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MicroRNAs change the games in central nervous system pharmacology
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Abstract

MicroRNAs (miRNAs) represent a class of important post-transcriptional regulators of gene expression,
enabling cells to follow their intrinsic developmental program. By directly binding to their targets, miRNAs
can both promote transcriptional patterns in crucial steps of cell growth, and act as powerful buffering
system that titrate protein content in case of aberrant gene expression. The literature of the last decade
showed that the presence of tissue-enriched miRNAs in body fluids could be reminiscent of disease state.
This is particularly relevant in neurodegenerative disorders, in which peripheral biomarkers could be helpful
means to detect disease onset. However, dysregulation of miRNAs is not merely a consequence of disease,
but directly contributes to pathological outcomes. On this basis, increasing interest is growing in the
development of pharmacological agents targeting specific miRNAs. Actually, this apparently futuristic
approach is already part of the current therapies. In fact, several drugs approved for CNS disorders, such as
L-Dopa or valproic acid, were also demonstrated to restore some miRNAs. Moreover, ongoing clinical trials
suggest that miRNA-based drugs are effective against tumors, fostering the concept of miRNAs as a promising
class of therapeutic molecules. However, several issues still need to be addressed, particularly in case of CNS
diseases, in which stability and delivery are crucial aspects of the therapy. In this commentary, we highlighted
potential advantages and limitations of miRNAs as next generation targets in CNS pharmacology, focusing on
multiple sclerosis, a chronic demyelinating disease lacking specific therapeutic targets and bona-fide

biomarkers.
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1. Introduction

MicroRNAs (miRNAs) are small, highly conserved non-coding RNA molecules involved in post-transcriptional
regulation of approximately 60% of all coding-genes [1]. MiRNAs mainly act by directly interacting with their
target transcripts by either promoting their degradation, recruiting cytoplasmic exonucleases or inhibiting
the conversion into protein, preventing the initiation or elongation step of translation [1]. MiRNAs do not
silence their target mRNAs; in many cases, the effect of a single miRNA maybe subtle and leads to a less than
2-fold reduction in target protein levels [2]. The biological outcome of miRNA-mRNA interaction largely
depends on their binding strength; 7-base matches are enough to induce mild post-transcriptional regulation.
This apparently reduces miRNA target specificity, but, on the other hand, it enables the simultaneous
regulation of a wide array of target transcripts [3]. Moreover, several papers reported that miRNA-target
interactions may involve multiple sites and that different miRNAs may cooperatively co-target a given mRNA
[4], leading to a cumulative effect. MiRNAs can also modulate biological processes by targeting multiple
genes in shared pathways and by forming negative/positive feedback loops with transcription factors [2].
MiRNA-mediated targeting of molecular pathways is not the result of random associations and the
correlation between the levels of a specific miRNA and the activity of the targeted pathway is disease-
relevant and can be useful for patient stratification [5].

Many miRNAs are finely regulated during development in a tissue-specific manner [6]. Whole genome
analysis revealed that approximately 50% of the miRNAs are located within the intron or the exon of protein-

coding genes, transcribed together with their host gene and, thus, under the control of its transcriptional
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regulation. Other miRNAs originate from non-protein-coding transcripts, have their own promoter and are
likely transcribed as independent transcription units. In physiological condition, cytokines, growth factors
and other signaling molecules regulate their expression as happens for all the other genes, via transcriptional
(e.g., transcription factors recruitment), post-transcriptional (e.g., changes in pri-miRNA processing) or
epigenetic (e.g., promoter hypermethylation) regulation [7]. Interestingly, emerging evidence have shown
that aberrant miRNA expression profiles have been associated to several human diseases, even if the precise
molecular mechanisms underlying this regulation are largely overlooked. Indeed, most of the studies in the
literature focused on the identification of miRNA targets and on-disease related miRNA alterations in cells
and body fluids as potential biomarkers [8, 9]. However, miRNAs in biofluids are not only a mere consequence
of plasma membrane breakdown; virtually all the cells also release miRNAs in a paracrine fashion in response
to extracellular stimuli and contribute to post-transcriptional regulation of recipient cells. Recent studies
showed that part of the therapeutic action of several drugs is due to their capability to restore altered miRNA
levels [10], suggesting that miRNAs may be drug targets exactly as receptors or enzymes. This fascinating
discovery opens both opportunities and challenges in pharmacology. How can we translate the current
knowledge on miRNAs into clinical practice? As homeostatic regulators of entire pathways, miRNAs can
change the games during disease; are we ready to exploit miRNAs as pharmacological targets? How can we
link the altered levels of a miRNA in body fluids to altered functions in a complex system like the central
nervous system (CNS)?

In this commentary, we have analyzed some miRNAs involved in fundamental processes in the CNS, their
molecular mechanism of action, and the pathological consequences of their dysregulation to explore possible
therapeutic approaches targeting miRNAs. The cited studies concern neurodegeneration and demyelination,

with a focus on multiple sclerosis (MS).

2. Pathophysiological roles of miRNAs in the central nervous system

MiRNAs have been shown to play a role in the modulation of almost every physiological process investigated
so far, including CNS development; as a consequence, dysregulation of their expression levels has been linked

to the onset and/or pathogenesis of several CNS-related disorders. Thus, restoring altered miRNA levels may
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be exploited as a therapeutic strategy for neurodegenerative diseases. In the following paragraphs, we will
discuss some examples of miRNA-mediated regulation of key neurobiological processes like neurogenesis

and myelination and their implication for diseases characterized by neurodegeneration and demyelination.

2.1. Neuronal survival, neurogenesis and neurodegeneration

In the CNS, miRNAs play important roles in neurogenesis, a finely regulated process during which neural stem
cells (NSCs) proliferate, migrate and differentiate into mature neurons, allowing the development of neural
circuits. Alterations in adult neurogenesis and in the proper formation of neuronal networks appear to be a
common hallmark in different neurodegenerative (i.e Alzheimer, AD, and Parkinson disease, PD, and
amyotrophic lateral sclerosis, ALS) and cognitive disorders (i.e. epilepsy and schizophrenia) [11]. Several
studies have addressed the role of miRNAs in the regulation of these processes. For example, miR-34 and
miR-25, important regulators of the Notch signaling, specifically drive NSC proliferation. It has been
demonstrated that miR-34a stimulates symmetric division of progenitor cells by targeting the Notch inhibitor
Numbl [12], whereas its knock-down decreases Notch signaling and in turn increases the expression of the
pro-neural genes NeuroD1 and Mash1, downstream targets of Notch signaling. MiR-34c over-expression has
been associated to impaired neuronal differentiation, reduced dendritic complexity and spine length in the
hippocampus of AD patients, in the APPPS1-21 transgenic mouse model of AD and in aged mice. In the same
experimental models, miR-34c inhibition improved memory performance and cognitive functions [13].
Interestingly, both miR-34a and miR-34c were found up-regulated in chronic stage of epileptogenesis in
rodent models [14], suggesting that their alteration may be closely associated to cognitive impairment.
MiRNAs also play an essential role in the transition between proliferation and differentiation of NSCs. Two
miRNAs, namely miR-9 and let-7b, can strongly induce neuronal differentiation of NSCs by targeting TLX [15],
an activator of the Wnt-B-catenin pathway, which is crucial to maintain NSC self-renewal. Over-expression of
miR-9 can also induce a neurogenic program in non-neuronal cells [16]. MiR-9 expression levels were found
decreased in neurodegenerative diseases such as Huntington, AD and ALS [17]. Moreover, inhibition of miR-
9 impairs cognitive functions and synaptic plasticity in the hippocampus [18]. Interestingly, let-7b exerts a

double repressive effect on TLX signaling by also directly regulating its downstream effector Cyclin D1. This
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mechanism is particularly relevant in glioblastoma multiforme (GBM), where down-regulation of let-7b was
shown to increase Cyclin D1 expression and tumor malignancy [19].

Of note, the brain enriched miRNAs miR-124 and miR-125b, important players in the transition of NSCs from
proliferation to differentiation stages, are up-regulated during neurogenesis. MiR-124 alteration may
contribute to several neurodegenerative mechanisms. In AD patients, miR-124 shows a reverse correlation
with BACE1, a secretase involved in amyloid cleavage [20]. Exogenous administration of miR-124 reduces
brain injury and functional impairment in mice 8 weeks after stroke induced by middle cerebral artery
occlusion [21]. Instead, over-expression of miR-125b increases tau phosphorylation, impairs associative

memory and affects synaptic morphology [22] and was found up-regulated in AD patients [23].

2.2. Myelination, de-myelination and re-myelination

MiRNAs are also involved in myelination, an essential process during which oligodendrocytes enwrap axons
with multilamellar extensions of their plasma membrane, thus allowing a fast conduction of electrical
impulses. To produce myelin, oligodendroglial cells follow a multi-step differentiation program, finely
regulated by both extrinsic and intrinsic factors, including miRNAs [24]. Oligodendrocytes require a precise
expression pattern of miRNAs during their development. As depicted in Figure 1, aberrant miRNA levels
(green and red boxes) can be responsible of impaired myelination, contribute to demyelination during
diseases such as MS, or delay remyelination.

In oligodendrocyte precursor cells (OPCs), conditional ablation of Dicer, the major ribonuclease involved in
miRNA processing, leads to an initial increase in the proliferation, followed by maturation failure [4, 25],
suggesting the existence of miRNAs that specifically promote OPC terminal maturation. Comparative
microarray analysis of mature oligodendrocytes and OPCs allowed the identification of miRNA specifically
expressed at high levels by mature cells, such as miR-219, miR-338 and miR-138. Loss of function experiments
in vivo demonstrated that miR-219 potently activates oligodendrocyte maturation [26]. Moreover, its
exogenous administration rescues myelination defects in Dicer-null mice [25] and promotes in vivo re-
myelination in the lysolecithin-induced demyelination model [26], by repressing Pdgfr-a, Zfp238, Sox6, Foxj3,

Lingol and Etv5, factors that physiologically inhibits OPC maturation. A recent study demonstrated that miR-
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219 is able to rapidly transform mouse embryonic stem cells into oligodendrocytes, and that the
transplantation of miR-219-over-expressing OPCs stimulates remyelination, improves cognitive function and
promotes the proliferation of endogenous neural precursor cells (NPCs) in the cuprizone-induced chronic
demyelination [27].

Similarly to miR-219, miR-338 inhibition decreases, whereas its over-expression promotes, the differentiation
of OPC into mature oligodendrocytes, directly repressing Hes5 and Sox6 [4]. Despite miR-338 knockout mice
did not show alterations in oligodendrocyte development, miR-338 deletion exacerbated the dysmyelinating
phenotype in miR-219 KO mice [26]. Moreover, the implantation of a hydrogel fiber scaffold loaded with miR-
219 and miR-338 mimics in the injury site enhanced remyelination in a rat model of spinal cord injury [28],
suggesting these miRNAs cooperate to regulate the entire oligodendrocyte maturation process and might be
exploited to foster endogenous remyelination.

Gene expression profile analysis in oligodendrocytes allowed the identification of the miR-17~92 cluster,
previously categorized as a group of onco-miRs, as an important player in myelination. Conditional ablation
of the miR-17~92 cluster in OPCs decreased, whereas its over-expression increased the number of
oligodendrocytes [29]. Further evidence revealed that this miRNA cluster controls OPC proliferation by
targeting PTEN, whose inactivation leads to increased proliferation rate through the Akt signaling [30]. The
repression of PTEN is also sustained by miR-23a, a known activator of myelin gene expression through direct
interaction with laminin B1 [31]. Nevertheless, further studies also demonstrated that miR-23a over-
expression in CNPase-expressing oligodendrocytes results in hind-limb paralysis and loss of muscle tone, due
to hyper-myelination [32], suggesting that specific miRNAs may act as buffering system to maintain the
proper gene expression.

Also demyelinating injury can trigger the expression of specific miRNAs that act as potent inhibitors of
oligodendrocyte maturation and myelination. For example, miR-125a-3p was found up-regulated in corpus
callosum after white matter (WM) demyelination and inside WM lesions in multiple sclerosis patients.
Interestingly, it has been shown that miR-125a-3p over-expression blocks, whereas its silencing promotes

OPC maturation and remyelination [33]. As summarized in Table 1, these pre-clinical results highlight miRNAs
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as modulators of different neurodegenerative diseases and underline that miRNAs can be therapeutically

manipulated in vivo and may have clinical applications as drug targets.

3. Circulating miRNAs in neurodegenerative diseases: biomarkers and second messengers

As very stable, independent, small entities enriched in brain cell cytoplasm, cerebrospinal fluid and in
peripheral blood, miRNAs may serve as useful biomarkers for the early diagnosis of human pathologies. More
than other disorders, CNS chronic diseases necessarily need peripheral biomarkers that should be reliable
and disease-specific. For example, in MS, the identification of potential biomarkers would greatly advance
the chances of early diagnosis and early pharmacological intervention. Furthermore, biomarkers could help
the stratification of MS patients, monitor disease progression and identify patients who will better respond
to a specific drug.

From the beginning of miRNA discovery, the research was aimed at identifying miRNA alterations inside brain
lesions of MS patients, to unveil new molecular mechanisms potentially involved in disease pathogenesis.
Junker and colleagues analyzed the expression of 365 miRNAs in 16 active and 5 inactive white matter MS
brain lesions compared to 9 control white matter specimens. Some miRNAs known to be expressed by
astrocytes, such as miR-155, miR-326 and miR-24a, were specifically up-regulated in MS active lesions, and
have been proposed to play a role in the regulation of macrophage activity [34]. How can this discovery be
translated into a diagnosis of MS? MiRNAs are very stable also when released in body fluids. Is there a
connection between miRNA alteration inside the lesions and miRNA levels in body fluids? In the last years,
several studies have tried to address this issue. CSF analysis on a cohort of 53 MS patients compared to 39
subjects with other neurological diseases revealed that miR-922, miR-181c, and miR-633 were differentially
expressed in the two groups, and that miR-181c and miR-633 differentiated relapsing-remitting MS (RRMS)
from secondary progressive MS (SPMS) with 82% specificity and 69% sensitivity [35].

Recently, MS diagnosis has been strongly associated to undetectable levels of miR-219 in the CSF; this miRNA,
essential for oligodendrocyte maturation (see also above), is virtually absent in MS lesions [36, 37]. On the
contrary, independent studies demonstrated that miR-150 is enriched both in MS lesions and in the CSF of

MS patients [38, 39], suggesting that alterations of miRNA levels in the CSF might reflect pathological events
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of the CNS. Of note, higher levels of miR-150 were also found in patients with clinically isolated syndrome
(CIS) who converted to MS compared to those who never converted [38]. CSF clearly represents the most
reliable biofluid because of its proximity to CNS and this may reflect brain damage better than other body
fluids. However, in the last years several studies were aimed at profiling miRNAs in blood samples (i.e. PBMC,
plasma or serum), that represent a more convenient sampling method. For example, miR-20a-5p, a miRNA
involved in the regulation of T cell activity, was reported to be down-regulated, whereas miR-22-5p was up-
regulated in blood samples of MS patients compared to healthy controls [40, 41]. The plasma levels of 29
miRNAs, including miR-150, were found up-regulated in RRMS subjects compared to SPMS and healthy
controls [8]. The miRNA pattern in plasma can also discriminate between MS and other neurodegenerative
diseases such as ALS. MiR-92a resulted useful to distinguish RRMS from SPMS and controls and showed
association with EDSS (Expanded Disability Status Scale) and disease duration [8]. Instead, let-7a
differentiated SPMS from RRMS subjects and controls. Interestingly, these two miRNAs can be also useful to
distinguish RRMS from ALS, but no change were found between SPMS and ALS, suggesting some common
pathological features.

However, the link between miRNA alterations in brain lesions, CSF and blood samples is not obvious and
subjected to several confounding factors. Dysregulated levels of miRNAs in blood can be related to
immunologic components. This does not diminish the clinical relevance as potential disease indicator per se,
but it is an important issue when comparing results from different studies.

It is worth to mention that, in biological fluids, extracellular miRNAs are associated with Argonaute proteins,
packed in high- and low- density lipoproteins or in extracellular vesicles (EVs), that prevent their
endonuclease-mediated degradation and provide higher stability [42]. EVs are small membrane-enclosed
particles released by virtually all cells. Both microvesicles, directly originated from the cell plasma membrane
by budding, and exosomes, generated by membrane invagination of the late endosomes, play a crucial role
in cell-to-cell communication. Their cargo is highly heterogeneous, but similar to the cells of origin and
include proteins (signaling molecules, receptors, cytokines and integrins), bioactive lipids, organelles and
nucleic acids such as miRNAs, through which they can influence recipient cells [43]. In many

neuroinflammatory diseases, there is a significant increase in concentration of circulating EVs [44]. Since their
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content specifically reflects ongoing conditions, the miRNAs stored in EVs are progressively gaining attention
and may represent promising candidate biomarkers of disease. A recent study analyzed the expression profile
of exosome-associated microRNAs in serum samples from MS patients and healthy controls and they
identified a group of nine differentially expressed exosomal miRNAs that distinguished RRMS from SPSM [45].
A similar analysis was performed in the CSF of AD patients and identified 15 differentially expressed exosomal
miRNAs. In particular, a strong positive association was found between undetectable CSF level of miR-9-5p
and miR-598 and AD diagnosis [46]. A recent study aimed to identify miRNAs differentially expressed after
acute ischemic stroke has shown that miR-9 and miR-124, two brain-specific miRNAs that are highly
expressed in the developing and adult brain, are significantly up-regulated in serum exosomes. Their levels
also correlated with the infarct volume and the over-expression of inflammatory cytokines, reflecting the
degree of damage caused by the ischemic injury [47].

It is clear that miRNAs, will play a very important role in clinical practice in the future as biomarkers in CNS
pathophysiology, in particular in MS, in which the presence of oligoclonal bands in the CSF is the only
available biological analysis to confirm a diagnosis so far, albeit not univocal. However, more efforts are
needed in the standardization of measurement methods, to allow the comparison of the results from
multiple studies.

All the studies reported above reason that circulating miRNAs have a great potential to become bona-fide
biomarkers for the diagnosis and prognosis of human CNS-related diseases, but, what is the significance of
these alterations? Are they merely a consequence of biological processes taking place in the CNS (i.e. passive
leakage from dead cells) or do they represent paracrine messengers? Several studies demonstrated that
miRNAs associated to shedding vesicles can be taken by other cells and modulate target transcripts in the
recipient cells [48]. Of course, these mechanisms are extremely relevant in disease, where extracellular
miRNA levels may contribute to disease etiology and pathogenesis. In the experimental autoimmune
encephalomyelitis (EAE) a murine model of MS, it has been shown that the inhibition of either miR-326 or
miR-155, both up-regulated in human MS lesions and plasma, increased EAE severity, through mechanisms
that modulate Th17 cell differentiation. Considering that Th17 cells release exosomes that can be accepted

by other T cells, alteration in extracellular levels of these miRNAs may represent a non cell-autonomous
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mechanism that enhance MS pathogenesis [49]. It has been shown that extracellular miRNAs may also act in
a non-canonical way. For example, let-7b can act as signaling molecule and activate the TLR7 pathway,
leading to neurodegeneration. Accordingly, administration of let-7b in the CSF of mice resulted in increased
neuronal damage. Interestingly, increased amount of let-7b was also found in the CSF of AD patients [50],
suggesting that this alteration may contribute to AD pathogenesis.

Further studies are needed to shed light on the functional contribution of circulating miRNAs, a crucial point

for the translation of the current research to applied pharmacology.

4. Pharmacological therapy can modulate miRNA expression

Drugs are known to modulate important signaling pathways through their interaction with receptors,
enzymes, and/or by directly or indirectly modulating gene expression. It is not surprising that also miRNA
expression can be changed by pharmacological intervention. The identification of miRNAs modulated
following drug administration is becoming an attractive research interest also in neuropharmacology. Indeed,
increasing evidence showed that some drugs can restore expression levels of miRNA in several neurological
disorders [10]. This complicates the already complex molecular mechanisms of drugs, but also opens new
opportunities in pharmacology, since levels of circulating miRNAs could be monitored as clinical outcomes of
pharmacological treatments. Here, we have reported some representative studies in which the relationship
between drugs and miRNAs has been investigated in neurodegenerative diseases.

In a mouse model of AD, high levels of miR-206 were demonstrated to contribute to the pathogenesis by
repressing BDNF release in the brain [51]. In the same model, the treatment with donepezil, an
acetylcholinesterase inhibitor approved for AD therapy, was able to restore its normal levels [52].
Interestingly, infusion of miR-206-3p mimic counteracted the beneficial anti-dementia effect of donepezil,
consolidating its involvement in the mechanisms of action of this drug [52].

Recently, the treatment with simvastatin, a lipid-lowering drug also discovered to increase BDNF release in
the hippocampus by activating the PPARa-CREB pathway, has been shown to ameliorate memory deficits
both in AD patients and animal models of AD. Simvastatin also reduced the expression of inflammatory

mediators, prevented NSC apoptosis and lowered protein levels of APP and BACEL, two proteins involved in
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the formation of pathogenic B-amyloid aggregates, by down-regulating miR-106b, a pro-apoptotic miRNA
enriched in murine models of AD [53].

In a preliminary study on PD patients, treatment with Levodopa (L-DOPA) caused increased levels of miR-
29a-3p, miR-30b-5p and miR-103a-3p in peripheral blood, while no difference between untreated patients
and healthy controls was found. An integrated in silico analysis revealed several genes related to
neurodegeneration and PD, such as aktl, mex3b and bcl2, as putative targets of these three miRNAs, thus
supporting the hypothesis that over-expression of such miRNAs may almost partially underlie the mechanism
of action of L-Dopa [54]. Moreover, a clinical study demonstrated that L-Dopa was able to restore the levels
of miR-155-5p, another important marker of neuroinflammation found upregulated in PBMCs derived from
PD patients [55].

MiRNA alterations have been also involved in epileptogenesis. In particular, miR-134 is strongly up-regulated
in plasma samples of epilepsy patients compared to healthy controls [56, 57]. Consistently, the
intracerebroventricular injection of antago-miR-134 in rodent models of status epilepticus significantly
reduced both evoked and spontaneous seizures [56]. MiR-134 directly interacts with Tulpl, a protein
involved in the regulation of neuronal susceptibility to glutamate excitotoxicity, and Limk1, a kinase involved
in dendritic spine growth [57], both downregulated in pathological conditions. Interestingly, the treatment
with the widely used anti-epileptic drug valproate was able to restore the homeostasis of both miR-134 and
its downstream targets [57].

On the contrary, miR-128 was found down-regulated in both rat models of epilepsy and patients [58].
Interestingly, the administration of miR-128 mimic protected hippocampal neurons from apoptosis, while
the inhibition of miR-128 worsened neuronal damage after seizures in rats [59]. Of note, the mGIuR2/3
agonist 2R,4R-APDC was able to counteract neuronal apoptosis in the pilocarpine model of epilepsy by up-
regulating this miRNA in the hippocampus, and simultaneous administration of miR-128 inhibitor
counteracted this effect [59].

Taken together, these results suggest that already marketed drugs may also act through unexpected miRNA-
mediated mechanisms. Virtually, this consideration may be relevant for all the drugs and for all the diseases,

but the research in this field is still in its infancy.
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4.1 Pharmacological modulation of miRNA expression in MS: active mechanism or response to therapy?
An increasing number of studies demonstrated that most of the approved immunomodulatory drugs for MS,
such as interferon-B, glatiramer acetate, fingolimod and natalizumab are able to restore the physiological
levels of miRNAs pathologically altered during the disease. These findings also suggest that miRNAs can be
actively involved in the therapeutic mechanism of drugs (Table 2).

In a longitudinal study analyzing miRNA expression changes induced by IFN-B treatment, which acts by both
reducing immune cell activation and shifting the pro-inflammatory Th1/Th17 cells to a Th2 phenotype, it has
been suggested that miRNA-mediated regulation of MS-related inflammation and apoptotic processes could
be at the basis of the beneficial effects of this drug [60]. In this respect, it has been shown that aberrant blood
levels of miR-145 and miR-20a-5p, typical of MS patients, were normalized after IFN-B treatment. Molecular
signaling pathway enrichment analysis unveiled several genes involved in the MAP kinases cascade as targets
of these two miRNAs, suggesting a key role of this pathway in mediating the pleiotropic effects of IFN- [61].
Furthermore, it has been demonstrated that RRMS patients responding to IFN-B therapy show reduced levels
of miR-26a, together with up-regulation of its putative target SLC1A1, a glutamate transporter, probably
counteracting excitotoxicity [62].

Another study in PBMCs from RRMS patients reported the up-regulation of four miRNAs previously discussed
for being involved in Th17 differentiation, regulation of immune tolerance and innate immunity, namely miR-
326, miR-155, miR-146a and miR-142-3p. Interestingly, the expression levels of these miRNAs were not
affected by IFN-B treatment, while Glatiramer Acetate (GA) administration was able to restore normal levels
of miR-146a and miR-142-3p, suggesting that they may be specifically involved in the mechanism of action
of the latter [63].

Also fingolimod, a “biased” agonist of the sphingosine 1 phosphate receptor S1P1 that prevents immune cell
migration into the brain, was shown to promote its beneficial action by restoring blood levels of some miRNAs
down-regulated in MS patients. These include miR-23a, a key regulator of myelination described in paragraph
2.1, miR-15b, a suppressor of Th17 differentiation, and miR-223, involved in inflammatory processes by

targeting STATS [64]. In addition, it has been shown that 10 miRNAs are differentially expressed in B
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lymphocytes obtained from RRMS patients treated with natalizumab (NTZ), a monoclonal antibody able to

prevent immune cell infiltration into the CNS [65]. In particular, NTZ significantly up-regulated the miR-17~92

cluster, demonstrated to play a key role in remyelination, and miR-106b™25, a cluster involved in the

regulation of NSC proliferation (see also paragraph 2). Both of them were found down-regulated in RRMS
patients compared to healthy controls and NTZ treatment was able to restore their levels [65]. In a different
study, 1-year treatment with NTZ increased the blood levels of miR-18a, miR-20b, miR-29a and miR-103 in
RRMS patients, all miRNAs expressed by CD4* T-cells that were originally down-regulated in RRMS patients

compared to controls and, on this basis, probably involved in MS pathogenesis as well as in NTZ therapeutic
action [66]. In particular, the authors found that genetic ablation of the miR-106a~'363 cluster, which includes

miR-20b, exacerbates EAE progression and, in parallel, up-regulates the expression of inflammatory targets
of miR-20b, such as Roryt, Stat3 and Vegf-a. These data suggest an active role for miR-20b in the pathogenesis
of MS and provide a new insight in the mechanisms underlying NTZ beneficial effect [66].

Overall, these findings suggest that the therapeutic effect of pharmacological treatments may be due, at least
in part, to the active restoration of miRNA levels that are dysregulated in the CNS or in the immune system
during disease progression. However, it remains to be clarified when miRNA restoring is only an indirect
consequence of improved clinical conditions. Concerning this, new exciting evidence suggest that miRNA
profiling in the blood or CSF of MS patients may be used as possible prognostic tool for monitoring response
to therapy. For example, the treatment with rituximab, a monoclonal antibody approved for MS and other
autoimmune diseases, was able to restore aberrant levels of 10 miRNAs detected in whole blood samples
from patients with neuromyelitis optica; these miRNA include six brain-specific or brain-enriched miRNAs,
such as miR-125b, miR-760, miR-135a, miR-134, miR-138 and miR-135b, that has been proposed as potential
biomarkers for disease progression and response to therapy [9]. Moreover, CSF levels of miR-150, a putative
biomarker for MS diagnosis (also described in paragraph 3), were found increased in MS patients initiating
NTZ therapy, and decreased after treatment, suggesting this miRNA as a potential biomarker also for
monitoring MS patient’s response to therapy [38]. Furthermore, NTZ treatment was able to restore also miR-

26a and miR-155 levels, which were found strongly up-regulated in PBMCs of MS patients compared to
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controls [67]. MiR-155 plays a central role in many processes involved in the pathogenesis of MS, such as
immune cell activation, neurodegeneration and permeabilization of the BBB, as extensively reviewed by
McCoy [68]. Interestingly, down-regulation of miR-155 was also found in circulating monocytes of patients
treated after treatment with fingolimod or dimethyl fumarate (DMF) [69], suggesting that miR-155 levels can
be used as a biomarker of neuroinflammation. The up-regulation of the pro-inflammatory miR-155-5p was
also found in urine exosomes, as well as in plasma and spinal cord samples from EAE mice at pre-onset stage
of the disease [70]. Interestingly, in the same study, the authors have found that GA treatment was able to
modulate not only the levels of miR-155-5p, but also miR-27a-3p, miR-9-5p and miR-350-5p, in plasma and
urine exosomes, proposing them as putative biomarkers of drug response [70]. In line with these studies, a
recent work profiled the expression of exosome-associated miRNAs in serum of naive and IFN-B—treated
groups of MS patients [71]. Of note, 16 circulating miRNAs in serum exosomes were found differentially
expressed in IFN-B—treated MS patients compared to naive MS patients. The screening revealed that 2 of the
16 miRNAs, miR-22-3p and miR-660-5p, were up-regulated, and 14 of the 16 filtered miRNAs, including
regulators of myelination (miR-23a-3p), NSC proliferation (miR-let-7b-5p), response to excitotoxicity (miR-
26a-5p) and inflammation (miR-15b-3p; miR-223-3p) discussed also in the previous paragraphs, were down-
regulated. Of interest, the majority of these exosome-associated miRNAs have been previously described as
circulating biomarkers in MS [71].

Globally, these data suggest that a longitudinal analysis of circulating miRNAs obtained from different sources
(e.g. urine or serum exosomes, PBMCs, whole blood; see also Table 3) from MS patients could represent a
reliable approach for monitoring the response to therapy [72]. This is an important means, considering that
MS patients require life-long chronic therapies and a continuous follow-up. However, further investigations
are required to introduce exosome-associated miRNAs as diagnostic and prognostic biomarkers in clinical

practice.

4.2. Involvement of miRNAs in drug resistance
An important issue in pharmacological therapies is the existence of patients not adequately responding to

drug treatments [72]. Evidence arising from neuro-oncology, where this phenomenon is well-studied, suggest
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that altered expression of several miRNAs could interfere with patient’s response to therapy. It has been
demonstrated that down-regulation of miR-203, which may occasionally occur both in patients affected by
GBM and in GBM cell lines, leads to chemoresistance against imatinib treatment [73]. The authors suggested
that in this phenomenon miR-203 could play a role by blocking epithelial-mesenchymal transition, thus
reducing cell motility, invasion, proliferation, and resistance to apoptosis, via inhibition of its direct target
SNAI2, a zinc finger transcriptional repressor. On this basis, low levels of miR-203 may serve as an important
biomarker for drug-resistant in GBM patients, while high expression of miR-203 may prefigure a better
prognosis [73]. Furthermore, a recent study showed that over-expression of miR-423-5p, frequently found in
clinical samples from GBM patients, enhanced cancer cell proliferation, angiogenesis and invasion and it was
responsible for chemoresistance to temozolomide [74].

Treatment of non-responder patients is a critical issue also in the clinical management of MS [75] and,
unfortunately, it remains a widely unexplored field. The first idea of miRNA involvement in drug-resistance
comes from very a recent paper, showing different miRNA patterns in MS patients responding to fingolimod
compared to non-responders [76]. MiR-34a-5p and miR-211-5p were found down-regulated in non-
responder patients compared to responders, while miR-204-5p was up-regulated. However, due to the
preliminary nature of the study, none of them could be a suitable biomarker for distinguishing patients
responding to fingolimod therapy from non-responders [76].

Despite the molecular mechanisms linking aberrant miRNA levels to therapeutic failure remain to be
elucidated, these preliminary studies suggest that, in the near future, miRNAs levels might become good

indicators to address more personalized therapies.

5. MiRNA-based therapeutic opportunities

In case that miRNA dysregulation contributes to the pathogenesis of a disease, restoring its expression
apparently represents the best choice. As described above, drugs can modulate the expression of miRNAs,
but the most direct way to achieve this goal is to use miRNA mimics or miRNA inhibitors. Mimic is a synthetic
molecule able to enhance the endogenous expression of a miRNA, whereas miRNA inhibitor (or antagomiR),

is the complementary sequence able to bind an endogenous miRNA and to abolish its activity.
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As extensively reviewed in [77] and [78], several clinical trials exploring the therapeutic opportunities of

miRNAs are already ongoing for different diseases (www.clinicaltrials.gov). The first miRNA-based drug was

miravirsen, a locked nucleic acid (LNA)-modified antisense oligonucleotide able to inhibit miR-122 and
designed for the treatment of Hepatitis C Virus (HCV) infection. MiR-122, produced by hepatic cells, is indeed
essential for Hepatitis C Virus (HCV) replication [79]. From 2008 to date miravirsen entered in several phase
I-1l clinical trials, showing that its subcutaneous injections was well-tolerated and demonstrating a significant
and sustained reduction of HCV RNA levels in subjects with chronic HCV [80]. Ongoing clinical trials aim to
propose miravirsen as an alternative treatment for null responder patients to standard PEGylated interferon
alpha plus ribavirin treatment.

In 2013, a new clinical trial evaluated the effect of the restoration of miR-34a levels in solid tumors. Indeed,
miR-34a is frequently lost or downregulated in a broad range of human cancer types and this alteration
closely correlate with reduced survival [81]. Based on this evidence, a liposomal miRNA mimic, namely
MRX34, was developed to restore the functionality of the tumor suppressor miR-34a. In the clinical study, 47
adult patients with solid tumors refractory to standard treatments were treated intravenously twice weekly
for three weeks in 4-week cycles. Despite 5 patients experienced severe immune-related adverse events, the
study showed that the treatment was associated with acceptable safety and highlighted evidence of
antitumor activity in a subset of patients [82].

Another phase | clinical trial evaluated the effect of MRG-201, a miRNA drug designed to mimic the activity
of miR-29, in induced cutaneous fibrosis. The trial showed a good safety and a reduction in fibroplasia, a
histopathological marker of scar tissue deposition (ClinicalTrials.gov Identifier: NCT02603224). MiR-29 is
indeed involved in the regulation of collagen deposition and formation of fibrous scar tissue [83].

Recently, a phase | clinical trial (ClinicalTrials.gov Identifier: NCT02580552) evaluated safety, efficacy and
pharmacokinetics of cobomarsen, a locked nucleic acid-modified oligonucleotide inhibitor of miR-155, in
patients with the mycosis fungoides form of cutaneous T-cell lymphoma (CTCL). In this study 92% of subjects
treated with cobomarsen by systemic administration showed improvement in mSWAT score, a measurement
of the severity of skin disease. Cobomarsen has been generally well-tolerated at the range of doses tested

and no serious adverse events have been attributed to its administration. These positive results prompted a
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phase Il clinical trial to study the effects of cobomarsen in comparison to vorinostat, an already approved
drug for the treatment of CTCL (SOLAR; ClinicalTrials.gov Identifier: NCT03713320).

In 2018, a phase I clinical trial evaluated safety, tolerability, pharmacokinetic and pharmacodynamic of MRG-
110 (ClinicalTrials.gov Identifier: NCT03603431), a miRNA-targeting drug developed for the treatment of
chronic ischemic disorders. MRG-110 is a LNA modified oligonucleotide inhibitor of miR-92, that has shown
pro-angiogenic effects in pre-clinical studies [84].

Interestingly, some of the miRNA-based drugs described here act on miRNAs (i.e., miR-34, miR-155, miR-92)
whose involvement in neurodegeneration is consolidated. Despite no miRNA-based clinical trials are ongoing
for the treatment of neurodegenerative diseases, these studies can be considered a “proof of principle”,
showing that miRNA-targeting drugs can be effective for the treatment of human diseases, including CNS-
related disorders. Of course, these next-generation drugs, as standard drugs, require specific delivery
systems to easily cross the BBB, reach the CNS compartment and alter the dynamics of the recipient cells,

also to minimize systemic off-target effects.

5.1 Delivery of miRNA-based drugs in the CNS

In CNS-related disorders, delivery systems should be aimed at improving the pharmacokinetics of miRNA
agents. In the last years, a variety of both viral and non-viral approaches have been developed and applied
for CNS miRNA delivery [85]. Viral vectors such as adeno-associated virus (AAV), adenovirus, retrovirus and
lentivirus have been extensively explored to deliver gene therapy in vivo, but only selected classes are
suitable for CNS applications. In particular, AAV are considered powerful delivery vectors to transfer miRNA
in CNS due to their abilities to transduce mitotic and post-mitotic cells, tropism for neurons and glial cells,
absence of pathogenicity or cytotoxicity, and low immunogenicity [86]. A successful example of recombinant
AAV-delivered miRNA therapy was described in a preclinical study in which rAAV9 was used to deliver miR-
196a to treat spinal bulbar muscular atrophy (SBMA) [87]. SBMA, popularly known as Kennedy disease, is a
progressive debilitating neurodegenerative disorder caused by the expansion of the polyglutamine (polyQ)
tract of the androgen receptor (AR-polyQ), resulting in muscle cramps and progressive weakness due to loss

of motor neurons. Early intervention of miR-196a delivered by an AAV vector was found to ameliorate the
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SBMA phenotype in a mouse model of the disease [87]. However, large scale production of viral vectors
represents a potential limitation to their use; furthermore, the high gene transfer efficiency is often
associated to brain toxicity and potential tumorigenic and immunogenic effects that limit clinical translation
[85].

Non-viral approaches show less efficiency, but on the other hand they have lower toxicity and
immunogenicity. Among them, nanoparticles (NPs) present some advantages such as good stability and
cellular uptake. Various classes of nanoparticles, including metallic, polymeric and lipid nanoparticles, have
been shown to cross the BBB and enter the brain through endocytotic mechanisms (extensively reviewed in
(88]).

Recently, a significant number of studies highlighted extracellular vesicles (EVs) as paracrine mediators
responsible for the therapeutic potential of mesenchymal stem cells, other adult stem cells or immune cells
in experimental models of neurodegenerative diseases including multiple sclerosis [89] or brain injury [90].
These observations have generated interest on the use of EVs in clinical applications for regenerative
medicine purpose as novel paradigm for cell-free therapy; furthermore, their intrinsic abilities to be exported
out of the parental cells, to deliver along the circulation system, to cross BBB and to target specific cells, make
them a promising tool for the delivery of therapeutic bioactive molecules, including miRNA, to the CNS. In
this respect, researchers are trying diverse strategies to manipulate EVs content [91] and improve target
specificity introducing special membrane proteins/peptides in order to reduce risks associated to the possible
uptake of miRNA agents by non-target tissues and cells [92].

Two main approaches for loading miRNA have been investigated: i) pre-loading or endogenous method,
which is based on genetic engineering of exosome-producing cells, such as mesenchymal stem cells (MSCs)
[93] and ii) post-loading or exogenous method, in which miRNAs are loaded into previously purified EVs [94].
Many recent preclinical studies have employed miRNAs or antago-miRNAs enclosed into EVs as active agents
against various types of tumors (recently reviewed in [95]). Results from these studies suggest that EVs can
be efficient drug-delivery tools and their use for the application of miRNA therapeutic strategies for
neurodegenerative diseases is under active investigation. For example, EVs derived from neuronal cell

exogenously transfected with miR-124a caused an increase of the glutamate transporter GLT1, that is
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selectively lost in animal model of ALS, suggesting their therapeutic potential for ALS [96]. Other studies have
utilized EVs engineered with brain homing peptides or brain-specific antibodies in order to enhance targeting
efficiency. For example, exosomes derived from dendritic cells, previously loaded with siRNA for the beta
secretase enzyme BACE-1, were shown to cross the BBB after engineering dendritic cells to express Lamp2b,
an exosomal membrane protein, fused to the central nervous system-specific rabies viral glycoprotein (RVG)
peptide that binds to the acetylcholine receptor [97]. Intravenously injection of RVG-targeted exosomes,
previously loaded with BACE-1 siRNA (or GAPDH siRNA as control) by electroporation, resulted in a brain-
specific gene knockdown, without causing an immune response. Similarly, the systemic administration of
engineered EVs with an exogenous siRNA for alpha-synuclein significantly decreased the level of a pro-
aggregating human form of this protein in a transgenic PD mouse model [98]. Although attempts to modify
EV surface to target distinct cells and tissue are still in their infancy, these exciting findings suggest that EVs
can be genetically engineered to be promising potent therapeutics for neurodegenerative disease.

Nevertheless, several issues need to be further explored before using EVs as therapeutic tools [94]. The most
critical problems are related to the identification of the most proficient cellular source of EVs suitable for
clinical application and to the optimization of the methods for obtaining high yields of pure EVs [94].
Additional specific issues arise for the clinical translation of EVs-mediated miRNA delivery for neurological
disorders. Globally, a better understanding of the molecular mechanisms by which miRNAs are sorted into
EVs and subsequently released by different cell types is needed. Moreover, methods for miRNA/antago-
miRNA loading into EVs and defining the yield of the loaded cargo should be optimized [42]. For therapeutic
intervention, EVs loaded with miRNAs/antago-miRs can be delivered systemically, although exogenously
systemic administration of EVs have been shown to be rapidly cleared by the macrophages [99]. Intranasal
administration of EVs may increase brain accumulation and reduce the risks of dissemination, off-target
effects and toxicity, an approach that has been successfully used in a rat model of Parkinson’s disease [100].
Understanding biodistribution and pharmacokinetics profiles of EVs administered by different routes and
modalities might hold the potential for clinical translation. Although the mechanisms involved in the cellular

uptake of EVs are not completely elucidated and much remains to be done to standardize the use of EVs as
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therapeutic tools in CNS diseases, it is expected that EV-mediated miRNA therapeutics will be an important

class of therapeutic molecule in the future.

6. Future directions

Although the discovery of miRNAs has progressively revolutionized the landscape of cell and molecular
biology, their exact role in the pathophysiology of disease is far from being understood. MiRNAs are often
studied as single entities in gain-/loss-of-function experiments to examine their functions more in detail, but
they always act in concert with other miRNAs. Synergy and redundancy represent the strength of their
regulatory mechanism, and this should always be taken into account to avoid data misinterpretation.
Moreover, the ability to observe minimal fluctuations of a single circulating miRNA is limited by the sensitivity
of the detection systems. Although many progresses have been made in addressing the technical issues,
more work is needed to translate the current knowledge into clinical practice. MiRNAs are, indeed, entitled
to become the biomarkers of the future. However, biomarkers are molecules universally accepted as

|”

indicators of normal or pathological processes, and, to date, miRNAs are only “potential” biomarkers,
because of the variability observed in different studies, often due to the lack of a common normalization
framework. Moreover, their validation is even more complicated in neurodegenerative disorders due to high
complexity in terms of disease progression rates, in addition to the age and sex dependency. Large cohorts
of patients should be analyzed, and patient stratification, sampling, processing, data analysis and
normalization should be homogeneously performed to ensure a correct interpretation of results. Based on
recent evidence, we expect that a set of miRNAs will become a more reliable diagnostic and prognostic
biomarker than single miRNAs.

The existence of miRNAs changed the games also in pharmacology. One of the most challenging
opportunities is to exploit them as targets for cutting-edge pharmacological agents to restore or enhance
their expression. However, considering that miRNAs are able to influence not only a single gene, but entire
cellular pathways and processes, the off-target effects of mimics or antagomiRs still remain a major concern.

For this reason, as any other conventional therapeutics they require a careful evaluation of toxicity and side

effects. MiRNA-targeting agents might promote beneficial effects in pathological conditions, by fine-tuning
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several players in the same pathway, as described for endogenous miRNAs, highlighting the power of this
approach. Mimic and antagomiR administration is feasible, and may take advantage of EVs; however, the
strategies to deliver specific miRNAs into the CNS still require further investigation. Of note, also conventional
drugs modulate miRNA expression levels and this could be part of their therapeutic potential. A more detailed
study of the “miRNA pharmacology” might also explain some side effects and the non-response to therapy,

paving the way to personalized medicine for the treatment of neurodegenerative diseases.
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targeting agents able to restore the proper levels of these miRNAs (light blue box), were reported to promote
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Fig. 2 Pharmacological therapies can modulate the expression of miRNAs altered during disease. In
physiological conditions, miRNAs contribute to cell homeostasis (1). Pathological events can induce alteration
in miRNA levels, which, in turn, can participate to disease pathogenesis (2). Drugs can restore the expression
levels of altered miRNAs (3). In panel A, miRNA restoration is directly induced by the drug (4a) and
contributes, at least in part, to its therapeutic effect (5a). Alternatively, miRNA-based drugs may also be used
to directly restore the physiological miRNA expression. Instead, as depicted in panel B, miRNA restoration

could also be an indirect consequence of the therapeutic effect of the drug (4b, 5b), thus representing a

useful biomarker for monitoring drug efficacy (6b).

miRNA

Physiological
regulation

Pathological alteration

miRNA modulation

Mechanism

miR-34

Symmetric division
of NPCs [12]

Over-expressed in AD
and Epilepsy [13, 14]

miR-34 inhibition improved
memory performance and
cognitive functions [13]

Activation of Notch
signalling

miR-9

neuronal
differentiation of
NSC [15]

Down-regulated in
neurodegenerative
diseases [17]

miR-9 inhibition impaired
cognitive functions and synaptic
plasticity [18]

Inhibition of Wnt-B-
catenin pathway

miR-124

neuronal
specification [20]

Down-regulated in AD
[20]

Exogenous administration of
miR-124 reduces brain injury
after MCAO [21]

Regulation of Beta-
Amyloid production

miR-125b

differentiation of
neuronal cells [22]

Up-regulated in AD
[23]

Over-expression of miR-125b
impaired synaptic plasticity [22]

Activation of
neurogenic pathways

miR-219

OPC differentiation
(4]

Down-regulated in MS
lesions [36]

Exogenous administration of
miR-219 promoted in vivo re-
myelination [26, 27]

Inhibition of multiple
inhibitors of OPC
maturation

miR-338

OPC differentiation
[4]

Down-regulated in MS
lesions [36]

Exogenous administration of
miR-338 promoted
remyelination after SCI [28]

Inhibition of multiple
inhibitors of OPC
maturation

miR-17~92
cluster

OPC proliferation
[29]

Down-regulated in
peripheral blood of MS
patients [40]

Over-expression of miR-17-92
cluster led to increased numbers
of OLs in vitro [29]

Activation of AKT
signaling

miR-23a

myelin formation
(32]

Down-regulated in
plasma of MS patients
[64]

miR-23a over-expression
induced hind-limb paralysis due
to hypermyelination [32]

Regulation of AKT and
IGF signaling

miR-125a-3p

OPC maturation [33]

Over-expressed in CSF
of MS patients [33]

miR-125a-3p inhibition
promoted OPC maturation [33]

Inhibition of multiple
pro-myelin genes

Table 1. Role of selected miRNAs in the pathophysiology of neurodegenerative and demyelinating diseases,
and their mechanism of action.
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Drug miRNA Change Source

Interferon-p [61] miR-145 J Whole blood
miR-20a-5p T

Interferon-p [62] miR-26a-5p J Platelets

Glatiramer acetate [63] miR-142-3p J PBMC
miR-146a N2

Fingolimod [64] miR-23a ™ Plasma
miR-15b T
miR-223 T

Natalizumab [65] miR-17~92 ™ B cell
miR-106b~25 ™

Natalizumab (6] miR-18a ™ Whole blood
miR-20b ™
miR-29a T
miR-103 ™

Table 2 List of miRNAs potentially involved in the therapeutic mechanism of drugs approved for MS. The
arrows indicate up- or down-regulation of miRNAs following treatment. PBMC: peripheral blood
mononuclear cells; CSF: cerebrospinal fluid.

Source Change miRNA Drug
Whole blood N miR-125b Rituximab (9]

N miR-760

N miR-134

N miR-135a

N§ miR-135b

N miR-138
CSF N miR-150 Natalizumab [38]
PBMC NE miR-155 Natalizumab [67]

J miR-26a
PBMC NE miR-155 Dimethylfumarate [69]

Fingolimod [69]

Exosomes from N miR-155-5p Glatiramer acetate [70]
plasma and N miR-27a-3p
urine N miR-9-5p

N miR-350-5p
Exosomes from ™ miR-22-3p Interferon-P [71]
serum ™ miR-660-5p
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miR-486-5p
miR-451a
let-7b-5p
miR-320b
miR-122-5p
miR-215-5p
miR-320d
miR-19b-3p
miR-142-3p
miR-146a-5p
miR-15b-3p
miR-23a-3p
miR-223-3p

R e e R e e S

Table 3 List of circulating miRNAs described as indicators of the therapeutic efficacy of drugs approved for
MS. The arrows indicate up- or down-regulation of miRNAs following pharmacological treatment. PBMC:
peripheral blood mononuclear cells; CSF: cerebrospinal fluid.



