRNA.
The 12—7circRNA has an in-frame start codon, and the
12—10 circRNA does not, while both of them lack the
stop codons. Thus, these circRNAs can be translated for sev-
eral times by the ribosome, and RNA editing of these tau
circRNAs promotes their translation and tau tangle formation
[33].

The majority of circRNAs rely on pre-mRNA structures
imposed by specific intronic Alu elements, which are widely
modified by the adenosine deaminase acting on RNA
(ADAR) enzymes [34]. ADAR enzymes change AUA to
AUTI as start codons of 12—10 circRNA for translation, and
inflammatory signalling will promote the activation of
ADAR enzymes [35]. Furthermore, 12—10 circRNA is ten
times more frequent in human brains than 12—7 circRNA.
As a result, when exposed to these tau circRNAs, there will
be a large increase in the creation of tau tangle and NFT,
which is explained by the ADAR enzyme activity and 12—
10 circRNA translation.

This study on tau circRNA provides a novel mechanism
of tau deposition, and modification of ADAR enzyme activi-
ty or removal of these tau circRNA may be an alternative
treatment for AD and tau-associated disease.
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2.2.2. Circ-002048 and Tau

By analysing blood samples collected from the GEO da-
tabase, circ-002048 is found to regulate has-miR-422a, has-
miR-4784, and the-miR-3944-3p, and downregulation of
circ-002048 results in increased expression of these miR-
NAs.

Interestingly, the common target gene of these three
miRNAs is adaptor-related protein complex 2, mu 1 subunit
(AP2M1), and they may limit the expression of AP2M1 [36].
AP2M1 is engaged in Clathrin protein-dependent endocyto-
sis (includes autophagy), and is negatively associated with
NFT. The regulating of the circ-002048-miRNA-mRNA
network may inhibit AP2M1 expression and elevate the level
of proinflammatory cytokines that contribute to tau hyper-
phosphorylation.

Moreover, Glycogen synthase kinase-3f (GSK3-B) is
hyperactive in the AD brain, and hyperactive GSK3- pro-
motes phosphorylation of tau protein amino acid residues
thereby facilitating toxic tau formation. The GO analysis
reveals a strong connection between AP2M1 and GSK3- as
well as MAPT, suggesting that AP2M1 is involved in the
process of tau formation.

Therefore, circ-002048 can promote AP2MI1 through
sponging corresponding miRNAs and alleviate tau patholo-
gy, which may be related to GSK3-f.

2.2.3. CircPCCA and Tau

The level of circ-PCCA is reduced in the CSF of AD
individuals, and it inhibits miR-138 expression. MiR-138-5p
is elevated in the brains of AD individuals and AD cell mod-
els. In HEK293/tau cells, miR-138 overexpression activates
GSK-3p and promotes phosphorylation of tau. In addition,
miR-138 binds to 3'-UTR of retinoic acid receptor alpha
(RARA) mRNA to reduce RARA expression, which notably
inhibits miR-138-induced GSK-3p activity and decreases tau
phosphorylation [37].

Furthermore, in AD patients, increased expression of
circ-PCCA 1is associated with a reduced severity of the dis-
ease and may serve as a stand-alone indicator of a lower risk
of AD [38].

2.2.4. CircAPP, circPSEN1, circMAPKY and Tau

In samples collected at the Boston University Alzhei-
mer's Disease Research Center (BU-ADRC), the expressions
of 45 circRNAs are associated with clinical dementia score
(CDR) and AD neuropathology, including Braak stage and
CERAD neuritic plaque score. Among these circRNAs,
circAPP, circPSEN1 and circMAPKY are noteworthy.

CircAPP, circPSEN1 and circMAPKY are regulated in-
dependently of their relevant linear transcripts. Oligomeric
tau (oTau) induces the reduction of circMAPKY9, circAPP
and circPSENI1 rather than their linear mRNAs, which indi-
cates that oTau can specifically regulate their expression
[39]. It is noteworthy that circPSENT is elevated in AD dis-
ease, which may be related to the early or late stage of the
disease. In the pathophysiology of AD, some circRNAs may
have more sensitive responses compared to their linear
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mRNAs, contributing to early diagnosis of pathological
changes.

Moreover, circAPP inhibition increases the level of miR-
15-5p, which inhibits IGF1 expression in neurons to affect tau
phosphorylation [40]. The increase in circPSEN1 may de-
crease the availability of miR-13, which attenuates tau hyper-
phosphorylation by stimulating USP30 down-regulation [41].

CircRNA’s function and expression are independent of
their linear correlates and show higher sensitivity, perhaps
circRNA alterations are more representative of the underly-
ing essence of the disease.

2.2.5. CircMAN2A1 and Tau

The expressions of 276 circRNAs are associated with the
Braak NFT stage in postmortem samples of the internal ol-
factory and temporal cortex during AD progression. What’s
more, during AD progression, the circRNA adenosine to
inosine (A>I) RNA editing is increased approximately three-
fold, but the linear mRNAs remain unchanged.

Previous studies have shown that RNA editing strongly
promotes circMAPT translation to produce tau proteins, in-
dicating that circRNA can work as a template for protein
production [33]. CircMAN2AL is associated with AD pro-
gression and its expression has been shown to grow with
increasing Braak stage, along with upregulation of their A >
I RNA editing. Subsequent transfection experiments with
ADARI1-2 showed that circMAN2AT1 can be translated after
RNA editing and produce new proteins. However, the pro-
tein function and potential catalytic features still await to be
determined.

This result indicates that circRNA translation may be
elevated in the later stages of AD and is positively correlated
with the severity of tau aggregation. This point provides a new
understanding of circRNAs translation, and the mechanism of
facilitating translation deserves to be further explored.

2.3. CircRNA and Neuroinflammation

Neuroinflammatory response is another critical feature in
the development of AD. It is generally considered that in the
early stage of AD, microglia can ingest and degrade AP,
while chronically activated microglia lose their ability in
phagocytosis of AP, and release large amounts of inflamma-
tory factors that exacerbate neuroinflammation in AD. In
addition, neuroinflammation promotes NFT aggregation and
AP production and aggravates cognitive dysfunction in AD
patients [42].

2.3.1. Circ-0005835 and Neuroinflammation

Upregulation of circ-0005835 level has been found in the
serum of AD individuals and Af-treated cells. Knockdown
of circ-0005835 reduces Ap-induced neuroinflammatory
cytokines release, such as IL-6, IL-1f and TNF-a in BV2
cells, and facilitates the proliferation and differentiation of
neural stem cells (NSC) to neurons.

Moreover, miR-576-3p has complementary binding sites
with circ-0005835. MiR-576-3p expression is downregulated
in the serum of AD individuals and Ap-treated cells, and the
knockdown of circ-0005835 enhances the miR-576-3p ex-

Abuduwaili et al.

pression [43]. Circ-0005835 knockdown can decrease in-
flammation and increase neuronal viability in AD, while
miR-576-3p inhibition compromised these effects, which
suggests that circ-0005835 promotes AD development by
sponging miR-576-3p.

However, the downstream of miR-576-3p still needs fur-
ther validation.

2.3.2. Circ-AXL and Neuroinflammation

Circ-AXL is upregulated in the cellular AD model, in-
creasing apoptosis and inflammatory factors, and circ-AXL
inhibition shows neuroprotective effects, while inhibition of
miR-328 compromises these effects. Furthermore, miR-328
is identified as a target of circ-AXL in the cellular AD mod-
el, and circ-AXL can suppress miR-328 expression [44].
Notably, miR-328 can directly bind to BACEI, which exac-
erbates neuronal damage and inflammation of AD, and in-
hibits its expression, contributing to neuroprotective effects.

Furthermore, it has been observed that circAXL increases
inflammation in SK-N-SH cells and modifies cAMP activity.
It could be a result of circAXL's ability to target miR-1306-
5p, which in turn influences the expression of phos-
phodiesterase 4A (PDE4A), a crucial regulator of cAMP
degradation rates [45]. The circAXL/miR-1306-5p/PDE4A
pathway also provides a deeper understanding of AD mech-
anisms.

2.3.3. Circ-HUWEI and Neuroinflammation

Circ-HUWETI is significantly increased, while miR-433
is downregulated in the serum of AD individuals and SK-N-
SH cells treated by AP;.40, MiR-433 has an excellent diag-
nostic value for AD because it shows a positive correlation
with Minimum Mental State Examination (MMSE) scores in
AD patients [46].

Interestingly, circ-cHUWEI binds to miR-433-3p and
reduces its expression. Downregulation of circ-HUWE 1
rescues the apoptosis, inflammatory response and decreased
cell viability through deregulating the suppression of miR-
433-3p.

Fibroblast growth factor 7 (FGF7) facilitates the progres-
sion of inflammation and contributes to the progression of
AD. And it is a target of miR-433-3p, which can inhibit its
expression. What’s more, overexpression of circ-HUWEI1
inhibits the activity of the Wnt/B-catenin signalling pathway.
Thus, circ-cHUWEI can modulate the expression of FGF7 by
targeting miR-433-3p to promote inflammatory progression
and inhibit the activity of the Wnt/B-catenin signalling path-
way.

2.3.4. Circ-0049472 and Neuroinflammation

Circ-0049472 is upregulated in the CSF and serum of AD
individuals and AB-induced cells. Silencing of circ-0049472
partially reverses AB-induced elevation of inflammatory cy-
tokines (TNF-a, IL-6 and IL-1B). In addition, miR-107 is a
target of circ-0049472 and participates in the development of
AD and regulates AB-induced neuronal damage [47]. MiR-
107 is predicted to target Kinesin family member 1B
(KIF1B) and attenuates AB-induced neurotoxicity by down-
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regulation of KIF1B [48]. KIF1B is increased in the CSF and
serum of patients with AD, and it can cause a decrease in
mitochondrial activity, leading to neuronal dysfunction [49].

Therefore, circ-0049472 upregulation enhances KIF1B
expression by sequestering miR-107, thereby inhibiting cell
viability and facilitating apoptosis, inflammation and oxida-
tive stress.

2.3.5. CircLPARI1 and Neuroinflammation

CircLPAR1 expression is elevated, while the level of
growth differentiation factor 15 (GDF-15) is decreased in the
brains of APP/PS1 mice and Ap-treated SH-SYSY cells.
GDF-15 is generated by inflammatory stress and has a critical
role in regulating neuroinflammation. CircLPAR1 knockdown
or GDF-15 overexpression can protect cells from neuroin-
flammation, oxidative stress and neuron apoptosis caused by
AB.

Upstream frameshift 1 (UPF1) has binding sites for both
GDF-15 and circLPARI1, and GDF-15 mRNA and protein
are reduced after circLPARI overexpression, which is re-
versed by si-UPF1 transfection. Thus, circLPAR1 negatively
regulates the GDF-15 expression through interaction with
UPF1.

Moreover, GDF-15 upregulation attenuates neuronal im-
pairment by enhancing the expression of sirtuin 1 (SIRT1) to
promote activation of the E2-related factor (Nrf-2)/heme
oxygenase-1 (HO-1) pathway. In summary, downregulation
of circLPAR1 has been found to attenuate pathological fea-
tures of AD and cognitive dysfunction in vivo via GDF-
15/SIRT1/Nrf-2/HO-1 pathway [50].

2.4. CircRNA and Synaptic Plasticity

Synaptic plasticity is a kind of activity-dependent change
in neuronal connectivity strength and is regarded as a vital
foundation for learning and memory formation [51]. Synap-
tic dysfunction occurs before the AP deposition and NFT and
is closely associated with memory decline in AD. Ap has
been shown to over-activate mGIluR5, AMPA, and NMDA
receptors, leading to an imbalance between excitatory and
inhibitory neuronal functions. In addition, it induces the in-
hibition of LTP and enhancement of LTD, which results in
the disruption of synaptic plasticity [52]. Synaptic plasticity
enhancement has been shown to ameliorate cognitive decline
in neurodegenerative disorders.

2.4.1. CircHOMERI and Synaptic Plasticity

The HOMERI1 gene participates in synaptic plasticity and
learning and memory functions. Circ-0006916 is originally
characterized as a circRNA derived from the synaptic
HOMERI1 gene and is consistently reduced in the brains of
AD individuals. Recently, circ-0006916 has been found to
decrease in the anterior prefrontal cortex, inferior frontal gyrus
and parahippocampal gyrus [53]. In addition, the expression of
circ-0073127, another circHOMERUI, is decreased in the ento-
rhinal cortex of female AD patients. Interestingly, the cir-
cHOMERI changes are mainly found in the female group.
Overexpression of circ-0006916 ameliorates AP4,-induced
neuronal damage by sponging miR-217.
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This research provides us with some insights in the
mechanism between synaptic pathology and circHOMERI.
At the same time, such changes are prominent in women,
suggesting that we can develop gender-specific diagnostic
markers and personalized treatment regimens.

2.4.2. CircRIMS? and Synaptic Plasticity

CircRIMS2 is elevated in the hippocampus of 4-month-
old APP/PS1 mice and its overexpression leads to synaptic
dysfunctions and memory deficits. In addition, circRIMS2 is
co-localized with miR-3968 in the cytoplasm of N2a cells
and inhibits miR-3968 expression by acting as a miRNA
sponge. METTL3-dependent N6-methyladenosine (mo6A)
modifications have been implicated in circRNA biological
function and might enhance the degradation or stability of
certain circRNAs [54]. In APP/PS1 mice, the expression of
METTL3-dependent m6A of circRIMS2 is markedly up-
regulated, which ultimately mediates the elevation of
circRIMS?2 [55].

Ubiquitin-conjugating enzyme E2K (UBE2K) is a prom-
ising target of miR-3968 and directly interacts with GluN2B
to mediate its degradation. Overexpression of miR-3968 or
blocking UBE2K significantly rescues synaptic and memory
deficits in AD mice. CircRIMS2 can promote UBE2K-
mediated GluN2B degradation by sponging miR-3968, caus-
ing memory and synaptic damage in mice. Furthermore, si-
lencing of METTL3 decreases circRIMS2 expression and
improves synaptic and cognitive deficits in APP/PS1 mice.

2.4.3. Circ-Vps41 and Synaptic Plasticity

In HT 22 cells, overexpression of circ-Vps41l improves
synaptic plasticity and reduces oxidative stress.

Nuclear factor erythroid-2-related factor 2 (Nrf2) is a
necessary transcription factor in cyto-antioxidant response
and directly interacts with the Vps41 promoter to promote
circ-Vps41 expression [56].

Moreover, circ-Vps41 and calcium/calmodulin-dependent
protein kinase IV (CaMKIV) mRNA 3’UTR have potential
binding sites for miR-26a-5p, and activation of circ-Vps41
by Nrf2 suppresses miR-26a-5p’s binding to CaMKIV
through sponging miR-26a-5p, thereby promotes CaMKIV
expression. CaMKIV is a key catalytic enzyme for the phos-
phorylation of transcription factor cAMP-response element
binding protein (CREB), and CaMKIV/CREB signal can
attenuate neuronal damage and cognitive deficits [57].

In addition, circ-Vps41 is markedly reduced in ageing
models induced by D-galactose. Circ-Vps41 overexpression
ameliorates the expression of synaptophysin (Syp), an abun-
dant synaptic vesicle membrane protein, increases the densi-
ty of dendritic spines and alleviates learning and memory
impairment related to aging. Circ-Vps41 has a target site of
miR-24-3p and negatively regulates miR-24-3p [58], which
can target Syp 3'UTR.

In conclusion, circ-Vps41 increases CaMKIV expression
by sponging to miR-26a-5p and upregulates Syp by sponging
to miR-24-3p, finally improving the learning and memory
capacity in aging models.
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2.4.4. CircGRIAI and Synaptic Plasticity

CircGRIA1, a conservative circRNA isoform derived
from the genomic loci of AMPA receptor subunit Grial, is
overexpressed in the hippocampus and prefrontal cortex of
rhesus macaque, which is related to age and specific in
males. In addition, circGRIA1 can negatively regulate the
density of synapsin-I components, and circGRIA1 knock-
down significantly increases synapsin-I levels.

CircGRIAL1 is mainly located in the nucleus and can neg-
atively regulate the transcriptional activity of Grial through
competitive association with the Grial promoter region on
5’-UTR [59]. Grial encodes the glutamate receptor a-mino-
3-hydroxy-5-methyl-4-isoxazole propionic acid (AMPA)
subunit GluR1, and AMPA and N-methyl-D-aspartate
(NMDA) receptor-mediated neuronal activity is essential for
maintaining synaptic plasticity. High expression of
circGRIAT1 can reduce not only Grial mRNA but also GluR1
protein, thereby diminishing synaptic plasticity.

CircGRIAL1 also reduces the mini-excitatory postsynaptic
current (mEPSC), which is used to mimic AMPA and
NMDA receptor-mediated neuronal activity, further demon-
strating the reduction in synaptic plasticity. Synaptic plastici-
ty deficits are strongly associated with disturbances in calci-
um homeostasis, and knockdown of circGRIA1 can reverse
the reduction of calcium, suggesting that it may exacerbate
calcium metabolism disorders.

2.4.5. HuD-circRNAs and Synaptic Plasticity

Neuronal RNA-binding protein (RBP) HuD (also known
as ELAVLA4) participates in various phases of differentiation
and maturation of neurons [60]. Most circRNAs bound to
HuD have been implicated in neurological development and
function. It is previously shown that neuronal RBP HuD can
bind and regulate the synaptic localization of circHomerla,
which is related to synaptic plasticity [61]. And HuD over-
expressed mice have a 4-fold increase in circUpf2 level in
synaptosomes, which can encode plasticity-related proteins.

In a recent study, five circRNAs are found to bind HuD
in the dataset: circBrwdl, circFoxpl, circMapla, circMagil,
and circLppr4, which can regulate regeneration and devel-
opment of neuron and synaptic plasticity [62], The specific
functions of these circRNAs have not been investigated but
they are likely to be involved in synaptic plasticity and neu-
ral function: Brwdl is associated with neurodevelopmental
dysfunction and AD [63]; CircFoxpl can regulate the ex-
pression of miR-125a-5p, which is associated with the delay
of ageing [64]; Mapla is highly expressed in the cytosol and
dendrites of neurons in the mammalian brain, and its absence
leads to the death of neurons [65]. CircMagil encodes a
member of the membrane-associated guanylate kinase
(MAGUK) family, which is relatively enriched in synaptic
membranes [66]. CircLppr4 may be related to lipid phos-
phate phosphatase-related protein (LPPR) to induce mem-
brane protrusion and synapse growth in neurons [67].

2.5. circRNA and Apoptosis/Autophagy

In the autopsy of AD patients, large numbers of apoptotic
neurons have been found in the hippocampus and cerebral
cortex. AP, tau, and inflammation can trigger the apoptotic
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pathway leading to neuronal death. Inhibition of apoptosis
has potential efficacy for early prevention of neuronal death
[68]. Autophagy is a vital pathway of degradation that re-
moves aberrant protein accumulations and also is related to
the generation and metabolism of tau protein and AB. Au-
tophagy dysfunction has been found to happen in the early
stages of AD and might promote the progression of AD [69].

2.5.1. Circ-0000950 and Apoptosis

Circ-0000950 overexpression has been shown to promote
neuronal apoptosis and suppress neurite outgrowth in cellular
AD models, whereas circ-0000950 knockdown enhances neu-
rite outgrowth and decreases neuronal apoptosis. In addition,
miR-103 is identified as a direct target of circ-0000950 [70].

MiR-103 has been found to enhance neurite growth and
inhibit apoptosis in AD cellular models via targeting prosta-
glandin-endoperoxide synthase 2 (PTGS 2), which is in-
volved in inflammation [71]. Therefore, by sponging miR-
103, circ-0000950 can increase inflammatory cytokines and
promote apoptosis in AD, providing a circ-0000950/miR-
103/PTGS 2 pathway for apoptosis regulation.

These data suggests that the pathological mechanisms of
AD do not exist independently, but rather reinforce or con-
strain each other. CircRNAs may play a pivotal role between
them.

2.5.2. Circ-0003611 and Apoptosis

Circ-0003611 is overexpressed in the serum of AD indi-
viduals compared with the healthy group. With the increase
of AP concentration, the levels of circ-0003611 are abnor-
mally increased. Furthermore, treatment of A significantly
induces apoptosis, whereas circ-0003611 downregulation
can reverse it.

MiR-383-5p is one of the targets of circ-0003611 and is
reduced in the serum of AD individuals. Circ-0003611 can
reduce miR-383-5p expression, and increase apoptosis and
neuronal injury triggered by AP [72]. Furthermore, miR-383-
Sp directly targets and inhibits the expression of kinesin fam-
ily member 1B(KIF1B). KIF1B is closely associated with
axonal transport of mitochondria and vesicles in synapses
and is significantly elevated in AD.

Thus, downregulation of circ-0003611 can lower the lev-
el of apoptosis and ameliorate AD neuronal damage by regu-
lating the miR-383-5p/KIF1B axis, providing novel therapies
against AD.

2.5.3. Circ-0002945 and Apoptosis

Endoplasmic reticulum (ER) is required for protein fold-
ing and trafficking because of its dynamic structure [73], and
overload of AP will cause ER stress (ERS), leading to apop-
tosis of neurons [74, 75].

The expression level of circ-0002945 is significantly
higher in AD serum samples and Af-stimulated cells. Inhibi-
tion of circ-0002945 attenuates the ERS and apoptosis in-
duced by AP. Interestingly, miR-431-5p is decreased in AD
serum samples and has a binding site with circ-0002945.
MiR-431-5p expression is significantly increased in circ-
0002945-silenced cells [76].
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In APP/PS1 mice brains, miR-431-5p can target TNF-
alpha-induced protein 1 (TNFAIP1), inhibit ROS production
and Ap-induced apoptosis via RhoB, which can predict neu-
ronal death severity at an early stage and directly modulate
apoptotic reactions in neurons [77].

In summary, circ-0002945 is vital in the regulation of
neuronal apoptosis and ERS induced by A via interaction
with miR-431-5p to regulate TNFAIP1.

2.5.4. CircLPARI and Apoptosis

CircRNA lysophosphatidic acid receptor 1 (circLPAR1)
is elevated in the serum of AD individuals, and circLPARI1
downregulation suppresses Ap-induced neuronal apoptosis,
oxidative stress and inflammation [78].

Bioinformatics analysis has indicated that circLPARI1
can sponge to miR-212-3p, which is decreased in temporal
cortex samples of AD [79] and suppresses neuronal apopto-
sis by promoting the signaling pathway of PI3K/AKT [80].

MiR-212-3p is identified to target zinc finger protein 217
(ZNF217) and inhibits its expression, which is one of the
Kriippel-like family and contributes to AB-induced neurotox-
icity [81]. Overexpression of ZNF217 reverses the reduction
in apoptosis caused by miR-212-3p. Thus, circLPAR1 in-
creases the apoptosis, oxidative stress and inflammation in
ApB-treatment cells through the miR-212-3p / ZNF217 axis.

2.5.5. CircNF1-419 and Autophagy

CircNF1-419 overexpression significantly upregulates
the levels of LC3A I, LC3A II, LC3B I, and LC3B II in rat
astrocytes, which are autophagy biomarkers. In addition, the
results of transmission electron microscopy show the for-
mation of phagosomes, endosomes, autophagosomes, autoly-
sosomes and lysosomes in astrocytes transfected with
circNF1-419, suggesting that circNF1-419 promotes autoph-
agy. Moreover, circNF1-419 modulates autophagy via the
PI3K-I/Akt-AMPK-mTOR signaling pathway [82].

On the other hand, circNF1-419 directly binds to Dy-
namin-1 and Adaptor protein 2 BI(AP2B1) to induce au-
tophagy and attenuate the pathogenesis of AD, including
AP1-42, p-Tau/Tau and APOE. Dynamin-1 is indispensable
for vesicle formation, especially in receptor-mediated endo-
cytic effects, synaptic vesicle cycling and so on [83]. AP2B1
is an essential participant in clathrin-relative endocytosis and
degrades AP through autophagy [84].

3. CircRNAs AS BIOMARKERS OF AD

Emerging studies have demonstrated that blood bi-
omarkers including circRNAs become attractive tools for
AD diagnosis and treatment. CircRNAs have a stable circu-
lar structure and can be easily detected in plasma. In addi-
tion, the high conservation makes the relative comparison of
circRNAs in animal and human models more convenient
[85]. Moreover, circRNAs are abundant in the central nerv-
ous system and gradually increase as the brain ages, showing
sensitivity to neurodegenerative illnesses. Most plasma
circRNAs originate from the CNS, thus, theoretically, exist-
ing techniques can even identify specific brain regions from
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which they originate [86]. It has been found that circRNA
expression is altered before the onset of substantial symp-
toms, which means that circRNAs can serve as potential bi-
omarkers for pre-symptomatic and symptomatic AD [87].

3.1. circ-0003391

The level of circ-0003391 is lowered in AD individuals'
blood samples. And the level of circ-0003391 is positively
associated with MoCA, MMSE, RAVLT-I and RAVLT-D
scores, and negatively with CDR scores. The results of MRI
show that patients with AD exhibit significant atrophy of the
hippocampus compared to age-matched healthy people, and
circ-0003391 expression is positively associated with vol-
umes of the hippocampus, indicating that some clinical man-
ifestations of AD is notably associated with downregulation
of circ-0003391.

In addition, circ-0003391 is specifically decreased in AD
individuals in comparison to that in Lewy body dementia
(DLB) and vascular dementia (VD ) groups, suggesting that
circ-0003391 might be used as a potential biomarker to dis-
tinguish different types of dementia [88].

As for the mechanism, miR-574-5p may be a possible
target of circ-0003391 in AD patients. MiR-574-5p is an
important downstream effector of APP-mediated cell cycle
progression and neuronal proliferation. APP inhibits neural
differentiation by antagonizing the miR-574-5p function
[89]. However, the mechanism of circ-0003391/ miR-574-5p
requires further research in the future.

3.2. CircRNA-050263, circRNA-403959, circRNA-
003022, circRNA-10083749, circRNA-102049 and circR-
NA-102619

The levels of circRNA-050263, circRNA-403959,
circRNA-003022 and circRNA-10083749 are upregulated in
AD and MCI participants’ plasma samples, while circRNA-
102049 and circRNA-102619 expression are downregulated
in AD individuals. It is interesting to find that the upregula-
tion of circRNA-403959 is significant in MCI patients com-
pared to AD and controls [90]. This suggests that circRNAs
might differentiate the MCI and AD patients.

To further define the diagnostic precision of these six
circRNAs as potential biomarkers, ROC curve analyses are
performed. The ROC curve analysis shows that circRNA-
050263 can accurately distinguish healthy controls from AD
patients. CircRNA-102619, circRNA-102049 and circRNA-
10083749 have good accuracy, while circRNA-003022 and
circRNA-403959 have comparable accuracy.

3.3. 6-circRNA Panel

CircRNAs have been shown to differentiate AD from
other types of dementia and individuals with normal cogni-
tive levels.

For example, circRNA-0077001, circRNA-0022417,
circRNA-0014356, circRNA-0014353, and circRNA-0074533
levels are elevated, while circRNA-0089894 is decreased in
the blood samples of AD patients. Moreover, these circRNAs
are not altered in patients with vascular dementia (VaD), be-
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havioural variability frontotemporal dementia (bvFTD),
Parkinson's disease dementia (PDD) and Lewy body demen-
tia (DLB), suggesting that they are probably AD-specific
circRNAs [91]. Subsequent ROC curve analysis shows that
the combination of these six circRNAs has a higher diagnos-
tic ability than that of a single circRNA. The results of Gene
ontology (GO) show that these 6 circRNAs are involved in
metabolic processes, immune system processes and synaptic
activity associated with AD [92, 93].

3.4. CircRNA-001481 and circRNA-000479

Subjective cognitive decline (SCD) is a cognitive disor-
der that occurs in the early stage of AD [94]. Some circR-
NAs, including circRNA-001481 and circRNA-000479, are
differentially expressed in SCD, aMCI, and nomal controls
(NC) samples. CircRNA-001481 is elevated in both SCD
and aMCI groups, and it is 1.51-fold higher in the SCD
group compared to the aMCI group. In addition, the level of
circRNA-000479 in the SCD group has a 1.9-fold increase
compared to that in the control group and a 2.2-fold increase
compared to that in the aMCI group. These results indicate
their promising role in biomarkers for differentiating the
SCD group from other groups.

The 3’UTR region of circRNA-001481 is found to have
binding sites for miR-1252-5p, miR-4644 and miR-548, and
can significantly reduce their expressions, ultimately regulat-
ing the embigin expression, which is important for long-term
memory [95]. CircRNA-000479 may bind and act as a
sponge for miR-942-5p, miR-4753-3p and miR-6739-3p to
regulate EPSTI1 expression, which is a potential biomarker
for early detection of VaD and AD [96].

CircRNA-001481 and circRNA-000479 may serve as a
non-invasive way of screening tests in early AD patients
[97]. However, the specific mechanisms need further re-
search.

3.5. Circ-AXL, circ-PCCA and circ-GPHN

Ten dysregulated circRNAs are identified in 80 AD indi-
viduals, and these circRNAs are abundant in neuronal cell
death, inflammation and neurodegenerative pathways. Circ-
AXL and circ-GPHN are overexpressed in CSF of AD indi-
viduals compared to that in control groups, while the level of
circ-PCCA is significantly declined. Further analyses show
that the levels of circ-AXL and circ-GPHN forecast a high
risk of AD, while circ-PCCA forecast a low risk of AD, and
they are independent predictors of the disease risk. Moreo-
ver, circ-AXL and circ-GPHN are negatively correlated with
MMSE scores, while circ-PCCA is positively correlated with
MMSE scores. As for the pathological mechanisms, circ-
AXL is positively correlated with both p-tau and t-tau, and
circ-GPHN is positively correlated only with t-tau. Circ-
AXL is negatively correlated with AB42, while circ-PCCA is
positively correlated with AB42. For the study of the mecha-
nisms, circ-AXL reduces its parental gene AXL transcrip-
tion, which suppresses inflammation and reduces the apop-
totic neuronal cells and debris clearance in the CNS [98]. As
for circ-GPHN, it represses gene gephyrin (GPHN) tran-
scription, leading to functional synapse lost, toxic metabo-
lites accumulation and neuroinflammation [99]. Thus, their
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high expressions correlate with elevated disease severity in
AD patients. Circ-PCCA may sponge miR-138-5 to inhibit
the activation of glycogen synthase kinase-3f and phosphor-
ylation of tau, therefore, its high expression is associated
with remission of disease severity in AD patients [37].

3.6. CircRNA KIAA1586

AD-associated circRNA-miRNA-mRNA competition
network (ADcirCeNET) show that circRNA KIAA1586 is
most frequently found in AD-risk circRNA-associated ceR-
NAs and has the strongest correlation with AD risk.

CircRNA KIAA1586 can competitively bind to hsa-miR-
29b, hsa-miR-101 and hsa-miR-15a, all of which are related
to AD. Has-miR-29b is reduced in AD patients [100], sup-
pression of has-miR-101 augments APP levels and influ-
ences AB accumulation [101], and has-miR-15a is signifi-
cantly altered in AD brain and predicted to modulate APP
[102]. Further, GO analysis shows that circRNA KIAA1586-
associated mRNAs are notably enriched in biological pro-
cesses known to be involved in AD, such as the Wnt signal-
ing pathway, stress-activated MAPK cascade, ensheathment
of neurons, and autophagy.

4. PERSPECTIVES OF CircRNA IN AD

This review summarizes the biological mechanisms of
circRNAs in the development of AD, which will greatly
strengthen the comprehension of AD and offer alternative
targets for its diagnosis. The current profile of differentially
expressed circRNAs in AD is gradually improving, but the
specific functions and mechanisms of key circRNAs directly
related to AD are still very poorly understood. As far, the
understanding of circRNAs is only the tip of the iceberg, and
there are majority of annotated circRNAs awaiting functional
characterization.

There are many challenges in this field. Firstly, concen-
trations of most circRNAs are relatively low because reverse
clipping is less efficient than typical clipping [103]. Several
regulatory factors have been uncovered to ameliorate circR-
NAs biogenesis, which include intron complementary se-
quences (ICSs) in flanking introns of circle-forming exons,
RBPs and Alu elements [104], thereby promoting reverse
splicing, implying that circRNA expression can be regulated
by mechanisms of these molecules. Technically, more efforts
are needed to improve the detection methods of circRNA.
Secondly, the sequence of circRNA completely overlaps
with its parental linear RNA transcript [105], and dissecting
the biological roles of circRNA is a challenge that requires
specific molecular tools to regulate endogenous circRNA
activity. Thirdly, emerging studies have only been conducted
in a single centre, thus, the sensibility and particularity of
chosen circRNAs are inadequate, requiring screening and
confirmation in multicenter and large-scale trials [106].

The ultimate goal of investigating the molecular mecha-
nisms of circRNA is to develop circRNA-based diagnosis
tools and therapeutic strategies. However, there have been no
circRNA-associated treatments for AD in clinical trials yet,
which suggests that the efficacy and safety of circRNA-
based therapy require further studies. Furthermore, circRNA
Drug delivery is indispensable for its therapeutic role in the
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nervous system. Currently, the most studied circRNA deliv-
ery systems are exosomes, viral vectors and nanoparticles,
while their targeting accuracy, dosage control, production
standardization and immune response still need to be further
explored [107].

CONCLUSION

In our review, multiple circRNAs are correlated with AD
and are crucial in pathological mechanisms of AD, such as
amyloid production, Tau hyperphosphorylation, neuroin-
flammation, synapse plasticity, autophagy and apoptosis.
Moreover, circRNAs may be used as biomarkers for pre-
symptomatic and symptomatic AD. However, the biological
properties and potential mechanisms of circRNAs during AD
progress require deeper exploration. There is no doubt that
further research on circRNAs will make a great contribution
to the clinical diagnosis and therapy for AD.
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