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Abstract

Alzheimer’s disease (AD) is a progressive neurodegenerative disorder and the main cause of 

dementia among the elderly worldwide. Despite intense efforts to develop drugs for preventing and 

treating AD, no effective therapies are available as yet, posing a growing burden at the personal, 

medical, and socioeconomic levels. AD is characterized by the production and aggregation of 

amyloid β (Aβ) peptides derived from amyloid precursor protein (APP), the presence of 

hyperphosphorylated microtubule-associated protein Tau (MAPT), and chronic inflammation 

leading to neuronal loss. Aβ accumulation and hyperphosphorylated Tau are responsible for the 

main histopathological features of AD, Aβ plaques and neurofibrillary tangles (NFTs), 

respectively. However, the full spectrum of molecular factors that contribute to AD pathogenesis is 

not known. Noncoding (nc)RNAs, including microRNAs (miRNAs), long non-coding RNAs 

(lncRNAs), and circular RNAs (circRNAs), regulate gene expression at the transcriptional and 

post-transcriptional levels in various diseases, serving as biomarkers and potential therapeutic 

targets. There is rising recognition that ncRNAs have been implicated in both the onset and 

pathogenesis of AD. Here, we review the ncRNAs implicated post-transcriptionally in the main 

AD pathways and discuss the growing interest in targeting regulatory ncRNAs therapeutically to 

combat AD pathology.
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Introduction

AD Pathogenesis

AD is a multifactorial disease involving different pathogenic mechanisms.1 Relevant risk 

factors for AD include age, family history, variant ε4 of Apolipoprotein E (APOE-ε4), 

cardiovascular disease risk factors such as high cholesterol and type-2 diabetes, and 

traumatic brain injury.2-5 Genome-wide association studies (GWAS) have identified several 

loci that increase AD susceptibility: BIN1, CLU, ABCA7, CR1, PICALM, MS4A6A, 

CD33, MS4A4E, CD2AP, and EPHA1.6,7 Interestingly, many of these loci modulate the 

expression of proteins involved in Aβ degradation, cholesterol metabolism, and immunity, 

which are processes known to affect the neurodegenerative and inflammatory components of 

AD. Environmental factors have also been implicated in AD, but the mechanisms of AD 

onset and progression are not fully understood.8,9

The major histopathological traits of AD are senile plaques and neurofibrillary tangles 

(NFTs), mainly in the neocortex, hippocampus, and other subcortical brain regions.10 Senile 

plaques are extracellular deposits of the peptide amyloid β (Aβ) resulting from cleavage of 

the transmembrane protein APP (amyloid precursor protein). Cleavage of the APP by α-

secretase generates peptide p3, a step in the anti-amyloidogenic pathway,11,12 while cleavage 

of APP by the β-secretase BACE 1 (β-site APP-cleaving enzyme 1 and the major β-

secretase present in the brain), generates fragment C99 and the soluble APPβ; C99 can be 

subsequently cleaved by γ-secretase to produce the 42-amino acid peptide Aβ42.11,13 

Mutations in the genes that encode APP or secretases (including presenilin-1 and 

presenilin-2, two components of γ-secretases) can induce preferential cleavage by the γ-

secretases and are associated with the pathological accumulation of Aβ peptide and the 

formation of senile plaques.14 Interestingly, Aβ plaques are found in both AD patients and 

normal aged brain, and have been proposed to have a neuroprotective function under stress 

conditions such as ischemia or traumatic brain injury.15,16

Apolipoprotein E (APOE) is a lipid carrier present in the peripheral and central nervous 

systems that supports membrane homeostasis and injury repair in the brain.17-19 Among the 

three variants of APOE (E2, E3, E4), the variant APOE2 is associated with low AD risk 

compared to the more common E3. By contrast, the APOE4 variant is associated with high 

risk of developing AD and lower age of disease onset.20 Thus, different APOE variants were 

proposed to affect AD pathogenesis through different mechanisms such as accumulation of 

Aβ, the innate immune response, and synaptic function.20 The contribution of APOE4 to Aβ 
formation is supported by several studies demonstrating that APOE4 directly binds Aβ 
peptides and modulates Aβ aggregation and clearance.21
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NFTs are aggregates of highly phosphorylated microtubule-associated protein Tau (MAPT), 

mainly present in the cytoplasm of neuronal axons, but also in pre- and post-synaptic regions 

and in the cerebrospinal fluid (CSF).22 Hyperphosphorylated Tau loses the ability to bind 

microtubules and becomes unstable, forming filaments that aggregate into NFTs. A loss of 

balance between Tau phosphorylation and dephosphorylation is an early event in NFT 

formation and AD pathogenesis.23

Finally, alterations in the immune response has emerged as a fundamental component of 

AD, strongly influencing neurodegenerative processes.24,25 One of the immune-related 

proteins associated with AD is CD33, a transmembrane protein expressed in cells of 

myeloid lineage. Genetic variants of CD33 increase AD susceptibility by promoting Aβ42 

accumulation.26,27

ncRNAs

Noncoding RNAs (ncRNA) are a vast and diverse family of non-protein-coding transcripts 

that modulate cell function by controlling gene expression programs through many different 

mechanisms.28 Through their primary sequence and structural elements, ncRNAs bind DNA, 

RNA, and protein, and thereby regulate various processes including gene transcription, RNA 

turnover, mRNA translation and protein assembly.29-35 Functionally, ncRNAs are divided 

into housekeeping and regulatory ncRNAs. Housekeeping ncRNAs are expressed 

constitutively and ubiquitously, and play crucial roles in routine cell maintenance; they 

include transfer (t)RNAs, ribosomal (r)RNAs, and small nuclear (sn)RNAs. Regulatory 

ncRNAs, on the other hand, are expressed in specific cell types and function in response to 

developmental cues, internal conditions, and environmental stimuli. Regulatory ncRNAs are 

the main focus of this review, and include micro (mi)RNAs, short interfering (si)RNAs, 

PIWI-interacting (pi)RNAs, long noncoding (lnc)cRNAs, natural antisense RNAs, and 

circular (circ)RNAs that have been implicated in AD pathogenesis (Figure 1).

microRNAs in AD

MicroRNAs are short RNAs (21-24 nt) transcribed as long primary (pri)microRNA 

transcripts and cleaved to precursor (pre)microRNAs by the microprocessor complex, which 

includes proteins DiGeorge critical region 8 (DGCR8) and the type-III RNase Drosha.36-38 

Following their export to the cytoplasm by exportin 5, pre-microRNAs are cleaved by Dicer 

to generate mature microRNAs.37-39 They are then loaded into the RNA-induced silencing 

complex (RISC) through partial complementarity with their target mRNAs to suppress their 

stability and/or translation.40 Through their actions on target mRNAs, microRNAs have 

been implicated in many cellular processes including proliferation, apoptosis, differentiation, 

senescence, and the responses to stress and immune stimuli,41-44 as well as in human 

diseases such as cancer, cardiovascular pathology, diabetes, AD, and other 

neurodegenerative processes.45-49 In this section, we review microRNAs involved in the 

regulation of different AD-associated factors and pathways.
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miRNAs involved in the regulation of secretases

Secretases are essential players in Aβ production.50 Whereas the cleavage of APP by α-

secretase prevents Aβ deposition, cleavage of APP by β-secretase, BACE1, is responsible 

for releasing Aβ peptide and initiating the formation of plaques. The ncRNAs that modulate 

APP secretase activity are reviewed in this section (Figure 1).

miRNAs that regulate β-secretase (BACE1)—One of the first microRNAs shown to 

regulate BACE1 mRNA was miR-107.51 Wang and colleagues showed that the levels of 

miR-107 decreased early in AD, with a parallel increase in BACE1 levels.51,52 Further 

analysis revealed that miR-107 recognized a site in the 3′-untranslated region (UTR) of the 

BACE1 mRNA, through which it reduced BACE1 expression levels at least in part by 

lowering BACE1 mRNA levels.51

Hèbert and colleagues examined the role of several microRNAs from the anterior temporal 

cortex of sporadic AD patients. They observed that the expression of the miR-29a/b-1 

cluster was significantly lower in AD patients with enhanced BACE1 protein levels, but not 

BACE1 mRNA levels were unchanged; molecular analysis using cultured cells supported a 

mechanism whereby miR-29a/b-1 targeted the BACE1 3′UTR and specifically reduced 

BACE1 translation.53 In another study using peripheral blood of AD patients, Yang and 

coworkers found that the levels of miR-29a and miR-29b were similar to those of control 

subjects, while miR-29c abundance was lower and BACE1 levels were higher,54 suggesting 

that miR-29c also plays a role in regulating BACE1 abundance in AD. Interestingly, 

elevating miR-29c promoted learning and memory in the senescence-accelerated mouse 

prone 8 (SAMP8).54 Given the impact of miR-29 on BACE1 expression, Pereira and 

colleagues tested the possibility of using miR-29 in AD therapy by delivering purified pre-

miR-29b into mouse neuroblastoma N2a695 cells via polyplexes. Through this efficient 

delivery method, miR-29b reduced hBACE1 expression and Aβ production.55

The levels of miR-188-3p were significantly lower in AD brains and in brains of the 

transgenic AD mouse model 5XFAD (bearing APP Familial Alzheimer’s Disease (FAD) 

mutations and human PS1 FAD mutations). Overexpression of miR-188-3p significantly 

reduced BACE1 and Aβ, reduced neuroinflammation, and improved long-term synaptic 

plasticity, spatial learning, and memory in the transgenic animals.56 Similarly, BACE1 levels 

were elevated and miR-339-5p levels decreased in a subset of AD brains compared to 

controls. Further analysis indicated that miR-339-5p suppressed BACE1 levels through 

binding to the BACE1 3′UTR in human U373 glioblastoma cells.57

In keeping with the prediction that miR-195 could bind the BACE1 3′UTR, miR-195 levels 

correlated negatively with BACE1 abundance in SAMP8 mice, while miR-195 

overexpression in N2a neuroblastoma cells decreased BACE1 levels.58 Interestingly, 

miR-195 was downregulated under conditions of low oxygen supply to the brain,59 a 

situation that normally precedes AD and is used to predict AD development.60,61 miR-186 

was also found to suppress BACE1 expression by targeting the BACE1 3′UTR in neuronal 

cells, as lowering miR-186 significantly increased BACE1 levels, while raising miR-186 

decreased Aβ levels by suppressing BACE1 production. The levels of miR-186 also 

correlated negatively with BACE1 in the brain cortex of aging mice.62
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In summary, several miRNAs play clear roles in regulating BACE1 protein levels. 

Additional studies are necessary to understand the complex network of regulatory 

microRNAs that suppress BACE1 production in order to consider their potential use in AD 

therapy.

miRNAs that regulate γ-secretase—The γ-secretase is composed of 4 catalytic 

components: Presenilin-1 (PSEN1), Nicastrin (NCSTN), Anterior Pharynx Defective-1 

(APH1A) and Presenilin Enhancer-2 (PSENEN).63,64 Several microRNAs have been 

described that target mRNAs encoding these components and thereby affect Aβ formation 

and AD onset. For example, miR-27a-3p targets PSEN1 mRNA and was downregulated in 

cerebrospinal fluid (CSF) of patients with AD-associated dementia.65 miR-34a influenced 

γ-secretase activity, since ablating miR-34a in mice with an APP/PSEN1 background 

(miR-34a KO mice expressing mutant APP and mutant PSEN1) lowered γ-secretase activity 

associated with cognitive improvement, without affecting α- or β-secretase activities.66 A 

survey for 3′UTR polymorphisms affecting miRNA activity revealed that miR-24, miR-186 

and miR-455 as suppressors of NCSTN expression67. Delay and colleagues found two 

single-nucleotide polymorphisms (SNPs), rs113810300 and rs141849450, implicated in 

microRNA repression of NCSTN; in particular, rs141849450 completely abolished the 

repression of NCSTN production by miR-455. This example provides evidence that genetic 

variants located in untranslated regions of mRNAs can influence AD pathogenesis by 

altering miRNA-binding sites.67

miRNAs that regulate α-secretase—The α-secretase ADAM10 (AD-related 

Disintegrin and Metalloprotease 10) is involved in the cleavage of APP and prevents Aβ 
formation.68 Cheng and colleagues showed that miR-144, a microRNA elevated in AD 

patients, suppressed ADAM10 production through the ADAM10 3′UTR.69 Other miRNAs 

instead influenced ADAM10 activity; for instance, miR-125b and miR-146a suppressed the 

production of Tetraspanin12, a protein that facilitates the maturation of ADAM10 and its 

insertion into membrane microdomains implicated in APP processing.70,71 Loss of miR-107 

downregulated ADAM10 and favored the non-amyloidogenic pathway of APP processing, 

which promotes the generation of soluble APP.72

Regulation of APP expression by miRNAs

Amyloid precursor protein (APP) is an integral membrane protein expressed in many tissues. 

In neural tissues, it is mainly implicated in synapse formation and neural plasticity. Several 

microRNAs have been shown to directly reduce APP biosynthesis and thus the generation of 

Aβ plaques.73 For example, miR-101 targeted APP mRNA and hence suppressed APP 

production, cleavage and accumulation of fibrillar Aβ; conversely, inhibition of miR-101 

increased full-length APP.74,75 miR-16 was also found to target APP mRNA and suppressed 

APP levels, and low miR-16 induced APP accumulation in AD mice.76 Additionally, 

downregulation of miR-16 in primary hippocampal neurons was proposed to be important 

for some of the paracrine effects in AD pathogenesis.77

miRNAs can also influence the production of APP and Aβ indirectly. For instance, the loss 

of miR-137, miR-181c, miR-9, and miR-29a/b-1 increased Aβ levels by raising the levels of 
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serine palmitoyltransferase (a rate-limiting enzyme of ceramide synthesis), representing 

additional risk factors in AD.78,79 The neuron-specific miR-124 was reduced in AD, leading 

to enhanced expression of the splicing regulator PTBP1 (polypyrimidine-tract binding 

protein 1) and aberrant splicing of APP.80 Interestingly, miR-124 also suppressed BACE1 

production and thus further influenced cell death induced by Aβ neurotoxicity.81 Finally, 

several 3′UTR polymorphisms associated with AD were found to change miRNA-binding 

sites in APP mRNA, modulating protein production.82,83 For example, the APP 3′UTR 

genetic variant T117C did not bind miR-147, leading to increased APP expression, whereas 

the genetic variant A454G increased the binding of miRNA-20a, in turn lowering APP 

protein production82. The identification that SNPs affecting miRNA response elements 

(MREs) associated with disease risk underscore the importance of these ncRNAs in AD 

pathogenesis.

Regulation of Tau expression and function by miRNAs

Tau (MAPT) proteins are highly expressed in neurons, where they associate with the 

cytoskeleton and stabilize microtubules. Tau proteins become hyperphosphorylated during 

AD and polymerize forming NFTs.23 Direct targeting of miR-132 to Tau mRNA was 

reported to suppress Tau expression levels.84 Furthermore, crossing miR132/miR-212 

knockout mice with 3×Tg-AD mice [expressing the transgenes PSEN1 (PS1M146V), APP 
(APPSwe) and Tau (TauP301L)] promoted an increase in the formation of Tau aggregates. 

Treatment with miR-132 mimics partially restored Tau balance and normalized cognitive 

functions in this mouse model of AD.84 In human neuroblastoma M17 cells, miR-34a was 

also found to repress endogenous Tau production by binding the Tau 3′UTR.85

Other miRNAs may affect Tau function by influencing its phosphorylation status, and thus 

modulate tangle formation. For example, miR-125b induced Tau hyperphosphorylation in 

primary neurons, and miR-138 increased Tau phosphorylation in HEK293/Tau cells, while 

miR-106b inhibited Tau phosphorylation at Tyr18 in human neuroblastoma SH-SY5Y cells.
86-88 miR-15a and miR-16 enhanced Tau hyperphosphorylation through ERK1 in Neuro2a 

cells,89 and miR-195 prevented Tau chronic brain hypoperfusion (CBH)-induced 

hyperphosphorylation in rats, indicating that miR-195 may influence dementia by regulating 

multiple targets.90

Regulation of APOE4 expression by miRNAs

Apolipoprotein E (APOE4) plays a key role in the metabolism of lipids and lipoproteins in 

the context of AD and Aβ plaque formation. So far, no miRNA has been found to directly 

regulate the production of APOE4. However, in neuronal cells, overexpression of miR-33 

impaired cellular cholesterol efflux and elevated extracellular Aβ levels by increasing the 

secretion of Aβ and reducing the clearance of Aβ. Deletion of miR-33 in mice increased the 

levels of ATP-binding cassette transporter (ABCA1) and APOE lipidation, while it 

decreased Aβ levels in the cortex.91
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PIWI-interacting RNAs (piRNAs) in AD

piRNAs are short single-stranded ncRNAs (spanning 24-32 nt) typically bearing a uridine at 

the 5′ end and 2′-O-methylation at the 3′ end, and produced via Dicer-independent 

mechanism92. They are found in animal cells and lack sequence conservation. Through 

interaction with PIWI proteins, piRNAs regulate gene expression programs by influencing 

transposon silencing, gene transcription, and mRNA turnover and translation92. Emerging 

evidence indicates that piRNAs can also interact with other ncRNAs such as miRNAs, 

further influencing gene regulation and cellular responses92. At present, the molecular and 

biological impacts of piRNAs are not well understood.

piRNA are expressed primarily in germ cells, but are also expressed in many somatic cells, 

including neurons, and have been studied in many disease processes92-94. Nonetheless, the 

possible roles of piRNAs in neurodegenerative diseases are only emerging. RNA-sequencing 

analysis revealed that 564 and 451 piRNAs are expressed in normal and AD human brain 

respectively;95 among these, 146 piRNAS were upregulated and 3 downregulated in AD 

compared to healthy controls. The five most upregulated piRNAs have been used as AD 

markers (piR-61646, piR-31038, piR-33880, piR-34443, and piR-37213) and have been 

proposed to affect AD pathways. In one example, karyopherin α6, encoded by the KPNA6 
gene, plays an important role in maintaining cellular homeostasis during oxidative stress; 

low expression of KPNA6 was found to correlate with high expression of piR-38240. Given 

the presence of a binding site for piR-38240 in the KPNA6 mRNA, the authors proposed 

that the lower expression of KPNA6 was mediated by piR-38240 contributing to 

neurodegeneration in AD by oxidative stress.95 In other examples, piRNAs aca-piR-4 and 

aca-piR-15 promoted the methylation of the promoter of CREB2 (CAMP response element-

binding protein 2), leading to repression of CREB1 transcription and affecting long-term 

memory.94 Searches are underway to investigate the function of piRNAs in the brain and to 

determine if they are suitable AD biomarkers and/or therapeutic targets.

Long noncoding RNAs (LncRNAs) in AD

LncRNAs range from ~200 bases to hundreds of kilobases. They are transcribed from all 

genomic regions, including intergenic areas and regions in the vicinity and the inside of 

protein-coding genes.96 Although lncRNAs are involved in a range of cellular processes, 

their major impact is in the regulation of gene expression patterns through their interactions 

with chromatin modifiers, DNA, RNA, and RNA-binding proteins (RBPs).96,97 At the 

transcriptional level, lncRNAs affect chromatin organization, the formation of nuclear 

speckles, and RNA polymerase II activity.97-99 At the post-transcriptional level, lncRNAs 

interact with various RNAs and proteins and thereby regulate splicing, mRNA turnover, and 

protein translation.29,31,96,97 LncRNAs can also function as ‘decoys’ for trans molecules 

such as microRNAs and RBPs and thus influence their availability to other molecules, 

particularly mRNAs. At the post-translational level, lncRNAs form scaffolds to assemble 

functional ribonucleoprotein complexes and can affect protein stability.96,97 Through their 

broad and complex actions, lncRNAs play a key role in maintaining cellular physiology as 

well as in a range of human diseases, including neurodegenerative disorders such as AD, 

cardiovascular pathology, and cancer.100-103 In the brain, they are found in different regions 
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and cell types implicated in synaptic plasticity and memory.104-106 In this section, we review 

lncRNAs involved in regulating key factors in AD (Figure 1).

BACE1-AS

Faghihi and colleagues found that exposure to Aβ increased the levels of BACE1-antisense 

transcript (BACE1-AS), which further elevated BACE1 mRNA and BACE1 abundance in 

cells and thus enhanced Aβ production.107 In keeping with this expression pattern, BACE1-
AS was found to be elevated, along with Aβ, across different regions in postmortem brains 

from AD patients.108 Interestingly, BACE1-AS protected BACE1 mRNA from degradation 

by masking the binding site for miR-485-5p.108 Through a parallel positive feedback loop, 

Aβ also enhanced the production of APP and BACE1-AS in SH-SH5Y cells; accordingly, 

downregulation of BACE1-AS reduced APP cleavage by BACE1 and delayed Aβ deposits 

in a model based on SH-SY5Y cells.109 The RBP HuD (ELAVL4) was found to bind 

BACE1-AS lncRNA as well as the 3′ UTRs of APP mRNA and BACE1 mRNA and 

coordinated the increased expression of APP, BACE1, and BACE1-AS, in turn enhancing 

Aβ production. In keeping with this regulatory model, the levels of HuD, APP, BACE1, 

BACE1-AS, and Aβ were higher in the temporal cortex of patients with AD compared to 

controls.110 Together, these findings support the notion that BACE1-AS mediates, at least in 

part, the formation of Aβ plaques.

51A

The lncRNA 51A is the antisense to intron 1 of the Sortilin-related receptor 1 (SORL1) 

gene. The protein SORL1 is a multifunctional endocytic receptor involved in APP 

trafficking.111 lncRNA 51A regulates a splicing shift of SORL1 pre-mRNA from the 

canonical long variant A to an alternatively spliced form that is expressed less and shifts 

APP processing towards increased Aβ formation. In agreement with this mode of action, 

lncRNA 51A is upregulated in AD patients.112

BDNF-AS

The brain-derived neurotrophic factor (BDNF) is a neurotrophin expressed in the central 

nervous system. Given its key role in neuronal survival and synaptic plasticity, BDNF is 

directly implicated in AD pathophysiology.113,114 BDNF-AS suppressed BDNF expression, 

since silencing BDNF-AS increased BDNF mRNA levels, elevated BDNF production, and 

induced neuronal differentiation. Furthermore, inhibition of BDNF-AS increased the levels 

of mRNAs encoding glial-derived neurotrophic factor (GDNF) and ephrin receptor B2 

(EPHB2), both implicated in AD pathogenesis.115

LRP1-AS

The natural antisense transcript (NAT) low-density lipoprotein receptor-related protein 1 

(LRP1-AS) suppresses the levels of expression of LRP1, a receptor involved in several 

cellular processes including intracellular signaling, lipid homeostasis, and APP trafficking 

and processing.116 LRP1-AS directly binds the high-mobility group box 2 (HMGB2) protein 

and inhibits its activity, consequently preventing the SREBP1A-dependent transcription of 

LRP1 mRNA. Short oligonucleotides targeting LRP1-AS inhibited its interaction with 
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HMGB2, rescuing the ability of SREBP1A to drive transcription of the LRP1 gene.117 

Interestingly, LRP1-AS was abundant in the brains of AD patients, and hence it might 

repress LRP1 expression.117

NAT-Rad18

Microarray analysis identified 241 differentially expressed RNAs in rat cortical neurons 

upon exposure to Aβ.118 Among these, elevated expression of the natural antisense 

transcript NAT-Rad18 was found to correlate inversely with the levels of Rad18 mRNA, 

which encodes the enzyme RAD18, involved in the repair of damaged DNA.119 In turn, 

RAD18 downregulation affects cells sensitivity to DNA damage.120,121

Other lncRNAs

An extensive microarray analysis of lncRNAs in the brains of 3×Tg-AD mice indicated that 

205 of the lncRNAs showing altered expression levels were linked to inflammatory 

processes, while 230 lncRNAs were significantly dysregulated with age.122 Directional RNA 

sequencing of samples obtained from hippocampi of late-onset AD (LOAD) identified 

several long intergenic noncoding RNAs (lincRNAs) (e.g., AD-linc1 and AD-linc2) as well 

as several NATs (e.g., HAO2-AS and EBF3-AS) upregulated in AD. The differential 

expression of these lincRNAs and NATs in LOAD brains suggested that these RNAs might 

have key functions in AD. Additionally, exposure of cultured human neural cells to Aβ 
increased AD-linc1, leading Magistri and coauthors to propose that it may be involved in 

amyloid-induced neurotoxicity.123

Together, these findings highlight emerging roles for lncRNAs in AD pathophysiology. In 

addition, this evidence supports the notion that lncRNAs may serve as AD markers and 

candidates for AD diagnosis and therapy.

Circular RNAs (circRNAs) in AD

Circular RNAs (circRNAs) comprise a family of covalently closed transcripts that are 

believed to arise from backsplicing of precursor RNAs; since they lack free 5′ and 3′ ends, 

they are highly resistant to exonuclease digestion and are relatively stable.124,125 They are 

widely expressed in eukaryotic cells and regulate gene expression at least in part by 

sponging specific microRNAs and thus modulating their suppressive effect on mRNA 

translation/stability.126-131 In addition, circRNAs interact with RBPs and splicing factors to 

alter their availability and the processing of pre-mRNAs.132 While they are considered 

noncoding RNAs, some circRNAs have been shown to have the potential to generate 

peptides.133-135 At present, the functions of circRNAs in the central nervous system (CNS) 

remain poorly understood, due in part to challenges with the availability of molecular tools 

needed to detect, quantify, and assess the function of circRNAs in physiologic processes and 

diseases including AD.

However, one circRNA, ciRS-7, which acts as a sponge of miR-7, was found to be lower in 

sporadic AD, as determined in hippocampal CA1 region.136 In keeping with the idea that 

downregulation of ciRS-7 may affect the availability of miR-7 and hence the fate of miR-7 

target mRNAs, enhanced miR-7 activity in AD brain due to low ciRS-7 levels decreased the 
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production of AD-relevant miR-7 targets, including the ubiquitin-conjugating enzyme 

UBE2A and EGFR (epidermal growth factor receptor).137 Furthermore, in SH-SY5Y cells, 

ciRS-7 was recently found to promote the degradation of APP and BACE1 in an NF-κB-

dependent manner.138 These findings suggest that ciRS-7 could represent a useful marker of 

AD and a possible therapeutic target. Future studies are expected to reveal other circRNAs 

contributing to AD pathology.

Perspectives

Although our knowledge of ncRNA biology is still in its infancy, ncRNAs are found to be 

implicated in a range of cellular processes and human diseases, including 

neurodegeneration.139,140 Studies at the molecular, cellular, physiologic, and epidemiologic 

levels have identified a rising number of ncRNAs implicated in AD. These ncRNAs 

participate in the formation of Aβ plaques, the phosphorylation of Tau, and the 

establishments of an inflammatory zone – the three major pathogenic traits of AD. Such 

studies have progressed through mechanistic studies in cultured cell models and through 

descriptive studies in mouse and human biological samples such as brain, CSF, and serum. 

While some animal models of AD exist (recently reviewed in Ref.141), it is urgent to develop 

better animal models and pre-clinical studies for the prevention, diagnosis, prognosis, and 

treatment of AD.

If further work confirms the usefulness of certain ncRNAs as diagnostic markers of 

preclinical or clinical AD, their detection could be pursued using highly sensitive methods of 

RNA analysis. For the survey of individual RNAs, a number of methods could be employed 

based on reverse transcription (RT) followed by conventional PCR or quantitative (q)PCR 

analyses. For surveying larger panels of RNAs, analysis by microarray or nanostring 

(specialized microarrays in which hundreds of select transcripts are assessed in specific 

biological contexts) technologies or by RNA-sequencing could prove to be quick and highly 

informative142. Similar approaches could be employed to track ncRNAs with prognostic 

value in the onset and progression of AD. These methods would be particularly useful if the 

diagnostic and prognostic ncRNAs were tested in tissues and fluids easily accessible, such as 

blood, urine, and some epithelia.

As ncRNAs are identified as having therapeutic potential, particularly in the preclinical 

stages during which neuronal loss is still minimal, interventions ought to be developed in 

earnest. Efforts towards this goal have already begun. As described above, for example, 

genetic ablation of miR-33 in mice led to increased ABCA1 levels and lowered Aβ levels in 

brain cortex;91 accordingly, extended intracerebroventricular (ICV) infusion of anti-miR-33 

resulted in a brain-specific inhibition of microRNA-33 and markedly decreased Aβ levels in 

the cortex of APP/PS1 mice.91,143 In another example, the reduction in BDNF associated 

with AD was partly rescued by interfering with the function of BDNF-AS using ICV 

administration of oligomers that antagonize BDNF-AS. The ensuing increase in BDNF was 

associated with enhanced mouse brain function and with proliferation and differentiation of 

neurons in mouse neurosphere cultures. These results support the view that miRNAs and 

other ncRNAs can represent viable pharmacological targets in AD.115 Other molecules that 

mimic or inhibit ncRNAs have also shown promising results in preclinical studies and 
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appeared to be well tolerated with promising outcomes in animal models, in some cases 

aided by other small molecules.144-147

Given their broad roles in gene regulation, piRNAs are promising molecules in AD therapy. 

In particular, synthetic piRNAs could be devised to block the synthesis of AD-related 

proteins in therapeutic strategies akin to those already tried for microRNAs. In addition, 

altered piRNA expression has been described in AD as well as other diseases, suggesting 

that they might serve as biomarkers of AD pathology. However, the full potential of piRNAs 

as diagnostic or pharmaceutical targets cannot be fully realized until we gain better 

understanding of their function and mechanisms of action in AD.

Similarly, circRNAs represent another interestingly class of candidate molecules in AD 

diagnosis and therapy. For example, abundant circRNAs bearing MREs can function as 

sponges for miRNAs, affecting the levels of miRNAs available for target mRNA 

repression148. However, a great deal more research is needed before circRNAs can be used 

for AD diagnosis and treatment.

Current delivery methods for ncRNAs, such as those that employ lipid or viral vehicles, still 

lack adequate specificity, reliability, and robustness. Therefore, additional efforts are needed 

to ensure that therapeutic ncRNAs are delivered intact to the proper cell types and 

compartments, cross the blood-brain barrier (BBB) if necessary, and arrive in therapeutic 

concentrations. To overcome this problem, strategies such as conjugation of drugs with other 

molecules and intracerebroventricular infusion have been shown to improve delivery through 

the BBB149,150.

In closing, despite medical advances, the clinical management of AD remains a major 

challenge151,152. As we gain deeper understanding of the role of ncRNAs in AD 

pathogenesis, effective ncRNA-based interventions are expected to become a viable ways to 

prevent, delay the onset, diagnose, and treat AD.
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Figure 1. Schematic of the three main domains of AD pathogenesis
Top, APP is cleaved by α, β, and γ secretases; the generation and aggregation of 

amyloidogenic Aβ peptides outside of the cell leads to the formation of amyloid plaques. 

Bottom, the hyperphosphorylation of Tau protein results in formation of intracellular 

neurofibrillary tangles. Right, amyloid plaques and neurofibrillary tangles create a toxic 

environment characterized by neuroinflammation and neurodegeneration. Key, top right.
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Table 1

Summary of ncRNAs involved in AD

Name Target protein/process Ref.

MicroRNAs

miR-107 BACE1 51, 52

miR-29a/b-1 BACE1, palmitoyltransferase 53

miR-9 BACE1 53

miR-29c BACE1 54

miR-188-3p BACE1 56

miR-339-5p BACE1 57

miR-195 BACE1, Tau 58, 59, 90

MiR-186 BACE1 62

miR-27a-3p Presenilin-1 65

miRNA-34a Tau, γ-secretase 66, 85

miRs-24, miR-186, miR-455 Nicastrin 67

miR-107 ADAM10 72

miR-144 ADAM10 69

miR-125b, miR-146a Tetraspanin12 70, 71

miR-101 APP 74, 75

miR-16 APP 76, 77

miR-147, miR-20a APP 82

miR-137, miR-181c, miR-9, miR-29a/b palmitoyltransferase 78, 79

miR-124 PTBP1, BACE1 80, 81

miR-132, miR-212 GSK3, Tau 84

miR-125b, miR-138, miR-106b, miR-922 Tau phosphorylation 86-88

miR-15, miR-16 ERK1 89

miR-33 ABCA1 and APOE lipidation 91

piRNA

piR-38240 KPNA6 95

aca-piR-4, aca-piR-15 CREB1 94

lncRNA

BACE1-AS BACE1 107, 109, 110

lncRNA 51A SORL1 112

BDNF-AS (NAT) BDNF 115

LRP1-AS LRP1 116, 117

NAT-Rad18 RAD18 119

AD-linc1, AD-linc2 Unknown 123

EBF3-AS (NAT) Possibly involved in nuclear processes 123
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Name Target protein/process Ref.

HAO2-AS (NAT) Possibly involved in nuclear processes 123

circRNA

ciRS-7 Sponge for miR-7 136–138
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