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ARTICLE INFO ABSTRACT

Keywords: The etiology of major depressive disorder (MDD) is multifactorial with both genetic and environmental factors,
Depression such as adverse/stressful life events, contributing to risk. There is some evidence suggesting that microRNAs
SFre]S]S. (miRNAs) mediate environmental-genetic interaction leading to the brain dysfunctions that underlie MDD.
frﬁ;l\;;:ysmm However, changes in miRNAs expression in human brain regions due to stress and associated with MDD are

unclear. To increase the evidence in this regard, miRNA sequencing was performed on tissue samples of sub-
genual anterior cingulate cortex (sgACC) obtained from depressed patients and control subjects, as well on tissue
samples of medial prefrontal cortex (mPFC) and basolateral amygdala (BLA) from mice exposed to chronic social
stress (CSS) and control animals. DESeq2 was applied to identify differentially expressed miRNAs (DEMs) and
weighted co-expression network preservation analysis to uncover conserved molecular mechanisms between
species. Finally, pathways obtained from DESeq2 and preservation analyses were overlapped to robustly identify
MDD-related processes across bioinformatic approaches.Eighteen DEMs were identified in the human sgACC, 11
in the mPFC and 9 in the BLA of mice. The human sgACC DEMs were involved mainly in intracellular signaling
and immune system-related pathways. The mouse mPFC and BLA DEMs were mainly involved in, respectively,
intracellular signaling and nervous system functions. Preservation patterns between humans and mice indicated
an over-representation of processes related to cellular signaling. Transcriptional regulation by MECP2 and
Protein Kinase A signaling were the two pathways consistently altered across species, brain regions, and bio-
informatic approaches. Although further studies are needed, they could represent a novel target for intervention
strategies and confirm the dysregulation of intracellular signaling, immune, neuronal and synaptic functions in

Cross-species preservation analyses

MDD.
1. Introduction Organization, 4% of the global population experience depression, with a
prevalence around 5% among adults (https://www.who.int/new
Major depressive disorder (MDD) is the leading cause of worldwide s-room/fact-sheets/detail/depression). The biological processes and

disability (Dion-Albert et al., 2022). According to the World Health molecular  mechanisms  underlying MDD are  unknown.
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Table 1

Demographic and clinical features of human post-mortem brain samples. Data
are reported as mean =+ standard deviation (SD) or percentage (%) for depressed
patients and control subjects. P-values were generated using unpaired t-test.
MDD: major depressive disorder; PMI: post-mortem interval; SNRI: serotonin-
norepinephrine reuptake inhibitor; SSRI: selective serotonin reuptake inhibi-

tor; TCA: tricyclic antidepressant.

MDD patients Controls p-
value
N 28 23
Axis I diagnosis MDD (28) 0
Sex female (N %) 14 (50.0%) 9 (39.1%) 0.622
Age years (mean,  44.68 (+ 17.18) 55.74 (+ 16.89) 0.025
+SD)
PMI hours 60.89 (+ 15.01) 53.61 (+ 18.80) 0.140
(mean, +SD)
Tissue pH (mean, 6.34 (+ 0.20) 6.22 (+ 0.24) 0.059
+SD)
Substance 4 3
dependence
Cause of death Accidental (2); Natural Accidental (11); Natural
(3); Suicide (23) 12)
Refrigeration 13.56 (+ 6.83) 10.61 (4 10.42) 0.011
Delay hours
(mean, +SD)
Medication Antidepressants (9) Benzodiazepine and
prescribed in (SSRI (4), SNRI (2), other hypnotics (3);
the last 3 Unknown Cholinesterase inhibitor
months antidepressants (3)); (1); Morphine (1); TCA

Atypical Antipsychotic

(€Y]

(2); Alzheimer patch
(1), Benzodiazepine (3);
Opioid (2)

Etio-pathophysiological hypotheses include dysregulation of specific
neurotransmitters and their receptors, oxidative stress, glucocorticoid
dysregulation, disturbed energy metabolism, gut microbiome dysbiosis,
and immune/inflammatory changes (Bakunina et al., 2015; Cui et al.,
2024; Osimo et al., 2020; Ruiz et al., 2022; Suda and Matsuda, 2022). In
addition, the etiology of MDD is multifactorial including both genetic
and environmental factors, with adverse/stressful life events among the
latter (Chand and Arif, 2025). By acting through the modulation of the
previously mentioned pathways, stressful events can affect brain struc-
ture and function, and depending on the stressor, they can impact on
different circuits, including the limbic brain areas (McEwen et al.,
2016). Alterations in the limbic system, which regulates emotions,
behavior, motivation and memory (Rajmohan and Mohandas, 2007),
have indeed been observed in MDD and involved both the basolateral
amygdala (BLA) and the subgenual anterior cingulate cortex (sgACC), as
demonstrated by neuroimaging and post-mortem brain studies
(Goldstein-Piekarski et al., 2022; Spellman and Liston, 2020).
Environment-gene interactions can be mediated by epigenetic
mechanisms through the regulation of gene expression by
environmentally-responsive microRNAs (miRNAs), namely, small non-
coding RNAs that influence messenger RNA (mRNA) translation and
degradation (O'Brien et al., 2018). Recently, miRNAs have gained
attention as potential mediators of altered mRNA expression levels in
MDD (Roy et al., 2020), with their proposed role involving the regula-
tion of neuronal diversity, morphology and structure. Recent studies
have found that miRNAs also regulate the molecular composition of
synaptic components such as dendritic spines, as well as the formation of
pre-synaptic proteins and glial pathways that influence neurotransmis-
sion (Gao, Y.N. et al., 2022). Therefore, miRNAs might represent the
epigenetic mechanisms linking external adverse stimuli to changes in
brain functions observed in MDD patients (Ortega et al., 2021). Indeed,
beyond the well-established etiological factors of MDD, of particular
interest is the abnormal fluctuation of miRNA levels in the brain and in
peripheral tissues of MDD patients versus controls, since they have
emerged as key regulators of post-transcriptional gene silencing.
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Through this intricate mechanism, a single miRNA can modulate the
expression of multiple genes, significantly impacting a wide range of
biological pathways, including those involved in MDD and previously
mentioned. Given that approximately 70% of known miRNAs are
expressed in the brain and contribute to key neurological processes,
their potential as biomarkers and therapeutic targets for MDD is
promising.

MiRNAs act as critical epigenetic mediators between environmental
factors, including stress exposure, and the development of MDD. Spe-
cifically, stress triggers altered miRNA expression, which subsequently
affects MDD-related pathways, previously described, leading to long-
term brain structural changes (Ding et al., 2023).

Based on this hypothesis, it becomes important to investigate the
associations among stress, MDD and miRNA expression profiles in the
limbic brain areas. Therefore, in the present study, a hypothesis-free
approach was applied to investigate for altered expression levels of
the miRNome in the sgACC of MDD patients versus control subjects and
in the medial prefrontal cortex (mPFC, to some extent the mouse
analogue of the sgACC) and the BLA of mice exposed to chronic social
stress (CSS) versus control mice. The paradigm of CSS is based on psy-
chosocial stress, a major risk factor for MDD (Azzinnari et al., 2014;
Pizzagalli, 2014).

Rather than focusing on candidate miRNA/miRNAs, we opted for a
hypothesis-free (unbiased) approach, which allows for the comprehen-
sive, data-driven exploration of biological systems without pre-existing
hypotheses, leading to the discovery of novel biomarkers, pathways, and
mechanisms.

We first identified region-specific changes in miRNA expression
levels across the three brain areas. Then, we investigated the functional
roles of the dysregulated miRNAs and assessed their convergence in
human and mouse limbic areas. Finally, we performed cross-species
preservation analysis of miRNAs to discover conserved molecular
mechanisms linked to human MDD and mouse CSS.

2. Materials and methods
2.1. Human post-mortem brain samples

Human sgACC tissue samples were provided by the Douglas-Bell
Canada Brain Bank (DBCBB). All brains are donated to the Suicide sec-
tion of the DBCBB by familial consent through the Quebec Coroner's
Office. Human brain samples were obtained from MDD patients (N = 28)
and matched sudden-death controls who have died suddenly, with no
agonal period, due to work-related accidents, cardiovascular arrest or as
passengers in car accidents (N = 23). All subjects were adults of French-
Canadian origin and the two groups were matched according to sex, age,
post-mortem interval (PMI) and tissue pH (measured from cerebellar
tissue upon reception of the brain at the DBCBB). Inclusion criteria for
cases and controls were I) absence of organic brain disease, II) death not
caused by direct brain lesion (for instance, suicide by gunshot to the
brain), and III) negative evidence of chronic inflammatory illness. In-
clusion criteria only for cases were I) current (6-month) diagnosis of
MDD, II) no current or lifetime history of manic and/or hypomanic
episodes, IIT) no current or lifetime history of psychotic disorders and,
IV) no evidence of psychotropic treatment. Brains underwent a process
known as psychological autopsy to retrieve phenotypic information.
These proxy-based interviews were supplemented with information
from archival material obtained from hospitals, the Coroner's office and
social services. Following the interviews, clinical vignettes were pro-
duced and assessed by a panel of clinicians to generate DSM-IV diag-
nostic  criteria.  These  psychological autopsies  provided
sociodemographic characteristics, social developmental history, DSM-IV
axis I diagnostic information and behavioral traits. This information was
obtained through a variety of detailed questionnaires, such as SCID-I
(Axis I disorders), SCID-II (personality disorders), family antecedent of
psychiatric history, history of suicidal behavior, Brown-Goodwin
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Assessment for Lifetime History of Aggression (BGLHA), Barratt
Impulsiveness Scale (BIS-11), Buss-Durkee Hostility Inventory (BDHI),
Temperament and Character Inventory (TCI), and Childhood Experience
of Care and Abuse Questionnaire (CECA). Detailed information on
substance abuse and dependence and on medication prescription was
also obtained. Moreover, toxicological assessments were conducted,
allowing verification of compliance to prescribed medication. The
sociodemographic and clinical characteristics of cases and controls are
presented in Table 1.

2.2. Chronic social stress in mice

Mice were males of the C57BL/6J strain and were aged 10-12 weeks
at experiment onset. They were maintained as littermate pairs, which
were allocated to either control (CON, N =14 mice) or CSS (N=14
mice) treatment groups according to a pseudo-random schedule. The
CSS procedure leads reproducibly to increases in responsiveness to
aversion and decreases in responsiveness to rewards (Madur et al., 202.3;
Poggi et al., 2025). Resident mice were singly caged with aggressive,
ex-breeder CD-1 males; a transparent, perforated divider was placed
along the length of each home cage. On each of 15 days, a BL/6 CSS
(intruder) mouse was placed in the same compartment as an unfamiliar
CD-1 mouse for physical attack during a cumulative total of 30-60 s or
10 min maximum, whichever occurred sooner. Thereafter, the two mice
were placed either side of the divider, and remained in distal (visual,
olfactory, auditory) contact for 24 h. It is essential that the stressor of
CSS is not confounded by bite wounds: therefore, in addition to
restricting daily attacks to 60s, the lower incisor teeth of CD-1 mice
were checked/trimmed every 3 days. Control mice were kept as litter-
mate pairs and handled for weighing on each of the 15 days.

On the day after completion of the CSS/CON procedures, mice were
deeply anaesthetized (pentobarbital) and perfused with 15 mL of cold
PBS during 1 min to rinse out blood. The brain was removed from the
skull and snap-frozen in isopentane at —40 °C and stored at —80 °C until
further processing. Working at —20 °C, brains were sectioned coronally
at 1 mm thickness using a stainless-steel brain matrix (model MMCS-1,
Plastics One) and single-edge blades. With a mouse brain atlas as
reference (https://mouse.brain-map.org/static/atlas), from the section
at bregma +2.0 to +1.0 mm the medial prefrontal cortex (mPFC;
infralimbic cortex + ventral prelimbic cortex), and from the section at
—2.0 to —1.0 the amygdala, was microdissected bilaterally using a brain
punch (@ = 1 mm, model 57397, Stoelting Europe). The tissue mass of
both punches per region was obtained rapidly and the samples were
stored at —80 °C.

2.3. RNA isolation and miRNA sequencing

Total RNA was isolated from the human fresh frozen dissected sgACC
tissue samples and from the mouse brain punches (1 mm) obtained from
mPFC and BLA, using the miRNeasy kit (Qiagen, Hilden, Germany) ac-
cording to the manufacturer's protocols. RNA quantity and quality were
assessed by evaluation of the A260/280 and A260/230 ratios using a
Nanodrop spectrophotometer (NanoDrop Technologies, Wilmington,
DE, USA).

Per sample of extractant, 100 ng total RNA was processed. Briefly,
libraries were prepared for sequencing using the QIAseq® miRNA Li-
brary Kit (Qiagen, Hilden, Germany) following the standard protocol.
For the quality control of ¢cDNA libraries, Qubit™ dsDNA HS and the
BioAnalyzer High Sensitivity DNA Chip were used (Agilent Biotech-
nology AG, Waldbronn, Germany). Then, the cDNA libraries were
pooled using an equal amount of cDNA per library of each sample.
Sequencing was conducted on an Illumina MiSeq System (Illumina Inc.,
San Diego, CA, USA), using a MiSeq Reagent Kit v3 (150 Cycles) with a
configuration of sequencing depth of 2-3 million reads per sample and a
single-end, 75 bp read length.
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2.4. Data quality control and processing

The quality of raw sequencing data was assessed using FastQC software
(v0.11.9, https://www.bioinformatics.babraham.ac.uk/projects/fastqc/).
Adapter trimming was performed with Cutadapt (v4.4), removing (i) bases
with a quality score below 20) ii) 3' (AACTGTAGGCACCATCAAT) and 5'
(GTTCAGAGTTCTACAGTCCGACGATC) adapters, allowing a maximum
error rate of 10%. One sample among the group of depressed patients was
removed due to low quality.

Genomes for Homo sapiens (GRCh38, https://www.ncbi.nlm.nih.
gov/datasets/genome/GCF_000001405.26/) and  Mus  musculus
(GRCm39, https://www.ncbi.nlm.nih.gov/datasets/genome/GCF_00000
1635.27/) were indexed with Bowtiel (v1.2.3). For miRNA identifica-
tion, mature and hairpin miRNA sequences from both Homo sapiens and Mus
musculus were retrieved from miRBase and used as inputs. For human data,
sequences from Homo sapiens database were used as the primary reference
to identify known miRNAs, while those from Mus musculus database were
included to improve the detection of conserved or novel miRNAs not an-
notated in human. Trimmed reads were collapsed and aligned to the
genome using mapper.pl function from miRDeep2 (v2.0.1.3). Reads shorter
than 18 nucleotides were discarded. Known and novel miRNAs were
quantified using miRDeep2.pl function. The same pipeline was applied to
mouse data, with mouse miRNAs providing the primary annotation refer-
ence, with human miRNAs included to support the detection of conserved
or incompletely annotated miRNAs.

2.5. Differential expression analysis

Differential expression (DE) of miRNAs was assessed using the
negative binomial model (Wald test) implemented in DESeq2 R package
(v1.30.1) (Love et al., 2014).

For human samples, comparisons were performed between sgACC
samples from MDD patients and controls, both by analyzing MDD as a
single group and by stratifying patients based on antidepressant treat-
ment. Covariates included post-mortem interval (PMI) and batch.

For mouse samples, comparisons were performed on mPFC and BLA
samples from CSS mice and controls, with batch included as a covariate.
Before analyses, 25% of the least expressed miRNAs across all samples
were removed (Aass et al., 2022). To account for unwanted variation,
the factors estimated by the RUVg function (RUVseq, v1.36.0) (Risso
et al., 2014) were included in the model. Differentially expressed miR-
NAs (DEMs) were identified with a |fold-change (FC)| > 1.2 and an
adjusted p-value (q) < 0.1.

2.6. WGCNA preservation analysis

Weighted co-expression network preservation analysis (WGCNA)
was performed using the BioNERO R package (v1.10.3) (Almeida-Silva
and Venancio, 2022). The human sgACC dataset was used as the training
set, while mouse mPFC and BLA served as two independent test datasets.
Prior to network construction, mouse miRNA sequences were assigned
their corresponding human ortholog names using RNAcentral annota-
tions (https://rnacentral.org). Before analyses, 25% of the least
expressed miRNAs across all samples were removed (Aass et al., 2022).
Outlier samples were identified and removed using the standardized
connectivity Z.K method (Oldham et al., 2012). To mitigate the impact
of hidden confounding factors and prevent spurious correlations, we
performed principal component (PC)-based correction (Parsana et al.,
2019). A signed hybrid network was then built using Pearson correla-
tion. The soft-thresholding power () was selected based on scale-free
topology, by identifying the lowest power > 0.8. Modules of
co-expressed miRNAs were identified through hierarchical clustering,
with a ‘module_merging_threshold’ of 0.8 and a ‘min_module_size’ of 30.
The preservation of modules in the test datasets was assessed using the
‘module_preservation’ function from BioNERO, employing WGCNA's
algorithm with 1000 permutations. Module preservation was assessed
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Volcano plots of DEMs (|FC| > 1.2, q < 0.1) in the MDD patient vs control sgACC samples (A), and in the CSS vs control mouse mPFC samples (B) and BLA samples
(C). Histograms show the number of predicted target genes for sgACC (A), mPFC (B) and BLA samples (C). Bar plots show the percentage of biological pathways
associated with MDD (sgACC, A) or CSS (mPFC and BLA, B and C respectively), classified according to their main function into cellular growth and proliferation,
intracellular signaling and signal transduction, gene expression and transcriptional regulation, inflammation and immune system, nervous system development and

functions, and “other” pathways.

using the Zsummary and medianRank statistics. Modules were consid-
ered highly preserved if they showed a Zsummary > 10 and a low
medianRank. Modules with a Zsummary between 2 and 10 were clas-
sified as moderately preserved, while those with Zsummary < 2 were
considered not preserved, regardless of their medianRank. Only highly
or moderately preserved modules with a low medianRank were retained
for further pathway analyses.

2.7. Target gene identification and pathway analyses

MiRWalk version 3 (http://mirwalk.umm.uni-heidelberg.de) was
applied to identify miRNA target genes (Sticht et al., 2018) using DEMs
and the list of miRNAs within the most preserved module of the WGCNA
as input. A minimum score of 0.95 was applied to ensure high confi-
dence in miRNA-target interactions. Only genes with predicted binding
sites in the 3' UTR were considered. Additionally, only validated genes
annotated in all three databases (TargetScan, miRDB, and miRTarBase)
were included. Lists of identified validated target genes were analyzed
using the “Core Analysis” of the IPA software (Ingenuity System Inc, USA
http://www.ingenuity.com) to understand the key biological processes
they modulated. Significantly modulated pathways (p-value < 0.05)
were categorized according to their primary biological function into the
following groups: cellular growth and proliferation, gene expression and
transcriptional regulation, inflammation and immune system, intracel-
lular signaling and signal transduction and nervous system development
and functions. Pathways involved in cancer or not related with brain
functions were merged into “other” pathways.

3. Results

3.1. Altered miRNA modulation of cellular signaling and immune-related
pathways in depressed human sgACC and the effect of antidepressant
treatment

First, we were interested in the identification of miRNomic alter-
ations in the sgACC of MDD patients compared to controls. Of the 1277
miRNAs detected in the sgACC miRNome, 18 (8 down- and 10 up-
regulated) were differentially expressed in MDD patients compared to
controls (Fig. 1A; Supplementary Table 1). MiRWalk analysis revealed
that these DEMs targeted 173 validated genes (Supplementary Table 2)
involved in the modulation of 321 significant pathways associated with
intracellular signaling (22%), immune system (20%), cellular growth
(13%), nervous system (11%), gene expression (9%) or other pathways
(25%) (Fig. 1A; Supplementary Table 3).

Among the top significant biological processes involved in intracel-
lular signaling and signal transduction, we identified Proteasomal
PSMD10 Signaling Pathway (-log (p-value)=7.70), Activin Inhibin
Signaling Pathway (-log (p-value) =5.67), PIP3 activates AKT signaling
(-log (p-value) = 4.96) and Antiproliferative Role of Somatostatin Receptor
2 (-log (p-value) = 4.82).

Among the most significant immune-related pathways, we found
PDGF Signaling (-log (p-value) =5.52), PI3K/AKT Signaling (-log (p-
value) = 4.05), Role of JAK1 and JAK3 in yc Cytokine Signaling (-log (p-
value) = 3.93), Interleukin (IL)-4 and IL-13 signaling (-log (p-
value) = 3.83) and IL-7 signaling (-log (p-value) = 3.77).


http://mirwalk.umm.uni-heidelberg.de
http://www.ingenuity.com

S. Saleri et al.

B Trascriptional regulation by MECP2
Protein Kinase A signaling
c Epithelial adherens junction signaling

HOTAIR regulatory pathway

Regulation of the EMT by GF pathway
Regulation of the EMT pathway
MITF-M-dependent gene expression
Regulation of RUNX1 expression and activity
TP53 regulates metabolic genes

IL-15 production

IL-7 signaling pathway

Signaling by TGFBR3

Regulation of CDH11 expression and function
TCF-dependent signaling in response to WNT
WNT/SHH axonal guidance signaling pathway
MSP-RON signaling in cancer cells pathway
PTEN regulation

Degradation of beta-catenin by

the destruction complex

Function
Cellular growth and proliferation
Gene expression and transcriptional

regulation trasduction

Inflammation and immune system
Intracellular signaling and signal

Neurobiology of Stress 42 (2026) 100816

Autophagy
Oncostatin M Signaling
Estrogen receptor signaling

FOXO-mediated transcription of cell cycle genes

RAR activation

B Cell receptor signaling

Cyclophilin signaling pathway

IL-4 signaling

T Cell exhaustion signaling pathway
Thrombin signaling

Transcriptional regulation of granulopoiesis
DAG and IP3 signaling

G-protein coupled receptor signaling
GNRH signaling

NR1H2 and NR1H3-mediated signaling
PIP3 activates AKT signaling

Circadian rhythm signaling

Ephrin receptor signaling

NGF-stimulated transcription

Opioid signaling pathway

Opioid signalling

Reelin signaling in neurons

Serotonin receptor signaling

Sleep NREM signaling pathway
Synaptogenesis signaling pathway

Autism signaling pathway

Factors pomoting cardiogenesis in vertebrates
Heme signaling

Insulin secretion signaling pathway
Mitochondrial division signaling pathway
Osteoarthritis pathway

Prostate cancer signaling

SLE in B Cell signaling pathway

Role of osteoclasts in RA signaling pathway
Role of Macrophages, Fibroblasts and EC in RA
Role of Osteoblasts, Osteoclasts and
Chondrocytes in RA

Nervous system development and function
Others

Fig. 2. Biological pathways which are common to specific brain tissues from MDD patients and CSS mice (A) Venn diagram of significant pathways (p-value < 0.05)
across human and mouse brain regions. Sankey plots of shared pathways between (B) all three regions, (C) human sgACC and mouse mPFC, and (D) human sgACC
and mouse BLA. Pathways were classified based on their main function into cellular growth and proliferation, intracellular signaling and signal transduction, gene
expression and transcriptional regulation, inflammation and immune system, nervous system development and functions, and “other” pathways.

Considering that antidepressant treatment has been shown able to
induce alterations in miRNA expression profiles, we then examined
miRNomic changes in the sgACC of MDD patients, receiving or not
receiving the antidepressant treatment, compared to controls. In the
sgACC, antidepressant-treated MDD patients exhibited 44 DEMs (32
down- and 12 up-regulated) targeting 405 genes and 389 pathways,
whereas untreated patients showed 55 DEMs (27 down- and 28 up-
regulated) targeting 399 genes and 283 pathways (Supplementary
Fig. 1; Supplementary Tables 1 and 2). Most of the pathways altered in
both antidepressant-treated and untreated MDD patients overlapped
(252 out of 389 for treated, and 252 out of 283 for untreated subjects),
suggesting that these changes were more likely associated with MDD
rather than the effect of antidepressants. Indeed, among the 137 path-
ways uniquely modulated in antidepressant-treated patients, most were
associated with the immune system (26%), including IL-7 signaling
pathway (-log (p-value) =5.50), PI3K/AKT Signaling (-log (p-
value) = 5.20) and IL-15 production (-log (p-value) =4.43), and intra-
cellular signaling and signal transduction (19%) as Proteasomal PSMD10
Signaling Pathway (-log (p-value) =8.63), GADD45 signaling (-log (p-
value) = 6.25) and PIP3 activates AKT signaling (-log (p-value) =5.92)
(Supplementary Fig. 1; Supplementary Table 3).

3.2. Altered miRNA modulation of gene expression, cellular signaling and
growth pathways in CSS mouse mPFC

Following the same experimental approach applied in human sam-
ples, alterations in miRNA expression levels were investigated in CSS-
exposed mice. In the mPFC, among the 856 miRNAs detected, 11 were

differentially modulated by CSS exposure, 2 downregulated and 9
upregulated (Fig. 1B; Supplementary Table 1). MiRWalk analysis iden-
tified 30 genes targeted by the 11 DEMs (Supplementary Table 2). These
genes were involved in the modulation of 31 pathways, 19% related to
gene expression, 16% to intracellular signaling and growth, 13% to
nervous system, 10% to immune system and 26% to “other” pathways
(Fig. 1B; Supplementary Table 3). The most significant pathways ranked
for their biological functions were Transcriptional Regulation by MECP2
(-log (p-value) = 2.88), TCF dependent signaling in response to WNT (-log
(p-value) = 2.60) and Regulation of the Epithelial-Mesenchymal Transition
Pathway (-log (p-value) = 2.30).

3.3. Altered miRNA modulation of nervous system-related pathways in
CSS mouse BLA

In the BLA, of the 884 miRNAs identified, 9 were differentially
expressed in CSS-exposed compared to control mice, 7 downregulated
and 2 upregulated (Fig. 1C; Supplementary Table 1). MiRWalk analysis
identified 18 target genes (Supplementary Table 2) modulating 84 sig-
nificant pathways, 31% related to nervous system, including neuro-
transmission- and neurodevelopment-related pathways, 19% to immune
system, 15% to gene expression, 13% to intracellular signaling, 5% to
cellular growth and 17% to “other” pathways (Fig. 1C; Supplementary
Table 3). Among the top significant pathways related to the nervous
system functioning, we found WNT/Ca + pathway (-log (p-
value) = 3.68), NGF-stimulated transcription (-log (p-value)=2.83),
Signaling by NOTCH2 (-log (p-value)=2.72), Sphingosine and
Sphingosine-1-phosphate Metabolism (-log (p-value) = 2.69),
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Three main modules of co-expressed miRNAs (blue, green and yellow) showing the medianRank score (on the left) and the preservation score (Zsummary score) (in
the middle) in the comparison between (A) human sgACC and mouse mPFC, and between (B) human sgACC and BLA. Bar plot (on the right) shows the percentage of
significant biological pathways (p-value < 0.05) identified through the pathway enrichment of the most preserved module, classified according to their main

biological functions.

Glutaminergic Receptor Signaling Pathway (Enhanced) (-log (p-
value) = 2.67) and Serotonin Receptor Signaling (-log (p-value) = 2.58).

3.4. Converging biological pathways associated with differential miRNA
expression in human and mouse limbic areas

To identify common pathways associated with DEMs in both the
human and mouse limbic brain regions, the 321 significant pathways
identified in the sgACC of all MDD patients were overlapped with the 31
and 84 pathways modulated in the mPFC and BLA, respectively, of CSS
mice (Fig. 2A). Two pathways overlapped across the three tissues,
Transcriptional regulation by MECP2 and Protein Kinase A signaling
(Fig. 2B). An additional 16 common pathways were shared between
human sgACC and mouse mPFC, which included biological processes
mainly involved in cellular growth and proliferation, such as Regulation
of the epithelial-mesenchymal transition (EMT) pathway, Epithelial adherens
junction signaling, Regulation of the EMT by growth factors (GF) pathway
and HOTAIR regulatory pathway (Fig. 2C). In addition, 36 pathways were
common between human sgACC and mouse BLA, including several
involved in immune-related functions, such as Cyclophilin signaling
pathway, IL-4 signaling, B cell receptor signaling, T Cell exhaustion signaling
pathway and Thrombin signaling, and in neurotransmission, including
NGF-stimulated transcription, Serotonin receptor signaling, Synaptogenesis
signaling pathway, Circadian rhythm signaling, Opioid signaling pathway,
Reelin signaling in neurons and Opioid signaling (Fig. 2D).

3.5. Preservation analysis to identify conserved modules in human and
mouse

With the aim to dissect those biological processes regulated by DEMs
and conserved between mouse and human, WGCNA was applied using

the human sgACC as the training dataset and the mouse mPFC and BLA
as the test datasets. Three main modules of co-expressed miRNAs were
identified in the training network. In the comparison between human
sgACC and mouse mPFC, one module was robustly preserved, showing
the lowest medianRank (medianRank =1.00) and a high preservation
score (Zsummary = 8.94) (Fig. 3A), while comparing human sgACC and
mouse BLA, another module emerged as preserved, with a medianRank
of 1.00 and a Zsummary of 5.21 (Fig. 3B). Pathway enrichment of the
module conserved between human sgACC and mouse mPFC indicated a
strong overrepresentation of processes related to intracellular signaling
(25%), with additional contributions from immune system (16%), gene
expression (13%), nervous system-related pathways (10%), cellular
growth (11%) and “other” functions (36%) (Fig. 3A; Supplementary
Table 4). The module preserved between human sgACC and mouse BLA
included biological processes mainly involved in intracellular signaling
(28%), immune system (16%), cellular growth (12%), nervous system-
related pathways (11%), gene expression (10%), and “other” functions
(36%) (Fig. 3B; Supplementary Table 4).

3.6. Integration of differential expression analysis with the co-expression
networks for biological pathway prioritization

Next, by intersecting the results from the differential expression
pathway analysis with those obtained from the two most preserved
modules, we aimed to identify conserved biological pathways across
bioinformatic methods and the two species. Transcriptional regulation by
MECP2 and Protein Kinase A signaling were consistently conserved across
all three brain regions (sgACC, mPFC, and BLA) and detected by both
analytic bioinformatics approaches (Fig. 4). Thirteen pathways were
common only to human sgACC and mouse mPFC and included: cellular
growth-related pathways, such as HOTAIR regulatory pathway,
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The cord diagram shows the connection among the pathways of the three limbic
brain regions (human sgACC, mouse mPFC and BLA). Each pathway is repre-
sented by a fragment on the outer part of the circular layout and by the colour
corresponding to its biological function. Pathways were classified according to
their main function into cellular growth and proliferation, intracellular
signaling and signal transduction, gene expression and transcriptional regula-
tion, inflammation and immune system and nervous system development. We
excluded “other” pathways, such as those not related to brain functions, from
the representation.

Regulation of the EMT Pathway, Regulation of the EMT by GF Pathway,
Epithelial adherens junction signaling; intracellular signaling-related pro-
cesses, such as Regulation of CDHI11 expression and function; pathways
involved in gene expression, such as TP53 regulates metabolic genes,
MITF-M-dependent gene expression, Regulation of RUNX1 expression and
activity; and inflammation and immune system-related pathways, such
as Signaling by TGFBR3 and IL-7 signaling pathway. For human sgACC and
mouse BLA, we found 24 shared pathways including those related to the
nervous system, such as Serotonin receptor signaling, Synaptogenesis
signaling pathway, Circadian rhythm signaling; immune system, as IL-4
Signaling, gene expression, such as Estrogen receptor signaling; and
intracellular signaling such as NR1H2 and NR1H3-mediated signaling and
PIP3 activates AKT signaling (Fig. 4).

4. Discussion
In the current study, a miRNomic approach was applied to investi-

gate for miRNA signatures in the sgACC of MDD patients and in the
mPFC and BLA of CSS-exposed mice compared to the respective
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controls. The key finding is the identification of conserved MDD/CSS
miRNA signatures and associated biological processes across species.

4.1. Species- and region-specific miRNA changes and affected biological
pathways

Firstly, we identified region-specific changes in miRNA expression
levels (across the two species x three brain regions) associated with
MDD/CSS. Analyses of the human sgACC revealed a dysregulation of
miR-34a-5p, miR-17-5p, and miR-142-3p, consistent with their
involvement in stress-related neurobiological alterations in MDD
(Chauhan and Jain, 2025; Mizohata et al., 2021; Van der Auwera et al.,
2019). In the mouse mPFC, we identified several DEMs, including
miR-34b-5p, miR-34c-5p, miR-375-3p, miR-200a-3p, miR-322-5p,
miR-204-5p, which in recent studies have been suggested as regulators
of genes in pathways underlying the regulation of stress-related
behavior, such as fear memory, anxiety, and impulsivity (Andolina
et al., 2016; Chen et al., 2025; Guan et al., 2024; Liao et al., 2025;
McKibben and Dwivedi, 2021; Zhan et al., 2021). Among DEMs identi-
fied in the BLA of CSS mice, we only confirmed the differential expres-
sion of mmu-miR-872-5p, reported to be modulated by chronic stress in
the ventral tegmental area and PFC of chronic mild stress-exposed rats
(Zurawek et al., 2017).

Next, we investigated the functional roles of such dysregulated
miRNAs. In the human sgACC, we observed the modulation of intra-
cellular signaling- and immune-related pathways. Regarding intracel-
lular signaling processes, previous studies have shown alterations in
Proteosomal PSMDI10 Signaling pathway and PIP3 activates PSMD10
Signaling pathway, known to activate the PI3K/AKT/mTOR signaling
pathway, which is often inhibited in MDD patients, contributing to
reduced neurogenesis and synaptic dysfunction (Chen et al., 2024).
Collectively, these findings suggest that a dysregulation of intracellular
signaling pathways may contribute to the synaptic and neurogenic al-
terations observed in MDD (Li et al., 2023; Sahu et al., 2019; Zhang
et al., 2017).

Also for immune-related pathways, our results show the modulation
of several biological processes linked to cytokine production, such as
Role of JAK1 and JAK3 in yc Cytokine signaling, Interleukin-4 and 13
signaling and IL-7 signaling, all in line with previous studies (Du et al.,
2024; Gong et al., 2025; Strawbridge et al., 2023; Yin et al., 2024).
Indeed, one major hypothesis underlying MDD is that it involves an
overactive immune response, characterized by the upregulation of in-
flammatory mediators that can activate different components of the
immune system, including B and T lymphocytes, leading to mood,
emotional and cognitive dysfunctions (Yin et al., 2024).

Stratifying the human sgACC MDD cohort by antidepressant treat-
ment and comparing these findings with the overall miRNA profile of all
MDD patients revealed that the most functional modulation was driven
by MDD rather than drug-related effects. This was suggested by the huge
number of overlapping pathways between antidepressant treated and
untreated patients. Of note, we found a modulation of IL-15 and sero-
tonin receptor—associated mechanisms, consistent with previous evi-
dence indicating that this cytokine, involved in both innate and adaptive
immunity, may also influence brain functions. Experimental evidence
has indicated that IL-15 can modulate both GABAergic and serotonergic
transmission, potentially contributing to the regulation of affective and
cognitive processes (Pan et al., 2013). In patients with moderate MDD,
increased IL-15 levels were observed after treatment with the antide-
pressant escitalopram (Bleibel et al., 2025). In addition, a reduction in
serotonin uptake and a depressive-like phenotype have been found in
IL15Ra knockout mice (Wu et al., 2011). These results suggest that IL-15
could interact with serotonergic signaling, potentially contributing to
the complex neuroimmune mechanisms involved in MDD and in the
antidepressant response. However, the molecular basis of this
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interaction remains to be clarified, and further studies are warranted.

Several highly relevant studies have been conducted in post-mortem
brains obtained from MDD (Nagy et al., 2020) and post-traumatic stress
disorder (PTSD) patients by comparing proteomics, transcriptomics and
miRNomics profiles of different brain regions, by taking into account
cell-type-specific contributions (Daskalakis et al., 2024; Hwang et al.,
2025; Wang et al., 2025). Interestingly, the results coming from these
studies are in line with our results, since they pointed to the dysregu-
lation of immune function, neuronal and synaptic regulation, including
GABAergic transmission, and the glucocorticoid signalling in both MDD
and PTSD, suggesting shared molecular pathology (Daskalakis et al.,
2024; Hwang et al., 2025; Nagy et al., 2020; Wang et al., 2025).

The results of pathway analyses conducted in the mPFC and BLA of
CSS-exposed mice are in line with the preclinical literature data showing
that CSS exposure induced alterations in inflammatory processes, G-
protein coupled receptors and the nervous system functioning, with
expression of genes important in dopamine function in the latter
(Azzinnari et al., 2014; Poggi et al., 2025). Accordingly, we found al-
terations of pathways involved in gene expression, intracellular
signaling and growth in mPFC, and involved in neurotransmission (i.e.
NGF-stimulated transcription, Glutaminergic and Serotonin Receptor
Signaling), as well as in neurodevelopment, such as WNT/Ca + pathway,
in BLA. Interestingly, our findings could support recent results sug-
gesting the existence of persistent neuronal adaptations in the PFC and
BLA of socially defeated mice (Colyn et al., 2019).

4.2. Common biological processes among human and mouse limbic brain
regions

Then, we investigated the functional convergence of dysregulated
miRNAs in the limbic regions of both humans and mice as we were
interested in identifying common biological process(es) among the three
datasets (human sgACC, mouse mPFC and mouse BLA). Overall, we
found that human sgACC shared pathways involved in cellular growth
and gene expression with the mouse mPFC, while pathways associated
with nervous system development and immune response were shared
with the mouse BLA. Notably, Transcriptional regulation by MECP2 and
Protein Kinase A signaling emerged as the common biological processes
across all datasets, suggesting possible shared molecular mechanisms
through which MDD/CSS-related miRNA alterations might influence
MDD/CSS-relevant neurobiological processes across species. MECP2
(methyl CpG binding protein 2) is a transcriptional regulator, highly
abundant in the brain, which modulates gene expression in response to
environmental stimuli (Gulmez Karaca et al., 2019), and although
mainly studied in neurodevelopmental disorders, above all in Rett syn-
drome, altered expression of this gene has been also reported in
stress-related disorders, including MDD (Abellan-Alvaro et al., 2021;
Sanchez-Lafuente et al., 2022). In fact, MECP2 regulates several physi-
ological functions implicated in neuronal development and adult syn-
aptic plasticity, such as the transcriptional activation of brain derived
neurotrophic factor (BDNF) and reelin (RELN), well-known genes
involved in mood disorders. Interestingly, MECP2 phosphorylation at
serine 421 in the rodent hippocampus is essential for ketamine's sus-
tained antidepressant effect, and decreased blood level of MECP2 pro-
tein has been reported for MDD (Su et al., 2015). In addition, differential
expression levels of MECP2 were observed between stress-resilient and
susceptible mice following chronic social defeat stress (Huang et al.,
2022), although it is important to note that the CSS procedure used in
the current study does not yield sub-groups of resilient and susceptible
mice. Regarding the other common pathway, Protein Kinase A signaling,
protein kinase A (PKA) is a central component of the adenylyl
cyclase-cyclic AMP (AC-cAMP) pathway, that plays a crucial role in
synaptic plasticity, gene transcription, and the
hypothalamic-pituitary-adrenal (HPA) axis, which is a major contrib-
utor to the body's stress response. Abnormalities in PKA activity and its
downstream signaling have been observed in individuals affected by
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MDD, and it has been proposed that targeting this pathway with anti-
depressant drugs may offer therapeutic benefits (Gao, F. et al., 2022).

4.3. Integration of differential expression data with co-expression network
analysis

To refine these findings, we integrated differential expression data
with co-expression network analysis to prioritize pathways across
species.

This analysis alone highlighted conserved biological processes
related to intracellular signaling and the immune system, including
PDGF Signaling and Proteasomal PSMD10 Signaling Pathway, which have
already been associated with MDD (Li et al., 2023; Sahu et al., 2019).
Crucially, it also revealed that two pathways, Transcriptional regulation
by MECP2 and Protein Kinase A signaling were consistently conserved
across species, brain regions and both approaches, supporting the rele-
vance of these biological systems as potential targets for further inves-
tigation in the context of MDD.

4.4. Limitations of the study

Despite its strength, this study also has limitations that need to be
acknowledged. Firstly, the relatively modest sample sizes for both
human and animal analyses. Second, the target-gene validation analysis
did not take into account the gene expression modulation, making it
impossible to determine whether a specific pathway was activated or
inhibited. Therefore, further studies are needed to better clarify if
Transcriptional regulation by MECP2 and Protein Kinase A signaling are
activated or inhibited in depressed patients and in CSS mice. Third, with
this sample, it was not possible to assess potential changes caused spe-
cifically by suicide and to classify subjects by specific antidepressant
compounds or pharmacological classes, as sample sizes within each
category would be insufficient for reliable inference. Lastly, although
females were included in the human MDD cohort, they were not
included in the mouse CSS cohort, given that the CSS paradigm is only
effective in males. However, the main function of such an animal
paradigm is to investigate for causality between chronic psychosocial
stress and neurobiological states, to augment, substantially, any
descriptive association between a stress-related neuropsychiatric con-
dition and neurobiological factors in human subjects. When viewed in
this context, the incorporation of cause-effect animal data for one sex,
male or female, constitutes a major attribute of the study. In mice,
natural territorial aggression, and therefore psychosocial stress, only
pertains between males, hence the CSS paradigm is male-specific. As
such, it enables the causal study of stress effects on miRNAs in specific
brain regions, but not of whether there are sex differences therein.
Various paradigms have been developed to induce aggression by resi-
dent male mice towards female mice (Takahashi A et al., 2017; Harris AZ
et al., 2018; Yohn CN et al., 2019).

5. Conclusions

Overall, our results identify the modulation of intracellular
signaling- and immune system-related pathways in the sgACC of MDD
patients and of intracellular signaling and nervous system-related pro-
cesses in the mPFC and BLA, respectively, of CSS mice. In parallel, the
cross-species preservation analysis revealed a predominant modulation
of pathways involved in intracellular signaling. The interfacing of
DESeq2 and WGCNA-based analyses identified that Transcriptional
regulation by MECP2 and Protein Kinase A signaling were the two path-
ways conserved across all three brain regions (human sgACC, mouse
mPFC and BLA) and detected by both analytic approaches. Combining
analyses between human sgACC and mouse mPFC revealed the
involvement of cellular growth-related pathways, whereas those be-
tween human sgACC and mouse BLA suggested the key roles of neuro-
transmission pathways.
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Although future studies are necessary, our findings suggest that
genes associated with the pathways, Transcriptional regulation by MECP2
and Protein Kinase A signaling, are of interest in terms of targeting by
novel intervention strategies. Finally, our findings derived from the
study of miRNomics profiles in different brain regions and in two species
confirm the dysregulation of intracellular signaling, immune, neuronal
and synaptic functions in MDD.
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