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Introduction: Early diagnosis is crucial for improving the prognosis of patients with gastric cancer (GC). However, the currently 
used biomarkers for diagnosing GC have limited sensitivity and specificity. This study aimed to develop a novel diagnostic model 
based on miRNAs from glycosylated extracellular vesicles and evaluate its effectiveness in diagnosing gastric cancer.
Methods: GlyExo-capture technology was used to isolate glycosylated extracellular vesicles from serum samples. The signatures 
were screened in a discovery cohort of GC patients (n=55) and non-disease controls (n=46) using an integrated process, including 
high-throughput sequencing technology, screening using a complete bioinformatics algorithm, validation using RT-qPCR, and 
evaluation by constructing a diagnostic model. The diagnostic model was evaluated in an independent validation cohort (n=139).
Results: We developed a diagnostic model for GC based on five miRNA pairs. This diagnostic model demonstrated high sensitivity, 
specificity, and stable performance in distinguishing GC patients from non-cancer controls with AUC of 0.930 in the independent 
validation cohort, particularly in differentiating early-stage GC from benign patients. The markers also showed excellent performance 
in indicating perineural invasion status and lymph node metastasis in the testing cohort.
Discussion: The model demonstrated high sensitivity and specificity in diagnosing patients with GC, especially in differentiating 
early-stage GC from benign patients. The five miRNA pairs could also aid in making treatment decisions. Thus, miRNAs derived from 
glycosylated exosomes are promising biomarkers for cancer diagnosis.
Keywords: biomarker, diagnosis, gastric cancer, extracellular vesicles, microRNAs

Introduction
Gastric cancer (GC) is a prevalent malignancy worldwide, with increasing annual incidence rates. According to the latest data, 
GC is the fifth leading cause of cancer-related deaths worldwide.1 Despite the growing popularity of gastroscopy, many patients 
with GC are diagnosed with locally advanced disease, which leads to poor prognosis and limited treatment options. The five-year 
survival rate for patients with advanced GC is estimated to be 10%, while the five-year survival rate for early GC is 90%.2 

Therefore, early diagnosis is crucial for improving postoperative survival rates in patients with gastrointestinal cancer.
Currently used tumor markers for diagnosing GC, including carcinoembryonic antigen (CEA), CA19-9, CA125, 

CA72-4, and pepsinogen (PG I/II),3 have limited sensitivity and specificity, and none of them are unique to GC. 
Therefore, there is a need to identify early diagnostic markers for gastric cancer to improve treatment outcomes. 
Extracellular vesicles (EV) are generated and actively secreted by various cells (lymphocytes, dendritic cells, macro-
phages, and tumor cells) and are widely present in various body fluids.4 EV contain exosomes and exosomes are a part of 
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EV. They contain various bioactive substances such as RNA, DNA, and proteins,5 making them an abundant source of 
biomarkers for diseases. Extracellular vesicles have also been shown to participate in multiple steps of gastrointestinal 
tumorigenesis, including tumor proliferation, invasion, angiogenesis, immune escape, and chemoresistance,6 making 
them potential indicators of cancer prognosis. Besides, extracellular vesicles secreted by tumor have typical abnormal 
glycan characteristics, and glycosylation of them play certain role in tumor development.7

Owing to the nanoscale size of extracellular vesicles, non-coding RNAs, such as microRNAs (miRNAs), account for 
a large proportion of their abundance.8 To date, numerous circulating miRNA biomarkers with diagnostic and prognostic 
significance for cancers have been discovered in many researches.9–12 For example, several miRNAs, such as miRNA-21 
and miR-376c miR-196a/b, can distinguish between GC patients and healthy controls with higher sensitivity and 
specificity compared to CEA or CA.19−9[13] Moreover, combined miRNA panels, such as a five-miRNA panel (miR- 
16, miR-25, miR-92a, miR-451, and miR-486-5p) and a four-miRNA panel (miR-501-3p, miR-143-3p, miR-451a, and 
miR-146a), were reported to be differentially expressed in the plasma of gastric patients and normal controls.14,15 

Exosome miR-21, miR-320c, and miR-1225-5p in peritoneal lavage fluid have been proposed as prognostic markers for 
evaluating peritoneal recurrence of GC.16 However, variations in study methodologies, populations, and clinical factors 
have led to inconsistent findings regarding the selected miRNAs across different research laboratories.

In this study, we aimed to focus on the diagnostic value of miRNAs from EV in the serum of gastric cancer patients, with the 
goal of identifying novel early diagnostic biomarkers. Unlike traditional isolation methods such as ultracentrifugation, size- 
exclusion chromatography, and polymer precipitation, we adopted a novel purification method called GlyExo-capture. This 
technique selectively captures glycosylated extracellular vesicles from serum samples and cell supernatants with lectin 
specificity. The surface of secreted vesicles may carry glycosylated peptides from parent cells, and the glycosylating profile of 
tumor cells is specific to a certain extent, providing a theoretical basis for this technology.17,18 Extracellular vesicles secreted by 
gastric cancer tissues have typical abnormal glycan characteristics, for example, Neu5Acα(2,6)-GalNAcα-Thr/Ser (STn antigen) 
can be used as biomarkers in GC.19 Moreover, they are easy to elute by destroying the affinity of lectins, which provides the 
advantage of keeping them intact and protecting their abundance during operation. Using this technique, we developed a novel 
diagnostic model for the early detection of GC based on five miRNA pairs from glycosylated extracellular vesicles using 
GlyExo-capture technology, which showed high accuracy, sensitivity, and specificity in distinguishing gastric cancer patients 
from controls.

Materials and Methods
Patient Enrollment
This study was conducted in accordance with the Declaration of Helsinki and approved by the Ethics Committee of the National 
Cancer Center/National Clinical Research Center for Cancer/Cancer Hospital (No.NCC2022C-599). The samples in the 
discovery cohort were collected from the outpatient and inpatient departments between November 1, 2021, and April 30, 
2022, then participants were further independently recruited from July 1 to October 31 in 2022. The diagnosis was confirmed by 
pathological evidence, including gastroscopy biopsy and surgical operation. The inclusion criteria for gastric cancer patients were 
age between 18 and 75 years, no neoadjuvant chemotherapy or radiotherapy, and no other malignant tumors. All patients with GC 
were treatment-naïve at the time of blood sampling. Benign disease (BN) refers to gastritis, including atrophic and non-atrophic 
gastritis. Healthy control (HC) includes patients with no abnormalities after gastroscopic examination. Written informed consent 
was obtained from all participants. Patient clinical characteristics, including baseline information such age, gender, alcohol 
consumption, smoke, hypertension, diabetes and family history of gastric cancer, pathological information such as tumor stage, 
differential grade, pathological subtypes, lymph node metastasis, and Lauren classification were collected.

Isolation and Characterization of Extracellular Vesicles
Peripheral blood samples were collected in vacuum tubes containing a separator gel (BD, Franklin Lakes, NJ, USA) and 
centrifuged at 1800 g for 10 min at room temperature (RT) within 1 h of collection. The resulting serum was further 
centrifuged at 3000 g for 10 min at RT to remove cellular debris. After aspiration, the samples were aliquoted and stored 
at −80°C until use.
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Extracellular vesicles were isolated and characterized using the GlyExo-Capture method, which selectively captures 
glycosylated exosomes with lectin. They were isolated from the serum samples using the Extracellular vesicles isolation 
kit (Beijing Hotgen Biotech Co.,Ltd., Beijing, China) following the manufacturer’s protocol. This approach utilizes 
wheat germ agglutinin (WGA)-conjugated magnetic beads to capture extracellular vesicles by taking advantage of the 
strong affinity between WGA and Neu5Acα(2,6)-GalNAcα-Thr/Ser (sialyl-Tn, STn) glycan structures on glycoproteins 
present on the surface of extracellular vesicles, which enhances the enrichment of tumor derived exosomes.17 To 
characterize isolated extracellular vesicles, we employed three methods: transmission electron microscopy (TEM), 
nanoparticle tracking analysis (NTA), and Western blot (WB) analysis.

For TEM analysis, extracellular vesicles were fixed with 2% glutaraldehyde for 1 h at RT and stained with uranyl 
acetate solution (pH 4.5) to enhance the contrast of the samples. Images were acquired using an FEI Tecnai Spirit 
microscope (FEI, Eindhoven, The Netherlands) at 120 kV and electron micrographs were captured using a Gatan 
UltraScan 1000 CCD camera (Pleasanton, CA, USA).

For NTA, extracellular vesicles were diluted in PBS to a certain concentration and analyzed using Nanoparticle 
Tracking Analyzers ZetaView® PMX120 (Particle Metrix, Meerbusch, Germany). Particle size and number were 
determined by analyzing particle movement using the Software Zeta View (Version 8.05.16 SP2).

For WB analysis, extracellular vesicles were lysed by RIPA Lysis Buffer (Beyotime Biotechnology, Shanghai, China) 
before protein analysis. Protein concentration was determined using a Qubit Protein Assay (Invitrogen, Pittsburgh, USA) 
and a Qubit 4.0 fluorometer (Invitrogen, Pittsburgh, USA). They were loaded onto sodium dodecyl sulfate- 
polyacrylamide gels for electrophoresis. Primary antibodies against commonly used exosome markers, including anti- 
CD81, anti-CD63, anti-CD9, anti-TSG101, and anti-calnexin (Abcam, Cambridge, MA, USA), were used at 1:1000 
dilution. Rabbit anti-mouse IgG-HRP secondary antibody was used to detect primary antibodies.

RNA Isolation and Next-Generation Sequencing
miRNAs were extracted from extracellular vesicles using the miRNeasy Mini Kit (Cat. 217,004, Qiagen, Hilden, 
Germany), according to the manufacturer’s instructions. RNA concentration was measured using the Qubit microRNA 
assay (Invitrogen, Pittsburgh, USA) and a Qubit 4.0 fluorometer (Invitrogen, Pittsburgh, USA).

Next-generation sequencing was performed according to the manufacturer’s instructions. The RNA was compiled into 
cDNA libraries using the NEBNext Small RNA Library Prep Set for Illumina (Multiplex Compatible) (Cat No.: E7330, 
NEB, Ipswich, USA). The size of the sequencing library was determined using the E-Gel SizeSelect II gel of an E-Gel 
Power Snap electrophoresis system (Thermo Fisher Scientific, Inc., Waltham, USA). The quality and concentration of the 
cDNA library was assessed using an Agilent Bioanalyzer 2100. Finally, the samples were pooled at the same 
concentration before sequencing using an Illumina NextSeq 550 Sequencing System (75 nt, single-read).

Marker Discovery and Model Construction
The sequences were subsequently evaluated for quality, and primer-adapter sequences were removed utilizing Cutadapt 
software.20 Subsequently, the sequences were aligned to the human reference genome (HG38) using Bowtie 2.21 The aligned 
data were further annotated using HT-seq with the gff3 file sourced from miRBase version 23. The expression of miRNAs was 
normalized using FPKM. The ratios of expression values between related miRNAs were calculated as new features and 
screened in the discovery cohort, based on the method introduced in a previous study.22 A total of 32 miRNA pairs were 
selected and subsequently filtered using the recursive feature elimination (RFE) algorithm based on a random forest model, 
which yielded eight candidate markers. For the purpose of clustering, we employed the Heatmap package (version 1.0.12) 
with the ward. D2 method. To visually demonstrate the distinction between GC and non-GC groups, we employed Linear 
Discriminant Analysis (LDA) on the TPM expression matrix using the MASS package (version 7.3).

The miRNA-targeted mRNAs were predicted using an integrated analysis website starBase (https://rnasysu.com/ 
encori/)23 To visualize the miRNA-mRNA regulatory network, we utilized the “ggraph” package in R. Furthermore, 
KEGG pathway enrichment analysis was conducted on the miRNA-targeted mRNAs within the network using the 
“clusterProfiler” package in R to elucidate the functional roles of the DEM.24
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Reverse-Transcription Polymerase Chain Reaction (RT-qPCR)
To validate the candidate markers, we performed on an ABI 7500 Real-Time PCR System using a miRcute Plus miRNA 
qPCR Kit (SYBR Green) (Tiangen Biotechnology Co., Ltd., Beijing, China). Of the eight candidate markers identified, 
five miRNA pairs showed consistent results between RT-qPCR and NGS and were selected as biomarkers for gastric 
cancer. The specific primers utilized for qRT–PCR were synthesized by Sangon Biotech (Shanghai) Co., Ltd. The 
sequence of primers is presented in Table 1.

Prediction Modelling and Validation
Five miRNA pairs were used to construct a predictive model for GC using the random-forest algorithm. The random 
forest model was trained on the training set, and its predictive capability was evaluated on the test set and an independent 
validation set using the area under the receiver operating characteristic curve (AUC).

Statistical Analysis
Statistical analysis was performed using Python 3.9.7 software. We evaluated the differences between the two indepen-
dent sample groups using the Mann–Whitney U-test, and all tests were two-tailed.

Results
Study Enrollment and Cohorts
This study aimed to develop a prediction model for miRNA signatures from glycosylated exosomes to distinguish gastric 
cancer patients from healthy individuals and those with benign gastric disease. As shown in Figure 1, the study design 
included a discovery cohort comprising 55 GC patients, 16 BN patients, and 30 hCs, and an independent validation 
cohort comprising 54 GC patients, 35 patients with BN, and 50 hCs. In the discovery cohort, miRNA signatures from 
glycosylated extracellular vesicles were selected through an integrated process, including univariate analysis and multi-
variate analysis of next-generation sequencing data and verification with RT-qPCR. The discovery cohort was then 
randomly divided into a training set and a testing set at a ratio of approximately 7:3. A prediction model was established 
on the training set, its performance on the testing set was evaluated, and the validation cohort was verified. Finally, the 
clinical value of the signatures in patient classification was analyzed for all patients with GC.

The clinical characteristics of the participants are presented in Table 2. There were no significant differences in the age 
distribution between the gastric cancer patients and control groups. Other clinical characteristics such as sex, smoking history, 
and alcohol consumption were also no significant differences. The TNM staging system was used to estimate the stages of 
gastric cancer based on tumor, node, and metastasis characteristics. We also categorized GC patients into early-stage gastric 
cancer (EGC), defined as invasion within the mucosa and submucosa, and advanced-stage gastric cancer (AGC). EGC refers 
to lesions confined to the mucosal layer regardless of lymph node metastasis. In the TNM staging system, all GC patients with 
T1 were classified as EGC, whereas the remaining cases were considered AGC. Approximately one-third of patients with GC 
were observed as ECG in both the discovery and validation cohorts. Most gastric cancer cases show poor- or moderate-grade 
tumor differentiation. The number of gastric cancer samples with and without lymph node metastasis was found to be 
equivalent. The most predominant histological type observed was mixed adenocarcinoma, whereas tubular adenocarcinoma 
and low-grade adhesion adenocarcinoma were also observed in large proportions.

Table 1 The Sequence of Primers

Name Sequence

Forward primer-miR-16 GCCCGTAGCAGCACGTAAATATT
Forward primer-miR-186 TGCGTCAAAGAATTCTCCTTTTG

Forward primer-miR-221 AACAAGAGCTACATTGTCTGCTGG

Forward primer-miR-629 CTGGGTTTACGTTGGGAGAACT
Forward primer-miR-363 AGAATTGCACGGTATCCATCTGTA

Forward primer-miR-339 TCCTCGACGACAGAGCCG
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Characterization of Serum Glycosylated Extracellular Vesicles
Glycosylated extracellular vesicles were successfully isolated from serum using GlyExo-Capture technology and were 
characterized using various techniques. TEM images showed that the glycosylated extracellular vesicles had a diameter of 
approximately 100 nm, with a clear bilayer membrane and a cup-shaped structure (Figure 2A), indicating the presence of 
intact and functional vesicles. NTA confirmed a size distribution of 177.7±83.2 nm with a concentration of 2.87×1010 

particles/mL, consistent with the characteristics of typical extracellular vesicles (Figure 2B). WB analysis further validated the 
isolated exosomes by demonstrating the presence of prominent extracellular vesicles marker proteins, including CD63, CD81, 
and TSG101 (Figure 2C). Importantly, the absence of the negative control protein marker, calnexin, further underscored the 
specificity of the isolated vesicles. These comprehensive characterizations provide robust evidence for the efficacy of GlyExo- 
Capture technology in the successful isolation of extracellular vesicles from serum samples.

miRNA Profiling in the Discovery Cohort
In the discovery cohort, we performed miRNA sequencing analysis of the isolated extracellular vesicles and detected 
a median read counts of 8.34 million mapped reads per sample, with consistent detection across all groups (Figure 3A). 
However, significant differences were observed in the number of miRNAs detected between GC patients and healthy 
controls, indicating a potential bias in the capture method for GC samples (Figure 3B).

Among the detected miRNAs, 32 pairs were screened, and the expression ratio between each pair showed significant 
differences between GC and non-cancer samples (BN and HC). LDA analysis revealed that the profiles of the 32 miRNA 
pairs were significantly different among the three groups (Figure 3C). Unsupervised hierarchical clustering analysis 
showed a distinct separation between GC and non-cancer samples, as illustrated in the heatmap in Figure 3D. These 

Figure 1 Schematic flowchart illustrating the discovery of EV-miRNA biomarker for GC detection. This study was divided into three stages: screening phase, diagnostic 
model, and clinical classification. 
Abbreviations: GC, Gastric cancer; BN, benign; HC, healthy controls.
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Table 2 Clinical Characteristics of Subjects in This Study

Characteristic Discovery Cohort 
(n=101)

Validation Cohort 
(n=139)

Total 
(n=101)

Training Cohort 
(n=70)

Testing Cohort 
(n=31)

GC Benign Healthy GC Benign Healthy GC Benign Healthy GC Benign Healthy

Number 55 16 30 38 9 23 17 7 7 54 35 50

Age Mean ± SD 58.20 ± 9.34 53.94 ± 7.87 51.50 ± 6.80 57.55 ± 9.73 54.56 ± 8.29 51.87 ± 6.40 59.65 ± 8.50 53.14 ± 7.86 50.29 ± 8.44 57.09 ± 7.92 54.55± 10.30 50.20 ± 6.18

Unknown 0 0 0 0 0 0 0 0 0 0 2 0

Sex Female 15 5 18 13 2 15 2 3 3 16 17 24

Male 40 11 12 25 7 8 15 4 4 38 16 26

Unknown 0 0 0 0 0 0 0 0 0 0 2 0

Smoking history Yes 12 3 2 5 1 1 7 2 1 11 2 6

No 43 13 28 33 8 22 10 5 6 43 29 44

Unknown 0 0 0 0 0 0 0 0 0 0 2 0

Drinking history Yes 14 2 4 10 1 3 4 1 1 15 4 9

No 41 14 26 28 8 20 13 6 6 39 27 41

Unknown 0 0 0 0 0 0 0 0 0 0 2 0

Hypertension history Yes 5 3 3 3 2 2 2 1 1 6 1 7

No 50 13 27 35 7 21 15 6 6 48 30 43

Unknown 0 0 0 0 0 0 0 0 0 0 2 0

Diabetes history Yes 4 2 2 3 1 1 1 1 1 6 2 6

No 51 14 28 35 8 22 16 6 6 48 29 44

Unknown 0 0 0 0 0 0 0 0 0 0 2 0

Family history Yes 5 2 1 3 1 1 2 1 0 7 2 3

No 50 14 29 35 8 22 15 6 7 47 29 47

Unknown 0 0 0 0 0 0 0 0 0 0 2 0

TNM I 20 15 5 18

II 10 6 4 11

III 22 15 7 25

Unknown 3 2 1 0

Stage EGC 17 12 5 14

AGC 38 26 12 40
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Lymph node 
metastasis

Positive 25 16 10 28

Negative 27 20 6 26

Unknown 3 2 1 0

Perineural invasion Positive 25 16 9 27

Negative 23 17 6 26

Unknown 7 5 2 1

Lauren Diffuse 22 17 5 21

Intestinal 20 13 7 21

Mixed 7 4 3 9

Unknown 6 4 2 3

Differentiation Poor 24 16 8 28

Moderate-Poor 9 5 4 13

Moderate 11 9 2 8

Well 1 1 0 0

Unknown 10 7 3 5

Abbreviations: GC, Gastric cancer; EGC, Early-stage gastric cancer; AGC, Advanced stage gastric cancer.
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results suggest that miRNA profiling of glycosylated extracellular vesicles has the potential to serve as a non-invasive 
diagnostic tool for gastric cancer, and the identified miRNA pairs may serve as potential biomarkers for this disease.

Identification of GC-Specific miRNA Signatures Using the Discovery Cohort
Subsequently, the recursive feature elimination (RFE) algorithm based on the random forest approach was employed to 
identify candidate markers with significant discriminatory potential from the 32 miRNA pairs. We identified eight 
candidate miRNAs, five of which (hsa-miR-16-5p/hsa-miR-221-3p, hsa-miR-186-5p/hsa-miR-221-3p, hsa-miR-221-3p/ 
hsa-miR-363-3p, hsa-miR-629-5p/hsa-miR-363-3p, and hsa-miR-629-5p/hsa-miR-339-3p) were potential diagnostic 

Figure 2 Characterization of glycosylated exosomes. (A) Transmission electron microscopy (TEM) image of glycosylated exosomes (bar = 100 nm). (B) Nanoparticle 
tracking analysis (NTA)of glycosylated exosomes. (C) Western blot analysis depicting whole cell lysates (WCLs) and EVs from GC, BN, HC. 
Abbreviations: GC, Gastric cancer; BN, benign; HC, healthy controls.

Figure 3 Glycosylated exosomal miRNAs sequencing results. (A) Distribution of the total mapped reads to the annotated genes. (B) Distribution of glycosylated exosomal miRNAs 
per sample among gastric cancer (GC) patients, benign (BN) patients, and healthy controls (HC). (C) Linear discriminant analysis (LDA) for the 32 miRNA pairs of GC patients compared 
with BN patients and HC. (D) Heatmap of unsupervised hierarchical clustering of the 32 miRNA pairs among GC patients, BN patients, and HC. **P < 0.01, ns: nonsignificant.
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markers for GC. The expression ratios of these five miRNA pairs were significantly different (P<0.05) between GC 
patients and non-cancer groups in RT-qPCR, and receiver operating characteristic (ROC) curve analysis demonstrated 
good classification performance (AUC>0.6), as displayed in Figure 4A and B. Moreover, the expression ratios of the five 
miRNA pairs also showed differences between cancerous and non-cancerous tissues in the TCGA gastric cancer 
database, consistent with the miRNA expression trend detected in extracellular vesicles, which further confirmed the 
reliability of the screening results (Figure 4C).

To further investigate the biological functions and pathways associated with miRNA signatures, we performed gene 
ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analyses of the predicted 
target genes of the miRNA signatures (Figure 5). KEGG results showed that the target genes were enriched in several 
pathways, including MAPK signaling, FoxO signaling, and proteoglycans in cancer. GO analysis revealed enrichment of 
target genes in the Wnt signaling process and the cellular components that play crucial roles in regulating the Wnt 
signaling pathway, such as the nuclear envelope, transport vesicle, focal adhesion, and protein kinase complex. These 
findings suggest that the identified miRNA signatures may be involved in the regulation of key biological processes and 
pathways involved in GC development and progression.

Diagnostic Value of the 5 miRNA Pairs Signature
We developed a novel diagnostic model based on the expression of the five miRNA pairs from glycosylated exosomes in the 
discovery cohort and evaluated its efficacy in the validation cohort (Figure 6A and Table 3). In the testing set within the 
discovery cohort, the model achieved an AUC of 0.92, a sensitivity of 82.35%, and a specificity of 85.71%. To further 
scrutinize the diagnostic performance, the model was validated on an independent cohort of 139 participants, comprising 54 
GC samples, 35 benign samples, and 50 hC samples. The performance of the model was quite stable, with an AUC of 0.93, 

A

B

C

Figure 4 Diagnosis value of the 5 miRNA pairs. (A) Quantitative reverse-transcription polymerase chain reaction (RT-qPCR) of the 5 miRNA pairs. (B) Receiver-operating 
characteristic (ROC) curve analysis of the 5 miRNA pairs. (C) The expression ratios of the 5 miRNA pairs between gastric cancerous tissues (GCT) and non-cancerous 
tissues (NCT) in TCGA-STAD database. ΔCT, the relative expression levels of miRNAs were determined by calculating the difference between the CT (cycle threshold) 
values of the back miRNA and the front miRNA in the CT analysis; The expression ratios, The relative expression levels of miRNAs were determined by calculating the 
ratios between the front miRNA and the back miRNA; *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, ns: nonsignificant.
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Figure 5 KEGG and GO enrichment analyses of the 5 miRNA pairs. (A) KEGG analysis of the 5 miRNA pairs. (B) GO analysis of the 5 miRNA pairs.

A B C

D E

Figure 6 The performance of the prediction model in sub-group analysis and compared with protein markers. (A) ROC curve analysis for the performance of the prediction 
model in the training data set, the testing data set and the validation data set. (B) ROC curve for the performance of the prediction model for advanced stage gastric cancer 
(AGC) patients (n = 78), early-stage gastric cancer (EGC) patients (n = 31), benign patients (n = 51), and healthy controls (n = 80). (C) The prediction score of the 
prediction model in AGC, EGC, BN and HC. (D) Venn diagram of the prediction model and traditional biomarkers (CEA, PGI/PGII) for GC patients (n = 109). (E) ROC 
curve for the performance of the prediction model and traditional biomarkers (CEA, PGI/PGII). ****P < 0.0001.
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a sensitivity of 81.48%, and a specificity of 83.53%. These findings demonstrate the robustness and reliability of our model in 
distinguishing patients with GC from non-cancer controls, indicating its potential as a reliable diagnostic tool for GC.

Furthermore, the model achieved impressive diagnostic performance in distinguishing both early stage (EGC) 
and advanced-stage gastric cancers (AGC) from BN and HC. According to the prediction scores of all the samples 
in the discovery and validation cohorts, this model yielded an AUC of 0.932 for EGC vs BN, 0.954 for AGC vs 
BN, 0.954 for EGC vs HC, and 0.971 for AGC vs HC, as shown in Figure 6B. The boxplot of model scores also 
demonstrated significant differences between GC patients and benign patients, as well as healthy controls 
(Figure 6C). These findings highlight the excellent performance of the model in the early diagnosis of gastric 
cancer, distinguishing GC from both healthy individuals and those with benign gastric disease.

Moreover, we compared the diagnostic performance of our model with that of traditional markers, such as CEA and 
PGI/PGII, in 109 patients with GC. Compared to CEA (17.1%) and PGI/PGII (8.1%), our model (97.0%) demonstrated 
a higher ability to identify patients with GC (Figure 6D). The model also had a higher AUC of 0.959 than CEA (AUC = 
0.529) and PGI/PGII (AUC = 0.537), complementing their diagnostic results (Figure 6E).

Clinical Classification of GC Patients
Lymph node metastasis critically influences the progression and staging of GC. Accurate detection of lymph node 
metastasis is crucial for determining the appropriate treatment strategy and predicting patient outcomes. In the results, 
these five miRNA pairs exhibited excellent diagnostic accuracy for lymph node metastasis in GC. The model achieved an 
impressive AUC of 0.998 in the training set, while it maintained a high AUC of 0.953 in the independent validation set 
(Figure 7A and B). These results confirmed the model’s effectiveness in identifying lymph node involvement in GC.

Perineural invasion is recognized as a prognostic indicator for poor outcomes in GC patients. Among the 109 patients 
enrolled in our study, 53 presented with perineural invasion, 53 were without, and three cases remained undetermined. 
Notably, while the five miRNA pairs were not entirely effective in distinguishing perineural invasion status, two specific 
pairs showed significant differentiation between positive and negative groups (Figure 7C and D). This finding suggests 
that the discovered biomarkers may have potential implications for GC patients with perineural invasion.

The Lauren classification categorizes gastric cancers into intestinal, diffuse, and mixed types and is a key clinical tool. 
However, our analysis revealed that the five miRNA pairs did not show discriminative value for different Lauren 
classifications in GC patients.

Table 3 Confusion Table and Performance of the Prediction Model on the Discovery 
Cohort and the Validation Cohort

Cohort Discovery Cohort 
(n=101)

Validation Cohort 
(n=139)

Data set Training data set Testing data set Validation data set

Performance Real GC Real NC Real GC Real NC Real GC Real NC

Predict GC 38 0 14 2 44 14

Predict NC 0 32 3 12 10 71

Totals 38 32 17 14 54 85

Correct 38 32 14 12 44 71

Sensitivity 100.00% 82.35% 81.48%

Specificity 100.00% 85.71% 83.53%

Abbreviations: GC, Gastric cancer; NC, Negative control.
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Discussion
Early diagnosis is critical for improving the prognosis and selecting appropriate treatment options for patients with 
gastric cancer. In this study, we developed a novel diagnostic model based on five miRNA pairs derived from 
glycosylated extracellular vesicles and evaluated its effectiveness in gastric cancer diagnosis. Our diagnostic model 
demonstrated high accuracy, sensitivity, specificity, and stable performance in distinguishing GC patients from non- 
cancer controls, particularly in differentiating early stage GC from benign patients, indicating its potential as a diagnostic 
tool. Additionally, the markers showed excellent performance in indicating lymph node metastasis status of patients, 
which are crucial for treatment planning.

MiRNAs have proven to be powerful markers compared to traditional protein markers such as CEA or CA19-9 owing to 
their higher sensitivity and specificity in distinguishing GC patients.25 Circulating miRNA biomarkers primarily originate 
from tumor-derived exosomes in the blood. However, there is still a lack of efficient isolation methods for these exosomes at 

A B

C D

Figure 7 Diagnostic value of the 5 miRNA pairs for GC patient classification. (A and B) ROC curve analysis and the prediction score of 5 miRNAs pairs in GC with lymph node 
metastasis. (C and D) Quantitative reverse-transcription polymerase chain reaction (RT-qPCR) of two specific pairs in perineural invasion group. *P < 0.05, ****P < 0.0001.
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the technical level,17,18 despite miRNAs from exosomes being reported as biomarkers of gastric cancer in a large number of 
published articles.26,27 Considering that tumor exosomes are usually covered with abnormal glycans,17,28 we utilized a novel 
GlyExo-capture technology that employs lectin to isolate glycosylated extracellular vesicles from serum samples of GC 
patients and non-GC individuals. Our TEM, NTA, and WB results demonstrated that extracellular vesicles could be 
successfully captured by this method. More miRNAs were sequenced in vesicles from the GC group than in those from non- 
GC individuals, suggesting the advantage of GlyExo-capture technology in preferentially capturing extracellular vesicles from 
tumors and its potential to improve the sensitivity and specificity of miRNA-based biomarkers for GC diagnosis.

The discovery of the five miRNA pairs involved an integrated process, combining high-throughput sequencing on 
miRNAs, screening using a sophisticated bioinformatics algorithm, RT-qPCR validation, and the construction of 
a diagnostic model. In an independent validation cohort, the panel of five miRNA pairs achieved high diagnostic 
efficiency and significantly outperformed traditional markers, such as CEA and PGI/II. As the validation cohort was 
from the same center as the discovery cohort, this panel should be further validated or transferred to other centers. To 
ensure robustness across diverse datasets, we utilized the expression ratio of each miRNA pair as a model feature, 
enhancing the generalizability of our findings as discussed in reference.22

Although the combination of these five miRNA pairs as a diagnostic model has never been reported in the literature, 
each miRNA identified has been previously associated with the development and progression of gastric cancer by 
regulating various biological processes and signaling pathways. Specifically, miR-221 has been reported to be signifi-
cantly upregulated in GC29 and has been implicated in promoting cell proliferation and inhibiting apoptosis in various 
cancers.30 miR-221-3p is an oncogenic factor in gastric cancer that modulates PTEN expression, robustly stimulates cell 
proliferation, and facilitates in vitro invasion.31 Overexpression of miR-363-3p in GC cells exerts inhibitory effects on 
cell growth and migration; conversely, its downregulation exhibits opposite effects and is significantly associated with 
tumor differentiation in GC tissues.32,33 Previous studies have also observed upregulation of miR-62934 and a significant 
reduction in miR-33935 in primary GC tissues. Recent evidence highlights the downregulation of miR-186, which 
functions as a tumor suppressor in GC development by inhibiting Twist1 and exerting influence on the proliferation, 
invasion, and migration of human gastric cancer cells.36,37 These previous findings are consistent with the behavior of 
miRNA markers in our results, suggesting the significant biological significance and reliability of our markers. As for 
other cancer types, these miRNAs have also been verified to exert an important function during cancer progression. For 
example, miR-16-5p and miR-221-3p can be used as the differential diagnosis marker in nervous system lymphoma and 
mesenchymal stromal cells.38,39 miR-363-3p promotes prostate cancer tumor progression.40 And miR-186-5p regulates 
docetaxel resistance in triple negative breast cancer, and promotes metastasis in lung cancer.41,42 What’s more, miR-339- 
3p could promote osteosarcoma progression, and inhibits cell growth and EMT in nasopharyngeal carcinoma.43,44

Additionally, we found that the five miRNA pairs showed good performance in discriminating early gastric cancer 
from benign controls, which may be a breakthrough in the early diagnosis of GC. Analysis of TCGA samples 
demonstrated the significant differential expression of these miRNAs in GC patients as well. Extracellular vesicles 
miRNAs can also act as prognostic biomarkers in GC.45 In this study, the subgroup analysis also revealed the efficacy of 
the discovered biomarkers in assessing lymph node metastasis and perineural invasion status in GC patients, which 
provides valuable information for clinical decision-making and patient management. Nonetheless, further studies with 
larger sample sizes are required to confirm our findings.

Despite the high mortality associated with late-stage GC, early diagnosis continues to pose significant challenge. The 
potential of tumor extracellular vesicles in early GC detection lies in their widespread expression and stable structure, 
which effectively preserves miRNAs. Our adoption of the GlyExo-capture technology allows for the high-throughput and 
easy acquisition of tumor extracellular vesicles in clinical settings. Furthermore, the non-invasive liquid biopsy 
technology based on exosome miRNAs is expected to become a promising tool for the early diagnosis of GC in the 
future. While our novel panel of five miRNA pairs necessitates further validation in larger population cohorts, its 
diagnostic potential for GC patients is clear and holds significant promise for future advancements in cancer diagnostics.
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Conclusion
In conclusion, we have made significant strides in the early diagnosis of GC by developing a novel diagnostic model 
using miRNA pairs derived from tumor extracellular vesicles, employing the GlyExo-capture method for efficient 
isolation. This approach has demonstrated promising diagnostic accuracy, particularly for early-stage GC, paving the 
way for advances in non-invasive cancer diagnostics through liquid biopsy technology. While our findings offer 
substantial promise, further validation in larger cohorts is essential to ensure the model’s clinical applicability.
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