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Genetic variants conferring risk for schizophrenia (SCZ)
have been extensively studied, but the role of posttran-
scriptional mechanisms in SCZ is not well studied. Here
we performed the first genome-wide microRNA (miRNA)
expression profiling in serum-derived exosome from 49
first-episode, drug-free SCZ patients and 46 controls and
identified miRNAs and co-regulated modules that were
perturbed in SCZ. Putative targets of these SCZ-affected
miRNAs were enriched strongly for genes that have been
implicated in protein glycosylation and were also related
to neurotransmitter receptor and dendrite (spine) develop-
ment. We validated several differentially expressed blood
exosomal miRNAs in 100 SCZ patients as compared with
100 controls by quantitative reverse transcription-poly-
merase chain reaction. The potential regulatory relation-
ships between several SCZ-affected miRNAs and their
putative target genes were also validated. These include
hsa-miR-206, which is the most upregulated miRNA in
the blood exosomes of SCZ patients and that previously
reported to regulate brain-derived neurotrophic factor ex-
pression, which we showed reduced mRINA and protein lev-
els in the blood of SCZ patients. In addition, we found 11
miRNAs in blood exosomes from the miRNNA sequence data
that can be used to classify samples from SCZ patients and
control subjects with close to 90% accuracy in the training
samples, and approximately 75% accuracy in the testing
samples. Our findings support a role for exosomal miRINA
dysregulation in SCZ pathophysiology and provide a rich
data set and framework for future analyses of miRNAs in
the disease, and our data also suggest that blood exosomal
miRNAs are promising biomarkers for SCZ.
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Introduction

Schizophrenia (SCZ) is a chronic, severe mental disorder
that affects approximately 1% of general population
globally and is associated with substantial morbidity and
mortality.! The disease is characterized by positive symp-
toms (delusions and hallucinations), negative symptoms
(apathy, anhedonia, and social withdrawal) and cogni-
tive impairments.>* Although genetic and environmental
factors are considered to be implicated in the onset and
development of SCZ,* the etiology of the disease is still
far from being understood. A relatively recent study
combined all genome-wide association studies for SCZ
and reported 108 independent genomic loci that exceed
genome-wide significance. However, those associations
were accompanied by a small effective size, and the effect
size has not been found to be causal.’

In addition to genetic factors, increasing evidence sug-
gest that epigenetics maybe involved in the pathogenesis
of SCZ.%7 Of the known epigenetic markers, microR-
NAs (miRNAs) have generated great interest in the past
decade because of their widespread and global mecha-
nisms of action.’* miRNAs have been shown to play
critical roles in neurodevelopment and maintenance of
central nervous system, such as neural differentiation,
synaptic plasticity, and cognitive functions.'>'> Moreover,
a number of studies have found differential expression
profile of circulating miRNAs in neuropsychiatric dis-
eases as compared with healthy control (HC) subjects;
these include Alzheimer’s disease,'* major depression,!
bipolar disorder,'> and SCZ.'® These results provide valu-
able information for us to better understand the nature of
the devastating disorders, and also suggest the potential
roles of miRNAs as biomarkers for various neuropsychi-
atric diseases.
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miRNAs are found to be present in blood, cerebro-
spinal fluid, saliva, and urine, and they can be released into
circulation as free form or packaged inside exosomes.!”
Exosomes are small vesicles that typically have a size of
40-100 nm in diameter and are secreted by most types of
cells (including neurons and astrocytes).!” Of particularly
interesting findings are that exosomes release from cells
of origin into circulation and to reach neighboring and
distant cells, where the contents of exosomes including
miRNAs are delivered to the target cells, and eventually
modulate the phenotype of recipient cells.'® Furthermore,
it has been demonstrated that exosomal miRNAs are in-
volved in various biological and pathological processes,
such as inflammatory response,"” cardiomyocyte hyper-
trophy,” senescence, and aging.?! Circulating exosomal
miRNAs have also suggested to be potential biomarkers
for cancer diagnosis and prognosis.?> However, studies on
exosomal miRNAs in neuropsychiatric diseases are very
limited, therefore preventing us to further understand
these disorders.

In this study, we performed genome-wide profiling of
blood exosomal miRNA expression in SCZ patients and
controls. We recruited 2 sets of participants, with a train-
ing set for predictor discovery and a testing set for class
prediction. We found differential expression profiling of
blood exosomal miRNAs in SCZ and identified a cluster
of miRNAs that have the potential to be used for the di-
agnosis of SCZ. Using bioinformatics and gene network
analyses, we were able to identify several coexpression
modules of exosomal miRNA that were significantly as-
sociated with the disease, and link these perturbations
with transcriptional changes in SCZ.

Materials and Methods

Subjects and Samples

Allthe SCZ patients were recruited from the Third People’s
Hospital of Foshan, Guangdong, China. Age- and sex-
matched healthy participants were recruited as control
subjects through advertisements. The Structured Clinical
Interview for DSM-I1V and International Classification of
Diseases 10 were used for the diagnosis of SCZ by ex-
perienced psychiatrists, and the psychiatrists assessed the
psychopathological status of the SCZ patients using the
Positive and Negative Syndrome Scale (PANSS) ques-
tionnaire scores (total score, positive symptom score, and
negative symptom score). SCZ patients with medical ill-
ness were excluded from this study. The demographic and
clinical characteristics from the patients and controls are
presented in the supplementary table S1.

All the participants included in this study gave written
informed consent. The study protocol has been approved
by the ethics committee at The Third People’s Hospital
of Foshan, Guangdong, China, and the experiments
were conducted in accordance with the Declaration of
Helsinki.
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The blood exosome isolation and validation meth-
ods are presented in the Supplementary Methods. The
miRNA library construction and sequencing, western
blots, and quantitative RT-PCR methods are also pre-
sented in the supplementary methods.

Differential Expression Analysis

miRNAs with mean expression > 10 transcipts per mil-
lion (TPM) across all samples were selected to do dif-
ferential expression analysis between control group and
case group using DESeq2.?® Significantly differentially
expressed miRNAs (DE miRNAs) were reported at clas-
sic Benjamini-Hochberg multiple test corrected P values
(Q values, false discovery rate [FDR]) < .05.24%

The other bioinformatic analyses including random
forest classifier, weighted gene coexpression network
analysis (WGCNA), Kyoto Encyclopedia of Genes and
Genomes (KEGGQG) pathway enrichment analysis, and
gene ontology enrichment analysis are presented in the
supplementary methods.]

BDNF ELISA Assay

Serum BDNF protein levels were measured by enzyme-
linked immunosorbent assay (ELISA) kit purchased
from Biosensis, and we followed the manufacturer’s
instructions to detect BDNF concentrations. Significant
difference was defined as P < .05 by 2-tailed 7 test.

Results

Differential Expression of Blood Exosomal miRNAs
in SCZ

We collected blood exosomes (figure 1A-D) from 2 sets
of participants for the analyses of miRNA profile in first-
episode, drug-free SCZ patients as compared with con-
trols. The training set of participants included 23 SCZ
patients and 23 HC subjects, and the miRNA expression
profiles of blood exosomes were analyzed using Illumina
HiSeq 2500 high-throughput sequencing (miRNA-seq).
The miRNA-seq identified thousands of miRNAs that
were existed in the blood exosomes. To focus on the
highly expressed miRNAs, we removed the miRNAs with
sequences less than 10 reads (mean TPM < 10), which
led to the selection of 353 miRNAs for differential analy-
ses between cases and controls (figure 1E). We identified
18 miRNAs in the blood exosomes showing significant
(FDR < 0.05) expression changes between SCZ patients
and HC subjects: 12 were upregulated and 6 were down-
regulated. Of the 18 miRNAs, hsa-miR-206, hsa-miR-
145-5p, and hsa-miR-133a-3p had 2-fold increase in SCZ
patients when compared with controls (figure 1E and
supplementary table S3).

To validate the blood exosomal miRNA expression
profile in SCZ, we profiled the miRNA expression in the
blood exosomes from the testing set of participants, which
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Fig. 1. Blood exosomal miRNA changes in patients with SCZ. (A) Serum exosome observation by electron microscopy and X7000
magnification. (B) Western blots show the exosomal marker Alix and Flotillin-1 were present in the exosomes extracted from blood.
(C) Western blots show that endoplasmic reticulum marker CNX and Golgi marker GP-73 were not present in the peripheral blood

exosomes. (D) Serum exosome validation by nanoparticle tracking device—ZetaView. Note that the particles peak around at 100 nm. (E)
MA-plot displaying miRNA differences between cases and controls for the training set of participants. (F) MA-plot for the testing set of
participants. (G) MA-plot for pooled set of participants. (H) Significantly changed blood exosomal miRNA expression in the 49 cases as

compared with 46 controls. CNX, Calnexin; GP-73, Golgi protein-73.
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included 26 SCZ patients and 23 HC subjects. A total of
265 miRNAs were subjected to differential analyses after
removing miRNAs with mean TPM below 10 (figure 1F),
and 29 miRNAs were found to show significant expression
changes between cases and controls. In addition, 7 out
of the 29 miRNAs had more than 2-fold change in SCZ
patients compared with controls, and these include hsa-
miR-206, hsa-miR-145-5p, and hsa-miR-133a-3p, indicat-
ing the reproducibility of the regulation of these miRNAs
in SCZ patients (figure 1F and supplementary table S4).

We then pooled the data from the 2 sets of partici-
pants for analyses (49 cases and 46 controls). The analy-
ses showed that 26 miRNAs were significantly associated
with SCZ, and 6 miRNAs (hsa-miR-206, hsa-miR-
145-5p, hsa-miR-133a-3p, hsa-miR-144-5p, hsa-miR-
144-3p, and hsa-miR-184) had more than 2-fold change
in the SCZ patients as compared with controls (figure 1G
and H and supplementary table S5).

Exosomal miRNAs as Biomarkers for SCZ

Given the robust associations of some exosomal miR-
NAs with SCZ, we therefore explored whether miRNAs
could be served as biomarkers to differentiate between
SCZ patients and HC subjects. A total of 353 miRNAs
from the training set of participants were subjected to
random forest classifier for potential miRNA biomarker
analyses, and a set of 11 miRNAs (supplementary meth-
ods) were selected as the optimal set of miRNAs to diag-
nose SCZ. We used the 11 miRNAs to draw the receiver
operating characteristic curve, and the area under curve
(AUC) was 0.94 (95% CI, 0.88-1.0), which yielded a
sensitivity of 0.783 and specificity of 0.957 to diagnose
SCZ (figure 2A—C). We next applied the 11 miRNAs to
the testing set of participants for class prediction; these
miRNAs yielded a sensitivity of 0.769 and specificity of
0.783 to diagnose SCZ, and the AUC was 0.753 (95% CI,
0.61-0.90; figure 2D-F). These results suggest that blood
exosomal miRNAs have the potential to be biomarkers
for diagnosis of SCZ, although this is a relatively small
sample size and would need further testing on the exo-
somal miRNAs to be considered as biomarker candidates
for clinical use.

Perturbation of Exosomal miRNA Coexpression
Modules in SCZ

To better understand the relationship between blood exo-
somal miRNA changes and disease status at a systems
level, 95 samples (49 cases and 46 controls) were subjected
to WGCNA to assign individual miRNAs to coexpres-
sion modules, which resulted in the identification of 11
modules (figure 3A). We then calculated correlation be-
tween the first principal component of each module and
disease status, and identified 3 modules that were signif-
icantly correlated with disease status (FDR < 0.05): one
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Fig. 2. Blood exosomal miRNAs as biomarkers to differentiate
between SCZ patients and controls. (A) ROC curves were utilized
to evaluate the accuracy of a cluster of 11 miRNAs for the
diagnosis of SCZ in a training set of participants. Boxplot (B)
and scatter plot (C) of probability of participants belonging to
cases by the 11 miRNAs in the training set. (D) ROC curves were
utilized to evaluate the accuracy of a cluster of 11 miRNAs for
the diagnosis of SCZ in a testing set of participants. Boxplot

(E) and scatter plot (F) of probability of participants belonging
to case in the testing set. AUC, area under curve; ROC, receiver
operating characteristic. For color, see the figure online.

upregulated (greenyellow) and 2 downregulated (black
and yellow; figure 3B-F).

WGCNA allows direct assessment of the relationship
of modules to potential clinical moderators, including sex,
age, and disease severity. Greenyellow and yellow mod-
ules were not significantly associated with age, gender,
PANSS total score, PANSS positive score, and PANSS
negative score. However, the black module showed a sig-
nificant association with PANSS positive score, but not
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Fig. 3. miRNA coexpression modules dysregulated in blood exosomes of SCZ patients. (A) Dendrogram showing miRNA coexpression
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with the other clinical variables. In addition, brown, tur-
quoise, purple, blue, and green modules were all signifi-
cantly associated with PANSS positive score (figure 3B).

Pathway Enrichment Analysis of miRNA-Targeted

Genes

To better understand the SCZ etiology, we next explored
the potential target genes of the DE miRNA and SCZ-
associated modules. Interestingly, the top DE miRNA

hsa-miR-206 has been reported to regulate the expres-
sion of BDNF,? which is a well-known neurotrophin
that plays a key role in the neurodevelopment and
maintenance of nervous system. We then applied the
well-recognized algorithm TagertScan to bioinformati-
cally predict the mRNA targets of the SCZ-associated
miRNA modules, and performed KEGG pathway
analyses to find significantly enriched pathways for
the greenyellow, black, and yellow miRNA modules.
mRNA targets of the upregulated greenyellow miRNA
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module are only significantly enriched for mucin type
O-Glycan biosynthesis pathway, and this pathway en-
richment was also found in the downregulated black
and yellow miRNA modules. Moreover, the targets of
the SCZ-affected yellow miRNA module are enriched
for extracellular matrix (ECM)-receptor interaction
pathway and mammalian target of rapamycin (mTOR)
signaling pathway (supplementary table S6).

We then used ClusterProfiler to perform Gene Ontology
(GO) enrichment analysis for targets of SCZ-affected
miRNA modules, which assessed the shared functions.
Targets of the downregulated black miRNA module are
mostly enriched for genes that are related to neurotrans-
mitter transporter, whereas the top GO terms for the
targets of the downregulated yellow miRNA module are
related to dendritic spine development and dendrite de-
velopment (supplementary figure S1).

154

dkk

hsa-miR-206
(relative levels)
3

[3,]
1

Control Case

2.5

*%

2.0

1.5

1.0+

hsa-miR-144
(relative levels)

0.5

0.0-

Control Case

2.5~ Fkk

2.0

1.5

hsa-miR-619
(relative levels)

Case

Control

hsa-miR-206
(relative levels)

qRT-PCR Validation of miRNA Sequence Data

To further validate the sequence data, we used quan-
titative reverse transcription-polymerase chain reac-
tion (QRT-PCR) to analyze the differential expression
miRNA levels with a larger sample size. We included 100
SCZ patients (57 first-episode, drug-free patients and
43 chronically treated patients) and 100 controls, and
the results showed that hsa-miR-206 levels from blood
exosomes were increased in the SCZ patients, which
was consistent with the miRNA-seq data (figure 4A).
However, the chronically medicated SCZ patients did
not show significantly increased hsa-miR-206 levels
as compared with controls (figure 4B). Consistently,
the hsa-miR-144-3p levels were decreased in the SCZ
patients, but restored to normal levels after long-term
medication (figure 4C and D). Interestingly, the qRT-
PCR results showed that the increased hsa-miR-619-5p
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Fig. 4. Quantitative reverse transcription-polymerase chain reaction validation of differentially expressed miRNAs in the blood exosomes
of SCZ patients. hsa-miR-206 (A), hsa-miR-144-3p (C), and hsa-miR-619-5p (E) expression in the blood exosomes of 100 cases and 100
controls. hsa-miR-206 (B), hsa-miR-144-3p (D), and hsa-miR-619-5p (F) in the blood exosomes of 57 FEDF SCZ patients, 43 CT SCZ
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1262


http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sby191#supplementary-data
http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sby191#supplementary-data

levels found in the SCZ patients were not affected by
medication (figure 4E and F).

Bioinformatic Predication Validation of the miRNA
Targets

Next, to assess the validity of the bioinformatic pre-
dictions, we analyzed several potential targets of SCZ-
associated miRNAs. We first analyzed the mRNA
expression of BDNF, which is a potential target of the top
upregulated miRNA (hsa-miR-206) in SCZ. Results from
qRT-PCR showed decreased BDNF gene expression in
the whole blood of first-episode, drug-free SCZ patients
as compared with controls (figure 5A). Furthermore,
ELISA assay revealed that serum BDNF protein levels
were reduced in first-episode, drug-free SCZ patients,
whereas antipsychotics increased the BDNF protein
levels in the patients (figure 5B), suggesting a potential
function of hsa-miR-206 to BDNF pathway in the SCZ
pathology.

We next selected several targets of the upregulated
greenyellow miRNA module, given this is the top DE
miRNA module, and these selected genes are predicted
to be regulated by multiple miRNAs (figure 5C). Of the 3
genes selected, the blood mRNA expression of GALNTS
(figure 5D) and GALNTIS5 (figure SE) was significantly
reduced in the first-episode, drug-free SCZ patients when
compared with controls, whereas no significant associ-
ation was found between blood GALNTI8 mRNA and
SCZ (figure 5F). These results therefore validated the
credibility of the bioinformatic predictions.

Discussion

Our genome-wide, interactive analysis of data from blood
exosome provided novel insights into the role of miRNAs
for the onset and/or development of SCZ. A differential
expression profile of blood exosome-derived miRNA was
observed in the patients with SCZ. In the bioinformatic
analyses on the targets of the SCZ-affected miRNAs and
miRNA coexpression modules, we found enrichment for
genes that have been associated with protein glycosyl-
ation, neurodevelopment, neurotransmission, and syn-
aptic plasticity; these genes include BDNF, GALNTIS,
CD(C42, and DISCI. Given that genetic mutations only
partially explain the etiology of SCZ, we hypothesize
that miRNA dysfunction provides an alternative pathway
to disturb the functions of genes at the transcriptional
levels, thereby contributing to the pathophysiology of
the devastating disease. This hypothesis is supported by
our experimental validation showing downregulation of
mRNA targets by the SCZ-affected upregulated greeny-
ellow miRNA module, and also by the downregulation
of BDNF (which is a potential target for hsa-miR-206)
at the transcriptional and translational levels in SCZ
patients. Taken together, our results for the first time

Blood Exosomal miRNA in Schizophrenia

demonstrate the miRNA dysregulation in the blood
exosome of patients with SCZ, therefore providing new
insights into the molecular pathways that confer the vul-
nerability to the development of SCZ.

Previous studies have also examined miRNA levels
in the blood of SCZ patients, but results were not con-
sistent among studies.'®?’3? The inconsistency could be
partially due to the heterogeneity nature of the disease.
However, another possibility of the inconsistent data is
the multiple origins of the miRNAs from blood, given
that circulation miRNAs can be found in apoptotic bod-
ies, microvesicles, exosomes, or present as free miRNAs, '®
thereby contributing to the between-study heterogeneity.
In addition, several studies recruited small sample sizes
and/or assessed limited numbers of miRNAsg,?"2%30:32
Here, our genome-wide analysis of miRNAs from blood
exosomes with a relatively large sample size, and using
the bioinformatic predictions and validations, provides
the most comprehensive evaluations of miRNA dys-
regulation in SCZ. Notably, of all the DE miRNAs in
the blood exosomes, hsa-miR-206 was the most upregu-
lated one in the patients with SCZ. It has been reported
that hsa-miR-206 interacted with BDNF mRNA directly,
leading to the decreased expression of this gene, which
then negatively affected cognitive functions of animals.?
In consistent with the previous finding on the hsa-miR-
206-induced disruption of BDNF expression, our study
showed that both BDNF mRNA and protein levels were
downregulated in the blood of patients with SCZ. These
are interesting findings because the neurotrophin hypo-
thesis of SCZ has generated great interests over the last
decade, and it postulated that the changes in the brains of
SCZ patients are the result of disturbances of developing
processes involving neurotrophic factors.** This hypo-
thesis is mainly supported by the preclinical and clinical
studies showing close associations between BDNF and
SCZ, especially the decreased blood BDNF levels found
in the patients with SCZ.***® However, the mechanism
underlying the BDNF dysregulation in patients with SCZ
was poorly understood. Here, we showed significantly
increased has-miR-206 levels and decreased BDNF lev-
els in the patients with SCZ, and antipsychotics restored
the dysregulations of has-miR-206 and BDNF in the
patients. Our data therefore suggest that upregulation of
exosomal has-miR-206 may contribute to the dysfunc-
tion of BDNF in SCZ. This finding further supports the
neurotrophin hypothesis of SCZ, and miR-206 to BDNF
signaling may provide a novel pathway for the interven-
tion of SCZ development.

In addition to the identification of exosomal has-miR-206
as a potential upstream regulator of BDNF in SCZ, mucin-
type O-Glycan biosynthesis pathway has been predicted
to be strongly associated with SCZ by our bioinformatic
analyses. Mucin-type O-glycosylation is a highly con-
served type of protein modification present on membrane-
bound and secreted proteins, which plays essential roles
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in development, organogenesis, and tissue homeostasis.*’
Moreover, dysfunctions of O-glycosylation were found to
be involved with various human diseases, but have not been
linked to neuropsychiatric diseases. In this study, aberrations
in enzymes responsible for O-glycosylation of proteins have
been observed to be strongly associated with SCZ, therefore
revealed a potential novel pathway that contributes to the
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etiology of the disease. This new association found in our
study is not surprising, given the proper secretion of ECM
proteins responsible for mediating between-cell commu-
nications has been proposed to require O-glycosylation,*
and previous studies showed components of ECM were
substantially affected in the patients with SCZ, including
chondroitin sulfate proteoglycans and Reelin (which is a



glycoprotein).’®* Interestingly, a recent exome array study
of families with SCZ (included 118 cases and 223 controls)
showed that genes harboring variants only in the SCZ
patients were enriched (FDR = 0.05) for the ECM-receptor
interaction pathway.* Bioinformatic analyses of our data
also predicated the targets of the SCZ-affected yellow
miRNA module are enriched for ECM-receptor interac-
tion pathway, adding to evidence that processes affecting
the ECM components were linked to SCZ. Taken together,
we hypothesize that exosomal miRNA dysfunctions lead
to the O-glycosylation-associated abnormalities of ECM,
resulting in the disrupted synaptic plasticity, connectivity,
and neuronal migration, which then contribute to the path-
ophysiology of SCZ.

Although it is known that exosomes cross blood-brain
barrier easily,* the population of brain-derived exosomes in
the peripheral blood is unclear, and this is largely due to the
difficulty of isolating brain-derived exosomes from blood.
Here we hypothesize that there is a distinct population of
brain-derived exosomes in the peripheral blood of SCZ
patients. This is because our bioinformatic analyses on the
targets of the SCZ-affected miRNAs and miRNA coexpres-
sion modules found enriched genes associated with neurode-
velopment, neurotransmission, and synaptic plasticity, which
suggest the changes in exosomal miRNAs in the peripheral
blood are at least partially due to the brain pathophysiology
at the onset of SCZ manifestations, and one way brain exo-
somes could get into peripheral blood is via resorption of
cerebrospinal fluid (as exosomes are present in cerebrospi-
nal fluid) into venous circulation. In addition, the changes
in the peripheral blood exosomal miRNA content could
reflect the pathophysiology of brain as well as peripheral
system, given that the peripheral systems such as immune
system and hematopoietic system also release exosomes into
blood. Moreover, a study suggested that the exosome-medi-
ated communication between the hematopoietic system and
the brain under inflammation had physiological function.*
Nevertheless, the origin of exosomes in the blood and the
potential differential roles of blood exosomes from different
sources in SCZ patients require further investigations.

Collectively, our genome-wide, integrative analysis
provides a framework for evaluating the functional in-
volvement of miRNA from blood exosome in SCZ, and
a rich set of SCZ-DE miRNAs for further study. By bi-
oinformatic analysis of target genes of the miRNAs and
correlating with our mRNA expression data, we provide
several lines of evidence for a functional role of blood
exosomal miRNA dysregulation in SCZ. Our analyses
also identify a cluster of miRNAs from blood exosomes
as potential biomarkers for SCZ, and future studies are
necessary to translate the potential biomarkers from
blood exosomes into benefit of SCZ patients.

Supplementary Material

Supplementary data are available at Schizophrenia
Bulletin online.
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