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Objective: Schizophrenia lacks objective biomarkers, and its complex aetiology demands epigenetic insight. Given the regulatory roles of
long non-coding RNAs (IncRNAs) in the nervous system and brain-relevant signals in peripheral exosomes, we evaluated IncRNA
expression in patient blood cells and plasma exosomes, assessed their diagnostic value, and explored potential functions and mechanisms.
Methods: Differentially expressed IncRNAs in schizophrenia-related exosomes were identified from GEO (GSE228881), and 15
candidates were selected for validation. In a clinical cohort, RT-qPCR assessed their expression in peripheral blood cells and plasma
exosomes. Diagnostic accuracy was evaluated by ROC analysis. Top dysregulated IncRNAs underwent bioinformatic analyses:
subcellular localization, evolutionary conservation, ceRNA network construction, and GO/KEGG enrichment.

Results: ITGA9-AS1 and WNT5A-AS1 were significantly upregulated in both peripheral blood cells and plasma exosomes from
patients. Both showed favorable diagnostic potential, with AUC values of 0.8422 and 0.8073, respectively, in peripheral blood; their
combination yielded an AUC of 0.9180. Bioinformatics analysis revealed that ITGA9-AS1 primarily localizes to the cytoplasm,
whereas WNTS5A-AS] is enriched in exosomes, with both exhibiting high evolutionary conservation. Functional predictions suggest
ITGA9-AS1 may regulate neuroplasticity-related pathways such as “long-term potentiation” and “cAMP signaling pathway” via
a ceRNA mechanism. WNTSA-AS1 may mediate intercellular communication through exosomes, influencing developmental and
metabolic pathways, including the “Notch signaling pathway” and “cysteine and methionine metabolism”.

Conclusion: Our findings suggest that ITGA9-AS1 and WNTS5A-AS1 are highly promising biomarker candidates for schizophrenia.
They may be involved in the disease process through distinct mechanisms (intracellular regulation and intercellular communication),
thus providing a new theoretical framework and suggesting potential therapeutic targets.
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Introduction

Schizophrenia (SZ) is a severe mental disorder with a complex etiology and has long been in want of objective biological
diagnostic criteria.' Currently, its clinical diagnosis mainly depends on symptomatologic evaluations outlined in The
Diagnostic and Statistical Manual of Mental Disorders (DSM) or the International Classification of Diseases (ICD), showing
strong subjectivity and poor diagnostic consistency. This presents substantial challenges for early detection and personalized
treatment.” Globally, the prevalence of this condition stands at approximately 1%, with onset usually happening in late
adolescence or early adulthood, placing a heavy burden on affected families and society as a whole.? Thus, the identification of

objective biomarkers capable of reflecting the intrinsic pathophysiological mechanisms of the disease has turned into a crucial
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matter demanding urgent attention in this field. Traditional genetic investigations have identified some risk genes, but they find
it tough to fully clarify the complex etiology of schizophrenia.* In recent years, epigenetics has come to the fore as a vital link
connecting genetic makeup to environmental risks, opening up fresh paths for probing into the disease’s mechanisms.” Among
a host of epigenetic regulatory factors, long non-coding RNAs (IncRNAs) have drawn considerable interest because of their
key roles in essential processes like neurodevelopment, synaptic plasticity, and inflammatory regulation.® Previous studies
have shown that abnormal expression of several IncRNAs (such as GOMAFU) in the central nervous system is closely tied to
the pathological progression of schizophrenia.” Nevertheless, the difficulty still lies in acquiring stable, peripheral biomarkers
that precisely mirror brain states. Peripheral blood samples, though easily accessible, have complex compositions. In these
samples, RNA signaling is susceptible to interference from systemic metabolic factors and other influences.® In recent years,
exosomes—nanoscale vesicles that can cross the blood-brain barrier’—have provided a new way to tackle these challenges.
Exosomes can carry specific molecular “cargo” from source cells (such as neurons and glial cells) and release it steadily into
the peripheral circulation. As a result, they can, to a large extent, reflect pathological changes within the brain.'” Compared to
whole blood samples, IncRNAs in plasma exosomes not only show greater stability but also have improved tissue specificity,
rendering them an ideal option for exploring biomarkers of psychiatric disorders.""

Long non-coding RNAs (IncRNAs) have emerged as crucial epigenetic regulators implicated in neurodevelopmental
disorders, including schizophrenia. Moreover, IncRNAs encapsulated within plasma exosomes represent promising
stable, peripheral biomarkers that may reflect brain pathophysiology due to the ability of exosomes to cross the blood-
brain barrier. Against this background, we hypothesized that plasma exosomes from schizophrenia patients carry
a distinct IncRNA signature, and that specific components of this signature could serve as both diagnostic biomarkers
and functional regulators. To identify such candidates in an unbiased manner, we first performed a bioinformatics
screening of a published exosomal RNA-seq dataset (GSE228881) from schizophrenia.'? Applying stringent thresholds (|
log2FC|> 5, P < 0.05), we identified a substantial set of dysregulated IncRNAs. Guided by the working hypothesis that
upregulated transcripts may be more directly linked to active disease processes, we focused our initial validation efforts
on the subset of significantly upregulated IncRNAs. From this set, to ensure a representative and unbiased selection for
downstream validation, we employed a stratified random sampling method to select a manageable number of initial
candidates IncRNAs for preliminary assessment. This approach was designed to minimize selection bias and to test
whether signals from a high-throughput discovery cohort could be replicated in an independent clinical sample.

Among the candidates meeting these criteria, ITGA9-AS1 and WNT5A-AS1 emerged as particularly promising due to the
magnitude of their dysregulation. Therefore, we designed the present study not as an unbiased discovery effort, but as
a focused, hypothesis-driven validation of these two IncRNAs. This approach allowed us to prioritize depth over breadth,
conducting an in-depth, multi-level analysis. Specifically, our objectives were: (1) to confirm the differential expression of
ITGA9-AS1 and WNTS5A-ASI in both peripheral blood cells and plasma exosomes from an independent cohort of patients
with schizophrenia using RT-qPCR; (2) to evaluate their individual and combined diagnostic performance using receiver
operating characteristic (ROC) curve analysis; and (3) to utilize bioinformatics tools to generate testable hypotheses regarding
their potential biological functions and mechanisms of action. Through this work, we aim to provide evidence for novel
candidate biomarkers and to offer initial insights into their possible roles in the disease.

Methods

Materials
All chemical reagents and antibodies used in this study are listed in Table S1.

Participants

This study comprised 52 hospitalized patients with schizophrenia and 53 age and gender matched healthy controls. The
patient cohort, aged 19-59 years, was recruited from the inpatient unit of Honghe Hani and Yi Autonomous Prefecture
No. 2 People’s Hospital. The diagnosis of schizophrenia for each patient was independently confirmed by two board-
certified psychiatrists in accordance with the Diagnostic and Statistical Manual of Mental Disorders, Fifth Edition (DSM-5)
criteria. At the time of enrollment, all patients were receiving standard inpatient psychiatric care yet presented with
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clinically significant residual symptoms. Healthy controls were recruited from the Physical Examination Center of The
Second Affiliated Hospital of Kunming Medical University and were screened using a structured health questionnaire to
exclude any personal or family history (among first-degree relatives) of major psychiatric disorders. The study protocol was
approved by the Ethics Committee of The Second Affiliated Hospital of Kunming Medical University. Written informed
consent was obtained from all participants prior to any study procedures.

Screening IncRNAs via Public Databases

To pinpoint IncRNAs with differential expression in SZ patients compared to healthy controls, our study first turned to
the Gene Expression Omnibus (GEO) database. We carried out searches employing keywords like “schizophrenia”,
“Homo sapiens”, “exosome”, and “IncRNA”. Drawing on the search outcomes, we performed a screening process that
incorporated IncRNA-related data from the published article titled “Plasma exosomes IncRNA-miRNA-mRNA network

construction and its diagnostic efficacy identification in first-episode schizophrenia™.'?

Collection and Processing of Peripheral Blood and Plasma Samples

Fasting venous blood samples were drawn from all participants in the morning and placed into EDTA anticoagulant
tubes. The collected peripheral blood samples were divided into smaller portions for simultaneous processing. One
portion of whole blood was mixed with red cell lysis buffer at 4°C to eliminate erythrocytes, leaving behind the nucleated
cell fraction. Another portion of whole blood was centrifuged to isolate plasma. Both processed samples were then stored
at —80°C. Next, exosomes were extracted from the plasma using size-exclusion chromatography and concentrated to
50 pL with ultrafiltration tubes. These processed exosome samples were also stored at —80°C. Finally, total RNA was
isolated from both the nucleated cell pellet and the concentrated exosome sample using the TRIzol method.

Extraction and Identification of Plasma Exosomes

We used Size Exclusion Chromatography (SEC) to isolate exosomes from plasma. Here’s a brief overview of the procedure:
Frozen plasma samples were thawed at 4°C and then centrifuged at 12,000 g for 30 minutes to get rid of cellular debris and
large particles. A volume of 500 pL of the clear supernatant was loaded onto a gEV Prime SEC column (Izon Science, New
Zealand), eluted with phosphate-buffered saline (PBS) as per the manufacturer’s instructions, and the exosome-rich eluate
(approximately 1.6mL) was collected. To get a high enough exosome concentration for the subsequent RNA extraction, we
concentrated the collected eluate (around 1.6 mL) down to about 50 pL using an ultrafiltration centrifuge tube (Vivaspin®2, 30
kDa MWCO, PES membrane, Sartorius, VS0221) at 4°C and 4000 g. We characterized the extracted exosomes using the
following three methods: Nanoparticle tracking analysis (NTA). We used a nanoparticle flow cytometer (NanoFCM N30E,
China) to analyze the size distribution and particle concentration of the extracted exosomes. The samples were measured after
being properly diluted in PBS. Transmission electron microscopy (TEM): We placed a small amount of the exosome
suspension on a copper grid. After negative staining with 2% uranyl acetate, we observed the typical vesicular shape of
exosomes under a transmission electron microscope. Protein immunoblotting (Western Blot): We detected the expression of
exosome-specific marker proteins (such as CD63 and TSG101) to confirm that the isolated structures were indeed exosomes.
This is a standard qualitative assay wherein conventional loading controls are typically omitted, as the protein composition of
exosomes differs significantly from that of parent cells, making traditional reference proteins unreliable for normalization.'?
A pre-stained protein marker (10-180 kDa) was used for molecular weight calibration, and its electrophoresis and transfer
performance is shown in Figure S1.

RNA Extraction and cDNA Synthesis

Total RNA was isolated from two sources: exosome samples derived from peripheral blood leukocyte sedimentation and
concentrated plasma. RNA extraction was carried out using TRIzol reagent (Thermo Fisher Scientific, USA), following
the manufacturer’s instructions precisely. The concentration and purity (A260/A280 ratio) of the extracted RNA were
determined using a micro-volume spectrophotometer (Thermo Scientific). All RNA samples were either promptly
utilized for reverse transcription or stored at —80°C for future use. Genomic DNA was removed, and cDNA synthesis
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was conducted using the PrimeScript RT Reagent Kit with gDNA Eraser (YUNBIO, China), with reaction conditions
strictly in line with the kit’s guidelines.

RT-qPCR

Detection was performed using 2xUniversal SYBR qPCR Master Mix (YUNBIO, China) on a real-time fluorescent
quantitative PCR instrument (BIO-RAD, USA). The reaction mixture had a total volume of 20uL, comprising SYBR
Green Mix, forward and reverse primers, and the cDNA template. Each sample was run in triplicate. The reaction programmed
was as follows: An initial pre-denaturation step at 95°C for 30 seconds was performed. This was followed by 40 cycles, each
cycle comprising a 5-second denaturation step at 95°C and a 30-second annealing/extension step at 60°C. B-Actin served as
the housekeeping gene. The relative expression levels of the target long non-coding RNAs (IncRNAs), namely ITGA9-AS1
and WNT5A-ASI, were calculated using the 2°-“Ct method. Gene expression levels were normalized to B-actin using the
comparative 2°—““Ct method. The primer sequences employed are detailed in Table 1.

Bioinformatics Analysis

In this study, we adopted a sequential analytical approach for the functional prediction of target long non-coding RNAs
(IncRNAs). All analyses were conducted using the human reference genome version GRCh38/hg38. First, we retrieved
official annotations, genomic coordinates, and sequence information for the target IncRNA from the GENCODE database
(version 44). Next, we used the iLoc-LncRNA online tool to predict its subcellular localization. To verify its non-coding
property, we carried out coding potential analysis through the PhyloCSF track in the UCSC Genome Browser. We
evaluated the evolutionary conservation of this IncRNA using the UCSC phastCons 100 Vertebrates track. Conservation
data were processed using R (version 4.5.1) along with the rtracklayer and GenomicRanges packages. Conservation
scores were then calculated for specific regions. Based on its subcellular localization, we made predictions about its
potential function as a competitive endogenous RNA (ceRNA). We integrated predictions from the ENCORI (starBase),
TargetScan, and miRDB databases to identify potential ceRNA interaction pairs. Finally, we performed Gene Ontology
(GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analyses on the target mRNAs using
the website https://www.bioinformatics.com.cn. We set the significance threshold at a false discovery rate (FDR) < 0.05.

Statistical Analysis

Statistical analyses were carried out utilizing SPSS 26.0 software and GraphPad Prism 9.0. For quantitative data, we first
checked if they met the requirements of the Shapiro—Wilk normality test. Data that conformed to normality were
presented as mean + standard deviation, and independent samples tests were used for comparisons between groups.
Categorical data were expressed as counts (percentages), and chi-square tests were used to compare differences between
groups. We evaluated the diagnostic performance of IncRNAs through receiver operating characteristic (ROC) curve
analysis and calculated the area under the curve (AUC). All statistical tests were two-tailed, and a P-value less than 0.05
was regarded as statistically significant.

Table | Sequences of Primers Used for RT-qPCR Analysis

Gene id Primer Pair Sequences

ITGA9-ASI F: GCTGTCTGCTTGTTGGTGTCTT
R: CTGGAGGTGGAGATTCGTTGAGA
WNTS5A-ASI | F: CACGAGGTTACAATGACTGGCTAAT
R: TGTGTAGAGTGGCGATTGAATGC
B-Actin F: ATTGGCAATGAGCGGTTCC

R: TGTGTTGGCGTACAGGTCTT
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Results
Screening for Differentially Expressed IncRNAs and Candidate Gene Acquisition

Based on GEO Database Resources

The GSE228881 dataset from the GEO database was chosen for differential expression analysis (Figure 1). By applying the
screening criteria of “|log,FC| > 5 and “P < 0.05”, we ultimately identified 2225 significantly upregulated IncRNAs. To
guarantee representativeness and scientific rigor in subsequent validation experiments, we selected 15 genes from the
aforementioned upregulated IncRNAs through stratified random sampling (Table 2). Stratification was carried out based on
log,FC differential fold-change gradients, and the sampling methodology is detailed as follows: From the log,FC range of
5.0-10.0 (1,978 genes), we randomly picked 12; from 10.1-15.0 (222 genes), we randomly picked 2; and from 15.1-21.24 (25
genes), we randomly picked 1. This sampling approach strictly follows the proportion of genes within each differential fold
change interval. It comprehensively encompasses genes displaying varying intensities of moderate-to-high, high, and
extremely high-fold upregulation while effectively reducing sampling bias. This ensures that the selected genes objectively
mirror the overall expression characteristics of upregulated IncRNAs, providing a dependable candidate gene set for
subsequent functional validation and mechanistic studies. Differential expression analysis was performed on the
GSE228881 dataset from GEO using the Wei Sheng Xin platform (https://www.bioinformatics.com.cn). The dataset included
schizophrenia patient plasma exosome samples (n = 10) and healthy control samples (n = 10). Each point represents a IncRNA.

Sample Characteristic

This study ultimately recruited 52 patients diagnosed with schizophrenia and 53 healthy control individuals. Peripheral
blood was collected from these participants (Table 3). Additionally, plasma exosomes were isolated and used as samples,
obtained from 62 schizophrenia patients and 60 healthy controls (Table 4). The Shapiro—Wilk normality test indicated
that the age distribution of participants in both groups conformed to a normal distribution (peripheral blood cohort: W =
0.967, P = 0.161 for patients, W = 0.970, P = 0.210 for controls; plasma exosome cohort: W = 0.978, P = 0.313 for
patients, W = 0.964, P = 0.078 for controls). Hence, as indicated in Tables 2 and 3, parametric tests confirmed no
statistically significant differences between the two groups in terms of age or gender distribution (all P > 0.05).
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Figure | Volcano plot of differentially expressed IncRNAs in plasma exosomes of schizophrenia patients.
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Table 2 Candidate Upregulated Differentially Expressed Genes Selected From GSE22888| Dataset

Gene Symbol | Gene id Locus log,FC P_value | Regulation
SRGAP3-AS3 ENSG00000227929 | Chr3:9216895-9,219,508 16.87786 | <0.001 Up
DCSTI-ASI ENSG00000232093 | Chrl:155045191-155,063,991 13.17584 | <0.001 Up
RN7SL756P ENSG00000244610 | Chrl7:67,457,023-67,457,290 I1.51641 | <0.001 Up
WNT5A-ASI ENSG00000244586 | Chr3:55499742-55,523,973 9.13319 | <0.001 Up
CTA-342B1 |.1 ENSG00000227519 | Chr22:32,359,343-32,366,387 8.50766 | 0.002 Up
CTC-518B2.10 | ENSG00000268390 | Chrl9:51,547,062-51,555,334 8.18595 <0.001 Up
BACEI-AS ENSG00000278768 | Chrll1:117,103,340-117,283,984 | 7.77959 | <0.001 Up
RPI1-82L18.4 ENSG00000231632 | Chr9:91624948-91,625,393 742568 | 0.003 Up
MTFRI-AS ENSG00000272155 | Chr8:66556968-66,754,557 7.06146 <0.001 Up
NOP9 ENSG00000196943 | Chrl4:24,734,743-24,769,039 6.53729 <0.001 Up
MINDY2-DT ENSG00000245975 | Chrl5:58,768,072-58,770,974 6.40519 | 0.003 Up
PRCD-AS ENSG00000267546 | Chrl7:74,523,437-74,553,765 6.39432 <0.001 Up
PRDM6-ASI ENSG00000223652 | Chr5:122422942-122,529,960 6.17595 <0.001 Up
ITGA9-ASI ENSG00000235257 | Chr3:37493605-37,903,271 5.63480 | 0.014 Up
Y_RNA ENSG00000201987 | Chrl:164524820-164,868,533 5.24648 | 0.040 Up

Table 3 Comparison of Demographic Characteristics
Between Schizophrenia Patients and Healthy Controls
Based on Peripheral Blood Samples

SZ (n=52) | HC (n=53) P
Sex x*=0.008 | 0.929
Male 24 24
Female 28 29
Age(years) | 40.77+7.604 | 38.09+£8.027 | t=—1.752 | 0.083

Abbreviations: SZ, schizophrenia; HC, healthy control.

Table 4 Comparison of Demographic Characteristics
Between Schizophrenia Patients and Healthy Controls
Based on Exosome Samples

SZ (n=62) | HC (n=60) P
Sex x*=0.036 | 0.849
Male 32 32
Female 30 28
Age(years) | 38.9+8.348 | 37.08+7.681 | t=—1.252 | 0.213

Abbreviations: SZ, schizophrenia; HC, healthy control.

|dentification of Plasma-Derived Exosomes

To wverify the successful isolation of exosomes from plasma, we carried out a series of characterization
experiments. Transmission electron microscopy (TEM) observations confirmed that the extracted material consisted of
typical cup-shaped or spherical membrane-bound vesicular structures (Figure 2A). Nanoparticle tracking analysis (NTA)
revealed that the extracted particles exhibited a peak size distribution primarily within the 100-150 nm range
(Figure 2B), consistent with the typical size features of exosomes. Moreover, Western blot analysis detected positive
expression of the exosome-specific marker proteins CD63 and TSG101 (Figure 2C). Taken together, these results

demonstrate that the extracted particles are indeed exosomes.
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Figure 2 Identification of plasma exosomes. (A) Representative TEM image of exosomes. (B) Size distribution of exosomes analyzed by NTA. (C) Western blot analysis of
exosomal markers CDé63 and TSGI0I.

Expression Levels in Blood and Plasma Exosomes

We employed RT-qPCR to detect the relative expression levels of ITGA9-AS1 (ENSG00000235257) and WNTSA-AS1
(ENSG00000244586) in peripheral blood and plasma exosomes obtained from schizophrenia patients and healthy
controls. The results revealed that, in comparison with healthy controls, the expression levels of both ITGA9-AS1 and
WNT5A-AS1 were markedly elevated in peripheral blood and plasma exosomes from schizophrenia patients (P < 0.001)
(Figures 3 and 4).
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Figure 3 The expression levels of candidate IncRNAs ITGA9-ASI. (A) and WNTS5A-ASI (B) are significantly upregulated in the peripheral blood of patients with
schizophrenia with statistical significance indicated by ***P < 0.00] compared to the healthy control (HC) group. Data are shown as mean + SD.
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Figure 4 The expression levels of candidate IncRNAs ITGA9-ASI (A) and WNT5A-AS| (B) were significantly upregulated in plasma exosomes from patients with
schizophrenia, with statistical significance indicated by ***P < 0.001 compared to the healthy control (HC) group. Data are shown as mean + SD.

To evaluate the diagnostic potential of these two IncRNAs, we performed ROC curve analyses on subjects’ peripheral blood.
ITGA9-AS1 exhibited an AUC of 0.8422 (95% CI: 0.799 to 0.885; Table 5) for differentiating schizophrenia patients from
healthy controls (Figure SA). WNT5A-AS1 showed an AUC of 0.8073 (95% CI: 0.731 to 0.834; Table 5 and Figure 5B). When
both IncRNAs were combined to establish a diagnostic model, the diagnostic performance was further improved, reaching an
AUC of 0.918 (95% CI: 0.886 to 0.949; Table 5 and Figure 5C), which indicated remarkable diagnostic potential.

Bioinformatics Analysis Predicts the Potential Functions of IncRNAs

To understand the biological characteristics of ITGA9-AS1 and WNTS5A-AS1, which exhibit relatively elevated expres-
sion in schizophrenia, we initially analyzed their basic genomic features. Bioinformatics analysis showed that ITGA9-
ASI is situated on chromosome 3 (chr3:37,754,307-37,794,806), while WNTS5A-ASI is located in a separate region of
chromosome 3 (chr3:55,487,618-55,488,308) (Figure 6A and B).

We next employed the PhyloCSF algorithm to evaluate their protein-coding potential. The analysis revealed that the
PhyloCSF scores across the entire regions of both transcripts were predominantly negative in all six reading frames
(Figure 6A and B), confirming their identities as bona fide long non-coding RNAs.

Subcellular localization prediction further suggested distinct functional mechanisms for the two IncRNAs. Using the
iLoc-LncRNA tool (http:/lin-group.cn/server/iLoc-LncRNA), ITGA9-AS1 was predicted to primarily localize to the
cytoplasm (probability = 0.752) (Figure S2A), whereas WNTS5A-AS1 showed a high propensity for enrichment in
exosomes (probability = 0.844) (Figure S2B). This differential subcellular localization hints at their potentially distinct

modes of action.

We performed an evolutionary conservation analysis on two long non - coding RNAs. Through PhastCons analy-
sis, we identified 131 conserved elements within the ITGA9 - AS1 genomic region, and the top 10 are presented in
Table 6. The most conserved element had a Mean phastCons score of 0.997. When analyzing WNT5A-AS1, we found 11
conserved signals, and the most prominent one reached a Mean phastCons score of 0.975 (Table 7). These
results imply that specific sequences within both IncRNAs, especially ITGA9 - AS1, have been subject to evolutionary
constraint, hinting at the possibility that they may carry important biological functions.

Table 5 Diagnostic Efficacy of Candidate IncRNAs and Their Combined Model for Schizophrenia

Biomarker AUC (95% CI) Sensitivity | Specificity | Youden Index | P value
ITGA9-ASI 0.842 (0.799-0.885) | 62 100 0.627 < 0.001
WNT5A-AS| 0.782 (0.731-0.834) | 52 98 0.506 < 0.001
Predicted Probability | 0.918 (0.886-0.949) | 77 98 0.754 < 0.001
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Figure 5 Diagnostic performance of IncRNAs in peripheral blood. (A) ROC curve for ITGA9-ASI. (B) ROC curve for WNT5A-ASI. (C) ROC curve for the combined
model of ITGA9-ASI and WNT5A-ASI. The area under the curve (AUC) is indicated.
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Figure 6 Coding potential and cross-species conservation analysis of ITGA9-AS| (A) and WNT5A-ASI (B).

ITGA9-ASI| and WNT5A-ASI Participate in Distinct Biological Pathways

Based on subcellular localization predictions (ITGA9-AS1 is mainly localized in the cytoplasm, while WNT5A-ASI1 is
enriched in exosomes), we propose that these two IncRNAs may act as competitive endogenous RNAs (ceRNAs),
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Table 6 Top Ten Conserved Elements Within the ITGA9-AS| Locus
Identified by phastCons Analysis

Rank | Genomic Coordinates (hg38) | Length(bp) | Mean Phastcons
[ Chr3:37766726-37,766,744 19 0.997
2 Chr3:37765895-37,765,902 8 0.984
3 Chr3:37765596-37,765,616 21 0.982
4 Chr3:37779741-37,779,751 I 0.978
5 Chr3:37777604-37,777,613 10 0.977
6 Chr3:37785144-37,785,151 8 0.966
7 Chr3:37784516-37,784,524 9 0.962
8 Chr3:37763579-37,763,584 6 0.955
9 Chr3:37765568-37,765,574 7 0.949
10 Chr3:37787607-37,787,627 21 0.949

Table 7 Top ten Conserved Elements Within the WNTS5A-ASI Locus
Identified by phastCons Analysis

Rank | Genomic Coordinates (hg38) | Length(bp) | Mean phastCons
| Chr3:55488102-55,488,1 | | 10 0.975
2 Chr3:55488161-55,488,165 5 0.956
3 Chr3:55487839-55,487,849 I 0.948
4 Chr3:55488183-55,488,189 7 0913
5 Chr3:55487698-55,487,822 125 0.9
6 Chr3:55487959-55,487,964 6 0.837
7 Chr3:55487618-55,487,67 | 54 0.809
8 Chr3:55488298-55,488,308 I 0.659
9 Chr3:55488082-55,488,090 9 0.597
10 Chr3:55488235-55,488,24 | 7 0.589

regulating downstream gene expression by sequestering miRNAs. To test this proposal, we constructed ceRNA
regulatory networks for ITGA9-AS1 and WNTS5A-ASI1 separately. For ITGA9 - AS1, we first predicted its potential
binding miRNAs using the IncBase v.3 and starBase databases. Then, we screened the target mRNAs of these miRNAs
by taking the intersection of data from the miRDB, TargetScan, and starBase databases. Ultimately, we identified
41 high-confidence target genes (Figure 7A). These target genes form the core downstream components of the ITGA9-
AS1-mediated ceRNA regulatory network. For WNTS5A-AS1, we adopted a similar approach: predicting interacting
miRNAs via IncBase v.3 and starBase, and then determining target mRNAs based on the intersection of data from the
miRDB and starBase databases (leaving out TargetScan data due to its exosome localization characteristics). This led to
the identification of 34 high-confidence target genes (Figure 7B). These genes may be involved in WNTS5A-ASI-
mediated cross-cell-cell regulatory processes through the exosome pathway.

To gain a deeper understanding of the potential functions of these two ceRNA networks, we carried out GO and
KEGG pathway enrichment analyses on the aforementioned target genes. The results show that the target genes linked to
ITGA9-AS1 (Figure 8A—D) and WNT5A-AS1 (Figure 8E-H) display distinct functional pathways, indicating they may
be involved in the pathological processes of schizophrenia through different molecular mechanisms. For ITGA9-AS1, the
enrichment results highlighted core pathways related to neuronal function. KEGG pathway analysis revealed that its
target genes were most significantly enriched in the “Long-term potentiation” pathway, a key synaptic plasticity pathway
closely tied to learning and memory. At the same time, they also showed notable enrichment in the “cAMP signalling
pathway”. GO analysis further enriched this functional picture, revealing significant participation of its target genes in
molecular functions such as “SMAD binding” and “DNA-binding transcription factor binding”, as well as biological

processes including “negative regulation of ubiquitin-dependent protein catabolic process”. Taken together, these findings
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Figure 7 Venn diagrams illustrating the screening strategy for identifying high-confidence target genes in the ITGA9-ASI (A) and WNT5A-AS| (B) mediated ceRNA
networks.

strongly imply that ITGA9-AS1 may play a vital role in regulating synaptic plasticity and intracellular signal transduc-
tion. In contrast, the target genes of WNT5A-AS1 show enrichment across a different set of biological categories. Their
target genes display significant enrichment in the molecular function category of “protein serine/threonine kinase
inhibitor activity”. They mainly take part in the biological process “positive regulation of nucleotide biosynthetic
process” and show enrichment in the cellular component “histone methyltransferase complex”. KEGG pathway analysis
further connects WNT5A-AS1 to “Cysteine and methionine metabolism” and the “Notch signaling pathway”. These
results suggest that the function of WNTS5A-ASI is more closely related to fundamental metabolic regulation and
development-associated signaling pathways.

Discussion
Schizophrenia is a complicated neurodevelopmental disorder,'* and the long-term lack of objective diagnostic biomar-
kers has hampered clinical diagnosis and treatment.'” This study focused on two plasma-derived IncRNAs, ITGA9-AS1
and WNTSA-ASI, in schizophrenia, investigating their expression patterns, diagnostic potential, and possible biological
functions. We found consistent upregulation of both IncRNAs in patient samples. Based on their distinct predicted
subcellular localizations, we further propose a working hypothesis that they might contribute to disease-associated
processes via two different putative pathways: “intracellular regulation” and “intercellular communication”. This
preliminary model could provide a new framework for exploring the epigenetic mechanisms of schizophrenia.

One of the central findings of our work is the reproducible upregulation of ITGA9-AS1 and WNTS5A-AS1 observed in
schizophrenia patients’ peripheral blood and plasma exosomes. This consistent dysregulation across two biologically distinct
compartments significantly strengthens their candidacy as disease-associated biomarkers and merits further investigation. The
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detection of these IncRNAs in plasma exosomes is of particular interest. Exosomes are known to carry molecular cargo from
their cell of origin and can cross the blood-brain barrier, entering the peripheral circulation.” Consequently, RNA signals
within plasma exosomes are thought to provide a more refined reflection of pathological changes in the brain compared to the
complex mixture of RNAs in whole blood."® Our results, therefore, support a plausible hypothesis that the detected IncRNA
signals may, at least in part, originate from the central nervous system. This lends support to the promising strategy of using
accessible peripheral blood exosomes to glean insights into brain pathology.

However, a critical methodological consideration must be highlighted when evaluating the diagnostic potential of
these exosomal IncRNAs. Due to the extremely low yield of exosomal RNA, we were compelled to pool samples from
multiple individuals (every 20 subjects) to obtain sufficient material for analysis. This necessary step meant that we
lacked individual-level expression data for the exosomal fraction. Since receiver operating characteristic (ROC) curve
analysis fundamentally requires one data point per subject to correlate with disease status, we could not validly assess the
diagnostic performance of ITGA9-AS1 or WNT5A-AS1 based on exosomal samples alone. For this analysis, we focused
on peripheral blood samples, where individual-level quantification was feasible.

In peripheral blood, both IncRNAs demonstrated strong individual discriminatory ability, with AUC values exceeding
0.80. More importantly, when combined into a diagnostic model, their efficacy was significantly enhanced, achieving an
AUC of 0.918. This synergistic effect, where the combination outperforms either molecule alone, is consistent with the
concept that the multifaceted pathology of schizophrenia may be better captured by a panel of biomarkers acting through
complementary pathways. A multi-molecule approach could potentially address the inherent heterogeneity of the disease
and overcome limitations of single biomarkers, such as constrained sensitivity or specificity.

Bioinformatics analysis offered crucial insights for generating mechanistic hypotheses, centering on the divergent
predicted subcellular localizations of ITGA9-AS1 and WNT5A-ASI. Initial analysis using the PhyloCSF algorithm con-
firmed their non-coding nature (Figure 6A and B), a prerequisite for their regulatory roles. Subsequent subcellular localization
predictions revealed a fundamental dichotomy: ITGA9 - ASI1 is predominantly predicted to reside in the cytoplasm
(probability = 0.752). Whereas WNT5A - AS1 shows a high predicted enrichment within exosomes (probability = 0.844).
This stark contrast led us to hypothesize that they might operate through fundamentally distinct cellular mechanisms.

For ITGA9-AS], its predicted cytoplasmic localization suggests a potential role in intracellular regulation, possibly as
a competitive endogenous RNA (ceRNA).'”'® To explore this possibility, we constructed a putative ceRNA network.
Functional enrichment analysis of the genes within this predicted network revealed significant associations with path-
ways critically involved in neural plasticity, namely “Long-term potentiation (LTP)” and the “cAMP signaling
pathway”.'”?° Because synaptic dysfunction is a core pathology in schizophrenia,?'** we speculate that ITGA9-ASI,
by acting as a molecular sponge for specific miRNAs, could contribute to these processes. This could, in theory, alleviate
post-transcriptional repression of key genes within these plasticity-related pathways, thereby potentially contributing to
the fin-tuning of synaptic function. The high evolutionary conservation observed in its genomic region lends further,
albeit indirect, support to its potential importance in nervous system biology.

For WNT5A-ASI, its strong predicted association with exosomes aligns with our experimental detection of it in
plasma exosomes and points towards a potential role in intercellular communication.”* Analysis of its putative target
genes highlighted enrichment in the “Notch signaling pathway”—a key mediator of cell-cell communication involved in

neurodevelopment,?*% «

cysteine and methionine metabolism”, a central metabolic axis governing antioxidant defense
and epigenetic regulation,”® processes implicated in schizophrenia pathology,”’ Building on these predictions, we
hypothesize a more complex, spatially extended role for WNT5A-ASI. It might be selectively packaged into exosomes
by neural or glial cells and delivered to recipient cells. In this scenario, it could act as a novel exosomal “signal” that may
concurrently modulate target cell processes such as Notch signaling (influencing development/fate) and metabolic
homeostasis, thereby potentially intervening at a critical “neuro-metabolic” interface relevant to schizophrenia.

In summary, this study demonstrates that ITGA9-AS1 and WNTSA-AS1 are consistently upregulated in the
peripheral blood and plasma exosomes of patients with schizophrenia, and they exhibit promising diagnostic potential,
particularly when combined. Based on these correlative findings, our bioinformatic analyses have led us to formulate
specific, testable hypotheses regarding their distinct functional roles: ITGA9-ASI, predicted to be cytoplasmic, may
influence synaptic plasticity pathways through a ceRNA mechanism, whereas WNT5A-AS]1, predicted to be exosome-
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enriched, may participate in intercellular communication by modulating pathways such as Notch signaling and cellular
metabolism. Taken together, our work advances the study of these IncRNAs from correlation to a framework for
mechanism. It thereby provides a foundation for future experimental studies to define the precise roles of ITGA9-AS1
and WNTS5A-ASI in the pathogenesis of schizophrenia. These interpretations, however, must be considered within the
context of several study limitations.

First, our clinical cohort and study design present inherent constraints. Patients (hospitalized, with residual symptoms
and varied medications) and controls were recruited from different settings. This, along with the moderate sample size
and cross-sectional design, complicates the attribution of IncRNA changes solely to disease pathology and precludes
longitudinal analysis. Second, the mechanistic insights are primarily predictive. The proposed functions of ITGA9-AS1
and WNT5A-AS1 rely on computational models. While they offer strong, testable hypotheses, direct experimental
validation is required. The cellular origin of the exosomes carrying WNT5A-AS1 also remains unknown. Third,
a potential selection bias arises from our focused validation of upregulated IncRNAs only, which means down-
regulated species were not investigated. Therefore, future studies must prioritize experimental validation of these
mechanisms and subsequent confirmation in larger, prospective cohorts. Ideally, such cohorts would include first-
episode, medication-naive patients to clarify disease-specific changes and trace exosomal origins.

Conclusion

This study provides preliminary evidence supporting the potential of ITGA9-AS1 and WNTSA-AS1 as candidate
diagnostic biomarkers for schizophrenia. Their consistent upregulation in peripheral blood and plasma exosomes,
along with their favorable diagnostic performance, warrants further investigation. Furthermore, our multi-level analyses,
including bioinformatic predictions of their subcellular localization and function, lead us to hypothesize that they may
have distinct roles in disease-related processes through distinct modes of action—potentially encompassing intracellular
regulation and intercellular communication. Based on these correlative findings, we provide a new perspective on the
epigenetic complexity of schizophrenia and highlight promising avenues for developing non-invasive diagnostic strate-
gies based on plasma exosome IncRNAs.
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