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Abstract: Tauopathies are neurodegenerative disorders which include Alzheimer’s disease, Pick’s
disease, corticobasal degeneration, and progressive supranuclear palsy among others. Pathologically,
they are characterized by the accumulation of highly phosphorylated and aggregated tau protein
in different brain regions. Currently, the mechanisms responsible for their pathogenesis are not
known, and for this reason, there is no cure. MicroRNAs (miRNAs) are abundantly present in the
central nervous system where they act as master regulators of pathways considered important for
tau post-translational modifications, metabolism, and clearance. Although in recent years, several
miRNAs have been reported to be altered in tauopathy, we still do not know whether these changes
contribute to the onset and progression of the disorder, or are secondary events following the
development of tau neuropathology. Additionally, since miRNAs are relatively stable in biological
fluids and their measurement is easy and non-invasive, these small molecules hold the potential to
function as biomarkers for tauopathy. Herein, we showcase recent findings on the biological link
between miRNAs and the pathogenesis of tauopathy, and present emerging evidence supporting
their role as biomarkers and targets for novel therapies against them.

Keywords: microRNA; Alzheimer’s disease; progressive supranuclear palsy; corticobasal
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1. Tauopathies

Tauopathies are heterogeneous neurodegenerative disorders whose main pathologic feature
is characterized by the accumulation of phosphorylated and misfolded tau protein in the brain
parenchyma [1]. Clinically, they manifest with progressive memory and learning deficits and in some
cases also motor function impairments. In general, these symptoms manifest when the subject is
about 55–60 years old, and deteriorate within an average of 10 years from the onset [2]. The most
common forms of tauopathy are: Alzheimer’s disease (AD), Down syndrome, progressive supranuclear
palsy (PSP), corticobasal degeneration (CBD), Pick’s disease, and frontotemporal dementias with
Parkinsonism linked to chromosome 17 (FTDP-17). They are mainly sporadic diseases and while age
represents the strongest risk factor, other risk factors are considered: gender, traumatic brain injury,
cardiovascular diseases, and hypertension [3–5]. Currently, the etiology of these disorders as well
as the molecular events responsible for tau hype-phosphorylation, tau aggregation, and ultimately
neurodegeneration are still unknown, and for this reason, there are no effective therapies against
them. A timely and accurate diagnosis for these conditions is generally difficult because of the
overlapping clinical phenotypic manifestations among them particularly at the early stages, and the
unavailability of biomarkers with good specificity and sensitivity. Besides family history and cognitive
evaluation, neuroimaging techniques such as positron emission tomography (PET) and magnetic
resonance imaging (MRI) looking at tau deposition and distribution today represent the best available
tools to make a diagnosis of and to discriminate among tauopathies.
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Based on the pathology, in general, these diseases are classified in two groups: primary (PSP,
Pick disease and CBD, FTDP-17), when tau is the main lesion, or secondary (AD, Down syndrome),
when tau is associated with other pathologies (i.e., Aβ) (Table 1). In recent years, several studies have
shown that, in Parkinson’s disease (PD), besides the classical α-synuclein pathology, there is also clear
tau pathology accumulation [6,7]. In this sense, although not a classical tauopathy, PD could be also
classified as a secondary one. Additionally, these diseases can be sub-divided taking into consideration
the ratio of the different tau repeats (R), 3R/4R. In fact, alternative splicing of exon 10 of the tau gene
results in three or four repeat domains (3R and 4R, respectively) [8]. For instance, AD and Down
syndrome are considered mixed 3R and 4R tauopathies. A prevalence of the 3R isoform of tau is
typical of Pick’s disease, whereas 4R repeats are common in CBD and PSP (Table 1). Another aspect of
tau pathology that shows some disease specificity is the structure and localization within the cellular
compartments. Thus, paired helical filaments and straight filaments are typically found in AD and
they are present inside neurons as neurofibrillary tangles [9] (Table 1). On the other hand, abundant
rounded cytoplasmic neuronal inclusions, composed of tau straight filaments, called Pick’s bodies,
and globular oligodendroglial inclusions are found in Pick’s disease. Finally, tau can also accumulate
in neurons and glia cells, as tufted astrocytes and astrocytic plaque, in both PSP and CBD (Table 1) [10].

Table 1. Major primary and secondary tauopathies.

Primary Tauopathies

Tau Isoform Neurons Astrocytes
Progressive supranuclear palsy 3R NFTs Tufted astrocytes
Pick’s disease 4R Pick’s bodies Tufted astrocytes
Corticobasal degeneration 4R NFTs,

neurophil
threads

Astrocytic plaques

Frontotemporal dementia with parkinsonism linked
to chromosome 17

3R, 4R,
3R+4R

NFTs Yes

Argyrophilic grain disease 4R Argyrophilic
grains

No

Globular glial tauopathy 4R NFTs,
neurophil
threads

Globular inclusions

Secondary Tauopathies

Alzheimer’s disease 3R, 4R NFTs,
tau oligomers

No

Down syndrome 3R, 4R NFTs No

3R; 3repeats; 4R: 4 repeats; NFTs: neurofibrillary tangles.

Based on post-mortem assessment of tau neuropathology, these disorders also have a specific
pattern of tau spreading. In PSP tau pathology is prominent in the brainstem, sub-thalamic nucleus
and dentate nucleus of cerebellum. In CBD, tau inclusions are observed through the basal ganglia
and brainstem regions, while in Pick’s disease through the limbic system and neocortical areas [11].
On the other hand, in AD the neuroanatomical pattern of tau spreading is well characterized across
the six Braak stages. In stage I, lesions develop in the trans-entorhinal region to extend only during
stage II into the entorhinal cortex and hippocampal structures. During stages III–IV tau pathology is
more severe reaching the adjoining temporal neocortex of the occipito-temporal and lingual gyri in the
limbic allocortex and adjoining neocortex. Finally, in stages V–VI, tau lesions appear also in secondary
and primary neocortical areas, in the occipital lobe, and extend into the striate area [12].

Although tauopathies are mainly sporadic diseases, more than 40 mutations of the tau gene have
been identified, including missense, intronic, silent mutations and single-codon deletions [13]. Some
of them influence tau alternative splicing of exon 10, and thus the abundance of different repeats
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and consequently their ratio (Table 1), while others impair protein–protein interaction, tau binding to
microtubules, and can promote the formation of filaments [13].

2. miRNAs Biogenesis and Functions

MicroRNAs (miRNAs) are endogenous RNA molecules of 21–23 nucleotides that regulate gene
expression at the post-translation level [14]. They belong to a relatively new class of RNAs which
also includes: small-interfering RNAs, piwi-associated small RNAs, long-non-coding RNAs and
circular RNAs. They are not translated into proteins and for this reason they are also referred
to as non-coding RNAs. MiRNAs are transcribed by RNA polymerase II as single strand RNA
primary transcripts (pri-miRNAs). The pri-miRNAs are further processed by the Drosha (RNase
III enzyme)/DiGeorge Syndrome Critical Region 8 (DGCR8) complex in the nucleus leading to the
generation of a hairpin-shaped precursor miRNA called pre-miRNA. Pre-miRNAs are then actively
exported to the cytoplasm, where Dicer, another RNase III in association with the RNA binding protein
TRBP generates the double-stranded 22nt long mature form of miRNAs [14–16]. At this point, one
strand of the miRNA will be recognized by the RNA-silencing complex (RISC) and will guide RISC
to the 3′UTR of target mRNAs leading to their translational repression or mRNA degradation. As a
result, a single miRNA can regulate the translation of a large number of mRNAs, whereas one mRNA
can be under the control of different miRNAs [14–16].

These non-coding RNAs are abundantly present in the central nervous system where they show
a region-dependent expression pattern [17,18]. For instance, miRNA expression profiling analysis
showed that a subset of miRNAs is expressed specifically in the hippocampus and in the cortex of
adult mice [19]. Moreover, distinct miRNAs expression profiles depend on the neuronal subtypes
(glutamatergic vs. GABAergic neurons), and the cellular compartment (distal axons vs. synaptic
fraction). Examples of miRNAs enriched in the synapse include miR-200c, miR-339, miR-322, miR-318,
miR-29a, miR-7, and miR-137 [20], while miRNAs enriched in distal axons are miR-15bm, miR-16,
miR204, and miR-221 [21]. Because of this highly specific expression pattern, miRNAs are thought
to be involved in precise neuronal functions. In fact, growing evidence confirms that miRNAs are
master regulators of pathways important for brain function like neurogenesis, synaptic function,
neuronal survival, and memory [17,18]. Through studies of gain and loss of function, several miRNAs
have been identified as important for neurogenesis and axonal development, such as miR-124 and
miR-9 [22–26]. Evidence that miRNAs regulate memory and learning comes from neuronal specific
inducible deletion of Dicer in mice, which results in changes of behavior and affects the morphology of
dendritic spines and levels of synaptic proteins (i.e., BDNF and PSD95) [27–29]. Interestingly, recent
works have highlighted the more general role that Dicer also plays in neurodegenerative diseases,
including PD, as an important modulator of cell survival and neurogenesis [30–32].

The miR-132 has been shown to regulate dendritic arborization and synaptogenesis, and affect
behavior in mice as well [33,34]. Other miRNAs implicated in regulation of memory are: miR-128b,
which influences the formation of fear-extinction memory [35], miR-124, which is involved in sensory
motor memory and serotonin-induced synaptic plasticity via CREB signaling [36], and miR-134, which
affects long term memory targeting CREB mRNA and causes reduction of BDNF expression [37]. Finally,
miRNAs have also been involved in neuroinflammation. For example, miR-146a is a negative regulator
of inflammation by inhibiting toll like receptor 4 (TLR4) signaling pathway [38,39]. By contrast,
depending on the cellular context miR-155 exerts both pro- and anti- inflammatory properties [39,40].

3. miRNA Dysregulation in Tauopathies

In recent years, a large number of studies have shown that compared with controls miRNA
levels are altered in several neurodegenerative disorders [41,42]. These findings have attracted the
interest of the scientific community and opened up to two main areas of research focused on miRNAs
as biomarkers and miRNAs as therapeutic targets. As the most prevalent form of tauopathy, the
majority of the published studies so far have analyzed the expression level of different miRNAs in



Cells 2020, 9, 2262 4 of 11

brain, plasma, and cerebrospinal fluid (CSF) of AD patients with a relative scarcity of data for primary
tauopathies [43,44].

As mentioned before, currently, there are no reliable biomarkers that can be used to diagnose
these diseases. Since miRNAs are present in a stable form in biological fluids such as plasma, serum,
and CSF and their measurement is relatively easy and non-invasive, they potentially represent an
ideal biomarker candidate for tauopathies. According to the literature, the most promising AD-related
miRNA biomarkers include: miR-455-3p, miR-34a-5p, and miR-146a. The miR455-3p is consistently
up-regulated in the brain, serum, and plasma of AD patients [45], while miR-34a-5p and miR-146a are
up-regulated in the brain but down-regulated in plasma and CSF of AD subjects [46,47]. The expression
of miR-132 originally was found to be down-regulated in temporal, parietal, and prefrontal lobes
of PSP patients compared to controls [48]. However, this observation was not confirmed in another
study looking at PSP patients and controls [49]. Based on another report, CSF levels of miR-106b-5p
discriminated between PSP and PD patients with a good clinical accuracy [50]. Finally, miR-9, miR-29b,
miR-34a, miR-146a, and miR-125b were assessed in the sera of AD patients in relation to changes in
cognition and cerebral cortex integrity [51–53]. The authors found that lower serum expression of
miR-9, mir-34a, and miR-125b is associated with changes in cognitive performance, cortical thickness,
and abnormal cortical glucose metabolism in normal elderly subjects [53].

Taken together, these data suggest that changes in miRNAs can identify different signs of
brain aging, even in healthy individuals, and for this reason they have the potential to be used as
biomarkers [54,55]. Nevertheless, it is important to note that this area of investigation is still in its
infancy and that there are several important challenges ahead. Among them, the most obvious is
probably the ability and validity of translating any findings or measures of miRNAs in CSF or blood
into a real clinical setting. Another issue that needs to be solved is the assessment of the specificity
and sensitivity level that each miRNA found dysregulated achieves in a particular disease state when
compared with healthy controls and, most importantly, other neurodegenerative diseases. Moreover,
variability and reproducibility issues are often present when comparing different studies. Thus, while
a single miRNA is often confirmed and validated by other independent studies, the so called “miRNA
signature” (a group of specific miRNAs) of a particular disorder is not.

4. miRNAs as Therapeutic Strategy in Tauopathy

Given their role as master regulators of the expression of many genes important for
neurodegeneration, the manipulation of miRNA levels is obviously a promising therapeutic strategy
for tauopathies. In fact, depending on the direction of the miRNA dysregulation that is found in
the particular disease, mimics or antagonists could be employed to restore specific miRNAs and
indirectly their targets to normal levels. Several in vitro studies and abundant preclinical data in
different transgenic mouse models of these diseases provide a strong rationale for this possibility.

One of the first papers testing the hypothesis that miRNA loss of function could result in the
disruption of the tau metabolic pathway used a conditional Dicer knockout to generate significant
changes in miRNA levels in the forebrain of mice [56]. Interestingly, these mice displayed significant
decrease in the size of both cortex and hippocampus but abundant neuronal loss only in the hippocampal
CA3/4 regions. Moreover, they also had a site-specific and age-dependent hyper-phosphorylation of
tau in the cortex and hippocampus, which was associated with up-regulation of mitogen-activated
protein kinase 3 (MAPK3/ERK1) [56]. Another study in Drosophila reported that loss of miRNA results
in neurodegeneration through induction of tau [57].

From these initial studies, miRNAs have been studied in an effort to understand their biological
link with tau pathology. To this end, many of them have been associated with neuroinflammation,
apoptosis, neurogenesis and synaptic plasticity but only a few have been shown to participate directly
in tau metabolism (Figure 1). Among them, miR-125, which is up-regulated in AD, promotes tau
hyper-phosphorylation in neuronal cells via activation of the CDK5/P35 and p44/42-MAPK kinases,
most likely through down-regulation of its target genes: the two phosphatases DUSP6 and PPP1CA.
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In support of this finding, direct hippocampal delivery of miR-125b mimic improved learning and
memory, inhibited the expression of DUSP6, and PPP1CA, and significantly reduced aberrant tau
phosphorylation in C57BL/6 mice [58]. Although mostly known for its key role in the inflammatory
response, miR-146a has been recently shown to affect tau phosphorylation. Interestingly, miR-146a
suppresses ROCK1, a kinase important for phosphorylation and activation of the phosphatase
PTEN [59], thus, indirectly promoting tau pathology. Furthermore, miR-146a inhibition in 5xFAD mice
successfully reduced hyper-phosphorylated tau and rescued memory dysfunction (Figure 1) [60].
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Figure 1. Tau metabolic pathways and molecular mechanisms targeted by miRNAs. Different miRNAs
can target kinases and phosphatases, which regulate tau phosphorylation and acetylation whereby
they can impair tau degradation and clearance. In addition, miRNAs can influence transcription of the
tau gene and exons splicing.

Additionally, miR-138, another miRNA reported up-regulated in AD, was found to induce tau
phosphorylation via the down-regulation of the RARA/GSK3β pathway in multiple in vitro models [60].
A very well characterized miRNA cluster is the miR-132/212. These miRNAs are down-regulated
in tauopathy patients and transgenic models of the disease and have been linked to tau editing
and synaptic function [61]. One of the first studies evaluating the role played by miR-132/212 in
AD pathology was performed in the triple transgenic model of AD, the 3xTg mice. Notably, tau
was identified as one of miR-132 direct target. In fact, loss of miR-132 increases levels of total and
phosphorylated tau and promoted tau aggregation in these mice. Consistently, restoring miR-132
to normal levels improved tau pathology and long-term memory in these mice [61]. A follow-up
study uncovered an additional mechanism underlying the exacerbation of both tau and Aβ pathology
following down regulation of miR-132 levels in the hippocampus of APP/PS1 mice, involving Inositol
trisphosphate 3-kinase B (ITPKB) kinase [62]. This kinase, which is up-regulated in AD, can activate
BACE1 leading to Aβ production, but also promote tau phosphorylation via activation of ERK1/2 [63].
Furthermore, miR-132 can modulate neuronal survival by controlling PTEN/AKT/FOXO3 signaling as
well as other genes (i.e., Rbfox1, GSK3β, EP300) [64,65] (Figure 1).

Beside phosphorylation, a few miRNAs have also been investigated for their possible contribution
to tau clearance. It is known that some of the post-translational modifications of tau result in an
impairment of its clearance via inhibition of ubiquitin binding thus promoting tau aggregation
and mis-sorting. Reports suggest that SIRT1 gene is directly inhibited by miR-9, miR-132/212,
and miR-181c [66]. SIRT1 deficiency enhanced levels of acetylated-tau and toxic forms of phosphorylated
tau in primary neurons and in vivo [67] suggesting that dysregulation of these miRNAs that target this
enzyme could significantly influence tau pathology by modulating tau clearance (Figure 1). In recent
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years, accumulating evidence suggests that microRNAs play an important role for the regulation of
autophagy, another important tau clearance pathway. Thus, in vivo and in vitro evidence show that
miR-34 by targeting Bcl-2 inhibits autophagy [68]. Others like miR-214-3p and miR299-5p, which
are down-regulated in animal models of AD, can also negatively regulate autophagy by targeting
autophagy related protein 5 (Atg5) [69]. In a similar fashion, miR-132/212, by targeting important
autophagy proteins, such as Atg9a and Atg5-12, modulates autophagic flux in vivo [61].

Another important aspect of the neurobiology and metabolism of tau protein, which has been
implicated also in the pathogenesis of tau neuropathology, is the editing process at the gene level.
To this end, different miRNAs have been shown to modulate alternative splicing of the tau gene.
Among them, miR-124, miR-9, miR 132, miR-137, and miR-153, have all been implicated for their
capacity to control the alternative spicing of tau exon 10 in neuronal cells, by targeting splicing factors,
such as poly-pyrimidine tract-binding protein 1 and 2 (PTBP1/2) [70]. Thus, one study reported that,
compared with controls, post-mortem brain tissues of patients with PSP, a primary tauopathy with 4R
repeats, have a significant down-regulation of miR-132 and up-regulation of PTPB2, while brains from
Dicer KO mice were shown to have increased PTBP1 protein levels [48].

Overall the data presented so far show that miRNAs can contribute to the onset and progression
of tau pathology by influencing kinases and phosphatases and splicing factors responsible for tau
metabolism, as well tau clearing pathways. However, we still do not know whether miRNAs alterations
in tauopathies are secondary to the disease process or rather upstream events responsible for the
generation of post-translational modified tau isoforms, tau pro-aggregatory conformational changes,
tau insoluble fibrils, and ultimately the progressive accumulation of all of these pathogenic forms.
To start addressing this question, we recently performed a study in a tau transgenic mouse model,
the hTau, which better recapitulates the human tau pathology, and for this reason considered as
a relevant model of tauopathy. Thus, while most of the other models express mutant human tau
transgenes, this model expresses of all six alternately spliced forms of normal human tau in absence of
mouse tau. Importantly, the hTau mice display an age-related accumulation of phosphorylated tau,
memory and cognitive impairment, together with reduced basal synaptic function [71].

To establish the miRNA expression profile in the brain of hTau mice in comparison with WT control,
we performed an unbiased miRNA PCR array analysis in the cortex and hippocampus of 12-month-old
mice, an age when tau neuropathology and cognitive impairments are well established [71,72]. The
initial analysis revealed that hTau mice displayed many dysregulated miRNAs in these regions
compared with WT. Among them, we selected the ones showing at least a two-fold change and
were highly conserved between mouse and human (i.e., miR-132-3p, miR-146a-5p, miR-22-3p, and
miR-455-5p). Validation by qRT-PCR analysis showed that at 12 months of age, miR-132-3p, miR-22-3p,
miR-455-5p, and miR-146a-5p were significantly up-regulated in the hippocampus of hTau mice, but
no changes were observed in the cortex. To assess whether these changes were present at earlier
time points, we also measured their levels in the pre-symptomatic stage of the disease phenotype
(three and six months of age). Although changes were modest, we found that at six months of
age, miR-132-3p, miR-22-3p, and miR-146a-5p were up-regulated in the hippocampus of tau mice
compared with WT controls. Notably, no changes were observed at three-months between the two
groups [72]. Analyses of their predicted and validated target genes revealed that miR-22-3p targets
SIRT1, p21, MeCP2, the brain-derived neurotrophic factor (BDNF), and PTEN (miRBase), a blocker of
the AKT signaling pathway, which promotes tau phosphorylation and aggregation. On the other hand,
miR-132-3p targets the 3′UTR of tau protein, the polypyrimidine tract binding protein 2 (PTBP2) [72,73],
SIRT1, PTEN, MeCP2, and BDNF, whereas miR-146a suppresses ROCK kinase and induces tau
phosphorylation via (Table 2). Enrichment analysis looking at the top signaling pathways modulated
by these miRNAs showed: axonal guidance, neuregulin signaling for miR-132-3p; neuroinflammation
and synaptogenesis signaling for miR146a-5p; and synaptogenesis and NGF signaling pathway for
miR-22-3p. Interestingly, miR-132-3p and miR-22-3p shared 48 target genes, including PTEN, BDNF,
MecP2 and SIRT1, all of which target mechanisms associated with tau pathology [72,73].
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Table 2. Major predicted and validated targets gens for miRNAs that are dysregulated in the hippocampi
of hTau mice compared with matched wild type controls at an early stage of their phenotype (6 months).

miRNA Target Gene Effect on Tau

miRNA 22-3p

SIRTI 1 Tau phosphorylation
P21 Tau acetylation

MeCP2
PTEN

miRNA132-3p

PTBP2 Tau phosphorylation
SIRTI 1 Tau acetylation
PTEN Tau splicing

MeCP2

miRNA146a-5p ROCK1 Tau phosphorylation

5. Conclusions and Future Directions

There is no doubt that, in recent years, we have made substantial progress in the understanding of
this new class of non-coding RNA and their wide range of actions whereby they influence processes of
functional importance for the pathogenesis of several neurodegenerative diseases including tauopathy.
However, despite these advances, we are still in the early days and so there is a lot of work to be done
in the effort to unravel the full neurobiology of miRNAs. In fact, while we know that many miRNA
are dysregulated in tauopathies, what the molecular mechanisms are and to what degree specific
miRNAs are directly or indirectly involved in the onset and progression of these diseases remain
practically unknown.

Similar significant progress has also been made in the diverse technologies available for miRNA
detection. In fact from the original real-time fluorescent quantitative PCR and digital PCR technology,
in-situ hybridization, new microarray methods have been successfully established and widely
implemented, while more recent advances include electrochemical detection based on enzymatic signal
amplification, rolling ring amplification, and nanoparticle technology [73].

Thanks in part to such scientific and technological achievements some miRNAs have been already
identified as candidate biomarkers which could potentially allow an earlier detection and possibly
a subsequent higher rate of success for a treatment strategy. However, we still lack consistent and
reproducible data on their expression in tissues such as CSF and blood, and the literature on this topic
is inconsistent. It is possible that this fact is secondary to technical differences in the measurements and
analysis as well as the heterogeneity of the samples that are collected (different stages of the diseases,
co-existence of other clinical conditions). Therefore, there is an urgent need to conduct larger studies in
patients with distinction to a precise stage of the disease, different brain areas, and specific cell types to
successfully map miRNA changes in relation to the onset and progression of the neuropathology.

Finally, a comprehensive functional characterization of miRNAs in the context of the interaction
among themselves (miRNA/miRNA), with other non-coding RNA species (i.e., circular RNAs, long
non-coding RNAs), and with regular mRNAs leading to improved computational prediction algorithms
of the biological events we discussed would be important not only for the field on miRNA research, but
and most importantly to fully elucidate the causes/consequences relationship of their dysregulation
in tauopathy.

In conclusion, while the literature supports that miRNAs play crucial functions in modulating
several aspects of tau-related diseases, the exact role and implication of miRNA dysregulation in
tauopathy pathogenesis remains to be fully elucidated. Moreover, whether a single miRNA or a
combination of them (signature RNA) should be considered as the “ideal” therapeutic candidate for
the treatment of these disorders requires further studies and more in depth analysis.
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