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Abstract: Preliminary but convergent findings suggest a role for microRNAs (miRNAs) in the
generation and maintenance of chronic pain and migraine. Initial observations showed that serum
levels of miR-382-5p and miR-34a-5p expression were increased in serum during the migraine attack,
with miR-382-5p increasing in the interictal phase as well. By contrast, miR-30a-5p levels were lower
in migraine patients compared to healthy controls. Of note, antimigraine treatments proved to be
capable of influencing the expression of these miRNAs. Altogether, these observations suggest that
miRNAs may represent migraine biomarkers, but several points are yet to be elucidated. A major
concern is that these miRNAs are altered in a broad spectrum of painful and non-painful conditions,
and thus it is not possible to consider them as truly “migraine-specific” biomarkers. We feel that these
miRNAs may represent useful tools to uncover and define different phenotypes across the migraine
spectrum with different treatment susceptibilities and clinical features, although further studies are
needed to confirm our hypothesis. In this narrative review we provide an update and a critical
analysis of available data on miRNAs and migraines in order to propose possible interpretations.
Our main objective is to stimulate research in an area that holds promise when it comes to providing
reliable biomarkers for theoretical and practical scientific advances.
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1. Introduction

Migraine is a primary headache disorder defined by the recurrence of attacks of
throbbing pain typically located on one side of the head, with medium-high intensity,
worsening with routine physical activities. The attacks last from 4 to 72 h. The pain is often
accompanied by photo- and/or phonophobia and nausea and/or vomiting [1]. In around
30% of patients, a headache is preceded by visual, sensitive or aphasic symptoms, defining
a subtype of the disease spectrum called “migraine with aura” [1].

According to the Global Burden of Disease Study 2019, migraine is the second most
disabling disease in terms of years lived with disability [2]. In addition to the burden on
personal life, migraine has a negative impact on multiple areas of the lives of those affected
(school, social activities, work), resulting in a huge socio-economic impact on society [3,4].

Depending on the median frequency of headache, migraine is defined as episodic
migraine (EM) for those who have less than 15 headache days per month, or chronic
migraine (CM) in those who have at least 15 headache days per month, 8 of which with
migraine features, for at least three months [1]. Chronification of migraine is often asso-
ciated with a progressive increase in the intake of acute medications, a condition known
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as Medication Overuse Headache (MOH) [1]. A prompt diagnosis of MOH is mandatory
because a specific treatment, namely the withdrawal of acute medications, is generally
recommended [5].

The diagnosis of migraine is clinical, based on an accurate history, neurological ex-
amination and the satisfaction of the precise criteria of the International Classification of
Headaches Disorders (ICHD-3) [1]. The pathogenesis of migraine is multifactorial and
involves multiple peripheral and central processes. A crucial role is played by the activa-
tion of the trigeminovascular system, while cortical spreading depression is considered the
underlying mechanism of migraine aura [6].

So far, validated and reliable biomarkers of migraine are lacking, but the headache
scientific community is intensely investigating the neurobiological signatures of migraine
to develop biomarkers and druggable targets [7].

Pre-clinical and clinical studies have yielded an impressive list of potential neurophys-
iological, neuroimaging and biochemical biomarkers of migraine, which are summarized
in Table 1. Several molecules proved relevant for the activation and the sensitization of
the structures of the trigeminovascular system, including calcitonin gene-related peptide
(CGRP), pituitary adenylate cyclase-activating polypeptide (PACAP), vasoactive intestinal
peptide (VIP) and substance P [8]. Unfortunately, the clinical application of these biomark-
ers is limited by the lack of consistency across studies and, in some cases, by the lack of
disease specificity.

Another class of molecules that has recently gained interest as putative biomarkers
for migraine is represented by microRNAs (miRNAs), the short non-coding filaments
of RNA (made of about 22 nucleotides) [9,10]. miRNAs regulate gene expression post-
transcriptionally via, but not limited to, the interaction with the 3’ untranslated region of
target mRNAs, promoting their degradation and translational repression [11].

miRNAs were first discovered in 1993 in Caenorhabditis elegans, and since then they
have been found in all eukaryotic cells conserved across the species [12]. miRNAs could be
considered epigenetic regulators of fundamental biological processes such as proliferation,
differentiation, survival and apoptosis in many cell types [13], where they are moved among
the subcellular compartments to regulate the translation and transcriptional rate [14].

Recent evidence analyses their hypothetical role as causative agents, biomarkers
and therapeutic targets in a wide range of neoplastic, inflammatory, autoimmune and
cardiovascular diseases [15,16]. For each disease, one or more specific miRNAs have
been identified and suggested in relation to different aspects, namely pathophysiology,
diagnosis, follow-up and treatment, thus confirming the huge potential role of miRNAs
in this context. Moreover, the inhibition mechanisms of miRNAs are characterized by
complex interactions between miRNAs and mRNAs. Indeed, one single miRNA can target
multiple genes but at the same time, one gene can be targeted by multiple miRNAs [17].

The need for specific biomarkers for migraine is an outstanding issue. In this review,
we will present an update and a critical analysis of available data on miRNAs and migraine.
We will also summarize their role in other pain conditions to provide readers with a
foundation for critically interpreting available evidence on miRNAs in migraine. We
will focus specifically on miR-382-5p, miR-34a-5p and miR-30a, and we will discuss the
pain-related mechanisms that may implicate them in migraine-related mechanisms. This
overview will hopefully stimulate further research in an area that holds promise in the
context of advancing the understanding and management of migraine.
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Table 1. Summary of neurophysiological, neuroimaging and biochemical parameters that have been proposed as biomarkers of episodic migraine, chronic migraine and medication

overuse headache.

Neurophysiology

Neuroimaging

Biochemistry

J4J habituation of VEP
11 IDAP between attacks

J1J habituation of the nBR in
EM the interictal phase

J1l TST of the NWR after NTG
administration

Ambrosini et al. (2017) [18]

Di Clemente et al. (2007) [21]
Perrotta et al. (2017) [22]

De Icco et al. (2020) [25]

11} volume of insula, frontal /prefrontal, temporal,
parietal, occipital cortices, anterior cingulate cortex,
basal ganglia and cerebellum

111 deep white matter hyperintensities in women

111 hypothalamus activity within the last 24 h
preceding the onset of migraine pain
117 functional coupling between hypothalamus and
the spinal trigeminal nucleus

Ashina et al. (2021) [19]

Palm-Meinders et al. (2012) [23]

Schulte et al. (2016) [26]

1 levels of CGRP and
Substance P in the interictal phase

111 VIP plasma level in the
interictal phase

4 agmatine and 111 spermine
and spermidine serum levels

Fusayasu et al. (2007) [20]

Cernuda-Morollon et al. (2015)
[24]

Lionetto et al. (2021) [27]

111 VEF amplitude
J4l VEF habituation

11} amplitude of MEP after
5Hz rTMS

1171 amplitude of the N2- P2
LEPs component

CM

Chen et al. (2011) [28]
Cosentino et al. (2014) [31]

de Tommaso et al. (2003) [33]

117 activation of hypothalamus after painful
trigeminal stimulus
J4J volume of cerebellar white matter, cerebellar
cortex and brainstem and 117 deep white matter
hyperintensities
11 functional connectivity between the DMN and
the ECN

Schulte et al. (2017) [29]
Bilgic B et al. (2015) [32]

Coppola G. et al. (2019) [34]

111 CGRP plasma levels in the
interictal phase

111 VIP plasma level in the
interictal phase

111 amylin plasma levels in the
interictal phase

Cernuda-Morollon et al. (2013)
[30]

Cernuda-Morollon et al. (2015)
[24]

Irimia at al. (2020) [35]

111 amplitude and |||
habituation of SEP

1 amplitude of MEP in rTMS
at5 Hz

MOH

J1) TST of the NWR
11 amplitude of the NWR

Srikiatkhachorn et al. (2013) [36]
Coppola et al. (2010) [37]

Cortese F. et al. (2019) [40]

Perrotta et al. (2010) [42]

11 fractional anisotropy of the brain white matter

44 PET-FDG metabolism of thalamus, orbitofrontal
cortex, anterior cingulate gyrus, insula/ventral
striatum and right inferior parietal lobule

Altered functional connectivity of nucleus
accumbens and dorsal rostral putamen

Shibata et al. (2018) [38]

Srikiatkhachorn et al. (2013)
[36]

Lai et al. (2018) [43]
Torta et al. (2016) [44]

11 platelet 5-HT uptake (Vimax)

1 platelet levels of AEA and
2-AG

111 CB2 protein expression in
PBMCs
1 FAAH gene expression in
PBMCs
M1 NAPE-PLD, MAGL and
DAGL genes expression in
PBMCs

Ayzenberg et al. (2008) [39]

Rossi et al. (2008) [41]

Greco et al. (2021) [45]

Legend: |]]: reduction of/reduced. 117: increase of/increased. EM: episodic migraine. CM: chronic migraine. MOH: medication overuse headache. VEP: visual evoked potentials. IDAP: dependence of
auditory evoked cortical potentials. nBR: nociception-specific blink reflex. TST: temporal summation threshold. NWR: nociceptive withdrawal reflex NTG: nitroglycerin. CGRP: calcitonin gene-related peptide.
VIP: vasoactive intestinal polypeptide. VEF: visual-evoked magnetic field. MEP: motor evoked potential. r-TMS: repetitive transcranial magnetic stimulation. LEP: CO(2)-laser thermal stimulation. DMN: default
mode network. ECN: executive control network. SEP: somatosensory evoked potentials. PET-FDG: positron emission tomography-fluorodeoxyglucose. 5-HT: 5-hydroxytryptamine. AEA: anandamide. 2-AG:
2-acylglycerol. PBMCs: peripheral blood mononuclear cells. NAPE-PLD: N-acylphosphatidylethanolamide-phospholipase D. MAGL: monoacylglycerol lipase. DAGL: diacylglycerol lipase.
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2. Roles of miR-382-5p and miR-34a-5p in Migraine and Pain
2.1. miR-382-5p and miR-34a-5p in Migraine

There is mounting evidence that miR-382-5p and miR-34a-5p are dysregulated in
migraine (Tables 2 and 3).

Andersen et al. first detected the aberrant serum expression of 32 miRNAs in migraine
patients in 2016 and identified a nine-fold increase in miR-34a-5p expression with a four-
fold increase in miR-382-5p expression during the migraine attack when compared to
the interictal phase [46]. Intriguingly, they also detected a significant higher miR-382-5p
expression in migraine patients during the interictal period when compared to healthy
subjects, and thus proposed this miRNA as a possible actor in migraine pathophysiology
and a specific biomarker of the disease [46]. A main limitation of the study was that the
migraine population was not well characterized, thus it was not possible to correlate the
results obtained with the migraine phenotype (episodic or chronic) and with headache
features.

A previously suggested hypothesis was that miR-382-5p serum expression was ex-
plained by increased blood-brain barrier permeability, which was suggested to occur
during the migraine attack in a pre-clinical model [47], but this hypothesis has never been
confirmed in humans and needs further confirmation.

Previous studies revealed that both miR-382-5p and miR-34a-5p negatively modulate
target genes linked to GABAergic facilitating signaling, a neurotransmitter involved in
trigeminal pain analgesia [46]. This may represent a protective compensatory mecha-
nism in migraine self-limitation; indeed, higher GABA levels have been detected in the
cerebrospinal fluid and in the saliva during migraine attacks [48,49].

miR-382-5p is also involved in Interleukin (IL)-10 anti-inflammatory signaling, where
it acts via a negative modulation of the interleukin 10 receptor alpha subunit (IL-10RA), an
endogenous inhibitor of pro-inflammatory IL-1f signaling [46].

The seminal work of Gallelli et al. paved the way for the identification of miRNAs
as potential peripheral biological markers of drug response. They demonstrated lower
miR-34a-5p and miR-375-5p expression in serum and saliva of children and adolescents
treated with magnesium and acute nonsteroidal anti-inflammatory drugs (NSAIDs) com-
pared to untreated subjects with migraine without aura [50]. It is noteworthy that in the
first cohort of patients, the expression of these specific miRNAs was comparable to a group
of healthy controls [50].

A recent study specifically analyzed miR-382-5p and miR-34a-5p expression in subjects
with EM or CM and MOH (CM-MOH) [51]. The authors described a significantly higher
interictal expression of miR-34a-5p and miR-382-5p in the plasma of CM-MOH subjects [51].
This analysis detected for the first time the association between specific miRNAs and the
migraine phenotype as well as disease severity [51]. Notably, in this study CGRP plasma
levels positively correlated with miR-382-5p and miR-34a-5p expression [51].

Although analyzed as a secondary endpoint, miR-382-5p and miR-34a-5p expression
was reduced two months after detoxification from acute medications (in-hospital detoxi-
fication program), regardless of the clinical outcome [51]. This observation suggests the
possibility of a direct role for acute medications in the expression of both miRNAs.

miR-382-5p and miR-34a-5p were also negatively modulated by erenumab, a mono-
clonal antibody directed against the CGRP receptor, in a population of difficult-to-treat CM
patients with and without MOH [52]. The expression of each miRNA was reduced after
three monthly s.c. administrations of erenumab, irrespective of the clinical outcome, which
suggests a direct role for CGRP in miRNA regulation [52]. By contrast, central sensitization
improved only in migraine patients who responded to erenumab treatment with an at least
30% reduction in monthly migraine days [52].

2.2. miR-382-5p and miR-34a-5p in Pain and Putative Mechanisms

miR-34a expression was reported to be altered in several human diseases besides
migraine, including osteoarthritis [53,54], Alzheimer’s disease [55], cancer [56,57] and
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leukemia [58]. The connection between miR-34a and these pathologies resides in its strong
contribution to the regulation of cell cycles and apoptosis, with miR-34a being a major
transcriptional target of p53 [59,60]. The involvement of miR-34a in several painful and
non-painful conditions clearly suggests that, when considered alone, it cannot represent
a migraine-specific biomarker. Nonetheless, it may still play a role as part of a multi-
biomarker panel signature of migraine [7].

Regarding pain-related disorders, miR-34a plays a role in the modulation of the inflam-
matory response [61,62]. Upregulation of mir-34a has been reported in osteoarthritic tissues
specimens and in patients with low back pain related to intervertebral disc
degeneration [63—-65]. miR-34a expression was enhanced by IL-13 release [53], although
miR-34a itself can up-regulate the IL-1f3/cyclooxygenase 2 (COX-2)/Prostaglandin E2
(PEG2) inflammation pathway [66] by targeting the deacetylase silencing information
regulator 1 (SIRT1) [66-68]. miR-34a also inhibits SIRT1 by increasing the acetylation of
the nuclear factor kappa B (NF-«B) P65 subunit, ultimately enhancing the transcription of
inflammatory mediators, including IL-1§3, IL-6 and tumor necrosis factor-« [67,69]. In an
animal model of inflammatory pain, Chen et al. reported an increase in miR-34a expression
in the spinal cord and showed that its inhibition by a miR-34a antagonist exerted analgesic
effects by increasing spinal SIRT1 expression [68]. The inhibition of SIRT1 was reported to
enhance the release of CGRP in rat trigeminal ganglia in vitro, probably as a consequence
of IL-13/COX-2/PGE2 pathway activation [66]. Other genes coding for proteins that are in-
volved in chronic pain pathways have been validated as targets of miR-34a, such as sodium
voltage-gated channel beta subunit 2 (Scn2b) and vesicle-associated membrane protein
2 (VAMP2) [70]. This latter belongs to the SNARE (soluble N-ethyl-maleimide-sensitive
factor attachment protein receptor) protein complex that regulates presynaptic neurotrans-
mitter release as well as neurotransmitter receptor trafficking and synaptic plasticity [71],
whose variants have been reported to be linked with migraine susceptibility [72]. It must be
noted that miR-34a was found to be down-regulated in rats” dorsal root ganglions 12 days
after the experimental induction of neuropathic pain, with the concomitant up-regulation
of VAMP2 [70]. Since the increase of synaptic proteins is related to higher glutamate re-
lease [73], this may ultimately lead to an enhancement of nociception. Nonetheless, miR-34a
was predicted to target the genes coding for specific GABA receptors subunits (GABBR2,
Gamma-aminobutyric acid type B receptor subunit 2; GABRA3, Gamma-aminobutyric
acid receptor subunit alpha-3) [46]. In this context, an up-regulation of this microRNA,
as reported in serum of migraine patients, could contribute to the reduction of the GABA
inhibitory signal [46]. Although some controversies exist, it is reasonable to assert that
the role of miR-34a may vary across different pain disorders according to the time of
evaluation and, more importantly, depending on specimen collection. However, together
these observations strongly point towards the contribution of miR-34a to the regulation of
pain-related neurotransmission.

Like miR-34a, miR-382-5p was predicted to target the GABRAS5 (Gamma-aminobutyric
acid receptor subunit alpha-5) GABA receptor subunit and also IL-10RA [46]. Thus, the
observed up-regulation in the serum levels of miR-382-5p in migraine patients may be ex-
plained by reduced GABAergic and anti-inflammatory signaling [46,74,75]. The increased
miR-382-5p serum levels in migraine patients may be also related to high protein levels of
transforming growth factor 3 (TGF-$). In agreement with this hypothesis, increased TGF-{3
levels were found in the plasma and cerebrospinal fluid of patients with EM [76,77]. TGE-3
is able to increase the expression of miR-382-5p [78-80] by inhibiting transcription factors’
repressors [81]. TGF- modulated miR-382-5p in vitro (human CD34+ stem cells), resulting
in the increased accumulation of reactive oxygen species (ROS). ROS accumulation was
explained by miR-382-5p-induced inhibition of superoxide dismutase 2 (5OD2), a direct
target of this mRNA [79,80]. This latter issue appears to be relevant in the context of mi-
graine pain, since oxidative stress and mitochondrial dysfunction was suggested as actors
in migraine pathophysiology [82-84]. miR-382-5p regulation is also influenced by the long
non-coding RNA Ftx (IncRNA Ftx), which exerts its action as a competing endogenous
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RNA (ceRNA), competing with miR-382-5p at targets level [85]. An increase in miR-382-5p
expression together with a down-regulation of IncRNA Ftx and neuregulin-1 (Nrg-1) was
reported in an animal model of neuropathic pain [85]. The lack of inhibition exerted by
IncRNA Ftx on miR-382, is supposed to increase the inhibition of Nrg-1, thus facilitating
pain and inflammation [85]. The involvement of Nrg-1 in pain was also reported in an
animal model of inflammatory pain. Its reduction has been found in the dorsal root ganglia
and spinal cord of mice, contributing to hypersensitivity [86]. Notably, increasing Nrg-1
expression facilitates analgesia and tissue repair by modulating glial cells proliferation,
central nervous system injury repair and the reduction of the release of pro-inflammatory
cytokine [85,87-89]. Increased miR-382-5p expression in pain conditions may also be re-
lated to nuclear factor kappa B (NF-«B) signaling, implicated in migraine pain [90-92].
NF-«B acts as a transcription factor for many miRNAs [93], including miR-382 [94]. Indeed,
the inhibition of NF-«B significantly suppressed miR-382 in vitro [94].

Table 2. Current evidence on miRNA expression in migraine.

miRNA Specimen Population Summary of Study Results Reference
8 migraine patients without 4.1-fold increase expression during
any medication migraine attack.
L. . . . . . Andersen et al.
miR-382-5p Serum 12 migraine patients with Higher expression during the (2016) [46]
normal medication habits interictal period in migraine patients
8 healthy controls vs. healthy subjects.
Peripheral blood 27 patients with EM Higher levels in CM-MOH vs. EM.  Greco et al. (2020)
mononuclear cells 28 patients with CM-MOH Positive correlation with CGRP levels. [51]
8 migraine patients without
.any.medlca.itlon . 9-fold increase expression during Andersen et al.
miR-34a-5p Serum 12 migraine patients with migraine attack (2016) [46]
normal medication habits '
8 healthy controls
Peripheral blood 27 patients with EM and 28 Higher levels in CM-MOH vs. EM.  Greco et al. (2020)
mononuclear cells with CM-MOH Positive correlation with CGRP levels. [51]
. . L . Significant lower expression in
. Pa't ents with migraine ‘.Nlth or patients with migraine vs. healthy Zhai et al. (2018)
miR-30a Serum without aura (sample size not
) controls. [93]
defined)
15 female patients with Reduced miR-181a, let-7b and miR-22
Peripheral blood remale pa levels in EM vs. HC. Tafuri et al. (2015)
migraine without aura - .
mononuclear cells Increased miR-27b levels in EM vs. [94]
13 healthy controls HC
Other 8 migraine patients without
miRNAs any medication

Increased miR-29¢-5p and miR-26b-3p

Andersen et al.

Serum 12 migraine patients with Lo .
norm§1 me diIZa tion habits expression in EM patients. (2016) [46]
8 healthy controls
Serum 30 patients with EM Increased expression of miR-155, Chen et al. (2018)
30 healthy controls miR-126, and let-7 in EM vs. HC. [95]

Legend: EM: episodic migraine. CM: chronic migraine. MOH: medication overuse headache. HC: healthy controls. CGRP: calcitonin

gene-related peptide.



Processes 2021, 9, 2199

7 0f 18

Table 3. Treatment driven modifications of miRNAs expression in migraine.

Treatment Posology and Duration Population miRNAs Modifications and Timing Reference
7-day standardized detoxification protocol in
hospitalized patients: abrupt withdrawal of
t}?;e;uSigvizué;;ﬂaSi}?liciﬁt;i:g;irétga;?nﬁ:a Significant reduction of miR-382-5p and
Detoxification Py 4 7 28 patients with CM-MOH miR-34a-5p two months after Greco et al. (2020) [51]

saline 500 mL + cyanocobalamin 2500 mcg + folic
acid 0.70 mg + nicotinamide 12 mg + ascorbic
acid 150 mg + sodic glutathione 600 mg +
delorazepam 0.5 mg

detoxification in CM-MOH.

Erenumab 70 mg

One administration s.c. every 28 days for a total
of three administrations

7 patients with CM
33 patients with CM-MOH

Reduction of miR-382-5p and miR-34a-5p
in the overall study population after three
months of treatment with erenumab.
No differences between 30% Responders
and NON-responders after three months
of erenumab treatment.

De Icco et al. (2020) [52]

NSAIDs and long-term
magnesium

Chronic treatment with magnesium (400 mg/day
for three months) + Abortive treatment with
acetaminophen (15 mg/kg) or ibuprofen
(10 mg/kg)

24 children and adolescents affected
by migraine without aura divided
into two groups (treated, and
untreated) and 12 healthy controls

Decreased expression of miR-34a-5p in
migraine patients treated with NSAIDs
and long-term magnesium vs. untreated
migraine patients.

Decreased expression in healthy controls
vs. untreated migraine patients.
Comparable expression between migraine
patients treated with NSAIDs and
long-term magnesium and healthy
controls.

Gallelli et al. (2019) [50]

Biphasic ketogenic diet

Phase 1: 3 weeks with <30 g of carbohydrates
Phase 2: 3 weeks with <120 g of carbohydrates

6 female obese patients with
migraine

Reduction of has-miR-590-5p and
has-miR-660-3p expression after a 6-week
ketogenic diet

Cannataro et al. (2020) [96]

Legend: CM: chronic migraine. MOH: medication overuse headache. CGRP: calcitonin gene-related peptide. NSAIDs: nonsteroidal anti-inflammatory drugs.
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These observations suggest that the activation of the inflammatory pathways may
lead to an up-regulation of miR-34a and miR-382 which in turn modulate the release of
inflammatory and pain mediators (Figure 1).

\
SIRTL IL-1B/COX2/PGE2 |

l IL-1B ]—’ L miR-34a J — HNF_kB_’ IL-6, TNF-a _’

GABBR2, GABRA3

~/ GABRAS _| |
l NF-kB ] — L miR-382 J — :‘;‘f’l'*A : A
P i sop2 - Ros |

| TGF-B |

—» PI3K/Akt/mTOR
Becnl

\/ Calca —p CGRP N
. N ET _’

LEGEND i TET1 = gTAT3

—| Inhibition l Increased in pain
= Facilitation D Decreased in pain

Figure 1. Schematic representation of putative mechanisms through which miR-34a, miR-382 and miR-30a interfere with
pain. Legend: in pain conditions, miR-34a and miR-382 were upregulated, while miR30a expression was downregulated.
Other molecules are also implicated in the inhibition or enhancement of miRNA expression in pain disorders. The
physiological activity of miRNAs is the downregulation of target mRNAs, thus the final effects depend on the role of the
mRNAs involved. High levels of miR-34a and miR-382 promote the inhibition of pathways that reduce pain (e.g., GABA
signaling). These miRNAs may also downregulate up-stream gene regulators, which in physiological conditions would have
blocked pain pathways (e.g., SIRT1). The downregulation of miR30a in pain conditions leads to a reduction of its inhibitory
effects. This would lead to an increase in pain-related pathways, since miR-30a targets genes that facilitate pain (like
Calca). miRNA = microRNA; mRNA = messenger RNA; BDNF = brain-derived neurotrophic factor; Becnl = Beclin 1 gene;
Calca = Calcitonin related polypeptide alpha gene; CGRP = calcitonin gene-related peptide; COX-2 = cyclooxygenase 2;
EP300 = E1A Binding Protein P300; GABBR2 = Gamma-aminobutyric acid type B receptor subunit 2; GABRA3 = Gamma-
aminobutyric acid receptor subunit alpha-3; GABRA5 = Gamma-aminobutyric acid receptor subunit alpha-5; IL-10RA =
interleukin 10 receptor alpha subunit; IL-1 = Interleukin 1§; IL-6 = Interleukin 6; IncRNA Ftx = long non-coding RNA Ftx;
NF-«B = nuclear factor kappa B; Nrg-1 = neuregulin-1; PGE2 = Prostaglandin E2; PI3K = phosphatidyl Inositol 3-kinase;
ROS = reactive oxygen species; Scn2b = voltage-gated channel beta subunit 2; SIRT1 = silencing information regulator 1;
SNARE = soluble N-ethyl-maleimide-sensitive factor attachment protein receptor; SOD2 = superoxide dismutase 2; STAT3
= Signal transducer and activator of transcription 3; TET1 = ten-eleven translocation methylcytosine dioxygenase 1; TGF-3
=Transforming growth factor 3; TNF-« = tumor necrosis factor-o; VAMP2 = vesicle-associated membrane protein 2.

3. Role of miR-30a in Migraine and Pain

Like many other miRNAs, miR-30a can target several different genes [97-100], of
which many are connected with pathways related with pain transmission/modulation.
Zhai and Zhu reported lower serum miR-30a levels in migraine patients compared to
healthy subjects [93] (Tables 2 and 3). Interestingly, the authors also showed that miR-30a
overexpression can degrade calcitonin/alpha-CGRP (Calca) gene in vitro, thus reducing
CGRP levels [93].

TGEF-f is known to downregulate miR-30a [101,102]. Given that high protein levels of
TGEF-f3 were found in migraine patients [74,75], it is worth speculating that, in contrast to
what happens with miR-382, the increased TGF-f3 levels might negatively regulate miR-30a
expression. This would lead to increased Calca expression and, consequently, to augmented
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CGRP levels. This pathway appears to be relevant for migraine, as it was hypothesized
that Calca degradation may represent a protective mechanism in migraine progression [93].

In line with the above-mentioned observation, low levels of miR-30a were also found
in animal models of neuropathic pain [103,104]. The involvement of miR-30a in pain
modulation resides in its ability to regulate different pathways contributing to pain. For
instance, miR-30a directly binds phosphatidyl Inositol 3-kinase (PI3K) [105] and Becn1 [106],
the gene coding for Beclin 1, a core subunit of the PI3K complex. Up-regulation of miR-30a
inhibits the PI3K/Akt/mTOR signaling pathway, thus resulting in a reduced central
sensitization and pain relief [107-109]. In addition, miR-30a targets ten-eleven translocation
methylcytosine dioxygenase 1 (TET1) [110], which is involved in the DNA demethylation
of some genes linked to pain hypersensitivity, like brain-derived neurotrophic factor
(BDNF) [111,112]. Accordingly, miR-30a levels were also found to be reduced in rats with
spinal cord injuries, thus confirming the hypothesis that miR-30a may have a protective
role when it comes to neuropathic pain [104].

Taken together, these findings support the role of miR-30a in pain modulation and
suggest that a down-regulation of miR-30a in pain conditions may lead to an up-regulation
of different pro-nociceptive effectors possibly involved in migraine pain. The overexpres-
sion of miR-30a may be a useful pathway to counteract pain in general and possibly also in
migraine pain (Figure 1).

4. Role of Other miRNAs in Migraine and Pain

Recently, the micro-MIG study corroborated the hypothesis that the expression of
different miRNA expression is altered in EM and CM when compared to a control group,
although no specific miRNAs were identified [113].

Furthermore, differential expressions of miRNAs were reported in the serum and in
circulating blood monocytes of people with migraine without aura compared to healthy
controls. These alterations were predominantly represented by the downregulation of
miR-181a, let-7b and miR-22, with only miR-27b found to be upregulated. Interestingly,
the altered expression of these aforementioned miRNAs has been linked to a higher cardio-
vascular risk, potentially correlating with the well-known relationship between migraine
and vascular dysfunction [94]. Along with miR-382-5p and miR-34a-5p, Andersen and
co-workers also found increased levels of miR-29¢-5p and miR-26b-3p in EM patients,
suggesting a further dysregulation of GABAergic and interleukin (IL4 and IL1RA) signal-
ing [46].

A subsequent in-depth analysis supported the link between migraine and endothelial
dysfunction, demonstrating an altered expression of miRNAs related with endothelial
function (miR-155, miR-126 and let-7) in EM patients without vascular risk factors when
compared to healthy subjects [95].

Burstein et al. described alteration of up to 27 miRNAs in the periosteum of CM
patients when compared to healthy controls [114]. These alterations led to an upregu-
lated expression of 25 genes involved in inflammatory response and a downregulation in
11 genes involved in the opposite task [114].

A recent review suggested that migraine and major depression may share a similar
mRNAs profile [115]. Indeed, among 12 miRNAs previously studied in migraine, 11
were also altered in depressive disorders. This observation further suggests caution in
interpreting these miRNAs as single migraine-specific biomarkers [115].

Several miRNAs were studied during celecoxib administration [116]. miR-590-5p,
in particular, appears a to be a target as it is specifically dysregulated in humans during
migraine attack, in subjects with Complex Regional Pain syndrome and in mice with
experimentally-induced chronic pain conditions [116].

More recently, a significant reduction in miR-375 expression, a specific miRNA related
to cancer, metabolic and inflammatory diseases [117], was identified in the serum and saliva
of migraine children taking symptomatic (NSAIDs) and preventive (long-term magnesium)
drugs [50].
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Finally, there is evidence of miRNA variation related to non-drug interventions,
as suggested by the alteration in has-miR-590-5p and has-miR-660-3p expression in-
duced by a 6-week ketogenic diet [96]. The precise biochemical mechanisms under-
lying this phenomenon are elusive, but the Authors invoked the antioxidant and anti-
inflammatory effects of the diet, together with the restoration of a physiological cortical
excitability [118,119].

It is worth reporting that negative results failing to confirm changes in miRNA ex-
pression in migraine patients have also been published, with the main limitation generally
represented by low sample sizes and limited statistical power [120].

A deep analysis of the role of miRNAs in non-migraine pain conditions is beyond the
scope of the present review, but some of the clinical and preclinical findings derived from
studies on pain may indirectly and effectively delineate the relationship between miRNA
expression and migraine. In recent years, various pain models, such as inflammatory, neu-
ropathic or diabetic pain models have included the evaluation of miRNAs [121]. Depending
on the study conducted, both overexpression and suppression were reported in association
with pain exacerbation [122]. miRNA expression varied across studies depending on the
tissue specimen, the site of the nociceptive pathway evaluated and the time of collection af-
ter the experimental injury, thus showing a time and space-dependent expression [123-126].
In mice models of peripheral nerve injury, miR-21 was found consistently increased across
various studies [127-130]. Bai et al. injected the complete Freund’s adjuvant (CFA) in the
masseter muscle of rats and subsequently analyzed the ipsilateral trigeminal ganglion
specimen. They found that several miRNAs (miR-29a, miR-99, miR-124a and miR-134)
were downregulated in the following hours, with a subsequent upregulation rebound days
after the injection [123].

Regarding space-dependent expression, Kusuda et al. found a downregulation of
miR-1, miR-16 and miR-206 in the dorsal roots of rats injected with CFA in the left hind paw.
By contrast, concomitant analysis of the spinal dorsal horn showed a tardive upregulation
of the same set of miRNAs [125].

These findings are consistent with the tissue-specific action of miRNAs involved
in pain modulations, suggesting that the same miRNA may differently influence gene
expression depending on the tissue specimen.

Human studies have focused primarily on detecting circulating miRNAs in cohorts
of patients affected by chronic pain conditions, such as fibromyalgia, complex regional
pain syndromes, inflammatory and irritable bowel syndromes, osteoarthritis and others.
Given the large number of heterogeneous studies, only a fraction of findings has been
consistently confirmed [131]. In fibromyalgia, the severity of pain inversely correlated with
miR-320 and miR-145 levels [132,133]. A reduced expression of miR-320 was associated
with chronic pain development in a cohort of patients who experienced motor vehicle colli-
sions [134]. A consistent finding in studies investigating osteoarthritic pain is the general
upregulation of miR-146, an alteration that was normalized by successfully treatment with
balneotherapy [135].

miRNA expression was also explored as a possible diagnostic biomarker of pain
disorders [129]. For instance, Dayer et al. proposed miR-320 and miR-98-5p as possible
biomarkers for distinguishing neuropathic from non-neuropathic pain conditions [136].

Finally, there is increasing evidence from animal models of the potential role of
miRNAs as a therapeutic target.

As previously mentioned, treatment with a miR-34a antagonist was effective in induc-
ing analgesia in a rodent model of inflammatory pain induced by CFA [68,70]. Similarly,
many other mimics or inhibitors of different miRNAs have been tested in several animal
models of pain, proving their effectiveness [137,138].

There are currently several therapeutic strategies (polymeric vectors, lipid-based
delivery systems, viral vectors) under consideration for both increasing and decreasing
specific miRNA expression in selected tissues [139,140]. Some crucial aspects are yet to be
addressed, namely the necessity to find vectors able to safely cross the blood-brain barrier,
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the evaluation of the drug-related toxicity and the ability to selectively target specific
miRNAs to reduce the interaction with other genes not related to the target disease.

5. Discussion

Migraine represents a leading cause of disability, affecting young and adult people
during the most productive years of their life. It also imposes an enormous economic
burden on the society, mainly attributed to indirect related costs, such as work presenteeism
and absenteeism.

Novel drug therapies modulating the CGRP pathways are now available, but their
high cost and the presence of resistant patients imposes the need to continue research on
novel therapeutic targets as well as on specific predictive biomarkers. Several biological
and instrumental evaluations were suggested as potential migraine biomarkers, including
genetic profiles, plasma and CSF neurotransmitters (CGRP, PACAP, VIP, glutamate), cy-
tokines and neuroimaging alterations [7]. Although promising, none of these may truly
be considered a solid biomarker, and further confirmation studies are needed. miRNAs
have attracted the attention of the scientific community, initially to better understand the
epigenetic impact of several physiological processes and, more recently, as possible diag-
nostic, monitoring and predictive biomarkers in a broad spectrum of pain and non-pain
conditions. The data from the literature summarized here suggest that miRNAs may well
have a place in the network of pathophysiological alterations that reflect the complexity of
migraine.

Validated biological biomarkers may allow several steps forward in the management
of migraine and primary headaches: (i) the refinement of the diagnosis according to biolog-
ical features; (ii) the prediction of the response to advanced therapies; (iii) the improved
selection of patients for clinical trials or in everyday practice; (iv) the identification of novel
molecular targets for drugs development. Recent but increasing evidence suggests a role
for miR-382-5p, miR-34a-5p and miR-30a in migraine.

These miRNAs are associated with migraine phenotypes and disease severity as sug-
gested by their expression in peripheral blood mononuclear cells of EM or CM-MOH
patients [51]. Notably, the association between miRNAs levels and the migraine pheno-
types survived a multivariate correction for age, sex, disease duration and CGRP levels.
Furthermore, miR-382-5p and miR-34a-5p expression in peripheral blood mononuclear
cells of subjects of these two clinical populations positively correlated with CGRP plasma
levels. In this context, it is worth mentioning that an increased expression of both miRNAs
was also reported in a population of difficult-to-treat CM patients with and without medica-
tion overuse [52]. Collectively, these findings support a role for miR-382-5p and miR-34a-5p
in migraine, which is partly, but probably not entirely, related to the interaction with the
CGRP pathway.

Data from our group suggest that the expression of miR-382-5p and miR-34a-5p may
be influenced by migraine treatments. Indeed, detoxification from overused acute drugs
and migraine preventive treatment with erenumab negatively modulated the expression of
both miRNAs [51,52]. Interestingly this biological effect was independent of the clinical
outcome and of the reduction in central sensitization observed in erenumab responders.
Accordingly, the baseline expression of miR-382-5p and miR-34a-5p was not capable of
predicting the clinical response to erenumab. Although these observations seem to limit
the clinical utility of these miRNAs for the prediction and monitoring of drug response,
if confirmed, they will definitely provide a new perspective on the pathophysiological
investigations of migraine mechanisms based on a more sophisticated subtyping of the
large migraine population. Notably, Christensen et al. suggested that migraine responders
to erenumab were characterized by a specific CGRP-phenotype, including: (i) an increased
migraine-like induction rate to CGRP administration; (ii) a more severe headache during the
induction test; and (iii) a long-lasting headache produced by CGRP administration [141].

Interestingly, another link between CGRP and miRNAs was recently reported by
Zhai and Zhu [93]. They found reduced levels of miR-30a in migraine patients, a miRNA
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postulated to negatively modulate the gene coding for CGRP. Thus, miR-30a agonism may
also represent an interesting novel therapeutic target for migraine.

The identification of single disease-specific biomarkers represents a priority of re-
searchers operating in the migraine field.

Thus far, the available evidence on the possible role of migraine biomarkers for
miR-382-5p, miR-34a-5p and miR-30a is compelling, although not entirely convincing.
These molecules are involved in different ways in several processes and diseases related
with pain, with a certain degree of complementary and synergic effects. Thus, it seems
reasonable to hypothesize that in the future these miRNAs may qualify as part of a multi-
biomarkers panel signature of migraine, rather than as individual biomarkers. Such a panel
will hopefully contribute to the possibility of identifying distinct phenotypes across the
migraine spectrum, and ideally it will also help to predict responses to different treatments.

Finally, miRNAs modulation with pharmacological agonists (“agomir”) and antag-
onists (“antagomir”) has already been tested in non-migraine pre-clinical and clinical
conditions. For instance, antagomirs targeting miR-27b, miR-107 and miR-155 as well as
agomirs targeting miR-126 and miR-195 were tested in pre-clinical models of ischemic
stroke, with promising pre-clinical results [142]. A miR-34a antagomir also produced
analgesic effects in a pre-clinical pain model of the spinal cord [68]. In a phase 1 study, a
miR-34a agonist was tested for safety and tolerability in patients with solid neoplasms.
A dose-dependent modulation of target genes was demonstrated in white blood cells, but
the trial was terminated early due to serious, immune-mediated, adverse events [143]. Con-
stant drug development will hopefully lead to novel second generation miRNAs agomirs
and antagomirs with improved safety profiles.

Several unanswered questions call for further research aimed at disentangling the
characteristics and direction of the relationship between miRNAs and migraine.

Moreover, it is reasonable to state that miRNAs are involved in other primary and
secondary headaches, such as tension-type headache, trigeminal autonomic cephalalgias,
and post-traumatic headache. Finally, further investigations are needed to confirm the
association between different migraine phenotypes and miRNAs expression.

6. Conclusions

The initial evidence prompts a possible role for miRNA profiling in migraine research.
Clinical data on miR-382-5p, miR-34a-5p and miR-30a seem promising, but their scientific
strength is limited by the lack of consistency across studies due to: (i) inhomogeneity
or poor definition of migraine cohorts (EM, CM with and without MOH) and related
comorbidities, (ii) small sample sizes and (iii) different types of specimens (e.g., blood,
saliva, CSF) collected for miRNAs analysis. Further studies are therefore needed to confirm
and expand on the role of miRNAs in migraine pathophysiology and management.

In the future, it will be important to tackle the different components of migraine in
their dynamic manifestations. Indeed, migraine is a complex disorder characterized by
recurring attacks, each defined by a sequence of phases: a prodromal phase, a pain phase
either preceded or not by aura symptoms and a postdrome phase. The prodromal and
postdrome phases have attracted the attention of the scientific community as they may
represent the true timeframe for the study of the mechanisms involved in the origin and
cessation of the migraine attack.

The availability of reliable and validated human migraine models will facilitate the
study of miRNA expression in the different phases of the migraine cycle, prompting the
possibility to set experimentally controlled conditions.
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