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Abstract
Alzheimer’s disease is a devastating neurodegenerative disorder affecting a 
 significant portion of the world’s rapidly growing aging population. In spite of its 
prevalence, the etiology of the disease is still poorly understood, and effective 
therapy is all but unavailable. Over the past decade, noncoding RNA, including 
microRNA (miRNA), has emerged as a major class of regulatory molecules 
involved in virtually all physiological and disease states. The specificity pro-
vided by miRNA sequence complementarity, together with the ability of these 
molecules to regulate complex networks of genes, has made them exciting novel 
targets for therapeutic agents. In this chapter, we review recent progress on 
understanding the role of noncoding RNA in Alzheimer’s disease (AD). The 
majority of available work has focused on miRNA, and we review the many stud-
ies implicating specific miRNAs in the development of the disease. More 
recently, several studies have tied other RNA classes to the disorder, including 
long noncoding RNA, circular RNA, and Y RNAs, and we review this fascinat-
ing field as well. Finally, we explore the potential promise of these findings for 
future therapeutic applications.
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18.1  Alzheimer’s Disease

AD is an irreversible progressive neurodegenerative disorder affecting the central 
nervous system, which accounts for >80% of dementia cases in people over the age 
of 65 [1]. The major physical hallmarks of the disease are the presence of amyloid 
beta plaques and hyper-phosphorylated paired helical filaments of tau protein-rich 
neurofibrillary tangles (NFTs) [2]. Although the disease etiology is incompletely 
understood, both types of lesions have been linked to AD dementia, and their pres-
ence among those afflicted with AD is typically associated with much steeper tra-
jectories of cognitive deficit accumulation with age [3]. Furthermore, families with 
mutations in three proteins directly involved in the Aβ processing pathway present 
inherited early-onset AD [4], suggesting a key role for Aβ in disease pathogenesis. 
The second hallmark of AD pathology is the accumulation of intracellular NFTs, 
made up primarily of aggregated tau bearing abnormal posttranslational modifica-
tions, including increased phosphorylation and acetylation. The exact role of tau in 
AD progression remains unclear, but recent work has suggested that abnormal mod-
ifications of the protein can lead to enrichment of misfolded tau in dendritic spines 
where it can interfere with neurotransmission [5]. The extracellular Aβ and intracel-
lular NFTs are intricately linked, and Aβ oligomers have been implicated in the 
postsynaptic enrichment of tau [6], as well as in altered tau phosphorylation [7], 
proteasomal degradation [8], and nucleation [9].

While the Aβ and NFT structures are well-accepted hallmarks of the disease, AD 
is a multifactorial disorder, involving numerous cell types and pathways. 
Interestingly, Aβ peptide aggregates have been implicated in many of these path-
ways, including mitochondrial dysfunction [10], oxidative damage [11], excessive 
calcium influx [12], lipid dysregulation [13], synaptic dysfunction [14], apoptosis 
[15], aberrant neurogenesis [16], and neuroinflammation [17]. Furthermore, Aβ has 
been shown to have complex interactions with nonneuronal cell types. For example, 
microglia have been shown to contribute to Aβ clearance at early stages of AD, 
while the same cells release pro-inflammatory cytokines that exacerbate symptoms 
at late stages of the disease [18, 19]. Collectively, these results indicate that AD is a 
complex disease involving multiple interlinked pathways and cell types, hinting at 
the potential role for co-regulatory mechanisms in disease development and in 
future therapeutics.

18.2  The Noncoding RNA Revolution

For many years, RNA was seen as no more than an inert participant in the process 
of protein synthesis, with mRNA providing the template and tRNA the building 
blocks and rRNA acting as a scaffold [20]. It was not until the early 1980s, with the 
discovery of the catalytic activity of small nuclear (sn)RNAs in the excision of 
introns, that noncoding RNA (ncRNA) began to be seen as a more active agent 
within the cell. A major turning point in our understanding of the diverse roles of 
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RNA came in the early 2000s with the discovery of miRNAs and their many rela-
tives, underscoring the importance of posttranscriptional events in gene expression, 
particularly in eukaryotic organisms [21, 22]. Now, with the advent of RNA 
sequencing, the field has seen an explosion in the depth and breadth of discovery, 
with new classes of RNA being described on a regular basis [23]. Thousands of 
novel ncRNAs have been catalogued, and their many roles in regulating gene 
expression and organizing the genome have only begun to be explored.

Of all classes of ncRNA, miRNAs are by far the most studied, and their func-
tional regulatory relevance is clearly evident and well established [24]. In human 
diseases, particularly cancer, it has been shown that epigenetic and genetic 
defects in miRNAs and their processing machinery are a common hallmark of 
disease [25–27]. The informational bias toward miRNA holds true for nervous 
system diseases as well, including AD [28], and most of the work described 
herein relates to this fascinating class of regulatory RNA. However, miRNAs are 
just the tip of the iceberg, and other ncRNAs such as small nucleolar RNAs 
(snoRNAs), PIWI-interacting RNAs (piRNAs), Y RNAs, the large heteroge-
neous group of long noncoding RNAs (lncRNAs), and circular RNAs are all 
emerging as players in the development of many different human disorders [29–
31]. In fact, reports regarding potential involvement of some of these novel 
classes of ncRNA in the pathophysiology of AD are beginning to appear, and 
these will be explored below as well.

18.3  MicroRNA in AD

miRNAs are endogenous 20–24 nucleotide noncoding RNAs that bind to target 
motifs in mRNAs of protein-coding genes to direct posttranscriptional silencing 
either through transcript degradation or by translational repression. So far more 
than 2000 miRNAs have been denoted in the human genome, and the number is 
ever increasing, illustrating the potential of miRNAs as important players in gene 
regulation [32]. Recent studies have indicated that miRNAs play a pivotal role in 
most critical biological events, including development, proliferation, differentia-
tion, cell fate determination, apoptosis, signal transduction, organ development, 
hematopoietic lineage differentiation, host-virus interactions, tumor genesis, and 
more [33]. Specifically, in the brain, miRNAs are highly expressed in neurons 
where they play key roles during neuronal differentiation, synaptogenesis, and 
plasticity. Correspondingly, it is becoming increasingly evident that miRNAs 
have a profound impact on higher cognitive functions and that impairments in 
their functioning are involved in the etiology of several neurological diseases and 
disorders, including AD, Parkinson’s disease, amyotrophic lateral sclerosis 
(ALS), and Huntington’s disease [34, 35]. Over the past decade, accumulating 
evidence in AD research suggests that alterations in the miRNA network could 
actively contribute to the disease process. In the following sections, we will review 
recent progress in the field.
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18.4  miRNA Regulation of Amyloid Beta

Aβ peptides accumulating in the brain of AD patients result from proteolytic cleav-
age of APP by β-secretase (BACE1) and γ-secretase [36, 37]. AD pathology is 
associated with increased APP expression, polymorphisms in the APP promoter, 
abnormal APP processing, and altered Aβ clearance [10]. miRNAs have been shown 
to be involved in Aβ pathology through regulation of APP expression and of other 
enzymes involved in the Aβ processing, mostly BACE1. The following section 
describes the main findings in this field.

18.4.1  Regulation of Aβ by miRNA Control of the APP Transcript

The first studies showing miRNA regulation of APP mRNA came in 2008 from C. 
elegans, where the worm APP homolog, APL-1, was shown to be developmen-
tally regulated by miRNA let-7 [38]. Later that same year, Patel et al. showed that 
APP is regulated by miRNA in humans as well, as overexpression of miR-106a 
and miR- 520c results in translational repression of APP mRNA and significantly 
reduces APP levels [39]. Since then, a large number of other miRNAs have been 
shown to directly regulate APP mRNA in human cells in vitro. These include 
miR-20a, miR- 19, and miR-106a/b, all from the miR-20a family [40, 41] and 
miR-101 [42, 43], among others. In light of these findings, it was speculated that 
SNPs in miRNA binding sites in the 3′-UTR of APP could affect Αβ pathology 
and AD risk, similar to what has been observed for several neurological diseases 
[44]. Indeed, in 2011, Delay et al. investigated miRNAs that have potential bind-
ing sites in or near a polymorphism located on the 3′-untranslated region (3′-
UTR) of human APP. In their study, they used luciferase assays to confirm that 
miR-20a, miR-17, miR-147, miR- 323- 3p, miR-644, and miR-153 can all regulate 
APP in vitro and, furthermore, that miR-147 and miR-20a are affected by 
AD-associated 3′-UTR single nucleotide polymorphism (SNP) variants in the 
APP gene [45].

miRNAs have also been implicated in the regulation of APP’s alternative splic-
ing. Neuronal APP undergoes alternative splicing of exons 7, 8, and 15, and there is 
substantial evidence for increased levels of exon 7 and/or 8 isoforms of APP in AD 
brains [46–50]. Furthermore, abnormal neuronal splicing of APP was found to be 
associated with increased Aβ production [51]. Clear evidence of a role for miRNA 
in APP splicing came from a study by Smith et al. who detected abnormal splicing 
of exons 7 and 8 of APP in the cortex of dicer knockout (KO) mice, with no change 
in the overall APP mRNA levels. In the same study, knockdown of polypyrimidine 
tract-binding protein 1 (PTB1) in neuronal cell lines altered APP’s exon 7 and 8 
splicing, and PTB1 itself was regulated by miR-124. Furthermore, ectopic expres-
sion of this abundant neuronal-specific miRNA in cultured neurons reversed the 
above effects on APP splicing, and miR-124 was found to be downregulated in AD 
brains [52–55].
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18.4.2  miRNA Regulation of BACE1

The activity of BACE1 is a key factor in AD, since the cleavage of APP by BACE1 
is the first and rate-limiting step in the formation of Aβ. Indeed, increased levels of 
BACE1 expression and enzymatic activity were found in sporadic AD brains [56]. 
The best-studied miRNAs in the context of BACE1 belong to the miR-29 family, 
and several studies have linked this family to regulation of BACE1 activity both 
in vitro and in vivo. Members of the miR-29 family, which are processed from dif-
ferent precursors, include three main mature miRNAs, known as hsa-miR-29a, hsa- 
miR- 29b, and hsa-miR-29c. miR-29c was shown to regulate the expression of 
BACE1 directly by targeting its 3′-UTR both in human and mouse cell lines. In 
addition, this miRNA is downregulated in AD brains, and its upregulation in the 
hippocampus of SAMP8 mice, a naturally occurring mouse line that displays accel-
erated aging, improved spatial memory [57–59]. The other two members of the 
miR-29 family, miR-29a and miR-29b, were significantly decreased in AD brains, 
in a manner specific to AD dementia. Their decrease associates with abnormally 
high BACE1 protein, and loss of the suppressing activity of the miR-29a/b-1 cluster 
in human cell cultures led to an increase in Aβ production [60]. Other miRNAs that 
are deregulated in AD brains and can directly target BACE1 in vitro include miR- 
339- 5p, miR-195 [61], and miR-107 [62].

Other miRNAs that were found to be involved in Aβ regulation are miR-9 that 
was shown to attenuate Aβ-induced synaptic toxicity by targeting CAMKK2 (cal-
cium-/calmodulin-dependent protein kinase kinase 2) in human cells [63]. 
Interestingly, miR-9 has also been implicated in regulation of insulin signaling 
[64], potentially providing a link to the increased risk of AD patients for diabetes 
[65]. Finally, miR-144/miR-451 was found to regulate α-secretase ADAM10 (a 
disintegrin and metalloprotease 10), a protein that protects the brain from Aβ pro-
duction [66].

18.5  miRNA Regulation of Tau

Tau is a microtubule-associated protein normally located in neuronal axons, where 
it stabilizes microtubule structures and facilitates axonal transport. In AD, tau is 
abnormally translocated to the somato-dendritic compartment and further under-
goes hyper-phosphorylation and misfolding resulting in the generation of intracel-
lular aggregates (neurofibrillary tangles) that are toxic to neurons [67]. Tau 
pathology can potentially be caused by disruption in any of the processes regulating 
its metabolism, including expression, localization, transcriptional and posttransla-
tional modifications, and clearance. In particular, tau hyper-phosphorylation may 
result from upregulation or aberrant expression of tau kinases, downregulation of 
phosphatases, mutations, covalent modifications of tau, and others [68, 69]. The 
following two sections describe the involvement of miRNAs in the regulation of tau 
metabolism under pathological conditions.
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18.5.1  miRNA Regulation of Tau mRNA Expression 
and Metabolism

Several studies have shown direct regulation of tau expression by miRNAs. One of 
these is miR-34a, which was found to regulate tau expression through specifically 
targeting the longer variant of tau alternative polyadenylation (APA). Both human 
and rodent tau 3′-UTR contain two polyadenylation signals in tandem and can 
undergo APA to produce transcripts of approximately 2 or 6 kb [70]. Dickson et al. 
found that the expression of the two human tau 3′-UTR isoforms is differentially 
regulated, affecting both protein and mRNA levels. In the same study, they showed 
that miR-34a has a binding site in the long tau 3′-UTR isoform and demonstrated 
that miR-34a can inhibit the expression of endogenous tau [71].

The miR-132/miR-212 cluster has also been linked to regulation of tau expres-
sion. Smith et al. showed that miR-132/miR-212 deficiency in mice leads to 
increased tau expression, phosphorylation, and aggregation. They demonstrated 
that deletion of miR-132/miR-212 induced tau aggregation in mice expressing 
endogenous or human mutant tau, an effect associated with autophagy dysfunction. 
And conversely, treatment of AD mice with miR-132 mimics restored in part mem-
ory function and tau [72]. At the same time, deletion of this miRNA in another study 
impaired learning and memory [73]. These results are of particular interest as miR- 
132 levels were shown to be decreased in the brains of advanced stage patients in 
more than one study [28, 74].

More recently, Santa-Maria et al. used experimental evidence from Drosophila, 
postmortem human samples, and mammalian cells to show that the highly con-
served miR-219 directly regulates tau and that this is an ancient mechanism. They 
demonstrated that reduction of miR-219 in a Drosophila model, which produces 
human tau in vivo, exacerbated tau toxicity, while overexpression of the miRNA 
partially abrogated toxic effects. They further found that miR-219 is downregulated 
in brain tissue taken at autopsy from patients with AD and from those with severe 
primary age-related tauopathy. Finally, they showed in mammalian cellular models 
that miR-219 binds directly to the 3′-UTR of the tau mRNA and represses tau syn-
thesis at the posttranscriptional level [75]. Another mechanism impacting the levels 
of tau mRNA involves disruption of the degradation process. Carrettiero et al. 
showed that miR-128a modulates the expression of BAG2, a co-chaperone poten-
tially involved in tau degradation and aggregation in cultured COS-7 cells and in 
primary neurons [76]. Thus, both the birth and destruction of tau appear to be caus-
ally involved in AD progression.

18.5.1.1  miRNA-Mediated Mis-splicing of Tau Is causally Linked 
to Dementia and Neurodegeneration

The tau primary transcript contains 16 exons, of which exons 2, 3, and 10 are alter-
natively spliced and are adult brain specific [77]. Exclusion of exon 10 (E10) results 
in a protein with three microtubule-binding repeats (3R tau), whereas E10 inclusion 
produces a protein with an additional microtubule-binding domain (4R tau). In the 
normal human adult brain, the 3R and 4R tau isoforms are expressed in a one-to-one 
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ratio [78–80]. Clinical and biochemical evidence suggests that deviation from the 
4R:3R ratio due to altered tau exon 10 splicing is causally linked to neurodegenera-
tion and dementia. For example, mutations in or surrounding tau E10 were identi-
fied in patients suffering from rare forms of familial frontotemporal dementia and 
parkinsonism. Additional changes in tau isoforms have also been observed in other 
tauopathies, including PSP and Pick’s disease or myotonic dystrophy [69, 80–82].

Interestingly, Dicer deficiency in the adult brain is associated with changes in tau 
splicing, and Smith et al. [52] showed that Dicer mutant mice display changes in tau 
E10 splicing. In the same study, a number of brain miRNAs were identified, includ-
ing miR-124, miR-9, miR-132, and miR-137, which regulate 4R:3R tau ratios in 
neuronal cells by targeting particular regulatory or splicing factors. Specifically, 
they demonstrated that miR-132 directly targets the neuronal splicing factor polypy-
rimidine tract-binding protein 2 (PTBP2). This result is of particular interest, since 
these authors also found that PTBP2 protein levels were increased in patients with 
PSP, a major 4R–tau tauopathy [52].

18.5.2  Tau Phosphorylation

While the absolute levels of tau protein are important, aberrant posttranslational 
processes play a major role in tau-mediated pathology. In this regard, hyper- 
phosphorylated microtubule-associated tau proteins are the main components of 
NFTs in AD, and molecular analysis has revealed that abnormal phosphorylation 
might be one of the important events in the process leading to their aggregation [77]. 
Tau phosphorylation is regulated by a balanced interplay of kinases and phospha-
tases, and recent studies have found several miRNAs that regulate these processes.

In 2010, Hebert et al. showed that hyper-phosphorylation of endogenous tau at 
pathological sites coincided with an increase in the protein and phosphorylation 
of mitogen-activated protein kinase 3 (MAPK3/ERK1). Furthermore, they showed 
in mouse neuronal cells that ERK1 is regulated by several miR-15 family mem-
bers, including miR-15a, and that miR-15a is decreased in AD brains [83]. 
GSK-3b, another direct tau kinase, has a critical role in Aβ production and NFT 
formation, and it was shown to be regulated by miR-26a in smooth muscle [84, 
85]. This miRNA, together with its family member miR-26b, was shown to down-
regulate brain-derived neurotrophic factor (BDNF) expression, a neurotrophin 
that plays an essential role in neuronal development and plasticity [86]. Recently, 
Absalon et al. found that miR-26b is significantly elevated in the temporal gyrus 
of human postmortem brains, starting from early stages of AD neuropathology 
(Braak III). They also showed that ectopic overexpression of this miRNA in rat 
primary postmitotic neurons led to DNA replication and aberrant cell cycle entry 
and, in parallel, increased tau phosphorylation, which culminated in the apoptotic 
cell death of neurons [87]. In a different study, miR-26a was also found to have 
altered expression in AD [88].

Another miRNA that was found to increase tau phosphorylation is miR-922. 
Zhao et al. [89] showed in human cell lines that miR-922 increases tau 
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phosphorylation by downregulating UCHL1, a member of deubiquitinating enzymes 
(DUBs) that is decreased in the brains of AD patients, and its levels were found to 
be inversely proportional to tangle numbers [90]. Correspondingly, miR-138, that 
was found to be increased in AD models including N2a/APP and HEK293/tau cell 
lines, was shown to promote tau phosphorylation by targeting the RARA/GSK-3β 
pathway in HEK293/tau cells [91]. Additional works found other miRNAs that 
effect tau phosphorylation, including miR-126b [87] and miR-125b [79]. Thus, tau 
regulation by miRNAs emerges as a complex and context-dependent process.

18.6  miRNA Regulation of Lipid Metabolism

A clear link between lipid metabolism and AD was established in 1993 when the ɛ4 
allele of the apolipoprotein E (APOE) gene was identified as a risk factor for AD, 
and it remains to this day the strongest known genetic risk factor for AD [92]. Over 
the course of the following two decades, altered metabolism of various lipids has 
been linked to AD in a large number of studies [93–95]. Cholesterol metabolism in 
particular was identified as a key player, and dysregulation of genes involved in 
cholesterol biosynthesis and cholesterol efflux has been associated with developing 
AD [96]. Studies of miRNA regulation of lipid homeostasis in AD begin to emerge, 
with most current studies investigating miRNA regulation of cholesterol 
metabolism.

Several studies have linked miR-33 to AD through its regulation of lipid metabo-
lism, mostly via inhibition of the ATP-binding cassette transporter A1 (ABCA1). 
ABCA1 is a membrane-bound protein that mediates the efflux cholesterol and phos-
pholipids onto lipid-poor apolipoproteins during HDL biogenesis, and it was shown 
to be relevant to AD by decreasing the levels of Aβ [97–99]. Specifically, miR-33 
was shown to directly regulate ABCA1 in vitro, both in human neuronal cell lines 
and in mouse neurons and primary astrocytes [100–103]. This regulation has func-
tional implications relevant to AD, and Kim et al. have recently shown that down-
regulation of ABCA1 by miR-33 affected Aβ levels. In in vitro conditions, they 
showed that overexpression of miR-33 impaired cellular cholesterol efflux and dra-
matically increased extracellular Aβ levels by promoting Aβ secretion and impair-
ing Aβ clearance. In vivo, they found that the cortex of miR-33−/− mice shows 
increased ABCA1 levels and ApoE-mediated lipid production, accompanied by 
decreased endogenous Aβ levels. Furthermore, they showed that chronic treatment 
with a miR-33 antagonist caused a significant decrease in Aβ levels in the cortex of 
APP/PS1 mice [101]. A very recent review by Jaouen and Gascon summarizes the 
involvement of miR-33 in brain lipid metabolism and the implication for AD [104]. 
It should be mentioned, however, that this miRNA has not been observed to be 
deregulated in brains of AD patients in any study to date.

Another miRNA that regulates ABCA1 is miR-106b, overexpression of which in 
cultured mouse neuronal cells caused a significant increase in secreted Aβ. This 
increase was caused by both increased Aβ production and prevention of Aβ 
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clearance that were both mediated by ABCA1. This finding was supported by over-
expressing an ABCA1 construct that lacked the 3′-UTR sequence in the same miR-
106b-5p overexpressing cells, which resulted in rescue of the impaired Aβ 
production and clearance processes [105]. ABCA1 and cholesterol metabolism 
have also been shown to be regulated by miR-758, and the Fernández-Hernando 
group suggested that this miRNA could have important implications for the regula-
tion of AD development [96, 106]. A number of additional miRNAs have also been 
linked to impaired lipid metabolism in AD. Among these are miR-137, miR-181c, 
miR-9, and miR29a/b that were shown to target serine palmitoyltransferase (SPT), 
a regulator of ceramide levels that is upregulated in AD brains and directly mediates 
amyloid β (Aβ) levels [107, 108]. Another relevant miRNA is miR-188-3p that was 
implicated in 2-arachidonoylglycerol (2-AG)-mediated regulation of BACE1, 
affecting synaptic and cognitive functions in an AD mouse model [109]. Other miR-
NAs that are involved in cholesterol metabolism and neurodegeneration are covered 
by Goedeke and Fernández-Hernando [96].

18.7  miRNA Regulation of Neuroinflammation

AD pathology is intricately connected to immunological mechanisms in the brain. 
Binding of misfolded and aggregated proteins to receptors on glia initiates an innate 
immune response that contributes to disease progression. Furthermore, genes which 
regulate glial clearance of misfolded proteins and inflammatory reactions have been 
associated with increased risk for AD [110]. The transcription of several miRNAs 
known to be involved in neuroinflammation is regulated by NF-кB, an immune and 
stress-induced transcription factor. Under normal conditions, inflammation- 
inducing NF-кB activity is blocked by acetylcholine [111]. However, acetylcholine 
production is severely impaired in AD [112]. Consequently, one of the NF-кB- 
controlled miRNAs, miR-34a, was shown by Zaho et al. to be upregulated in the 
hippocampal CA1 region of AD patients. In their study, they used murine microglia 
to show that miR-34a regulates the microglial receptor TREM2 (triggering receptor 
expressed on myeloid cells-2), a critical component of Aβ42 peptide clearance that 
was shown to be downregulated in the CA1 of AD patients [113–115]. This link is 
lent strong support by the finding that rare heterozygous variants of TREM2 are 
associated with a significant increase in the risk of AD [116].

Another NF-кB-dependent miRNA, miR-146a, targets key members of the 
innate immune system with known relevance to AD. These include the sialic acid 
containing glycoprotein immune repressor complement factor H (CFH), the 
membrane- spanning beta-amyloid precursor protein (βAPP)-associated TSPAN12, 
and the inflammation mediator interleukin receptor-associated kinase IRAK-1 
[117]. miR- 155, which is also a known target of transcriptional regulation by 
NF-кB, was shown by Guedes et al. to be upregulated in the brain of 12-month-old 
3 × Tg-AD animals. Surprisingly, this upregulation was not dependent on NF-кB, 
but rather on the transcription factor c-Jun, and it occurred before the appearance of 
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extracellular Aβ aggregates and was accompanied by hyper-activation of microglia 
and astrocytes [118]. Interestingly, another study also identified miR-155 as an 
immune-related miRNA relevant to AD, this time through regulation of T lympho-
cyte function [119].

Yet another miRNA family involved in neuroinflammatory responses and show-
ing relevance to AD is the miR-181 family [120]. Rodriguez-Ortiz et al. showed that 
12-month-old 3 × Tg-AD mice with plaques and tangles presented a significant 
upregulation of miR-181a in the hippocampus compared to age-matched wild-type 
mice. They further showed that overexpression of this miRNA in SH-SY5Y cells 
significantly decreased its validated target SIRT1 and its predicted target c-Fos, 
hinting at its potential mechanism of action [121, 122]. Interestingly, the other miR-
NAs in miR-181 family were shown to be related to stress response. Remarkably, 
miR-181d is one of the most stress-responsive miRNAs identified in the thymus 
[123], together indicating a link between stress responses and neuroinflammation in 
the AD brain.

18.8  Global Assays

The study of miRNAs in AD is still in the discovery phase, and a growing number 
of groups are attempting to harness the power of unbiased high-throughput assays 
to uncover novel miRNAs implicated in the disease. The majority of these studies 
used qPCR or microarrays, and only with the recent progress in sequencing tech-
nologies have RNA-sequencing studies begun to appear. This is of great impor-
tance, as RNA-seq offers clear advantages over other methods, including the 
detection of absolute values rather than fold changes, high accuracy, and the ability 
to detect novel miRNA and miRNA editing.

Muller et al. [124] and Cogswell et al. [88] both used qPCR on human brain 
samples to assess global changes in miRNA expression. While studies using qPCR 
are considered to be relatively reliable and specific, they are prone to significant 
bias, as only a limited number of known miRNAs can be tested [125]. Before the 
advent of high-throughput RNA sequencing, microarrays allowed researchers to 
overcome the size limitation of qPCR [126, 127]. Two recent studies of relatively 
large cohorts (n = 42 and n = 32) used microarrays accompanied by qPCR valida-
tions [128, 129] to assess miRNA expression in postmortem brains. It is important 
to note that microarrays suffer from several drawbacks: They have lower specificity 
than qPCR or RNA sequencing, are difficult to use for absolute quantification, 
ignore ncRNA contributions, and cannot typically identify novel miRNAs [125].

The most comprehensive discovery study performed so far is from 2013, by Lau 
et al. In this project, an international collaboration between several groups allowed 
for an elaborate joint study combining three different methods. They interrogated 
data from three different brain areas: hippocampus (41 AD, 23 control), prefrontal 
cortex (n = 49 in different Braak stages, 7 control), and temporal gyrus (8 AD, 8 
control), taken from three large cohorts. The nCounter method [130], which resem-
bles microarray analysis, was performed on most of the samples and RNA 
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sequencing on 12 prefrontal cortex samples, and qPCR was used for validation. 
These methods produced lists of differentially expressed miRNAs for each tissue. 
Remarkably, they found deregulation of miR-132-3p in all the three brain regions 
that were tested using all technologies. In contrast, the rest of the differentially 
expressed miRNAs were only identified in one or more tissue sets [28].

Several novel and interesting directions have also been attempted in the field of 
global miRNA assays. Roy et al. searched for miRNAs that might have significant 
involvement in AD through the identification of differential methylation patterns 
between AD and control brains [7]. Another evolving field is the analysis of altered 
miRNA editing based on high-throughput sequencing, and a number of groups have 
observed indications for this phenomenon in AD [8, 9].

18.9  Long Noncoding RNA (lncRNA) in AD

Recent genomic studies have revealed tens of thousands of lncRNAs in mammalian 
genomes [131]. lncRNA genes give rise to long (>200 nt) and often multi-exonic 
transcripts that are supposedly not translated to protein, as assessed by means of in 
silico prediction algorithms. Akin to mRNAs, lncRNAs are transcribed as precursor 
transcripts and are subject to splicing and maturation in the nucleus, as well as to 
cytoplasmic export, editing, transport, and decay. In comparison with their protein- 
coding counterparts, lncRNA genes are poorly conserved [132] and are more 
numerous in biologically complex species [133]. lncRNAs are particularly difficult 
to classify and categorize [134]. One relatively well-accepted categorization is the 
broad division into two classes: natural antisense (AS) RNAs which are transcribed 
from the opposite DNA strand of other RNA transcripts and long intergenic RNAs 
(lincRNAs) which are transcribed from intergenic regions [135]. Through their 
impact on gene expression patterns, lncRNAs are emerging as key regulators of cel-
lular processes (e.g., proliferation, apoptosis, stress response, differentiation, senes-
cence) as well as physiologic and pathologic processes (such as immune adaptation, 
cancer, neurodegeneration, cardiovascular disease, and aging) [31, 136–138]. In 
both the nucleus and the cytoplasm, lncRNAs are believed to control gene expres-
sion by interacting with chromatin regulators, transcriptional activators and repres-
sors, chromosomal DNA, miRNAs, RBPs, and mRNAs [139]. However, the full 
spectrum of functions for the vast class of lncRNAs is poorly understood.

The roles of lncRNAs in AD have only recently begun to be explored, and very 
few examples existed prior to the recent advance in RNA sequencing. Interestingly, 
most of these examples are of AS lncRNAs. Thus, one lncRNA with a relatively 
well-defined involvement in AD is the conserved antisense lncRNA BACE1-AS 
which is transcribed from the complementary strand of beta-secretase-1 [140]. 
Expression of BACE1-AS drives feed-forward regulation of beta-secretase and is 
directly implicated in the increased abundance of Aβ 1–42 in AD. Several other 
antisense lncRNAs with a potential involvement in amyloid pathology have been 
described, including NAT-Rad18 which was found to be upregulated in rat neurons 
in response to Aβ peptide [141] and 51A, which overlaps with SORL1 [142] and 
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was shown to affect Aβ formation and to be upregulated in AD. Finally, 17A is an 
antisense lncRNA complementary to an intronic region of the GABA receptor gene, 
and its expression leads to the production of alternative splicing transcripts of this 
receptor [143]. 17A is also upregulated in AD, and its expression in neuroblastoma 
cells led to increased Aβ secretion. In contrast to the AS lncRNAs, lincRNAs are 
apparently more common in the genome, but far less understood. One example of a 
lincRNA potentially involved in AD is the primate-specific BC200 RNA (BCYRN1), 
which was found to be expressed in dendritic domains of neurons and is downregu-
lated during aging [144].

More recently, two groups have aimed to systematically assess lncRNAs 
involved in AD. Zhou et al. used a novel algorithm to reanalyze microarray data 
from postmortem brains and found ~100 lncRNAs with greater than twofold 
change in AD [145]. Interestingly, most of their identified lncRNAs were inter-
genic and brain specific. Furthermore, the altered expression signatures of lncRNAs 
predicted AD with equal accuracy as altered protein-coding genes, but the number 
of lncRNAs required for optimal prediction was less than that of protein-coding 
genes, suggesting a potential use as a biomarker. Magistri et al. used RNA sequenc-
ing to identify novel lncRNAs in AD [135] and also observed significant altera-
tions in the lncRNA expression profile in AD brains. This study similarly found the 
majority of the altered lncRNAs to be intergenic. They further focused on two AS 
and two intergenic novel lncRNAs that were upregulated in AD and found that all 
four localized to chromatin, suggesting regulatory roles. Interestingly, three of 
these lncRNAs were neuronal activity dependent, and the fourth was upregulated 
in response to Aβ. These studies suggest that we have only begun to scratch the 
surface of the involvement of lncRNA in AD, and future follow-up studies will 
expand this exciting arena.

18.10  Other ncRNAs

Relative to miRNA and lncRNA, even less is known regarding the roles of other 
classes of ncRNA in AD. circRNA is a novel and intriguing form of RNA (reviewed 
in [147]). circRNAs are particularly abundant in mammalian brains [147], and their 
expression in tissues such as skeletal muscle was found to be age dependent [148]. 
Thus, through their predicted interaction with miRNA, circRNAs are very likely to 
play a role in neurodegenerative disease and particularly in AD. Pioneering work in 
this field by Lukiw and colleagues [149] found that the circRNA CIRS-7, a well- 
known sponge for miR-7 [150], is dramatically reduced in brains with AD. This 
could potentially lead to a significant increase in the activity of miR-7 and down-
regulation of its targets, including such relevant genes as alpha-synuclein, mTOR, 
and the IGF receptor.

Another mysterious and underexplored class of ncRNA is Y RNA, a family of 
highly expressed 100 nt long structured noncoding RNAs usually found in complex 
with the protein RO60 [151]. Four canonical Y RNAs, Y1/3/4/5, have been charac-
terized in humans, but numerous slightly divergent copies of these Y RNAs, 
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especially Y1 and Y3, are distributed throughout the human genome [152]. In a 
fascinating recent work, Scheckel et al. [153] describe a massive shift in the RNA-
binding features of ELAV-like proteins, especially with regard to their preference 
from mRNA to Y RNA in brains of AD patients, even though Y RNA levels 
remained largely unchanged. ELAVL proteins have been shown to regulate several 
aspects of RNA metabolism, and they have been implicated in the control over the 
stabilization and/or translation of specific mRNAs, as well as in the regulation of 
splicing and polyadenylation of select transcripts. Thus, Y RNA appears to play an 
important pathological role in the altered mRNA landscape of AD.

An interesting and unique case of ncRNA involvement in AD is the small NRSE 
dsRNA which is a ~20 bp double-stranded RNA corresponding to the NRSE/RE1 
sequence. This motif is usually localized within promoter regions of neuron- specific 
genes and is recognized by the repressor element 1-silencing transcription factor 
(REST) protein to restrict neuron-specific gene expression. NRSE dsRNA was 
shown to interact with and convert the REST complex from repressor to activator 
[154]. This is of particular interest in light of the recent description of the crucial 
role played by REST in protecting neurons from oxidative stress and amyloid 
β-protein toxicity, a function that is lost in the brains of AD patients [155]. Finally, 
there is increasing evidence for the involvement of the U1 snRNP splicing factor in 
AD. Aberrant complex formation of U1 snRNP with the DNA-binding protein 
HMGA1a leads to altered exon skipping in AD [156]. Furthermore, U1 snRNP was 
found to be highly enriched in neurofibrillary tangles in both sporadic [157] and 
early-onset [158] AD. The neurodegeneration characteristic impairments in RNA 
metabolism are hence intimately related with ncRNA alterations.

18.11  Using MicroRNA to Treat AD

At present, Alzheimer’s remains an incurable disease. In fact, no new drugs have 
been approved for treatment of AD since 2003, and the treatment currently available 
is essentially palliative with only modest and short-term effects [159]. A broad 
range of agents targeting different aspects of the disease are currently under devel-
opment and clinical testing, but so far, no drug has proven to be both safe and effec-
tive. To a large extent, this therapeutic deficit stems from our ongoing difficulty in 
understanding the pathogenesis of the disease. Despite continuing debate about the 
Aβ hypothesis, imbalance between production and clearance of Aβ42 and related 
Aβ peptides remains one of the more compelling explanations for disease progres-
sion [160], and many of the developing clinical approaches target the accumulation 
of extracellular Aβ. The potential efficacy of such an approach has just recently 
been demonstrated in a study where immunotherapy against Aβ was safe, and pre-
liminary results indicate simultaneous slowing down of cognitive decline together 
with Aβ clearance [161]. In addition to enhancing its clearance, another potential 
method of reducing Aβ levels is slowing its accumulation by targeting the amyloid 
protein processing enzymes γ-secretase and β-secretase (BACE1). Reducing the 
activity of these enzymes should dramatically impact the buildup of extracellular 
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Aβ, and a number of clinical trials with small molecule inhibitors of these proteins 
are ongoing, although some of these were discontinued due to worrying side effects. 
Instead of targeting their activity, it is also possible to reduce the actual amount of 
the enzymes themselves, and in this regard, several miRNAs have been shown to 
regulate BACE1, suggesting a potential for therapeutic intervention [162].

MicroRNAs present an exciting novel avenue for therapeutic applications in 
general, and as of 2016, the annual number of US and European published patent 
applications and issued patents related to miRNAs is close to 500 [163]. The aber-
rant expression of miRNAs in many human diseases and their involvement in key 
biological pathways has made them attractive drug targets, and miRNA therapeu-
tics are being devised for various diseases which either downregulate or upregulate 
the expression or function of miRNAs. One major advantage of miRNA as a thera-
peutic agent is that these target not only one but multiple genes, allowing potential 
effects on whole disease networks and pathways. This could be of great signifi-
cance for a complex and multifactorial disease like AD. Proof of concept for this 
notion was recently shown for miR-16, which regulated levels of APP, BACE1, 
and tau in culture and also when administered to mice [164]. In the long run, this 
could provide the rationale for the use of a small number of miRNA mimics or 
miRNA blockers to achieve an orchestrated and broad therapeutic effect. It is 
important to note, however, that this same feature also entails considerable risk of 
off-target effects. Thus, the study of miRNA therapy in AD and in general is still 
in early stages. The complex nature of miRNA target recognition means that a 
much deeper knowledge of miRNA targets is necessary before these can effec-
tively be considered for therapy. Another major hurdle for successful miRNA-
based therapy is drug delivery to the brain, which remains a mostly unsolved issue 
(for a recent review, see [166]).

18.12  MicroRNAs as Biomarkers for AD

AD is notoriously difficult to diagnose early, and timely detection of the disease 
could potentially offer the opportunities of early intervention, implementation of 
coordinated care plans, better management of symptoms, patient safety, cost sav-
ings, and postponement of institutionalization [166]. The search for reliable and 
effective biomarkers for early stages of AD is ongoing, and microRNAs have been 
suggested as good candidates due to their presence in biofluids and their high stabil-
ity under storage and handling conditions [167]. Over the past several years, a large 
number of groups have tried to identify circulating miRNAs in serum, plasma, and 
CSF as biomarkers for AD. Many of these studies have been reviewed previously 
[168, 169], and here we focus on studies from 2014 and on. Most of these were 
performed on dozens of subjects and produced a list of miRNAs that are differen-
tially expressed between AD and control groups. The most prevalent profiling 
method in these studies was qPCR, but the use of RNA-seq is on the rise.

The recent studies analyzing blood samples are summarized in Table 18.1, and 
those analyzing CSF in Table 18.2. Unfortunately, the consistency between the 
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studies is very small, and most miRNAs were not identified by more than one group. 
One of the few miRNAs identified in more than one study is miR-181c, which was 
downregulated in the serum and CSF of AD patients [88, 170], and interestingly, a 
parallel downregulation has also been shown in AD brains in the context of lipid 
metabolism, as discussed above [108]. Another notable miRNA is miR-146a which 
is upregulated in AD brains and is involved in the innate immune response and was 
found to be upregulated in the CSF of AD patients [117, 171, 172].

18.13  lncRNA Therapeutics and Future Perspectives

Relative to miRNA, the study of lncRNA as therapeutic targets is at an even earlier 
stage. However, these transcripts could be exciting targets since they promise very 
high specificity at two important levels. First, expression of lncRNAs appears to be 
highly cell and tissue specific [151], which could provide a unique opportunity for 
specific regulation by lncRNA-targeting therapeutics. Second, lncRNA function is 
highly sequence specific, and this can be advantageous in the design of specific 
therapies. Many lncRNAs function through epigenetic regulation of chromatin in 
cis, and targeting these lncRNAs can reverse or activate epigenetic modifications in 
a very specific manner. The potential for this type of gene-specific epigenetic tog-
gling was demonstrated exquisitely in a recent study on Angelman syndrome. This 
devastating neurodevelopmental disorder is caused by maternal deficiency of the 
imprinted gene UBE3A [134, 154] and could potentially be rescued by activating 
the paternal allele. This allele is constitutively silenced by the lncRNA UBE3A- 
ATS [155], and in their work, Meng et al. show that targeting the lncRNA with DNA 
antisense oligonucleotides in mice led to degradation of UBE3A-ATS, partial resto-
ration of UBE3A protein, and amelioration of some cognitive deficits [173]. Another 
recent example is the targeting of the brain-derived neurotrophic factor antisense 
(BDNF-AS) transcript which efficiently inhibited BDNF-AS function and thus 

Table 18.2 Biomarker studies in CSF

Study Cohort Technology Main results

Liu et al. 
[180]

5 AD, 5 
control

qPCR Down: miR-135a, miR-200b

Sørensen and 
Nygaard [177]

10 AD, 10 
control

qPCR Down: miR-29c-3p

Up: let-7i-5p, miR-15a-5p

Denk et al. 
[171]

22 AD, 28 
control

Open array Up: 74 miRNAs

Down: 74 miRNAs

Discrimination analysis using a combination of 
miR-100, miR-103, and miR-375 was able to 
detect AD in CSF with 96.4 and 95.5% 
accuracy, respectively

Muller et al. 
[181]

18 AD, 20 
control

qPCR Up: miR-29a

No change: miR-27a, miR-29b, miR-125b
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increased transcription of the sense BDNF mRNA both in vitro and in vivo [174]. 
As described above, the field of lncRNA function in AD is at a very nascent stage. 
Still, therapies targeting the BACE1-AS transcript and leading to reduced abun-
dance of Aβ 1–42 can already be envisioned [175], and other interesting opportuni-
ties are sure to arise as our knowledge of the roles of lncRNA in AD increases.
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