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Abstract: Depression is an effect of complex interactions between genetic, epigenetic and environ-
mental factors. It is well established that stress responses are associated with multiple modest and
often dynamic molecular changes in the homeostatic balance, rather than with a single genetic
factor that has a strong phenotypic penetration. As depression is a multifaceted phenotype, it is
important to study biochemical pathways that can regulate the overall allostasis of the brain. One
such biological system that has the potential to fine-tune a multitude of diverse molecular processes
is RNA interference (RNAi). RNAi is an epigenetic process showing a very low level of evolution-
ary diversity, and relies on the posttranscriptional regulation of gene expression using, in the case
of mammals, primarily short (17-23 nucleotides) noncoding RNA transcripts called microRNAs
(miRNA). In this review, our objective was to examine, summarize and discuss recent advances
in the field of biomedical and clinical research on the role of miRNA-mediated regulation of gene
expression in the development of depression. We focused on studies investigating post-mortem brain
tissue of individuals with depression, as well as research aiming to elucidate the biomarker potential
of miRNAs in depression and antidepressant response.
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1. Introduction

Prolonged stressful conditions, including traumatic events, act as risk factors for de-
pressive psychopathology. Accordingly, it is well established that stress experienced in
the context of adversity is a common trigger for depressive episodes (major depressive
disorder-MDD). Depression is associated with abnormalities in the maintenance of home-
ostasis and normal neuronal activity in many regions of the brain [1]. These abnormalities
condition the reduced biological ability of an individual to actively cope with stressful
factors. During the past few decades, many interesting basic and clinical studies have
been carried out to elucidate the molecular and physiological determinants of depression.
The serotoninergic, noradrenergic and dopaminergic neurotransmitter systems have been
at center stage both in the investigation of the neurobiological bases of depression, as
well as in the development of therapeutic strategies [2-5]. Disturbed transmission of the
above-mentioned neurotransmitters is observed in people suffering from depression [6]
as well as in animal models of depression [7]. Currently, antidepressant therapies are
based on the use of drugs targeting the main monoaminergic systems (including reuptake
inhibition or autoreceptor antagonism). The effects of antidepressant therapy with drugs
that regulate serotonergic or noradrenergic transmission occur only after several weeks of
use, while drugs that affect the dopaminergic system, due to the possibility of addiction, are
used marginally [8]. Although drugs which modulate serotonergic and/or noradrenergic
neurotransmitter systems show effective antidepressant action [9], a significant propor-
tion of individuals with depressive disorders do not respond to a given antidepressant
treatment [10,11]. This clearly indicates that the pathophysiological mechanisms underly-
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ing depression may be more complex and occur not only at the level of monoaminergic
neuromodulatory signaling in the brain.

Recent studies suggest that stress-related mood disorders are an effect of complex
genetic, epigenetic and environmental interactions [12-15]. Stress responses are more
associated with multiple small and often dynamic molecular changes in homeostatic
balance, rather than with one genetic factor of strong phenotypic penetration [16-19]. As
depression is a multifaceted phenotype, it is important to study the biochemical pathways
that can regulate overall allostasis of the brain. One such biological system that has the
potential to fine-tune different biological pathways is RNA interference (RNAi). RNAi is
an epigenetic process showing a very low level of evolutionary diversity and relies on the
posttranscriptional regulation of gene expression using, in the case of mammals, primarily
short (17-23 nucleotides) and noncoding RNA transcripts called microRNAs (miRNA).

The elucidation of the role of RNA-interference in animals and the classification of
miRNAs as a new group of posttranscriptional regulators of gene expression took place
in the 1990s. In 1993, Lee and co-workers reported that in the nematode C. elegans, the
lin-4 gene encodes the short and noncoding RNA molecules which are responsible for
time-dependent repression of the LIN-14 protein during larval development [20]. Several
years later, in 1998, Fire and co-workers observed a potent gene silencing effect in C. elegans
injected with double stranded RNA molecules targeting the ucn-22 gene [21].

At present, approximately 2000 distinct miRINAs have been annotated in the hu-
man genome (miRbase v22 database) [22,23]. The majority of these are expressed in the
brain and some of them, such as e.g., miR-9-5p, miR-124-3p, are even considered as brain-
specific [24,25]. These observations led to the hypothesis that miRNAs may be important
factors controlling the homeostatic balance in the central nervous system, and their regula-
tory role may be disturbed by stress and trauma. Currently, the involvement of mature
miRNAs in the pathophysiology of depression and other neuropsychiatric disorders is
under intense investigation. Recent research has shown that susceptibility to stress may
correlate with changes in the level of miRNA expression. This was observed in many dif-
ferent brain regions of stressed animals in models of depression, as well as in post-mortem
human brain studies of individuals affected with major depression.

In this review, our objective was to examine, summarize and discuss recent advances
in the field of biomedical and clinical research on the role of miRNA-mediated regulation
of gene expression in the development of depression. We focused on studies investigating
the post-mortem brain tissue of individuals with depression, as well as research aiming to
elucidate the biomarker potential of miRNAs in depression and antidepressant response.
The review is organized in five main sections, of which the first is an introduction to
the topic. In the second chapter we describe the biogenesis pathway and biochemical
properties of mature miRNAs that are important for miRNA-mediated gene fine-tuning
and in biomarker studies. In the third chapter we discuss studies investigating miRNAs in
human brain tissue samples collected from depressed individuals who died by suicide. The
fourth chapter is focused on clinical studies investigating miRNAs in different peripheral
tissues and body fluids in depressed patients, as well as the effects of antidepressant
treatments. The last section summarizes current results and is particularly focused on the
specific miRNAs that consistently appeared across independent studies using brain tissue,
body fluids, and antidepressant treatment.

2. miRNA Biogenesis, Function and Regulatory Properties

miRNAs are short (17-23 nucleotides), noncoding, single-stranded RNA transcripts
that, in mammals, are responsible for the sequence-specific and post-transcriptional regu-
lation of expression of more than 60% of genes [26]. miRNAs are endogenously encoded
in the mammalian genome and are initially transcribed by polymerase II (Pol II) as long
(up to several hundreds of nucleotides) primary transcripts (pri-miRNAs). Pri-miRNAs
are then trimmed in the nucleus into shorter (~65-70 nt) stem-loop secondary structures
named precursor miRNAs (pre-miRNAs). The microprocessor complex consisting of two
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proteins, DiGeorge Syndrome Critical Region 8 (DGCRS8) and Drosha, is responsible for
the enzymatic processing of pri-miRNAs to pre-miRNAs in the nucleus. DGCRS is a
protein which recognizes stem-loop structures in pri-miRNA. Drosha is a Class 2 RNase 111
enzyme that cuts off pre-miRNA hairpins from primary transcripts. A single pri-miRNA
may contain up to six miRNA precursors. After processing in the nucleus, pre-miRNA
transcripts are transported to the cytoplasm via a transporter-Exportin-5 (XPO5), which is
a member of the karyopherin family of nucleocytoplasmic transport factors. The exported
pre-miRNAs are further processed in the cytoplasm by the enzyme Dicer into approxi-
mately 22 nucleotides-long RNA duplexes. Dicer, which belongs to the RNase III family,
cleaves double-stranded RNA molecules and, together with the enzyme Drosha, plays a
crucial role in the mature miRNA biogenesis system [27]. After Dicer processing, small
RNA duplexes are incorporated into a protein complex named RISC (RNA-induced gene
silencing complex). In RISC, one strand of the duplex is removed and the other strand
(17-23 nt) constitutes mature miRNA. A core component of RISC is protein Argonaute 2
protein (AGO?2). It belongs to an evolutionarily conserved protein family with intrinsic en-
donuclease activity, which is responsible for the final step of miRNA maturation [28]. RISC
containing AGO2 and a guide strand of mature miRNA is a multiple-turnover enzymatic
complex responsible for nucleolytic destruction or inhibition of the translation of mRNA
transcripts. Therefore, RISC may directly regulate the protein levels of a given mRNA. It
has been widely observed that the specificity of the action of the RISC complex results from
perfect Watson-Crick pairing between six nucleotides at positions 2-7 at the 5'- end of the
mature miRNA, named the seed region, and a complementary sequence located mainly in
the 3’ untranslated region (UTR) region of target mRNAs. This interaction is even more
efficient and thus biologically promoted when additional pairing of nucleotides at positions
one and eight, flanking the miRNA seed region, takes place [29,30]. It is not difficult to
imagine that since the RISC specificity depends on the complementarity of only eight
nucleotides between a mature miRNA and its target, one miRNA transcript can negatively
regulate the translation of multiple different mRNAs. Accordingly, the alteration of the
levels of a single miRNA may lead to multiplicative downstream effects that may change
entire biochemical pathways [29,31]. The pleiotropic effects of miRNAs on the regulation
of gene expression seems to be an important factor in maintaining the homeostatic balance
of the brain in response to stress. This is why miRNA-mediated gene regulation is cur-
rently under intensive investigation in many basic and clinical studies which are trying to
delineate the mechanisms underlying stress susceptibility and resilience. miRNAs possess
another feature which may be important in the regulation of a homeostatic balance in the
brain. One mRNA transcript may contain multiple sites complementary to many unrelated
miRNAs, and thus whole nets of different miRNAs may converge their action on the same
gene or functionally related pathways [32]. In fact, this phenomenon was reported to
be important for normal mammalian brain development [33] and functioning [34,35]. A
third key feature of miRNAs is their very high level of evolutionary conservation among
mammals, which not only suggests their importance for physiology but also makes them
ideal candidates for translational studies [36].

3. Studies Investigating Depression-Related miRNAs in the Brain
3.1. Brodmann Area 9 (BA9)

BA9 is a region of the human frontal cortex that it is involved in working mem-
ory [37,38], memory-guided attention [39], as well as the processing of emotions [40].
Abnormalities in biochemical functioning (including miRNA regulation) of the BA9 region
have been observed in patients suffering from bipolar disorder [41] and depression [42].
For instance, Smalheiser and co-workers reported altered expression levels of 21 different
miRNAs in BA9 of depressed patients [43]. Interestingly, many of the dysregulated miR-
NAs were located in close proximity in the genome, and shared similarities in seed regions,
and thus shared putative mRNA targets [43]. A more recent study reported increased
expression levels of miR-30a-5p and miR-30e-5p in BA9 of individuals with depression who



Int. J. Mol. Sci. 2021, 22, 11312

40f28

died by suicide [44]. miR-30a-5p and miR-30e-5p negatively regulated the expression level
of ZDHHC?21, a gene responsible for the palmitoylation of the serotonin autoreceptor 1A
(HTR1A). Diminished palmitoylation of HTR1A receptor, resulting in disturbed signaling
properties, was observed by the authors, not only in brain tissue of depressed suicides but
also in the prefrontal cortex of anhedonic mice in a chronic stress paradigm [44]. miRNAs
expressed in the BA9 area may also be a molecular link between dementia and late-life
depression in humans [45]. Wingo et al. performed a longitudinal analysis of the develop-
ment of depressive symptoms and dementia among 300 elderly participants. After their
death, they examined global miRNA alterations in BA9 and found that changes in the ex-
pression levels of four miRNAs i.e., miR-484-5p, miR-26b-5p, miR-30d-5p and miR-197-3p,
were significantly associated with late-life depressive symptoms. Subsequent analysis on
a replication cohort showed consistent changes for miR-484-5p. Lower levels of miR-484
expression in the BA9 region accompanied higher symptoms of late-life depression and a
higher probability of having Alzheimer’s dementia [45].

3.2. Brodmann Area 10 (BA10)

The BA10 region is part of the anterior prefrontal cortex [46] and is highly developed
in humans. The volume of BA10 in humans is significantly larger than corresponding
regions observed in other primates [47]. BA10 is involved in higher cognitive processing,
including future-thinking [48] or mediation of reward related behavior [49]. Interestingly,
both functions have been observed to be disturbed in depressed subjects [48-50]. The
first study, made by our group, reported upregulation of miR-185* and miR-491-3p in
the BA10 region of individuals who died by suicide [51]. miR-185* was responsible
for the negative regulation of the expression level of TRK2-1 receptor and thus, may
contribute to diminished BDNF-related signaling in suicide completers [51]. Another
study reported decreased expression levels of miR-508-3p and miR-152-3p in the BA10
region of individuals who died by suicide as compared to non-depressed controls [52].
Additionally, it has been observed that individuals who died by suicide had upregulated
expression of miR-19a-3p in BA10 regardless of their previous psychiatric diagnosis. This
was, however, not observed in brains of MDD patients who died by causes other than
suicide [53]. Further examination of miR-19a-3p target genes suggested that it may be
involved in the modulation of TNFa signaling [53] and genes responsible for regulation of
neuroinflammation [54].

3.3. Brodmann Area 44 (BA44)

BA44 in the human brain is located in the third frontal convolution of the frontal
lobe [55]. BA44—especially that from the left hemisphere—is functionally engaged in
different aspects of speech and higher cognitive functions, such as learning, imitation,
creation of music [56], and expression of emotional information [57]. BA44 is also another
well-studied cortical region in terms of changes in the levels of miRNA expression in
depression and suicide. Significant upregulation of the expression of miR-34c-5p, miR-
139-5p, miR-195-5p, and miR-320c has been observed in the BA44 area of depressed
suicide completers [58]. Current research using animal models of stress also supported the
observation that upregulation of miR-34c-5p and miR-139-5p in the brain may be associated
with the development of stress-related mood disorders. In rodents, acute stress induced
an increased expression of miR-34c-5p in the amygdala [59]. Chronic stress, in turn, was
associated with the upregulation of miR-34c-5p in the nucleus accumbens [60] and the
amygdala [59], while experiencing early life stress caused the aforementioned changes in
the hippocampus, prefrontal cortex, and amygdala [61]. It has been observed that blood-
derived exosomes collected from MDD patients had the potential to evoke depressive-like
symptoms in mice [62]. This effect was hypothesized to be mediated by miR-139-5p,
whose levels in blood-derived exosomes were significantly higher in MDD patients than in
healthy controls [62]. Furthermore, mice that experienced chronic unpredictable stress had
higher levels of miR-139-5p expression in the brain, while intranasal administration of a
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miR-139-5p antagomir alleviated the depressive-like symptoms in stressed animals [62].
The expression level of miR-1202 was significantly downregulated in BA44 of depressed
patients who died by suicide compared to healthy persons [63]. Interestingly, miR-1202
is primate-specific and its expression is enriched in the brain [63]. It has been observed
that the expression level of miR-1202 is significantly higher in suicides that were treated
with antidepressants as compared to those with no treatment history, but still significantly
lower than in healthy controls [63]. This may indicate that miR-1202 is involved in the
pathophysiological mechanisms of depression, suicidal behavior, and can be a potential
biomarker of the response to antidepressant treatment. In another study, Torres-Berrio
et al. demonstrated that miR-218 is a posttranscriptional repressor of netrin-1 guidance cue
receptor (DCC) and its reduced level, together with the exaggerated expression of DCC in
the BA44 cortical region of depressed individuals, may contribute to the stress-vulnerable
phenotype [64]. In addition, the authors observed consistent changes in the prefrontal
cortex of mice susceptible to chronic stress. DCC is responsible for controlling synapse
formation, axon arborization, and the organization of neural connectivity. Therefore,
miR-218-dependent regulation of the DCC level in the brain may be a target of future
antidepressant therapeutic interventions [64]. Based on exploratory bioinformatic analysis
of five microarray datasets investigating miRNA expression in BA44, Wang and co-workers
concluded that miR-124-3p is one of the most dysregulated miRNAs in this region in
MDD [65]. They observed a general decrease in the level of miR-124-3p in BA44, particularly
in male patients diagnosed with MDD [65].

3.4. Anterior Cingulate Cortex (ACC)

The ACC is a cortical structure localized in the medial wall of each hemisphere in the
ventromedial frontal cortex [66,67] and was originally divided by Brodmann to subareas
BA24, BA25, BA32, and BA33 [66]. The ACC is a brain structure of particular interest
to depression because of its unique function and connectivity. The ACC has strong neu-
roanatomical connections with limbic structures, which regulate reward-related behaviors,
and the prefrontal cortex, which is responsible for cognition [66]. Thus, the ACC is con-
sidered as a region integrating functional outputs from both limbic and prefrontal cortical
circuits. The ACC is thought to be implicated in the regulation of positive and negative
emotional feelings, mood [68,69], attention and salience [69,70]. It also appears to be af-
fected in depressed patients [71,72], and its functional connectivity with the ventromedial
prefrontal cortex correlates with antidepressant treatment response [73]. By using next
generation sequencing (NGS), Yoshino et al. observed the upregulation of 117 and the
downregulation of 54 different miRNAs in the ACC of depressed subjects [74]. This ac-
counted for 4.16% and 2.13%, respectively, of the total number of miRNAs examined in
this study [74]. These results may suggest that the altered miRNA landscape in the ACC
may be involved in the development of depression. In another study by our group, Fiori
et al. used NGS in two different human brain regions, i.e., BA24 (which is part of ACC)
and the lateral habenula, and reported similar expression patterns of 32 miRNAs between
both brain regions, of which miR-204-5p, miR-320b, miR-323a-3p and miR-331-3p showed
increased expression in depressed patients [75]. Further experiments also indicated that
miR-323a-3p may be involved in the development of the depressive phenotype by the
regulation of neuregulin signaling in both brain structures [75]. This observation is also
supported by preclinical experiments in which prenatal stress upregulated miR-323a-3p
in the brain of a rat [76]. Azevedo and co-workers also focused on the BA24 subregion of
ACC. They found decreased expression of miR-34a, miR-184, and miR-195, however, none
of them passed correction for multiple testing [77].

3.5. Other Brain Regions

So far, most studies investigating the role of miRNAs in pathophysiological mech-
anisms of depression in the human brain have focused on cortical regions such as ACC,
BA44 or the dorso-lateral prefrontal cortex (for more details, see Table 1). However, there
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is only limited information on changes in miRNA expression in other areas of the brain
which are also affected by stress. For instance, Roy and colleagues examined miRNA
networks in the locus coeruleus (LC), which is a brain region where norepinephrinergic
neurons are located, in depressed suicides and healthy controls. They found differential
regulation of 13 miRNAs (see Table 1) and by using functional clustering of predicted target
genes, they showed that this group of miRNAs may be responsible for the dysregulation
of cellular biological pathways involved in normal brain functioning [78]. The depressive
phenotype was also related to the miR-511-mediated reduction of GDNF family receptor
alpha 1 (GFRA1) signaling [79] and miR-128-3p-mediated downregulation of key target
genes of the Wnt signaling pathway in basolateral amygdala [80]. miR-511 has also been
reported as a miRNA that may play a significant role in the regulation of brain responses
to stress in animals. miR-511 has been found to bind to FKBP5 mRNA, the chaperone gene
for the glucocorticoid receptor. This gene is significantly involved in stress responses and
regulates glucocorticoid signaling in the brain [81,82]. In animal studies, reduced miR-511
expression was observed in the prefrontal cortex in rats, following chronic unpredictable
stress or dexamethasone administration [82]. In a mouse model of post-traumatic stress
disorder (PTSD), lower miR-511 transcript levels were observed in the hippocampus and
hypothalamus of stress-susceptible animals, while in the medial prefrontal cortex both
stress-susceptible and resilient animals had lower levels of miR-511 [83]. Another inter-
esting study was performed by Issler et al. [84]. In this study, the authors used a series of
complementary animal and human approaches, and observed that miR-135a-5p levels were
decreased in the dorsal raphe (RN) and raphe magnus (RM), areas containing primarily
projecting serotonergic neurons, which provide a substantial amount of serotonergic inner-
vation to the forebrain. It is worth noting that both the serotonin transporter (SERT) and
the serotonin autoreceptor (HTR1A) were validated as targets regulated by miR-135a-5p.
The authors extended their research on animal studies and observed that although chronic
social defeat stress did not alter miR-135a-5p in the mouse RN, chronic and acute adminis-
tration of imipramine and fluoxetine increased expression levels of miR-135a-5p in the RN
of both stressed and non-stressed animals [84]. Furthermore, animals with miR-135a-5p
overexpression in the RN demonstrated resilience to the adverse effects of chronic stress,
while its knockdown promoted anxiety-like behavior and attenuated the response to an-
tidepressants [84]. Taken together, these results suggest that miR-135a-5p may play an
important role as an endogenous factor that regulates antidepressant behavior [84].
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Table 1. List of post-mortem studies comparing brain miRNA expression data between depressed and psychiatrically healthy subjects.
Brain . Regulation Validation of
Ref. Region miRNA MDD vs. HC Targeted Gene Targeted Gene
[80] Amygdala miR-128-3p Up DVL1, LEF1, WNT5b Direct—in vitro
miR-320b-3p, miR-331-3p Up N/A N/A
Lateral habenula
miR-323a-3p Up ERBB4 Direct—in vitro
75
(75l miR-204-5p, miR-331-3p Up N/A N/A
BA24
miR-323a-3p Up ERBB4 Direct—in vitro
[45] BA9/BA46 miR-484-5p, miR-26b-5p, miR-30d-5p, miR-197-3p Down N/A N/A
(74] ACC 117 miRNAs (4.16%) Up N/A N/A
54 miRNAs (2.13%) Down N/A N/A
[44] BAG miR-30a-5p, miR-30e-5p Up ZDHHC21 Direct—in vitro
miR-200a-5p Down N/A N/A
[65] BA44 miR-124-3p Down * DDIT Indirect
(53] BALO miR-19a-3p Up TNFa N/A
miR-20a-5p, miR-92a-1-3p Down N/A N/A
[85] BA46 miR-124-3p Up GRIA3, GRIA4, NR3C1 Direct—in vitro
miR-17-5p, miR-20b-5p, miR-106a-5p, miR-330-3p, miR-541-3p, miR-582-5p, miR-890, U
miR-99-3p, miR-550-5p, miR-1179 P RELN, GSK-33, MAOA, CHRM1, .
[78] Locus coeruleus PLCB1 GRIK1 Indirect
miR-409-5p, let-7g-3p, miR-1197 Down !
[64] BA44 miR-218-5p Down DCC Direct—in vitro
[86] vPFC miR-146a-5p, miR-146b-5p, miR-24-3p, miR-425-3p Up MAPK/Wnt pathway Direct—in vitro
[87] Midbrain miR-326 Down UCN1 Direct—in vitro
[77] ACC miR-184 and miR-34a-5p Down PDE4B, NCOA1, NCOR2 Direct—in vitro
[79] BLA miR-511, miR-340 Up GFRA1 Direct—in vitro
[63] BA44 miR-1202 Down GRM4 Direct—in vitro
[84] Raphe nuclei miR135a-5p Down SLC6A4, HTR1A Direct—in vitro
[58] BA44 miR-34c-5p, miR-139-5p, miR-195-5p, miR-320c-3p Up STAT1, SMOX Indirect
[52] BA10 miR-508-3p, miR-152-3p Down N/A N/A
miR-142-5p, miR-137, miR-489, miR-148b, miR-101, miR-324-5p, miR-301a, miR-146a, miR-335,
[43] BA9 miR-494, miR-20b, miR-376a *, miR-190, miR-155, miR-660, miR-130a, miR-27a, miR-497, Down DNMT3b, VEGFa, BCL-2 Indirect
miR-10a, miR-20a, miR-142-3p
[51] BA10 miR-185 *, 491-3p Up Trk2- T1 Direct—in vitro

* based on bioinformatic exploratory analysis of currently available microarray datasets.
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4. miRNA Studies of Depression and Antidepressant Treatments Investigating Blood
and Body

Identifying noninvasive peripheral biomarkers that may reflect pathophysiologic
changes occurring in the depressed brain is of prime importance in the clinic. The dis-
covery of such a biomarker which, in addition may also predict antidepressant response,
could overcome major obstacles in clinical practice, including the individual and subjec-
tive evaluation of symptoms of depression, and the trial-and-error processes currently
used in the selection of the most effective antidepressant therapy. In this context, miR-
NAs found in blood and body fluids are currently gaining attention [88]. Circulating
miRNAs appear to be good candidates in biomarker research due to their high level of
stability in the blood [89,90] and the presence of brain-specific miRNA transcripts, such as
miR-9, that can be detected in body fluids [91]. Indeed, numerous scientific reports have
shown that brain-specific miRNNAs can effectively cross the blood-brain barrier and are
detectable in blood [85-92], as well as in brain-derived extracellular vesicles circulating in
the bloodstream [93]. The ability of brain-specific miRINAs to pass through the blood-brain
barrier makes them ideal biomarkers of brain processes, including mental illnesses such
as depression.

Undoubtedly, blood is the most commonly used biological material in clinical studies,
as it is relatively easy to obtain and does not require special processing. Nevertheless, it
should be taken into account that whole blood contains a high proportion of erythrocytes
and other cells, which are a vital source of miRNAs not directly related to functioning of
the brain. Thus, discrete changes, which may be related to brain-specific processes and
potentially present in the blood, may not be detected as they could be “diluted” among
other signals, especially when the same miRNA is expressed in both blood and brain cells.
To overcome this potential obstacle, some authors focused on the examination of plasma
and serum samples. Others went a step further and used cerebrospinal fluid (CSF) and,
more recently, investigated extracellular vesicles circulating in the blood from other tissue
origins, including the brain. Examining extracellular vesicles is an exciting avenue that
may maximize the sensitivity and specificity of brain-derived miRNA changes that can be
detected in the bloodstream.

4.1. Whole Blood

Using whole blood, one study found that twelve weeks of escitalopram treatment
increased the expression of 28 miRNAs and decreased miR-34c-5p and miR-770-5p ex-
pression in the blood of depressed patients [94]. Another study found that 4 weeks of
citalopram treatment normalized blood levels of six downregulated and four upregulated
miRNAs in depressed subjects [95]. For further details, see Table 2. Interestingly, both
antidepressant treatments resulted in the upregulation of the level of miR-335 [94,95].
miR-335 has the potential to interact with glutamate metabotropic receptor 4 (GRM4)
which has been implicated in the control of anxiety-related behavior [95]. Our group
has also observed that depressed patients had decreased blood levels of miR-1202 while
8 weeks of escitalopram [63] or desvenlafaxine [96] treatment were able to normalize these
changes. The blood level of miR-1202 has also been shown to be a promising marker of
antidepressant response efficacy in depressed patients who received 8-week duloxetine
(serotonin-noradrenaline reuptake inhibitor—-SNRI) treatment [97]. Of interest, similar to
miR-355, miR-1202 regulates GRM4 signaling and thus contributes to the control of stress-
related behaviors [63]. Decreased blood levels of miR-135a-5p were reported in depressed
patients [84,98] and cognitive-behavioral therapy was able to reverse these changes [84].
Furthermore, overexpression of miR-135a-5p in the mouse midbrain resulted in a stress-
resilient phenotype [84], while chronic treatment of stressed mice by a miR-135a-5p mimic
had antidepressant effects [98]. In another study, Fiori et al. examined, among other miR-
NAs, whole blood levels of miR-16-5p in two independent cohorts of depressed patients
treated with duloxetine. During the study they examined two groups of patients who
showed different responses to given therapies, and observed a strong tendency, especially
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in responders, toward a lower blood level of miR-16-5p [97], which is partially consistent
with previous reports. Interestingly, duloxetine did not appear to affect blood miR-16-5p
levels. Recent scientific observations suggest that miR-16-5p mediates the molecular action
of selective-serotonin reuptake inhibitors (SSRIs) [99] but not SNRI [100], which may not
only explain the lack of miR-16-5p changes in duloxetine treated patients but also suggest
that response at the level of miRNA may be drug-specific.

Many clinical studies of depression, in which human blood was used, focused on
single miRNAs or small sets of transcripts. However, other studies have investigated the
whole blood miRNome to examine the association between depression, antidepressant
treatment, and miRNAs. For instance, Belzeaux and co-workers used small RNA sequenc-
ing (sSRNA-seq) and found that blood levels of miR-3688 and miR-5695 had predictive
validity for treatment-worsening suicidal ideation in depressed patients who received
either duloxetine or placebo for 8 weeks [101]. Yrondi and co-workers examined the
whole profile of miRNAs in the blood of depressed patients before and after 2 weeks of
escitalopram treatment. Using NGS analysis, they found that pharmacological intervention
resulted in 33 upregulated and 12 downregulated miRNAs, of which the overexpression of
blood miR-185-5p during antidepressant treatment was negatively correlated with nausea,
a side effect commonly observed in depressed patients treated with selective serotonin
reuptake inhibitors [102]. In another study, Zhao et al. profiled blood miRNA changes be-
tween depressed and matched healthy controls. In their study, they used two independent
cohorts of patients and found a new and uncharacterized miRNA, pmiR-chrl1, that was
significantly dysregulated in the blood of depressed patients, and its level was negatively
correlated with hippocampal volume [103].

4.2. Serum/Plasma and Cerebrospinal Fluid (CSF)

Two studies observed an upregulation in serum levels of miR-182 and miR-132 [104]
and plasma levels of miR-132 [105] in depressed patients compared to healthy controls.
Additionally, both miRNAs regulated BDNF expression in a human neuronal cell model.
Additionally, serum miR-182 levels were negatively correlated with serum BDNF lev-
els in depressed patients [104]. In animal studies, chronic unpredictable stress triggered
the upregulation of miR-182 expression and decreased BDNF levels in the rat hippocam-
pus [106], while suppression of miR-182 in the same brain structure had antidepressant-like
effects [106]. This suggests that miR-182 may be involved in the pathogenesis of depression
by decreasing BDNF signaling in humans and in rodents. In another study, Wang et al.
observed associations between lower plasma levels of miR-144-5p and depressive symp-
toms in patients with depression/anxiety, while 8 weeks of personalized antidepressant
treatments reversed this trend [107]. miR-144-5p may also play an important role in the
hippocampal function of rats experiencing chronic unpredictable stress [108]. In stressed
animals, the hippocampal expression of miR-144-5p was significantly downregulated com-
pared to that of the unstressed control group. Lentiviral overexpression of miR-144-5p in
the hippocampus of stressed animals had antidepressant properties, mainly by inhibiting
the expression of PTP1B protein, which is a known negative regulator of BDNF/TrkB
signaling [108]. It has been observed that in depressed patients there is a correlation
between serum and cerebrospinal fluid (CSF) levels of several miRNAs, including the
downregulation of miR-16-5p [109] and the upregulation of miR-34a-5p, miR-221-3p and
let-7d-3p [110,111]. Song et al. have shown significantly lower levels of miR-16-5p in the
CSF as well as in serum of depressed patients [109], while another study reported higher
levels of miR-16-5p levels in serum of depressed patients who were treated for four weeks
with various SSRIs, including escitalopram, fluoxetine, paroxetine and sertraline [100].
In this study however, authors focused on differences between two classes of drugs (i.e.,
SSRI vs. SNRI) rather than the associations between miRNAs and particular drugs [100].
Interestingly, preclinical studies showed that time-dependent changes in serum (and differ-
ent brain structures) levels of miR-16-5p may define the resilient phenotype in the mouse
chronic mild stress model [112]. In depressed patients, four weeks of antidepressant treat-
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ment using different SSRIs normalized serum levels of miR-16-5p [100], while 8 weeks
of paroxetine treatment normalized serum levels miR-34a-5p and miR-221-3p [111] (for
further details, see Table 2). Interestingly, one of the genes which has been validated to be
regulated by miR-16-5p is SLC6A4, the serotonin transporter [99,113], which is the main
target of most available antidepressants. Thus, disturbed miR-16-5p-mediated regulation
of the serotonin transporter function may be directly related to the development of depres-
sion. Gheysarzadeh and colleagues observed downregulated serum levels of miR-1202,
miR-16-5p, and miR-135a-5p in depressed patients [114], replicating the results of other
studies (for details, see Table 2). Decreased plasma levels of miR-184 [115], let-7g-5p, miR-
103a-3p, miR-107, miR-142-3p [116], and miR-134 [117] were also observed in depressed
patients. Eight weeks of personalized antidepressant treatment was associated with an
increase in plasma levels of miR-134 [117].

4.3. Peripheral Blood Mononuclear Cells (PBMCs)

A growing body of evidence indicates that exacerbated activation of inflammatory
signaling in the brain leads to behavioral alterations and the development of depression
by altering a range of neurocircuitry and neurotransmitter systems [118,119]. The inflam-
matory mechanism is partially regulated by cytokines released by immunocompetent
cells found in the bloodstream, such as PBMCs [120,121]. Moreover, stress—a key factor
contributing to the development of depression—can activate proinflammatory responses
in PBMCs [122,123]. Since a dialogue between the immune system and the brain is evi-
dent, and PBMCs can be easily collected from blood; assessing changes in this group of
cells in depressed patients is an attractive method for finding peripheral biomarkers of
stress-related mood disorders. It has been reported that depressed patients have altered
expression levels of fourteen miRNAs in PBMCs in comparison to healthy subjects [124],
of which miR-941 and miR-589 showed stable overexpression in PBMCs, irrespective of
antidepressant therapy [124]. Another study reported upregulation of miR-26b, miR-1972,
miR-4485, miR-4498, miR-4743 in PBMCs of depressed subjects [125]. This set of miRNAs
had good predictive properties in discriminating depressed patients from healthy controls
and may potentially be involved in the regulation of the biological pathways related to
nervous system functioning [125]. On the other hand, Hung and co-workers observed the
downregulated expression of let-7e-5p, miR-21-5p, miR-146a and miR-155 in PBMCs of
subjects suffering from depression, while 4 weeks of personalized antidepressant treatment
effectively reversed these changes [126]. In animal studies, a lower level of miR-155 in
serum has been reported, among other miRNAs, in mice after exposure to restraint stress,
however, this study did not examine its expression in PBMCs [127]. Experiencing acute
psychological stress has been associated with a significant increase in the expression level of
miR-29¢-3p in PBMCs of healthy people [128]. Moreover, increased miR-29¢-3p expression
has been linked with enhanced functional connectivity in the ventromedial prefrontal cortex
of participants subjected to psychological stress tasks [128]. Interestingly, it has been shown
that depression was linked to increased expression levels of three brain-enriched miRNAs
i.e.,, miR-124-3p [129], miR-34b-5p and miR-34c-5p [130] in PBMCs, and that 8 weeks of
personalized antidepressant treatment normalized the expression of miR-124-3p [129]. The
significant changes in brain-enriched miRNAs found in PBMCs may suggest that these
cells are a good source of potential biological markers that reflect the condition of the
stressed brain. However, the mechanisms that may underlie this relationship are mostly
unknown and need more research. It should be noted that the overlap between findings
of different studies investigating miRNAs in PBMCs of depressed patients is small. Some
authors focused on a very small set of, or even singular, miRNAs, while other studies
analyzed the whole miRNome. These methodological differences may explain the lack of
consistency between studies.
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4.4. Extracellular Vesicles

Recently, extracellular vesicles have gained more attention in biomarker research of
many different pathologies, including depression [131]. Extracellular vesicles represent a
heterogenous group of particles released by cells. Different subpopulations of extracellular
vesicles are discriminated based on their size, origin, cargo content or general biochemical
composition. Nevertheless, consensus on specific markers of different subpopulations
of extracellular vesicles has not yet emerged [132]. Based on size and origin parameters,
extracellular vesicles are generally classified to three groups:

1.  Large extracellular vesicles (L-EVs), including apoptotic bodies, large oncosomes
and microvesicles;

2. Small extracellular vesicles (5-EVs), including exosomes;

3.  Extracellular particles (EPs), including exomeres and chromatimers.

L-EVs have a size range of about 100-1000 nm and are of plasma membrane ori-
gin [133]. S-EVs are of endocytic origin and their size is within a range of 50-130 nm [133].
EPs on the other hand are small protein-nucleic-acid complexes of unknown cellular com-
partment and are less than 50 nm in size [134]. All these nanometer-sized vesicles are
actively secreted into biofluids, such as plasma, serum, CSF, saliva or urine, by multiple
types of cells, and carry specific cargo, which is enriched with small noncoding RNAs,
such as miRNAs. Although their exact role is mostly unknown, extracellular vesicles have
been implicated in inflammatory diseases [135,136], cancer [137,138], and neurodegenera-
tion [139,140], and their involvement in mental disorders is now under investigation [131].
For instance, high-throughput miRNA sequencing analysis identified a set of 12 upregu-
lated and 20 downregulated miRNAs in serum exosomes of depressed patients [141]. For
more details, see Table 2. Subsequent gene enrichment analysis showed that upregulated
miRNAs had the potential to regulate the neurotrophin signaling pathway, while the down-
regulated set of miRNAs was involved in the modulation of pathways related to apoptosis,
cell growth, and immune response [141]. In this study, miR-139-5p was found, among
others, to be upregulated in serum exosomes of depressed patients, and this finding was
also supported by an independent study [142]. Additionally, the level of miR-139-5p in
serum exosomes had good performance in discriminating patients with MDD and healthy
controls [142]. Interestingly, blood-derived exosomes with increased levels of miR-139-5p
collected from depressed subjects had the potential to evoke depressive-like symptoms
in mice when administered intravenously [62]. An intranasal injection of a miR-139-5p
antagomir alleviated depressive-like behavior in stressed mice [62], which suggests that
increased exosomal miR-139-5p levels may mediate, to some degree, the pathogenesis
of depression.

Interestingly, it is possible to extract the extracellular vesicles of brain origin from
blood, i.e., those extracellular vesicles that were released from brain cells [93,143]. By
studying brain-derived extracellular vesicles (BDEVs), one may obtain molecular infor-
mation specific to the central nervous system. Indeed, it has been shown that the levels
of miR-17-5p in neuron-derived extracellular vesicles found in blood positively corre-
lated with intensification of symptoms of a subthreshold depressive state in humans [143].
Comprehensive molecular analysis of neuron-derived extracellular vesicles found in the
plasma of depressed patients treated for 8 weeks with escitalopram demonstrated that
these vesicles had brain-specific protein markers and contained miRNAs enriched for
brain function [93]. The size of neuron-derived extracellular vesicles found in depressed
patients was smaller than in heathy controls and this effect was reversed after antidepres-
sant treatment [93]. Furthermore, time-dependent changes in miR-21-5p, miR-30d-5p and
miR-486-5p levels in neuron-derived extracellular vesicles were associated with a different
response of depressed patients to antidepressant therapy [93], suggesting that changes in
miRNA cargo found in peripherally extracted neuron-derived extracellular vesicles may
be a good noninvasive biomarker of antidepressant treatment response.
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4.5. Brain-Enriched miRNAs Found in Periphery

One of the most promising findings in this field of research is the detection of miRNAs
in the periphery that shows significant correlation with brain imaging changes and the
depressive phenotype. For instance, He et al. used a combination of resting-state func-
tional Magnetic Resonance Imaging (fMRI) and peripheral blood miR-9 tests to show that
blood levels of neuron-specific miR-9 were higher in depressed patients with a history of
childhood maltreatment compared to those observed in healthy controls. Moreover, these
alterations were correlated with depressive severity, as well as with changes in amygdala
connectivity observed during fMRI scanning in depressed patients. Taken together, their
results suggest that miR-9 may play an important role in linking the effects of childhood
maltreatment with altered prefrontal-limbic brain connectivity in the depressive pheno-
type [92]. Furthermore, three other independent studies have reported peripheral changes
in another brain-enriched microRNA-miR-124-3p. miR-124-3p regulates neurogenesis and,
together with miR-9, is responsible for neuronal differentiation [144-146]. miR-124-3p
levels were elevated in the plasma [105], serum [85], and peripheral blood mononuclear
cells (PBMCs) of depressed patients compared to healthy controls [129]. Moreover, in
two reported studies, the miR-124-3p level was normalized (decreased) after 8 weeks of
antidepressant treatment [105,129]. Interestingly, other clinical studies have also reported
that brain-enriched miRNAs responsible for the regulation of synaptic plasticity, such as
miR-128, miR-125a-5p, miR-125b-5p and miR132, were detected in the circulation and
their levels correlated with either a depressive state or antidepressant treatment [94,147].
For example, miR-125a-5p was upregulated in the serum of depressed patients [110] and
downregulated in plasma after 12 weeks of escitalopram treatment [148]. Additionally,
one study reported that 8 weeks of escitalopram treatment decreased plasma levels of
miR-132 [105], while another showed an elevated level of the same miR in the whole blood
of depressed patients treated with escitalopram for 12 weeks [94]. Both studies used the
same drug; however, different durations of treatment and different biological material may
explain the inconsistent directions of reported changes. Although the field of research
searching for peripheral miRNA biomarkers of depression and antidepressant response
is still relatively young, the number of clinical studies focusing on this domain is rising.
Together with the growth of this field, we can also observe an increasing consistency in
miRNAs reported as associated with depression and/or antidepressant response. Several
recent and independent studies have consistently shown that the level of brain-enriched
miR-132 was significantly higher in whole blood [149], serum [104] and plasma [105] of
people suffering from depression.
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Table 2. List of studies comparing peripheral miRNA expression data in depression and antidepressant treatment.

. . Regulation Antidepressant . Regulation by Validation of
Ref. Tissue Source miRNA MDD vs. HC Treatment miRNA Treatment Targeted Gene Targeted Gene
[92] Whole blood miR-9-5p Up - - - - -
[143] BDEVs in blood miR-17-5p & - - - - -
NR3C1, SIRT1,
. Escitalopram . . SERPINE], .
[93] BDEVs in blood - - (8 weeks) miR-30d-5p, miR-486-5p Up # RPS6KB1, ATF6, Indirect
PSEN1
miR-19b-3p, miR-3921 Down - - - - -
[150] Plasma B
miR-1180-3p Up - - - - -
[142] Serum exosomes miR-139-5p Up - - - - -
[62] Blood exosomes miR-139-5p Up - - - MAP2 Direct—in vitro
[151] Buffy coat - - \ﬁrz‘lj\f::l‘:s miR-135a-5p X - -
[152] Whole blood miR-34b-5p, miR-34c-5p c* - - - - -
[117] Plasma miR-134 Down Peés‘;\f;f;d miR-134 Up - -
Escitalopram 33 miRNAs Up - -
102 Whole blood - -
1021 e oo (2 weeks) 12 miRNAs Down - -
[153] Serum miR-221-3p Up - - - IRF2 Direct—in vitro
[103] pmiR-chrll Up - - - BRPF1 Direct—in vitro
103 Whole blood
miR-1275 Down - - - - -
[115] Plasma miR-184 Down - - - - -
let-7g-5p, miR-103a-3p, ) ) ) ~ )
[11e] Plasma miR-107, and miR-142-3p Down
let-7e-5p, miR-21-5p, . e - -
[126]  PBMC/Monocytes miR-146a, miR-155, Down Personalized let I7{e op, m?lé 2%3' mlR.llflﬁj Up TLR4 Indirect
miR-146a, miR-155 (4 weeks) miR-155, miR-21-5p, miR-
iR-23a-3p, miR-16-5
Duloxetine m 4P, P .
[154] Plasma - - (6-8 weeks) miR-146a-5p, 10th percentile - -

miR-21-5p
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Table 2. Cont.
. . Regulation Antidepressant . Regulation by Validation of
Ref. Tissue Source miRNA MDD vs. HC Treatment miRNA Treatment Targeted Gene Targeted Gene
[101] Whole blood - - D(‘glv"v’;‘irs‘)e miR-3688, miR-5695 Up # - -
) miR-16-5p, miR-135a-5p,
[114] Serum miR-1202 Down - - - - -
[155] Whole blood miR-132-3p Up - - - - -
miR-132-3p, miR-135b, Up B ) ) ) )
[156] Whole blood miR-181b
miR-155 Up - - - SIRT1 Direct—in vitro
[53] PBMC miR-19a-3p Up - - - TNFa Indirect
miRNA-34a-5p, ) . Y . o1 B .
(1] Serum miRNA-221-3p Up P(aSroxeth)e miRNA-34a-5p, miRNA-221-3p Down
weeks
miRNA-451a Down miRNA-451a Up - -
. . Citalopram miR-124-3p Up - -
[105] Plasma miR-132-3p, miR-124-3 U
P P P (8 weeks) miR-132 Down - -
SSRI/SNRI . .
(4 weeks) miR-183, miR-212 Up - -
[100] Serum - -
SSRI .
(4 weeks) miR-16-5p Up - -
[97] Whole blood miR-1202 Down # D(‘glv"v’:;fs‘)e miR-1202 Up # - -
[85] Serum miR-124-3p Up - - - - -
. miR-146a-5p, miR-146b-5p,
[86] Wh(l)jlle;lorll?;d/ - - Pe(rsss\t‘;aelltz;d miR-24-3p, miR-425-3p, Down # MAPK/Wnt Direct—in vitro

miR-3074-5p
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Table 2. Cont.

Ref.

Tissue Source

miRNA

Regulation
MDD vs. HC

Antidepressant
Treatment

miRNA

Regulation by
Treatment

Targeted Gene

Validation of
Targeted Gene

[141]

Serum exosomes

miR-1255a, miR-3161,
miR-99a-3p, miR-205-5p,
miR-26a-1-3p, miR-139-5p,
miR-7849-3p, miR-195-5p,
miR-125b-2-3p,
miR-664a-3p, let-7¢c-5p,
miR-197-3p

Up

miR-499a-5p, miR-4732-3p,
miR-222-5p, miR-1291,
miR-668-3p, miR-425-3p,
miR-6511a-3p, iR-145-3p,
miR-200a-3p, miR-143-3p,
miR-196b-5p, miR-99a-5p,
miR-144-3p, miR-584-5p,
miR-210-3p, miR-183-5p,
miR-107, miR-130b-5p,
miR-589-5p, miR-1910-5p

Down

[96]

Whole blood

Desvenlafaxine
(8 weeks)

miR-1202

Up

[157]

Whole blood

miR-15a-5p

Up

FKBP5

Direct—in vitro

[130]

PBMC

miR-34b-5p, miR-34c-5p

Up

Notchl

Indirect

[158]

Whole blood

miR-199a-5p, miR-345-5p,
miR-330-3p, miR-425-3p,
miR-24-3p, miR-29¢c-5p

Up

let-7a-5p, let-7f-5p,
let-7d-5p, miR-1915-3p

Down

[129]

PBMC

miR-124-3p

Up

Personalized
(8 weeks)

miR-124-3p

Down

[159]

Whole blood

let-7b, let-7¢

Down

[128]

PBMC

miR-29¢

Up*

[160]

Whole blood

miR-132-3p

Up

[148]

Plasma

Escitalopram
(12 weeks)

23 miRNAs

Up

17 miRNAs

Down
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Table 2. Cont.
. . Regulation Antidepressant . Regulation by Validation of
Ref. Tissue Source miRNA MDD vs. HC Treatment miRNA Treatment Targeted Gene Targeted Gene
miR-451a, miR-17-5p, Up
[161] Plasma miR-223-3p - - _ _ :
miR-320a Down
CSF miR-16-5p Down - - -
[109] - SLC6A4 Direct—in vitro
Serum miR-16-5p Down - - -
miR-34a-5p, miR-221-3p,
let-7d-3p Up
CSF
miR-451a Down
miR-125a-5p, miR-30a-5p,
[110] let-7d-3p, miR-34a-5p, U
miR-221-3p, miR-29b-3p, P - - - - -
miR-10a-5p, miR-375
Serum
miR-155-5p, miR-33a-5p,
miR-139-5p, miR-590-5, Down
miR-185-5p, miR-106b-5p, ow
miR-15b-5p, miR-451a
[149] Whole blood miR-132 Up - - - - -
. Personalized .
[107] Plasma miR-144-5p Down (8 weeks) miR-144-5p Up - -
miR-335 Down
miR-583, mir-650, miR-708, Down Citalopram
[95] Whole blood miR-654 (4 weeks) miR-335 Up GRM4 Direct—in vitro
miR-644, miR-450b, U
mir-328, miR-182 P
miRNA-26b, miRNA-1972,
[125] PBMC miRNA-4485, Up - - - - -
miRNA-4498, miRNA-4743
[84] Whole blood miR-135a-5p Down CBT miR-135a-5p Up SLC6A4, HTR1A Direct—in vitro

(3 weeks)
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. . Regulation Antidepressant . Regulation by Validation of
Ref. Tissue Source miRNA MDD vs. HC Treatment miRNA Treatment Targeted Gene Targeted Gene
[63] Whole blood miR-1202 Down Citalopram miR-1202 Up GRM4 Direct—in vitro
(8 weeks)
[104] Serum miR-182, miR-132 Up - - - BDNF Direct—in vitro
) Escitalopram 28 miRNAs Up _
[94] Whole blood - B 12 week: i i
(12 weeks) miR-34c-5p, miR-770-5p Down
miR-589, miR-579, miR-941, miR-20b-3p, miR-433,
miR-133a, miR-494, . .
. . Up miR-409-3p, miR-410, Up
miR-107, miR-148a, Personalized miR-485-3p, miR-133a, miR-145
[124] PBMC miR-652, miR-425-3p ersonalize P , i i
(8 weeks)
miR-517b, miR-636,
miR-1243, miR-381, Down miR-331-5p Down
miR-200c

&: positive correlation with PHQ-9 scores in subthreshold depression. X: higher level correlated with better response to antidepressant therapy. C *: positive correlation with worsening of cognitive functions in
MDD but not in Control subjects. #: in responders. Up *: in healthy subjects experiencing sustained stress after psychological task. CBT: cognitive-behavioral therapy.
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5. From Changes in the Brain to Changes in the Periphery: A Summary
5.1. miR-1202

miR-1202 is primate-specific and brain-enriched miRNA which regulates GMR4 sig-
naling in the brain. As mentioned earlier, miR-1202 was downregulated in the prefrontal
cortex (BA44) of individuals who died during an episode of depression [63]. Antidepressant
treatment history also had an effect, as individuals who were not taking antidepressants
had lower levels of miR-1202 than those who were treated. Additionally, miR-1202 levels
were significantly lower in the blood of depressed patients, and the levels were normalized
according to clinical response to 8 weeks of citalopram treatment [63]. These observations
were consistent with those found by an independent group [114], which reported that the
levels of this miRNA were lower in serum obtained from individuals with depression as
compared to healthy controls. Interestingly, the upregulation of blood levels of miR-1202
was also associated with a clinical response to 8 weeks of duloxetine [97] and desvenlafax-
ine [96]. Further, analysis combining fMRI scans of depressed patients before and after
8 weeks of desvenlafaxine treatment, together with miR-1202 blood levels, revealed that
peripheral changes in miR-1202 reflected alterations in brain activity in regions involved
in stress perception and interpretation [96]. Together, these observations show consistent
miR-1202 dysregulation in post-mortem brain tissue and in the blood of MDD patients (see
Figure 1). miR-1202 predictive validity of antidepressant treatment response and its corre-
lations between peripheral variations and functional changes in a depressed living brain
suggests involvement in the pathophysiological processes associated with depression.

5.2. miR-124-3p

miR-124-3p—another brain-enriched and neuron-specific miRNA—also appears to
play a role in the pathophysiology of depression, and its dysregulation has been observed
in the central nervous system and peripheral tissues (see Figure 1). miR-124-3p is involved
in the regulation of neurogenesis [162] and synaptic plasticity by targeting memory signal-
ing proteins [163]. An increase in miR-124-3p expression was reported in the frontal cortex
(BA46) of individuals who were affected by depression [85], as well as in the plasma [105],
PBMCs [129] and serum [85] of antidepressant-free depressed patients. Eight weeks of
personalized antidepressant treatment downregulated miR-124-3p levels in PBMCs [129]
while its plasma levels were unchanged in depressed patients treated with citalopram [105].
The potential contribution of miR-124-3p to the development of stress-related mood disor-
ders is further suggested by the fact that this miRNA is a regulator of NR3C1 and AMPA
selective glutamate receptor 4 (GRIA4), genes significantly involved in various physio-
logical functions in the brain, including synaptic plasticity [85]. Interestingly, the role of
miR-124-3p in the regulation of stress-related behaviors was also observed in animal stud-
ies. For instance, chronic corticosterone administration induced an increased expression
level of miR-124-3p in the prefrontal cortex of rats [85], while inhibition of miR-124-3p
by its antagomir in the hippocampus was able to reverse stress-induced depressive-like
behavior in mice exposed to chronic corticosterone injections [164] or rats subjected to
chronic unpredictable stress [165]. However, the role of miR-124-3p in the regulation of
brain function in vivo may be more complex and region specific, since induced genetic
miR-124-1 haploinsufficiency also contributed to the development of behavioral deficits,
such as impaired prepulse inhibition or social deficits in mice [166], while decreased expres-
sion levels of miR-124-3p in the amygdala occurred following exposure of animals to acute
stress [167]. In humans, the decreased expression of miR-124-3p in BA44 was significantly
associated with depression across multiple studies [65].

5.3. miR-19a-3p

Another miRNA that may be involved in the regulation of the biological response to
stress at multiple levels is miR-19a-3p. miR-19a-3p has been found to mediate neuronal
damage [168,169]. Interestingly, an increase in miR-19a-3p expression was observed in the
frontal cortex (BA10) of depressed individuals who died by suicide, while this was not
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observed in individuals who were depressed but died by causes other than suicide [53].
The similar regulation of miR-19a-3p was found in PBMCs of depressed patients who had
serious suicidal ideation [53]. This suggests that miR-19a-3p may be an epigenetic factor
that governs molecular mechanisms associated with suicidal phenotypes.

5.4. miR-135a-5p

miR-135a-5p appears to be involved in the systemic regulation of effective coping
strategies in response to stress. Decreased expression of miR-135a-5p was observed in the
serotonergic raphe nuclei of individuals who died by suicide [84], in the hippocampi of mice
and in the prefrontal cortex of rats subjected to chronic mild stress [98,113]. Downregulation
of miR-135a-5p in raphe nuclei produced depressive-like behavior while its overexpression
resulted in the development of a stress-resilient phenotype in mice [84]. In addition, the
pharmacological inhibition of miR-135a-5p in amygdala produced an anxiety-like effect
in mice [170]. Total blood levels of miR-135a-5p were significantly reduced in depressed
subjects [84,98] and in blood of stressed animals [98]. Cognitive-behavioral therapy (CBT),
but not SSRI treatment, reversed these alterations in humans [84]. In animal studies, chronic
treatment with miR-135a-5p mimic significantly alleviated depressive-like symptoms in
stressed mice [98]. Moreover, baseline miR-135a-5p levels in leukocytes of depressed
patients appears to be associated with a better and faster response to antidepressant
treatment [151]. Its role in the modulation of the biological stress response may be due to
the fact that miR-135a-5p has the potential to orchestrate synaptic plasticity in the brain by
targeting complexin-family proteins [170]. The observation that miR-135a-5p expression
can be effectively regulated by psychological intervention and may predict the trajectory of
antidepressant response suggests its potential role as an endogenous marker for effective
stress-coping strategies in humans.

5.5. miR-34 Family

The mammalian miR-34 family includes three mature miRNAs: miR-34a, miR-34b,
and miR-34c, which are encoded at two different genomic loci [171]. The miR-34 family
targets multiple proteins responsible for cell cycle regulation and thus may promote cell
differentiation, including neuronal maturation [171-173]. In clinical studies, it has been
observed that suicides have a decreased expression of miR-34a-5p in the ACC [77] and an
increased expression of miR-34c-5p in BA44 [58] as compared to healthy controls. Inter-
estingly, animal studies showed that lentiviral-mediated overexpression of miR-34c-5p in
central amygdala has an anxiolytic effect, which suggested that the upregulation of amyg-
dalar miR-34c-5p may enhance effective coping with stress [59]. On the other hand, chronic
fluoxetine administration may increase the expression of miR-34a-5p and decrease the level
of the serotonin 5-HT2C receptor in raphe nuclei of treated mice and thus this interaction
may elicit the behavioral response to chronic fluoxetine treatment [174]. The modulatory
role of miR-34c-5p on the molecular response to stress may be mediated through interaction
of this miRNA with its target gene-stress-related corticotropin releasing factor receptor
type 1 (CRFR1) in the brain [59]. Mice that carried a complete knockout of genes encoding
the miR-34 family expressed a stress-resilient phenotype [175]. Data from animal studies
suggest that miR-34c-5p expression is induced by different stressors in many different
brain regions; however, its role in regulation of stress response mechanisms is unclear, as
both miR-34c-5p overexpression and its complete knockout yielded anxiolytic and pro-
resilient effects. A few clinical studies have reported the upregulation of miR-34a-5p in
serum [110,126] and CSF [110], as well as miR-34b-5p and miR-34c-5p in PBMCs [130] of
depressed patients. Eight weeks of paroxetine and 12 weeks of escitalopram treatment
normalized levels of miR-34a-5p in serum [111] and miR-34c-5p levels in whole blood [94].
Interestingly, the levels of blood miR-34c-5p were significantly negatively correlated with
language and delayed memory index scores in MDD, but not healthy patients [152], which
may suggest that alterations in the expression of the miR-34 family may contribute to
decreased cognitive functions observed in depression.
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Figure 1. Graphical summary of miRNA changes observed in depression and antidepressant response at the level of brain
as well as peripheral tissues. Left panel represents directions of changes in the expression of miRNAs found in brain and
periphery in depressed vs. healthy controls. Right panel represents directions of changes in the expression of miRNAs
found in brain and periphery in depressed patients after different antidepressant treatments.

6. Conclusions

Over the past few decades, many biomedical investigations have taken on the chal-
lenge of identifying the biological mechanisms underlying depression. Recent advances in
the field of biological psychiatry have found that stress-related mood disorders, including
depression, are strongly correlated with multiple changes at different molecular levels,
such as gene mutations, RNA expression and protein function. However, these observa-
tions have not always yielded consistent results in the literature. This phenomenon may
result from the fact that miRNAs are considered an additional molecular level, interfer-
ing with well-described gene expression pathways. miRNAs, by the post-transcriptional
fine-tuning of gene expression, pleiotropism, and high evolutionary conservation, may
not only contribute to maintaining homeostatic balance in an organism, but may also play
an important biomarker role. Clinical and preclinical studies on the role of miRNAs in
the pathophysiology of stress-related mood disorders belong to a relatively new research
field that also has different limitations. For instance, there is no gold standard method for
measuring miRNA expression. Depression-related miRNA changes have been evaluated
in many studies by using various methodologies such as RT-qPCR, microarray or small
RNA-seq [176]. Thus, it is crucial to conduct critical interpretations of obtained findings.
miRNAs, by their pleiotropic character, may control many important biological pathways
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in parallel. Therefore, it is important to understand the impact of particular miRNA on
the whole set of target genes [177] by using techniques such as RNA-seq screening, rather
than focusing on one chosen mRNA target. Currently available bioinformatic tools for the
prediction of miRNA-mRNA interaction often use different sets of biological parameters in
the prediction process. This leads to a high variability in predicted mRNA targets found
by different algorithms. However, combining the results obtained by different prediction
algorithms may yield a good library of potential miRNA target genes that can be used for
further evaluation. Recent advances in clinical and preclinical studies have pointed out that
the miRNA-dependent regulation of gene expression may be an important phenomenon,
which is significantly associated with the development of stress-related mood disorders,
and may possess the potential to be used as biomarkers for depression and antidepressant
treatment response. With that said, further research is needed to clarify the involvement of
particular candidate miRNAs in the pathophysiology of depression and antidepressant
treatment response. Some miRNA-based therapeutic approaches have been proposed to
directly modulate target genes involved in the pathomechanisms of depression. However,
our knowledge of the role of miRNAs in depression is still too premature to successfully
implement these approaches to the clinic.
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