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MicroRNAs (miRNAs) are critical regulators of neurodevelopment and are implicated in the pathogenesis of schizophrenia.
Schizophrenia is increasingly recognized as a neurodevelopmental disorder, with most cases emerging during late adolescence and
early adulthood, which is a critical period of brain maturation. However, the study of miRNAs during this phase has been limited by
the challenges of postmortem brain analysis. Neuron-derived extracellular vesicles (NEVs) have recently been proposed for
investigating brain-derived molecular profiles. In this study, NEVs were enriched from plasma using the L1CAM antibody in patients
with recent-onset schizophrenia (ROS) within 5 years of onsets and chronic-phase schizophrenia (CS). The miRNA profiles of these
NEVs in patients with ROS and CS were compared with those of age-and sex-matched healthy controls. Differential expression
analysis revealed miRNA changes specific to the recent-onset phase as well as possible pathophysiological mechanisms
transitioning from the recent-onset to the chronic phases. These findings provide novel insights into the role of miRNAs in
neurodevelopmental abnormalities associated with schizophrenia onset. This study highlights the utility of NEVs as a tool for
accessing brain-derived miRNA profiles and diagnostic biomarkers and underscores the importance of an onset period as a critical
window for understanding the molecular underpinnings of schizophrenia.
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INTRODUCTION

MicroRNAs (miRNAs) are small non-coding RNAs, composed of
20-24 nucleotides that regulate gene expression by binding to
mRNAs with complementary sequences, leading to their degrada-
tion or inhibition of protein translation. They play crucial roles in
various biological processes, including neurogenesis and synaptic
connectivity, making them essential for brain development from
the fetal stage to adolescence®>.

Several studies have reported an association between miRNAs
and schizophrenia*”. The signs and symptoms of schizophrenia
typically emerge during late adolescence and early adulthood,
with approximately 60-70% of patients experiencing their first
occurrence between the ages of 14 and 25 years and additional
cases, particularly in early adulthood, extending into the late
twenties®. While many patients develop the disorder during late
adolescence, a substantial subset, particularly women, experience
onset in early adulthood or even after the age of 30°. Late
adolescence and early adulthood are critical periods for brain
maturation'®"'3, and schizophrenia is increasingly understood as a
neurodevelopmental disorder'* ', Therefore, understanding
brain processes during this developmental time window and
onset period is essential for elucidating the pathogenesis related
to the onset of schizophrenia'®'”. Despite this, few studies have
focused on miRNA dynamics during this pivotal period in the
context of schizophrenia'®.

Recently, neuron-derived extracellular vesicles (NEVs) have
attracted significant attention as a novel tool for investigating
brain physiology and pathology through peripheral sam-
ples'®22, Extracellular vesicles (EVs) are small phospholipid

bilayer-enclosed vesicles that are abundant in body fluids such
as blood and urine?*?*, They originate from various cell types
and carry proteins, nucleic acids, and metabolites, reflecting the
molecular environment of their tissues of origin®>~2”. Moreover,
EVs possess tissue-specific membrane proteins, enabling the
identification of their cellular sources?®. NEVs, in particular, can
be enriched from plasma by immunoprecipitation using neuron-
specific markers such as L1CAM and MAP1B antibodies?%3°,
Notably, EVs contain miRNAs3'32, making them promising tools
for analyzing neuronal miRNA profiles using peripheral blood
samples?233,

In this study, we investigated the role of miRNAs in
schizophrenia by enriching NEVs from the plasma of patients
with recent-onset schizophrenia (ROS) within 5 years of onsets
and chronic-phase schizophrenia (CS). We analyzed the miRNA
profiles of NEVs from these patients and compared them with
those from age- and sex-matched healthy controls. We conducted
a functional analysis of differentially expressed miRNAs to uncover
insights into their roles in both the ROS and CS. Furthermore, we
evaluated the diagnostic potential of miRNAs as biomarkers for
ROS.

RESULTS

Demographic data and clinical characteristics of participants
This study analyzed NEVs enriched from the peripheral blood of 14
patients with schizophrenia within 5 years of onset (ROS group),
15 age- and sex-matched controls (CROS group), 8 patients with
schizophrenia for more than 15 years post-onset (CS group), and 8
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Table 1. Demographic characteristics of the study participants (N = 45).

ROS CROS (@ CCs
Participants 14 15 8 8
Age (years) 27.5+6.92 28.9+5.94 54.6 +6.56 54.1+7.98
Male/Female 10/4 9/6 8/0 8/0
Race (East Asian) 14 15 8 8
Smoking (Yes/No/No Data) 4/10/0 1/6/8 2/5/1 0/5/3
Alcohol (Yes/No/No Data) 5/9/0 4/3/8 0/7/1 1/4/3
Outpatients/Inpatients 9/5 - 2/6 -
Duration of the disease (years) 1.21+1.08 - 35.9+8.91 -
PANSS (Participants) 11 - 8 -

Positive symptom 10.6 +4.5 - 248+7.0 -

Negative symptom 87+3.2 - 33.6+6.1 -

General psychopathology 18.8+3.2 - 48.1+1.08 -

Total 38.2+88 - 1065+ 124 -
Chlorpromazine equivalent doses (mg/day) 322.0+313.2 - 1204 + 664.1 -
Diazepam equivalent doses (mg/day) 5.77 £20.0 - 0.00 +£0.00 -
Imipramine equivalent doses (mg/day) 1.73+2.95 - 14.0 +20.6 -
Nitrazepam equivalent doses (mg/day) 0.154+0.533 - 18.1+£13.9 -

Disease duration is the period between disease onset and the present time. Smoking and drinking habits were assessed for some participants. The
antipsychotic, anxiolytic, antidepressant, and benzodiazepine receptor agonist hypnotic dosages were standardized to chlorpromazine, diazepam,
imipramine, and nitrazepam equivalents. Values are presented as classification or mean + standard deviation (SD). We confirmed no significant differences in
the male/female ratio or age between the ROS and CROS groups by Welch’s t-test and the chi-squared test. No significant differences in the male/female ratio
or age were observed between the CS and CCS groups.

ROS group of participants with recent-onset schizophrenia, CROS age- and sex-matched control group for the ROS group, CS group of participants with
chronic-phase schizophrenia, CCS age- and sex-matched control group for the CS group, PANSS Positive and Negative Syndrome Scale, SD standard deviation.

age- and sex-matched controls (CCS group). All the participants
underwent miRNA sequencing.

The demographic data and clinical characteristics are summar-
ized in Table 1. No significant differences in age or sex were
observed between the ROS and CROS groups or between the CS
and CCS groups. In the ROS group, nine patients were outpatients
and five were inpatients, whereas in the CS group, two were
outpatients and six were inpatients. Positive and Negative
Syndrome Scale (PANSS) scores were available for 11 patients in
the ROS group and all eight patients in the CS group. The mean
total PANSS score in the ROS group was 38.2 + 8.8, corresponding
to mild symptom severity and indicating that these patients were
not acutely psychotic at the time of sampling. By contrast, the
mean total PANSS score in the CS group was 106.5+ 124,
reflecting persistent and more severe psychopathology typical of
chronic schizophrenia. Importantly, none of the patients in either
group received clozapine at the time of blood collection. The ROS
group represented patients with ROS in early adulthood (mean
age 27.5 years), reflecting a typical age of onset rather than an
early-onset subgroup. Additionally, for some participants, informa-
tion on tobacco and alcohol use, as well as medication details, was
collected. Patients in both the ROS and CS groups were recruited
from the Tokyo Metropolitan Matsuzawa Hospital, and all were
receiving pharmacological therapy.

NEV enrichment and validation

Plasma-derived EVs were first isolated using the ExoQuick reagent.
These whole EV preparations were characterized in accordance
with the Minimal Information for Studies of Extracellular Vesicles
(MISEV) 2023 guidelines3*, including nanoparticle tracking analysis
(NTA) and transmission electron microscopy (TEM), to confirm the
presence and morphology of EVs. NTA (Nanosight) revealed a size
distribution ranging from 50 to 400 nm, with a peak size of
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162+ 9.9 nm, consistent with EVs (Fig. 1A). TEM confirmed the
presence of EVs in plasma-derived samples (Fig. 1B).

Following this validation, neuron-enriched vesicle (NEV) frac-
tions were collected from the characterized EV preparations by
immunocapture using an L1CAM antibody. Antibody array analysis
revealed the presence of exosome marker proteins (CD81 and
TSG101) and neuronal markers (L1CAM, ENO2, and MAPT),
whereas the absence of an endoplasmic reticulum marker (CANX)
confirmed minimal contamination from intracellular vesicles
(Fig. 1Q). These findings confirmed the successful NEV enrichment
for downstream analysis.

Although previous studies have demonstrated that L1CAM+
fractions can be directly characterized by NTA and TEM3°35, the
yield from our plasma samples was not sufficient for reliable
measurements, and the elution process might have altered vesicle
morphology. Therefore, in this study, we used these assays to
validate the total EV population, from which L1CAM+ fractions
were subsequently enriched for downstream molecular analyses.

Estimation of tissue origin for miRNAs in NEVs

Small RNA-seq identified 2,884 miRNAs across 45 samples, and
128 miRNAs detected in more than 75% of samples were retained
for further analysis. These miRNAs included brain-specific miRNAs,
such as miR-134%’, miR-127%7, and miR-12838, Tissue-specific
enrichment analysis of miRNA target genes showed significant
enrichment of genes expressed in brain regions, including the
prefrontal cortex, midbrain, and cingulate gyrus, compared with
other tissues (Table S1). These findings confirmed the neuronal
origin of the miRNAs in the NEV samples.

miRNA differential expression analysis

Seventeen miRNAs were differentially expressed between the ROS
and CROS groups, meeting an FDR threshold <5% and a fold
change >2 or <0.5 (Fig. 2A). Among these, 10 miRNAs (hsa-miR-
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Fig. 1 Characterizations of neuron-derived extracellular vesicles (NEVs) enriched from plasma. A Size distributions of plasma-derived
extracellular vesicles (EVs) from participants determined via nanoparticle tracking analysis. Measurements were performed five times. The
vertical axis represents the number of particles per milliliter, and the horizontal axis indicates particle size. The black line represents the mean
value, and the red error bars indicate 1 standard error of the mean. B Negative-staining transmission electron microscopy images of plasma-
derived EVs from participants. The scale bar indicates 100 nm. C Characterization of NEV-enriched samples by marker protein antibody array.
This array included two antibodies for exosome markers (CD81 and TSG101), three antibodies for neuronal markers (L1CAM, ENO2, MAPT),

and one antibody for cellular contamination (CANX).

122-5p, hsa-miR-511-5p, hsa-miR-483-5p, hsa-miR-192-5p, hsa-
miR-99a-5p, hsa-miR-342-5p, hsa-miR-193a-5p, hsa-miR-200a-3p,
hsa-miR-342-3p, and hsa-miR-375-3p) were upregulated, whereas
7 (hsa-miR-100-5p, hsa-miR-423-3p, hsa-miR-361-5p, hsa-miR-143-
3p, miR-3184-5p, hsa-miR-584-5p, and hsa-miR-184) were down-
regulated (Table S2).

In the CS vs. CCS group comparison, only two miRNAs (hsa-miR-
184 and hsa-let-7c-5p) were significantly downregulated (Fig. 2B,
Table S3). Notably, hsa-miR-184 was consistently downregulated
in both the ROS and CS groups compared with their respective
controls.

Further analysis revealed associations between miRNA expres-
sion and clinical variables (Table S4). hsa-miR-122-5p was
significantly associated with the dosage of benzodiazepine
receptor agonist hypnotics, and hsa-miR-193a-5p was associated
with antidepressant dosage.

Performance of miRNAs as biomarkers for recent-onset
schizophrenia

We evaluated the potential of miRNAs as biomarkers for ROS,
which in our sample corresponded to early adulthood rather than
adolescence. Of the 17 differentially expressed miRNAs, two were
excluded due to their association with medication dosage. We
then performed univariate logistic regression of the remaining 15
miRNAs, with p values adjusted using the Benjamini-Hochberg
false discovery rate (FDR) procedure, followed by the assessment
of area under the curve (AUC). We found hsa-miR-143-3p showing
the highest AUC score (0.933, 95% confidence interval
(Cl) =0.803-1.00) and odds ratio (0.222, 95% Cl = 0.0645-0.475)
(Table 2). The sensitivity, specificity, and accuracy of hsa-miR-143-
3p were 100 £ 0.00%, 93.3 + 3.33%, and 96.6 + 1.72%, respectively,
where the thresholds were selected as 0.787 +0.253 based on the
Youden index (Table S5).

Functional analysis of miRNA

NEVs likely influence gene expression in originating neurons and
target cells via intercellular communication. To investigate the
functional roles of miRNAs, target genes expressed in glutama-
tergic neurons, GABAergic neurons, and astrocytes were
identified®.

Gene Ontology (GO) analysis revealed that the target genes of
miRNAs differentially expressed in the ROS group were associated
with neuron projection development and endosomal transport
(Fig. 3A and Tables S5-S7). Conversely, miRNAs differentially
expressed in the CS group were linked to the ER-nucleus signaling
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pathway and the regulation of postsynaptic membrane neuro-
transmitter receptor levels (Fig. 3B and Tables S8-S10). These
findings suggest distinct functional effects of miRNAs in the onset
and chronic phases of schizophrenia.

DISCUSSION

This study demonstrates the utility of plasma NEVs for investigat-
ing neuronal miRNA expression profiles that are otherwise difficult
to access. NEV sample enrichment was validated using multiple
methods, including TEM, NTA, and protein marker characterization
(Fig. 1). Among the 128 miRNAs consistently detected across
samples, brain-specific miRNAs, such as miR-134 and miR-128,
were identified3”8, Furthermore, the target genes of these 128
miRNAs were significantly enriched in neuronal and brain tissues
(Table S1), supporting the successful application of NEV-based
approaches for analyzing brain-derived miRNA profiles in periph-
eral blood.

However, the specifications of L1CAM-based NEV isolation
warrant discussion. Although L1CAM is widely used to isolate NEVs
owing to its expression in neuronal tissues*®=*2, it is also expressed
in peripheral nerve cells, Schwann cells, and other non-neuronal
cell types, such as melanocytes, T cells, and B cells?>*'. This study
found an enrichment of genes expressed in both central and
peripheral tissues, such as cardiac muscle fibers and sensory
neurons, suggesting that the NEV samples might include EVs from
L1CAM-expressing peripheral cells. Nevertheless, the detection of
neuronal markers, such as ENO2 and MAPT, confirms the presence
of brain-derived molecular profiles, particularly during disease
onset, when brain tissue cannot be examined non-invasively
(Fig. 1Q).

Moreover, the miRNAs (miR-134 and miR-128) and protein
markers (ENO2 and MAPT) detected in our study are highly
expressed in neuronal tissues, according to previous reports*3~2,
However, they are not strictly brain-specific and can also be
expressed in peripheral tissues. Therefore, detection of a single
molecule is insufficient to establish a definitive neuronal origin. In
this study, we combined multiple neuronal markers to estimate
the neuronal origin, but we acknowledge that this approach has
inherent limitations. Recently, ATP1A3 has been shown to provide
greater neuronal specificity and enrichment efficiency than
L1ICAM or NCAM1 in EVs derived from the human brain,
cerebrospinal fluid, and plasma®® and has been proposed as a
promising alternative marker for NEV isolation. Furthermore, while
some reports have raised concerns regarding soluble L1CAM

contamination and the limited specificity of L1ICAM+ EVs*>*°,
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Fig. 2 microRNA expression changes in participants with recent-onset and chronic-phase schizophrenia. A Significant differential
expression was observed in NEVs of patients with recent-onset schizophrenia (n = 14) compared with age- and sex-matched healthy controls
(n = 15). B Significant differential expression was observed in NEVs of patients with chronic-phase schizophrenia (n = 8) compared with age-
and sex-matched healthy controls (n = 8). The fold change of each miRNA is plotted against its corrected P value; blue circles represent
miRNAs with FDR < 0.05, and log,FC < —1.0. Red lines represent the threshold of significant difference with FDR < 0.05, and |log,FC | > 1.0.

others, using single-EV analysis, have demonstrated the co-
expression of neuronal markers within L1CAM+ EVs36, Taken
together, these findings highlight the need for future studies to
incorporate alternative markers, such as ATP1A3 or single-EV
analyses, to further refine the evaluation of neuronal origin in NEV
research.

Seventeen miRNAs were significantly differentially expressed in
the ROS group compared with the CROS group, whereas two
miRNAs were altered in the CS group compared with the CCS
group (Fig. 2). Of the 18 miRNAs with significant changes in either
comparison, 15 have been previously reported to be expressed in
the central nervous system®', and 6 of these (hsa-miR-99a-5p, hsa-
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Table 2. Odds ratios of miRNAs differentially expressed in patients with recent-onset schizophrenia and performance as diagnostic biomarkers.
Variable AUC (95% Cl) Odds ratio (95% Cl) p value Adjusted p value

Upregulation hsa-miR-511-5p 0.857 (0.717-0.997) 1.67 (1.21-3.26) 0.0356 0.0668
hsa-miR-483-5p 0.686 (0.483-0.889) 1.22 (1.03-1.57) 0.0464 0.0773
hsa-miR-200a-3p 0.657 (0.454-0.861) 1.16 (0.979-1.41) 0.109 0.1635
hsa-miR-192-5p 0.543 (0.316-0.77) 1.95 (0.695-6.80) 0.235 0.3205
hsa-miR-375-3p 0.500 (0.270-0.730) 1.15 (0.922-1.60) 0.277 0.3463
hsa-miR-342-5p 0.529 (0.309-0.748) 1.03 (0.656-1.65) 0.882 0.882
hsa-miR-342-3p 0.576 (0.358-0.794) 1.05 (0.895-1.25) 0.562 0.6485
hsa-miR-99a-5p 0.633 (0.411-0.855) 0.923 (0.326-2.48) 0.865 0.9277

Downregulation hsa-miR-143-3p 0.933 (0.803-1.00) 0.222 (0.0645-0.475) 0.00179 0.0269
hsa-miR-423-3p 0.900 (0.757-1.00) 0.470 (0.251-0.732) 0.00454 0.0341
hsa-miR-584-5p 0.848 (0.690-1.00) 0.440 (0.218-0.725) 0.00601 0.0301
hsa-miR-361-5p 0.871 (0.730-1.00) 0.769 (0.606-0.916) 0.00915 0.0343
hsa-miR-3184-5p 0.852 (0.712-0.993) 0.761 (0.577-0.913) 0.0136 0.0408
hsa-miR-100-5p 0.810 (0.647-0.972) 0.370 (0.130-0.759) 0.025 0.0625
hsa-miR-184 0.776 (0.605-0.948) 0.635 (0.383-0.891) 0.0308 0.066

The performance evaluation of each of the 15 differentially expressed miRNAs in patients with recent-onset schizophrenia as diagnostic biomarkers. The

column of differential expression shows the expression changes in the recent-onset schizophrenia group of each microRNA compared to the control groups

for the recent-onset schizophrenia. AUCs with 95% confidence intervals indicate miRNAs’ performances as biomarkers. Odds ratios with 95% confidence

intervals, p values and adjusted p values from univariate logistic regression models are shown.

AUC area under the curve, 95% Cl 95% confidence interval.

miR-193a-5p, hsa-miR-184, hsa-miR-375-3p, hsa-miR-423-3p, and
hsa-miR-483-5p) have been associated with schizophrenia in
postmortem brain studies®®~>°. In previous studies, four miRNAs
(hsa-miR-122-5p, hsa-miR184, hsa-miR-342-5p, and hsa-miR-584-
5p) were differentially expressed in the peripheral blood of
patients with schizophrenia®*°%>”, Among these, hsa-miR-184 was
altered in both the recent-onset and chronic phases, suggesting
its involvement throughout the disease trajectory. It has also been
previously reported to be differentially expressed in postmortem
brain and peripheral blood>>*’,

Interestingly, most miRNAs that showed significant changes in
the recent-onset phase did not exhibit any changes in the chronic
phase. This finding highlights the potential importance of miRNAs
in the early neurodevelopmental abnormalities that lead to
schizophrenia. A previous study involving 221 patients with
schizophrenia, mainly in the chronic phase, reported no miRNAs
with expression changes greater than two-fold in NEVs, despite a
larger sample size than that in the present study®. This
consistency suggests that miRNA alterations are more pro-
nounced during the recent-onset phase.

The differentially expressed miRNAs identified in this study
revealed distinct functional roles during the recent-onset and
chronic phases of schizophrenia. GO analysis highlighted the
phase-specific and overlapping biological processes associated
with these miRNAs, reflecting the dynamic changes in patholo-
gical mechanisms during disease progression.

During the recent-onset phase, miRNAs that were significantly
altered in NEVs were associated with processes critical for neural
circuit formation, such as synapse organization, axonogenesis, and
dendrite development, particularly in glutamatergic and GABAer-
gic neurons (Fig. 3A, Tables S6-S8). Across all three cell types
examined, the miRNAs targeted genes involved in the regulation
of neuronal projection development. These findings suggest that
miRNA dysregulation during the onset phase may disrupt
neurodevelopmental processes, particularly within 5 years of
onsets, aligning with the neurodevelopmental hypothesis of
schizophrenia®®. Abnormalities in neural circuit formation con-
tribute to the onset of schizophrenia and may represent key
therapeutic targets for early intervention®%¢’,
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In contrast, differentially expressed miRNAs in the chronic phase
were associated with the regulation of synaptic plasticity and
unfolded protein responses, such as the ER-nucleus signaling
pathway and postsynaptic receptor regulation (Fig. 3B, Tables
S9-S11). These processes are critical for maintaining synaptic
homeostasis and cellular stress responses, particularly during the
later stages of disease progression®%%3, Abnormalities in synaptic
plasticity have been extensively linked to the pathophysiology of
schizophrenia, and targeting these processes may inform strate-
gies for managing chronic symptoms®*5°,

Interestingly, altered miRNAs in both phases have been
implicated in synaptic transmission processes, including vesicle-
mediated transport and trans-synaptic signaling. The dysregula-
tion of these processes may underlie the persistent deficits in
synaptic function observed throughout the course of the disease.
Experimental evidence suggests that EVs regulate neural circuit
formation, synaptic plasticity, and synaptic transmission through
miRNA-mediated mechanisms, further supporting their role in
schizophrenia pathogenesis3®65-68,

Among the recent-onset phase miRNAs, has-miR-143-3p
exhibited the highest AUC as a diagnostic biomarker of ROS
(Table 2) and was a promising candidate diagnostic biomarker.
Furthermore, hsa-miR-143-3p stands out because of its prior
association with high-risk children with schizophrenia® and has
been reported to be associated with schizophrenia’®”'. This
consistency across studies suggests that alterations in hsa-miR-
143-3p expression may precede disease onset and potentially
contribute to the development of schizophrenia. Additionally, hsa-
miR-361-5p and hsa-miR-423-3p regulate key molecules, such as
ITGB1 and RhoA’273, ITGB1 plays a pivotal role in synapse
formation by modulating cell-matrix interactions’4, whereas RhoA
is critical for neurodevelopmental processes, including dendritic
spine density regulation, through Rho kinase signaling”>’%. The
dysregulation of these terms has been implicated in the
pathogenesis of schizophrenia’””~7,

For example, the downregulation of hsa-miR-361-5p in the
recent-onset phase may lead to increased RhoA expression,
potentially disrupting spine morphology and neural connectiv-
ity’>’8,  Furthermore, integrin-mediated synaptic changes
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associated with has-miR423-3p may contribute to the deficits in
synaptic architecture observed in schizophrenia’*”°. These find-
ings suggest a mechanistic link between miRNA dysregulation and
neurodevelopmental abnormalities during disease onset.

In the chronic phase, the association between miRNAs and
unfolded protein response is particularly notable. Altered ER-
nuclear signaling and synaptic receptor regulation suggest that
miRNAs contribute to cellular stress responses and synaptic
deficits, which may exacerbate chronic symptoms®®8!. These
processes align with previous findings of dysregulated protein
homeostasis in the dorsolateral prefrontal cortex of patients with
schizophrenia®2. These insights highlight the potential of targeting
miRNA-regulated pathways to ameliorate synaptic and cellular
dysfunction in chronic schizophrenia.

This study has several limitations. First, the L1CAM-based
enrichment method may not capture all NEVs, particularly those
without L1CAM on their membranes®® and those that do not cross
the blood-brain barrier (BBB), although NEVs have been reported
to cross the BBB®>#, Further studies are required to explore NEV
subpopulations and BBB permeability. Second, the small sample
size limits the generalizability of the findings. Because this study
was exploratory in nature, its results should be interpreted with
caution. Replication and validation using larger independent
cohorts are essential to confirm and extend these observations.
Third, the CS group was administered high doses of antipsycho-
tics. Although miRNAs associated with medication dosages were
excluded from the functional analysis, it is possible that the miRNA
expression profiles of the participants were affected by the
medication dosages. Fourth, the CS and CCS groups in this study
did not include female participants because of the availability of
age-matched plasma samples. This sex imbalance limits the
generalizability of our findings because sex differences are known
to affect both schizophrenia pathophysiology and miRNA expres-
sion. Future studies should include a balanced number of male
and female participants to validate and extend these results. Fifth,
NTA and TEM characterizations were performed on whole EV
preparations, rather than specifically on eluted L1CAM+ EVs.
Although previous studies have successfully characterized L1CAM
+ fractions by NTA and TEM>>3, the yield of LICAM+ EVs in our
plasma samples was insufficient for reliable measurements, and
elution from antibody-coated beads may have altered vesicle
morphology. Therefore, in this study, NTA and TEM were primarily
used to confirm the presence, size distribution, and spherical
morphology of the total EV population, from which the L1CAM+
subset was subsequently enriched. Although this approach
ensures that LICAM+ EVs are derived from bona fide EVs, direct
morphological characterization was not performed in the present
study. Similar strategies characterizing EVs at the total population
level while focusing on specific downstream analyses of sub-
populations have also been adopted in previous studies®.
Furthermore, the L1CAM-based immunocapture method used
here does not guarantee complete purity of LICAM+ EVs, as non-
vesicular or co-isolated molecules may also be present in the
enriched fraction. This represents a major limitation of the present
study, and future improvements in immunocapture yield and
single-EV validation will be necessary to achieve more precise
molecular characterization. Finally, the mechanisms underlying
NEV uptake by recipient cells remain unclear. While some studies
suggest selectivity, others indicate variability based on EV size and
density®®-8, Elucidating these mechanisms may enhance our
understanding of NEV-mediated intercellular communication.

To our knowledge, this is the first study to use NEVs to
investigate miRNA expression shortly after the onset of schizo-
phrenia. Our findings highlight possible miRNA-related patholo-
gical mechanisms in the recent onset and chronic phases of
schizophrenia, emphasizing the importance of neurodevelopmen-
tal changes in schizophrenia. Despite these limitations, this study
highlights the utility of NEVs as a minimally invasive tool for
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accessing brain-derived molecular profiles. The identified miRNAs,
particularly those that were differentially expressed during the
recent-onset phase, show promise as diagnostic biomarkers and
provide new insights into the pathogenesis of schizophrenia.
Further research is required to validate these findings and explore
their therapeutic implications.

METHODS
Study design and participants

The participants included 23 healthy controls and 22 patients with
schizophrenia, divided into two groups: ROS and CS. Schizo-
phrenia was diagnosed by at least two experienced psychiatrists
based on the Diagnostic and Statistical Manual of Mental
Disorders, 4th edition (DSM-IV) or 5th edition (DSM-V) guidelines.
Among the 22 patients, 14 were classified as having ROS (within 5
years of onset), and 8 were classified as having CS (15 years or
more after onset).

All the patients with schizophrenia received therapeutic
medication. In the ROS group, 11 of 14 patients were taking
antipsychotics (three patients not taking antipsychotics were
taking anxiolytics or antidepressants), four were taking anxiolytics,
one was taking antidepressants, and one was using benzodiaze-
pine receptor agonist hypnotics. In the CS group, all eight patients
were taking antipsychotics, four were taking anxiolytics, and seven
were using benzodiazepine receptor agonist hypnotics, with none
taking antidepressants. Medication dosages were standardized as
chlorpromazine equivalents for antipsychotics, diazepam equiva-
lents for anxiolytics, imipramine equivalents for antidepressants,
and nitrazepam equivalents for benzodiazepine receptor agonist
hypnotics.

At the time of blood collection, inpatient or outpatient status
was recorded, and symptom severity was assumed using the
PANSS. In the ROS group, nine patients were outpatients and five
were inpatients; in the CS group, two patients were outpatients
and six were inpatients. PANSS scores were available for 11
patients in the ROS group and all eight patients in the CS group.
The mean total PANSS score in the ROS group was 38.2+8.8,
corresponding to mild symptom severity and indicating that these
patients were not acutely psychotic at the time of blood sampling.
Clinical evaluation by psychiatrists at the same time also
confirmed that none of the patients were in an acute psychotic
state. By contrast, the mean total PANSS score in the CS group was
106.5 + 12.4, reflecting persistent and more severe psychopathol-
ogy typical of chronic schizophrenia. Importantly, none of the
patients in either group were administered clozapine. These
clinical details are summarized in Table 1.

A group of 15 controls, matched for age and sex to the ROS
group (CROS), and a group of eight controls, matched for age and
sex to the CS group (CCS), were selected as healthy controls from
a pooled sample of participants. In addition, smoking and drinking
habits were assessed in a subset of the participants.

This study was approved by the ethics committees of all the
participating institutions (Tokyo Metropolitan Matsuzawa Hospital
and Tokyo Metropolitan Institute of Medical Science, approval
numbers 17-16, 20-17, and 23-12). Written informed consent was
obtained from all the patients, and the study adhered to the
principles of the Declaration of Helsinki.

Sampling and EV isolation

Blood samples were collected between 9:00 AM and 6:00 PM on
designated collection days. Plasma was obtained by centrifuging
blood samples at 1200xg for 5min at 4°C. For thrombin
treatment, 0.5 mL of plasma was incubated with 4 pL of thrombin
(System Biosciences, Mountain View, CA, USA) at room tempera-
ture for 5 min, followed by centrifugation at 9000 x g for 5 min.
The supernatants were collected for EV isolation.
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EVs were isolated using 63 pL of ExoQuick (System Biosciences),
followed by incubation at 4°C for 2h and centrifugation at
1500 x g for 30 min. The resulting pellet containing EVs was
resuspended in 0.5 mL of phosphate-buffered saline containing a
protease and phosphatase inhibitor cocktail (Roche, Indianapolis,
IN, USA).

Nanoparticle characterization and transmission electron
microscopy analysis

NTA was performed at FUJIFILM Wako Pure Chemical Corporation
(Osaka, Japan) to assess EV size and concentration. The EV
suspensions were diluted to a particle concentration of approxi-
mately 108-10° particles/mL using Milli-Q water, and the size
distributions were measured using NanoSight LM10 (Malvern
Instruments, Malvern, UK). TEM was performed at Hanaichi
Ultrastructure Research Institute (Okazaki, Japan) using negatively
stained EV samples. Briefly, a drop of the sample was placed onto
a 200-mesh formvar/carbon-coated copper grid and allowed to
settle for 3 min at room temperature. The grids were washed with
distilled water and 20 L of an aqueous solution of uranyl acetate
(2% w/v), then applied for 10s. The samples were then analyzed
using a JEOL JEM1400Flash TEM (Jeol Ltd., Tokyo, Japan) operating
at 100 KV.

Enrichment and characterization of NEVs

NEVs were enriched using the Exo-Flow Beads and Buffers Kit
(System Biosciences). Thirty-five microliters of streptavidin mag-
netic beads were conjugated to 4 pug biotinylated anti-human
CD171 (L1CAM) antibody (clone 5G3, cat. 13-1719-82, RRID AB-
2043813; eBiosciences, San Diego, CA, USA) through incubation at
4°C for 2 h. The antibody-conjugated beads were then incubated
with the 500 pl of EV suspension overnight at 4 °C to capture NEVs.
Beads were washed three times with 500 ul of wash buffer from
the kit. NEVs were eluted using 700 ul QIAzol Lysis Reagent
(Qiagen, Hilden, Germany) and characterized using the Exo-Check
Exosome Antibody Array Neuro Mini (System Biosciences),
following the manufacturer’s instructions.

These procedures, including NTA, TEM, and immunoblot/anti-
body array analyses of EV markers, were conducted in accordance
with the MISEV 2023 guidelines*.

miRNA extraction and sequencing

RNA was extracted from NEVs using the miRNEASY Mini Kit
(Qiagen) and stored at —80 °C. RNA quality was assessed using
Bioanalyzer 2100 (Agilent Technologies, Santa Clara, CA, USA),
confirming small RNA enrichment (<200 nt). Library preparation
was performed using the NEBNext Small RNA Library Prep Kit
(New England Biolabs, Ipswich, MA, USA), and sequencing was
conducted on a NovaSeq 6000 platform (lllumina, San Diego, CA,
USA) with a 101-bp single-end read at the Research Institute for
Microbial Diseases, Osaka University (Osaka, Japan). Sequencing
generated 1,197,843,508 reads (an average of 26,618,744 reads
per donor), indicating saturation and reliable quantification. Data
quality was assessed using FastQC v0.11.9%°, and adapter
sequences were trimmed using Cutadapt v4.0°. Alignment to
the human reference genome GRCh38 release 110" was
performed using Bowtie2 v2.5.19% and BAM files were constructed
using SAMtools v1.18%,

miRNA statistical analysis

The miRNA expression was normalized using the relative log
expression method®* option in the Bioconductor/edgeR package
(v3.42.4)%>. Differential expression analysis was conducted using
the likelihood ratio test, comparing the ROS group to the CROS
group and the CS group to the CCS group. The full model included
disease status, age, and sex as explanatory variables, whereas the
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reduced model included only age and sex. P values were adjusted
for multiple comparisons using the Benjamini-Hochberg FDR
procedure.

Multiple regression analysis was conducted to explore the
associations between miRNA expression and clinical or behavioral
variables, such as medication dose, smoking, and alcohol
consumption. Some participants with no data on clinical or
behavioral variables were excluded from this analysis, leaving 32
participants. For each miRNA, the regression model used log-
transformed normalized expression levels as the dependent
variable and disease status, age, sex, and clinical or behavioral
variables as independent variables. miRNAs with p values below
0.05 for any independent variable were considered significantly
associated with that variable.

Diagnostic biomarker evaluation

Statistical analyses were performed using R version 4.3.1.
Univariate logistic regression analyses were used to identify the
miRNAs with the strongest discriminatory power between the ROS
and CROS groups using the glm function in R. Among the 15
miRNAs that showed significant differential expression and were
not associated with medication dosage, each was individually
evaluated as an explanatory variable for predicting ROS status.
miRNA expression levels were log-transformed prior to analysis.
The AUC and 95% Cl were calculated to quantify diagnostic
performance using the pROC R package. The sensitivity, specificity,
accuracy, and threshold were evaluated using 5-fold cross-
validation to ensure robustness and reduce overfitting. P values
were adjusted for multiple comparisons using the
Benjamini-Hochberg FDR procedure.

Target genes’ functional analysis

To further understand the functional implications of the differen-
tially expressed miRNAs, predicted target genes were identified
using miRWalk version 3%, The predicted targets were subjected
to tissue-specific enrichment analysis using EnrichR’, focusing on
the ARCHS4 tissue database®®.

Functional analysis of the target genes was performed using
over-representation analysis on the web-based gene set analysis
toolkit 2024°°, applying GO analysis of the biological process
(“noRedundant” option was applied). This analysis focused on
genes expressed in glutamatergic neurons, GABAergic neurons,
and astrocytes, based on single-nucleus sequencing data from
Brodmann area 46 in postmortem brain samples®®. Genes were
defined as being expressed in a cell type if they exhibited at
least one unique molecular identifier count across all donors,
excluding outlier donors. The p values from the tissue-specific
enrichment and GO analyses were adjusted using the
Benjamini-Hochberg FDR procedure to account for multiple
comparisons.
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