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Abstract 

Background  Esophageal squamous cell carcinoma (ESCC) is often diagnosed at an advanced stage due to the lack 
of non-invasive early detection tools, which significantly impacts patient prognosis. Given that glycosylation altera-
tions especially high sialylation and fucosylation, frequently occur during cellular malignant transformation, but their 
roles are not elucidated. We examined alterations in disease-specific glycosylated extracellular vesicles (EVs)-derived 
miRNAs in the serum of ESCC patients, evaluating their utility as diagnostic biomarkers.

Methods  A total of 371 ESCC and 303 healthy controls (HCs) were recruited in this multi-stage, multicentre case-con-
trol study. Fucosylated (Fuc-) and sialylated (Sia-) EVs were isolated utilizing Lentil lectin (LCA) and wheat germ lectin 
(WGA)-coated magnetic beads, respectively. The glycosylated EVs-derived miRNAs-based signature (RiskscoreFuc−&Sia−) 
was established through logistic regression in a training cohort and subsequently validated in an internal 
and an external multicentre cohort.

Results  The RiskscoreFuc−&Sia− effectively identified ESCC across all stages, demonstrating high AUC values in train-
ing (0.980), internal validation (0.957), and external multicentre validation (0.973) cohorts, markedly higher than car-
cinoembryonic antigen (CEA) (AUC = 0.769, training cohort; AUC = 0.749, internal validation cohort; AUC = 0.765, 
external validation cohort). Notably, this score exhibited robust accuracy in detecting CEA (-) ESCC cases (CEA < 5 ng/
ml) (AUC = 0.974, training & internal cohort; AUC = 0.973, external multicentre validation cohort). Additionally, it dis-
played strong efficacy in differentiating early-stage ESCC patients (AUC = 0.982, training cohort; AUC = 0.977, external 
multicentre validation cohort).
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Conclusions  Our study illustrates the effectiveness of glycosylated EVs capture strategy for isolating tumour-specific 
EVs. The unique glycosylated EVs-derived miRNAs-based signature shows the optimal potential as a biomarker 
for early detection of ESCC.

Keywords  Glycosylated EVs capture, miRNA, Liquid biopsy, Early diagnosis, Esophageal squamous cell carcinoma

Graphical Abstract

Background
Esophageal squamous cell carcinoma (ESCC) is pre-
dominantly found in non-western nations, with more 
than half of the global cases concentrated in China [1]. In 
2020, China reported 324,422 new cases of ESCC, posi-
tioning it as the sixth most frequently diagnosed cancer 
in the country [2]. Although advancements in treatment 
have been made, the five-year survival rate remains low, 
at 15% to 25%, due to late-stage diagnosis [3]. The con-
solation is that ESCC patients at early stage, who receive 
prompt treatment have a higher 5-year survival rate [4, 
5]. Thus, early detection and timely intervention are cru-
cial for enhancing the survival outcomes of individuals 
with ESCC.

At present, endoscopy and mucosal biopsy are con-
sidered to be effective diagnostic methods for ESCC, 
but they cannot be used for routine screening of ESCC 
patients due to disadvantages such as high cost, relatively 
complex operation and uncomfortable invasion experi-
ence [6]. In recent years, serological biomarkers, such as 
carcinoembryonic antigen (CEA), squamous cell carci-
noma antigen (SCC-Ag) continue to be the most exten-
sively researched and widely utilized markers in patients 
with ESCC [7–10]. However, both exhibit varying levels 
of sensitivity and specificity for identification and early 
differentiation of ESCC [7–10]. Therefore, novel diagnos-
tic strategies for the early detection of primary ESCC are 
urgently needed.

In recent years, the detection of circulating tumour cells 
(CTCs), circulating tumour DNA (ctDNA), and extracel-
lular vesicles (EVs) in liquid biopsy has garnered increas-
ing attention, with potential applications in early cancer 

detection and disease monitoring [11, 12]. Nonetheless, 
CTCs present challenges due to their scarcity, heteroge-
neity, and the complexities involved in their isolation and 
characterization [13]. Similarly, ctDNA is characterized by 
high fragmentation, low abundance, and instability, which 
constrain its utility [14, 15]. Conversely, EVs secreted by 
cancer cells possess cancer-specific components that can 
be readily isolated from bodily fluids. Furthermore, EVs 
offer significant advantages due to their abundant pres-
ence in plasma and other bodily fluids (10⁸-1013/ml), as 
well as their stability, ease of acquisition, and correlation 
with tumour characteristics [16, 17]. In recent years, EVs 
have garnered increasing attention as a promising bio-
marker source for the liquid biopsy of cancer. Therefore, 
how to effectively capture and enrich tumour-derived EVs 
followed by further identification of candidate EVs cargoes 
for tumours from the complex blood system is of great 
significance for improving the early diagnosis efficiency of 
patients with malignant tumours. Traditional separation 
methods are mainly based on the physical properties of 
EVs and cannot distinguish well between tumour-derived 
EVs and benign EVs [18, 19]. It’s interesting that in recent 
years abnormal glycosylations have been shown to be 
closely related to the occurrence, malignant differentia-
tion, metastasis, and development of tumours [20–22]. Of 
particular note are sialylation and fucosylation, two preva-
lent glycosylation modifications that have been extensively 
studied for their heightened expression in tumour cells 
and tumour-derived EVs, rendering their significant role in 
biomarkers for cancer development [23–25]. Our research 
team recently developed a diagnostic model for early 
detection of lung adenocarcinoma by isolating fucosylated 
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EVs [26]. Further investigation has revealed that increased 
levels of tumour-suppressing miR-4732-3p in serum fuco-
sylated EVs indicate a phenomenon termed "exosome 
escape," which may serve as a potential diagnostic indica-
tor for non-small cell lung cancer (NSCLC) and for moni-
toring the advancement of the disease [25]. It suggests that 
glycosylated EVs play a crucial role in the development and 
metastasis of cancer, so it holds promise for liquid biopsy-
based glycosylated EVs biomarker discovery for cancer 
diagnosis. Considering the increasing prevalence of ESCC 
and the challenges in its early diagnosis, this research con-
ducted a comprehensive exploration to thoroughly ascer-
tain the glycosylated EVs-derived miRNAs-based signature 
(RiskscoreFuc−&Sia−) for the early diagnosis of ESCC. After 
the identification of biomarkers, we meticulously validated 
these signatures in various independent patient cohorts 
and successfully developed an innovative liquid biopsy test 
for the early identification of individuals with initial-stage 
ESCC.

Methods
See the detailed in Methods in the Additional file1.

Results
Identification and selection of candidate miRNAs 
and potential differentially expressed miRNAs 
(pDEmiRNAs)
We successfully isolated EVs using glycosylation cap-
ture strategies. The automated workflow takes advan-
tage of tumour-derived EVs isolation, which greatly 
improves the speed, efficiency, and throughput (Addi-
tional file  1: Fig. S1). Comprehensive clinical data 
of the individuals involved in this study are summa-
rized in Table  1. To further explore the diagnostic 
value of glycosylated EVs-derived miRNAs in ESCC, 
we designed a five-step process, including biomarker 
discovery, screening, training, internal validation, and 
external validation (Fig.  1A). Detailed marker screen-
ing criteria and processes are shown in Additional 
file  1: Fig. S2. The sequencing data were normalized 
and summarized in Additional file 2: Table S1-2.

In the analysis of small RNA sequencing, a total 
of 1060 Fuc-EVs miRNAs were detected. Of these, 
27 miRNAs displayed varying levels of expression 
between the ESCC and HC groups, with 14 miRNAs 
showing upregulation (p < 0.05, and log2 FC > 1.5; 
Additional file  2: Table  S3). A volcano plot illustrat-
ing these miRNAs is presented in Fig. 1B. Additionally, 
hierarchical clustering of the 16 participants based on 
the expression levels of 10 Fuc-EVs-derived candidate 
miRNAs revealed two separate groups, as depicted in 
Fig.  1C. A total of 494 Sia-EVs miRNAs were identi-
fied, with 6 candidate miRNAs specifically obtained 

(p < 0.05, and log2 FC > 1.5; Additional file 2: Table S3). 
The volcano plots and clustering plots illustrating 
these miRNAs are depicted in Fig. 1D-E. Following the 
outlined criteria, 16 candidate miRNAs were identi-
fied, including 10 Fuc-EVs-derived miRNAs and 6 Sia-
EVs-derived miRNAs (Table 2).

Among the ten Fuc-EVs-derived candidate miRNAs, 
the quantities of miR-1228-5p, miR-6842-3p, miR-
582-3p, miR-548o-3p, miR-642a-3p, and miR-30e-3p 
still exhibited an upwards trend, while the expres-
sion levels of other candidate miRNAs remained 
unchanged (Additional file  1: Fig. S3A). RT-qPCR 
analysis also revealed significantly elevated levels of 6 
Sia-EVs-derived candidate miRNAs (miR-2110, miR-
425-5p, miR-939-5p, miR-652-3p, miR-874-3p, and 
miR-338-5p) in ESCC patients (n = 24) compared with 
healthy individuals in a screening cohort (p = 0.024, 
p = 0.0002, p = 0.0431, p = 0.0318, p < 0.0001, and 
p < 0.0001, respectively)( Additional file  1: Fig. S3B). 
Subsequently, a preliminary evaluation was carried 
out to determine the diagnostic potential of the candi-
date miRNAs within the screening cohort. A detailed 
overview of their diagnostic effectiveness is outlined in 
Additional file 1: Table S4. Based on established crite-
ria, four Fuc-EVs-derived miRNAs (miR-1228-5p, miR-
6842-3p, miR-30e-3p, and miR-642a-3p) and three 
Sia-EVs-derived miRNAs (miR-425-5p, miR-874-3p, 
and miR-338-5p) were categorized as pDEmiRNAs.

Evaluation of differentially expressed miRNAs (DEmiRNAs) 
in the training cohort and construction of diagnostic 
models
Consistent with the findings of the screening set, the 
pDEmiRNAs in the training sets exhibited consistent 
and significantly differential expression between ESCC 
patients and HCs (all p < 0.001, Additional file  1: Fig. 
S4A, C). Hence, we identified these seven pDEmiRNAs 
as DEmiRNAs, including four Fuc-EVs-derived miR-
NAs (miR-1228-5p, miR-6842-3p, miR-30e-3p, and 
miR-642a-3p) and three Sia-EVs-derived miRNAs (miR-
425-5p, miR-338-5p and miR-874-3p). We also analysed 
the expression levels of CEA and SCC-Ag and revealed 
that both were elevated in ESCC patients compared to 
HCs (Additional file 1: Fig. S4B). The seven DEmiRNAs 
demonstrated significant discriminatory power between 
the ESCC patients and HCs, as evidenced by the ROC 
curves (Additional file  1: Fig. S4D-E). The correspond-
ing AUCs were 0.869 for miR-642a-3p, 0.916 for miR-
6842-3p, 0.792 for miR-1228-5p, 0.684 for miR-30e-3p, 
0.762 for miR-425-5p, 0.829 for miR-338-5p, and 0.798 
for miR-874-3p, suggesting their potential for further 
evaluation through the development of logistic regres-
sion models (Additional file 1: Table S5).
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Based on the aforementioned validation results, three 
robust diagnostic models were further developed uti-
lizing logistic regression analysis. Remarkably, the 

glycosylated EVs-derived miRNA- based panels in the 
serum training cohort demonstrated exceptional diag-
nostic precision in patients with ESCC, with an AUC 

Fig. 1  The utilization of small RNA sequencing to identify glycosylated EVs-derived miRNAs for predicting patients with ESCC. A Flow diagrams 
showing the design of this study. B Volcano plot illustrates the significantly up and down regulated miRNAs derived from the Fuc-EVs discovery 
cohort (n = 16) based on the criteria (|log2 fold change|> 1.5, and p < 0.05). C Heatmap representing of 10 Fuc-EVs-derived candidate miRNAs 
in serum samples from Fuc-EVs discovery cohort (ESCC = 10, HC = 6). D Volcano plot displaying miRNAs significantly up and down regulated in ESCC 
vs HC from the Sia-EVs discovery cohort (n = 48). E Heatmap depicts the 6 markedly upregulated Sia-EVs-derived miRNAs among the patients 
with ESCC and HCs in the Sia-EVs discovery cohort (ESCC = 12, HC = 36)
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Fuc− of 0.940 (95% CI: 0.91–0.97), an AUC Sia− of 0.877 
(95% CI: 0.83–0.91), and an AUC Fuc−&Sia− of 0.980 (95% 
CI: 0.96–0.99) (Fig.  2A-F, Table  3). The diagnostic out-
comes and efficiency demonstrated in the training cohort 
warrant further validation through independent group 
evaluations.

Glycosylated EVs‑derived miRNA‑based panels robustly 
identified ESCC in an independent internal validation 
cohort and an external validation cohort from medical 
centres.
Subsequently, we verify the diagnostic performance of 
the built glycosylated EVs-derived miRNA-based panels 
in independent internal and external validation cohorts. 
In the internal validation cohort (HC = 45, ESCC = 60), 
the levels of biomarkers mirrored their expression trends 
observed in the training cohort, as depicted in Additional 
file 1: Fig. S5A-C. The findings revealed that the expres-
sion profiles of the seven glycosylated EVs DEmiRNAs 
as well as CEA linked to the external validation cohort 
(n = 177, with 105 ESCC patients and 72 healthy controls) 
were in full alignment with their expression patterns 
observed during the training phase and internal valida-
tion phase (Additional file  1: Fig. S6A-C). The relative 
expression heatmaps of Fuc-EVs- and Sia-EVs-derived 
DEmiRNAs in independent internal and external valida-
tion cohorts are shown in Fig. 3A-B, both of which can 
well distinguish ESCC patients from healthy controls. 
ROC analysis was then conducted to assess the efficacy 
of individual Fuc-EVs-derived DEmiRNAs, SCC, and 

Sia-EVs-derived DEmiRNAs in the diagnosis of ESCC in 
these two validation cohorts (Additional file 1: Fig. S5D-
E, Table S6-7).

Moreover, upon establishing the risk prediction equa-
tions in the training set, their diagnostic efficacy was sub-
sequently validated within this internal validation cohort. 
In line with the findings from the training set, the pan-
els of biomarkers continued to demonstrate exceptional 
performance in distinguishing individuals with ESCC 
from healthy controls, with an AUC Fuc− = 0.910, an AUC 
Sia− = 0.875, and an AUC Fuc−&Sia− = 0.957 in an internal 
validation cohort (Fig.  3C, Table  3).No doubt about it, 
our distinctive signatures still effectively identified ESCC 
from healthy subjects, with an AUC Fuc− = 0.925, an AUC 
Sia− = 0.874, and an AUC Fuc−&Sia− = 0.973 in an external 
validation cohort. (Fig. 3D, Table 3).

Glycosylated EVs‑derived miRNAs‑based signature 
(RiskscoreFuc−&Sia−) combines CEA in serum significantly 
improve diagnostic accuracy for ESCC
In routine clinical settings, SCC-Ag and CEA are 
commonly utilized as blood biomarkers for the man-
agement of patients with ESCC. Nevertheless, their 
limited sensitivity and specificity hinder their ability 
to effectively detect patients within a diverse popula-
tion [27]. Consequently, the investigation of integrat-
ing glycosylated EVs-derived miRNAs-based signature 
with these traditional markers was undertaken to 
improve diagnostic precision in clinical contexts. 
Accordingly, serum levels of SCC-Ag and CEA were 
assessed in various cohorts, and their diagnostic effi-
cacy for ESCC was also evaluated. Our data show that 
SCC-Ag has very poor diagnostic capabilities for ESCC 
[training cohort: AUC = 0.539(0.471-0.607); internal 
validation cohort: AUC = 0.561(0.451-0.671)] (Addi-
tional file  1: Table  S5-6). Interestingly, CEA showed 
relatively stable AUC value at all stages of diagnosis in 
ESCC patients, showing moderate diagnostic ability 
[training cohort: AUC = 0.769 (0.715-0.824); internal 
validation cohort: AUC = 0.749 (0.656-0.844); exter-
nal validation cohort: AUC = 0.765 (0.693-0.837)] 
(Fig. 4A-C, Additional file 1: Table S8). Therefore, we 
abandoned SCC-Ag and selected CEA for subsequent 
combined diagnostic studies. The results showed that 
in the training cohort, while CEA alone had an AUC 
of 0.769, combining it with our RiskscoreFuc−&Sia− led 
to a considerable enhancement in the aggregate diag-
nostic efficacy, achieving an AUC score of 0.989, was 
observed across all stages of patients with ESCC, and 
the advantages of this combination were also vali-
dated in internal validation cohort (AUC = 0.962) and 
external validation cohort (AUC = 0.983) (Fig.  4A-C, 
Additional file  1: Table  S8). These findings suggest 

Table 2  The candidate miRNAs from Fuc-EVs and Sia-EVs

miRNA base Mean log2FoldChange p value

Fuc-EVs-derived candidate miRNAs
  hsa-miR-1246 356.33 6.26  < 0.001

  hsa-miR-1228-5p 510.74 4.43  < 0.001

  hsa-miR-582-3p 4006.84 3.98  < 0.001

  hsa-miR-6842-3p 467.08 3.60  < 0.001

  hsa-miR-642a-3p 4200.31 3.59  < 0.001

  hsa-miR-28-3p 1815.53 3.38  < 0.001

  hsa-miR-30e-3p 709.87 2.58  < 0.001

  hsa-miR-151a-3p 656.36 2.41  < 0.001

  hsa-miR-548o-3p 391.14 2.25  < 0.001

  hsa-miR-148a-3p 19,341.39 2.07 0.014

Sia-EVs-derived candidate miRNAs
  hsa-miR-652-3p 37.97 2.65 0.01

  hsa-miR-338-5p 49.58 2.11  < 0.001

  hsa-miR-874-3p 30.01 1.96  < 0.001

  hsa-miR-425-5p 22,829.72 1.92  < 0.001

  hsa-miR-2110 31.11 1.63 0.01

  hsa-miR-939-5p 282.49 1.61  < 0.001
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that while our RiskscoreFuc−&Sia− demonstrates strong 
reliability by itself, its integration with CEA levels 
markedly enhances diagnostic precision overall. This 
underscores its applicability in the clinical screening of 
individuals with ESCC.

In the existing clinical framework, diagnosing patients 
with ESCC relies on techniques such as imaging, inva-
sive biopsy procedures, and, where applicable, surgi-
cal excision. Consequently, inaccuracies leading to false 
positives or negatives during the screening process can 

Fig. 2  Construction of glycosylated EVs DEmiRNAs-based signatures and assessment of their diagnostic abilities in training cohort. ROC curve 
analysis (95% CIs) reveals the performance of the RiskscoreFuc− (A), RiskscoreSia− (C), and RiskscoreFuc−&Sia− (E) in 160 ESCC and 120 HCs serum 
samples. The waterfall plot illustrates the RiskscoreFuc− (B), RiskscoreSia− (D), and RiskscoreFuc−&Sia− (F) distribution between serum samples of patients 
with ESCC and HCs in the training cohort
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Table 3  Summary of diagnostic performance of miRNA-based biomarker panel in the training and validation cohorts

AUC​ area under the curve, CI confidence interval, SE sensitivity, SP specificity, AC accuracy, NPV negative predictive value, PPV positive predictive value

Variable Training cohort, % (CI) Internal Validation cohort, % (CI) External Validation cohort, % (CI)

Fuc-EVs-
derived-
DEmiRNAs 
panel

Sia-EVs-
derived-
DEmiRNAs 
panel

Fuc-&Sia-
EVs-derived 
DEmiRNAs 
panel

Fuc-EVs-
derived-
DEmiRNAs 
panel

Sia-EVs-
derived-
DEmiRNAs 
panel

Fuc-&Sia-
EVs-derived 
DEmiRNAs 
panel

Fuc-EVs-
derived-
DEmiRNAs 
panel

Sia-EVs-
derived-
DEmiRNAs 
panel

Fuc-&Sia-
EVs-derived 
DEmiRNAs 
panel

AUC​ 0.940 (0.914-
0.966)

0.877(0.839-
0.915)

0.980(0.968-
0.993)

0.910(0.854-
0.963)

0.875(0.811-
0.939)

0.957(0.924-
0.991)

0.925(0.888-
0.963)

0.874(0.825-
0.923)

0.974(0.954-
0.993)

SE% 84.38 72.5 94.38 85 75 88.33 84.76 75.24 93.33

SP% 89.17 85.83 92.5 82.22 86.67 93.33 87.5 90.28 91.67

AC% 86.43 78.21 93.57 83.81 80 90.48 85.88 81.36 92.66

PPV% 91.22 87.22 94.38 86.44 88.24 94.64 90.82 91.86 94.23

NPV% 81.06 70.07 92.5 80.44 72.22 85.71 79.75 71.43 90.41

Youden 
Index%

73.54 58.33 86.88 67.22 61.67 81.67 72.26 65.52 85.00

Fig. 3  Performance evaluation of glycosylated EVs DEmiRNAs-based panels in an internal validation cohort and in an external validation cohort 
by RT-qPCR. A-B Representative heatmap of 7 DEmiRNAs in patients with ESCC versus non-disease controls in internal validation cohort (A), 
and in external validation cohort (B). C-D ROC curves analysis for the RiskscoreFuc−, RiskscoreSia−, and RiskscoreFuc−&Sia− in internal validation cohort 
(C), and in external validation cohort (D)
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detrimentally affect individuals subjected to these assess-
ments. Thus, the clinical value of different screening 
methodologies must be carefully weighed, balancing the 
potential harm against the diagnostic benefits. To assess 
the clinical relevance of our diagnostic model further, 
we conducted a decision curve analysis (DCA). The out-
comes from the DCA indicate that the RiskscoreFuc−&Sia− 
combined with CEA offered a superior net benefit vs the 
RiskscoreFuc−&Sia− alone in the training cohort across 
most ranges of threshold probability for diagnosis all 
stage of ESCC, suggesting a more favourable balance 
between risk and diagnostic yield (Fig. 4D).

In clinical practice, we often encounter ESCC patients 
with CEA < 5  ng/ml, and this proportion accounts 
for almost 80% of the total ESCC patients, and our 
data should also prove this. Notably, in our training 
& internal validation cohorts, there were 173 out of 
220 ESCC with a CEA level < 5  ng/ml. In our external 

validation cohort, this proportion reached a stagger-
ing 80% (84/105). Herein, we interrogated the ability of 
our RiskscoreFuc−&Sia− to identify ESCC in this cohort 
of CEA (-) ESCC cases (CEA < 5  ng/ml). Observations 
showed that our RiskscoreFuc−&Sia− demonstrated out-
standing diagnostic accuracy, presenting an AUC of 
0.974, a sensitivity rate of 93.06%, and a specificity rate 
of 91.52%. In contrast, CEA showed suboptimal results, 
with an AUC of 0.702, a sensitivity of 73.99%, and a 
specificity of 60.00% in this subgroup (Fig. 4E, Table 4). 
This diagnostic capability is also validated in our exter-
nal validation cohort with AUC value of 0.973, sensitiv-
ity of 90.48% and a specificity of 94.44% (Fig. 4F, Table 4). 
Overall, these results are encouraged and emphasize that 
our glycosylated EVs-derived miRNAs-based signature 
can provide a diagnostic approach with the potential to 
improve ESCC screening that can serve as a complement 
to CEA.

Fig. 4  Performance evaluation of the glycosylated EVs-derived miRNAs-based signature (RiskscoreFuc−&Sia−) in combination with CEA, 
and diagnostic potential evaluation by decision curve analysis. A-C ROC analysis compared the diagnostic performance of CEA combined 
with RiskscoreFuc−&Sia− and CEA alone for all stages of ESCC patients in training cohort (A), in internal validation cohort (B), and in external 
validation cohort (C). D Decision curve shows the net benefit curves for the RiskscoreFuc−&Sia− alone, CEA alone, and the combined CEA 
and the RiskscoreFuc−&Sia− in all stage ESCC patients from the training cohort. E–F Performance of RiskscoreFuc−&Sia− in 338 participants (173 ESCC 
and 165 healthy controls) from training and internal validation cohorts who presented with al CEA level less than 5 ng/ml (E) and validated in 156 
participants (84 ESCC and 72 healthy controls) from external validation cohort (F)
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The glycosylated EVs‑derived miRNAs‑based signature 
has a stronger ability to distinguish individuals with ESCC 
in the early stage (stage I & II) than the traditional marker 
CEA
Early detection of cancer is pivotal for improving sur-
vival rates in patients with ESCC. In this study, upon 
categorizing all ESCC patients into early (stage I and 
II) and late (stage III and IV) groups, it was noted that 
both groups of ESCC patients had relatively higher CEA 
and RiskscoreFuc−&Sia− compared to non-disease con-
trols in training cohort and external validation cohort 
(Fig. 5A, D). However, there was no significant difference 
in both levels between early and late ESCC (Fig. 5A, D). 
Hence, we further explored the diagnostic capability of 
our RiskscoreFuc−&Sia− in early-stage ESCC patients sys-
tematically. Result shown that CEA demonstrated some 
diagnostic efficacy in both initial and advanced stage 
ESCC in the training cohort (all AUC < 0.80) (Fig.  5B), 
which was also verified in the external validation cohort 
(Fig.  5E). It was intriguing to observe that our glyco-
sylated EVs-derived miRNAs-based signature yielded 
a remarkable AUC of 0.982 with a sensitivity of 94.60% 
and a specificity of 92.50% for identifying early-stage 
ESCC in training cohort (Fig. 5C and Table 5). The find-
ings were consistently validated in the external valida-
tion cohort, where the RiskscoreFuc−&Sia− maintained 
similar effectiveness, with an AUC of 0.977 (95% CI, 
0.960–0.995), with a sensitivity of 91.25% and a speci-
ficity of 94.44% for diagnosis in the patients with early-
stage ESCC (Fig.  5F and Table  5). It is noteworthy that 
our glycosylated EVs-derived miRNAs-based signature 
exhibited high sensitivity, potentially reducing missed 
diagnoses in early-stage ESCC. The outcomes under-
score the effectiveness of our glycosylated EVs-derived 
miRNAs-based signature in accurately detecting patients 
across all stages of ESCC, proving particularly powerful 
in pinpointing those at the earliest phases of the disease.

Discussion
Given the frequent association between changes in gly-
cosylation patterns of cells and the advancement of can-
cer, as well as the substantial presence of glycans in EVs 
derived from cancer cells [28, 29], the exploration of 
glycosylation patterns in tumour EVs has considerable 
potential for the discovery of new and dependable bio-
markers that are unique to tumour-related EVs [30]. In 
this research, an in-depth examination of miRNA levels 
in tumour-derived EVs was conducted using Fuc-EVs 
and Sia-EVs capture strategies. Then, we established and 
validated three preoperative, serum-based, glycosylated 
EVs-derived miRNA-based panels (the Fuc-EVs-derived 
DEmiRNAs panel, Sia-EVs-derived DEmiRNAs panel, 
and Fuc-&Sia-EVs-derived DEmiRNAs panel), demon-
strating exceptional precision in diagnosing individu-
als with ESCC. Furthermore, our Fuc-&Sia-EVs-derived 
DEmiRNAs panel demonstrated strong efficacy in iden-
tifying patients with early-stage ESCC, or CEA (-) ESCC 
patients (CEA < 5 ng/ml) from healthy controls.

The exploration of isolation methods for EVs has 
been extensive in various cell culture supernatants and 
bodily fluid samples, driven by their potential diagnos-
tic utility in diseases [31–35]. Traditional approaches 
for EVs isolation focus on size and buoyancy den-
sity, including ultracentrifugation (UC), size exclusion 
chromatography and filtration, to name a few [36–38]. 
However, these approaches depending on physical prop-
erties are currently absent from effectively distinguish-
ing tumour-derived EVs, and the extraction process is 
time-consuming. Nevertheless, how to efficiently enrich 
tumour-derived EVs miRNAs from serum is an ongoing 
barrier to the potential application of EVs miRNAs in 
ESCC detection, particularly for early-stage diagnosis.

In recent years, multiple evidence has suggested that 
EVs are severely glycosylated and contain high con-
centrations of specific glycoconjugates [39, 40]. More 

Table 4  Summary of diagnostic performance of glycosylated EVs-derived miRNAs-based signature for identification of CEA (-) ESCC 
cases in the training and validation cohorts

CEA (-) CEA < 5 ng/ml, AUC​ area under the curve, CI confidence interval, SE sensitivity, SP specificity, AC accuracy, NPV negative predictive value, PPV positive predictive 
value

Variable Training & Internal Validation cohort (ESCC = 173, HC = 165) External Validation cohort (ESCC = 84, 
HC = 72)

CEA RiskscoreFuc-&Sia- CEA RiskscoreFuc-&Sia-

AUC​ 0.702 (0.647-0.758) 0.974 (0.960-0.988) 0.711 (0.627-0.795) 0.973 (0.952-0.995)

SE% 73.99 93.06 72.62 90.48

SP% 60.00 91.52 70.83 94.44

AC% 67.16 92.31 71.80 92.31

PPV% 65.98 92.00 74.39 95.00

NPV% 68.75 92.64 68.92 89.47

Youden Index% 33.99 84.58 43.45 84.92
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specifically, research has demonstrated notable varia-
tions in abnormal salivation or fucosylation across vari-
ous cancer types, including colon, ovarian, pancreatic, 
colorectal, lung, melanoma, and oral cancers [41, 42]. In 
addition, many studies have shown that abnormal glyco-
sylation of EVs can affect the sorting and efflux of their 
cargoes [43]. It has been reported that wheat germ lectin 

(WGA) has high specificity and affinity for all sialic acid 
bonds, including α2, 6-chain, α2, 3-chain, and polysialic 
acid [41, 42], while fucose has shown specific affinity 
for LCA [42]. In addition, other lectins have also shown 
strong ability to bind to specific glycans [44–46]. There-
fore, abnormal glycosylation based on cell surface or EVs 
surface is a favourable biomarker. By utilizing Fuc-EVs 

Fig. 5  The glycosylated EVs-derived miRNAs-based signature (RiskscoreFuc−&Sia−) has a stronger ability to distinguish individuals with ESCC 
in the early stage (stage I & II) than the traditional marker CEA. The levels of RiskscoreFuc−&Sia− and CEA in healthy controls, early-stage, and late-stage 
patients with ESCC from the training cohort (A), and external validation cohort (D). B-C ROC curve analysis for CEA (B) or RiskscoreFuc−&Sia− (C) 
to identify early-stage (I & II), late stage (III & IV) ESCC patients from healthy controls in training cohort. E–F ROC curve analysis for CEA (E) 
or RiskscoreFuc−&Sia− (F) to identify early-stage (I & II), late stage (III & IV) ESCC patients from healthy controls in external validation cohort. ns p > 0.05 
and *** p < 0.001

Table 5  Summary of early diagnostic performance of RiskscoreFuc−&Sia− in the training and external validation cohort

AUC​ area under the curve, CI confidence interval, SE sensitivity, SP specificity, AC accuracy, NPV negative predictive value, PPV positive predictive value

Variable Training cohort, % (CI) External validation cohort, % (CI)

CEA RiskscoreFuc−&Sia− CEA RiskscoreFuc−&Sia−

AUC​ 0.762 (0.702-0.823) 0.982 (0.970-0.994) 0.768 (0.692-0.845) 0.977 (0.960-0.995)

SE% 79.28 94.60 78.75 91.25

SP% 61.67 92.50 70.83 94.44

AC% 70.13 93.51 75.00 92.76

PPV% 65.67 92.11 75.00 94.81

NPV% 76.29 94.87 75.00 90.67

Youden Index% 40.95 87.10 49.58 85.69
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and Sia-EVs capture strategies involving specific lectins 
such as WGA and LCA coupled to magnetic beads, we 
successfully enriched tumour-derived EVs from ESCC 
cells, as evidenced by the notably higher particle num-
ber ratios isolated from ESCC cells as compared to those 
from normal cells (Additional file 1: Fig S1). Interestingly, 
in serum total EVs isolated by the UC method, there was 
no statistical difference in the expression of Fuc-&Sia-
EVs-derived DEmiRNAs between normal subjects and 
ESCC patients (Additional file  1: FigS7), further con-
firming the specificity of our glycosylated EVs strategies. 
Furthermore, this study utilized automated extraction 
methods for glycosylated EVs and EVs-derived miR-
NAs, demonstrating efficiency, rapidity, and controlla-
bility at the experimental scale. Moreover, the adoption 
of RT-qPCR for miRNA analysis, recognized as the gold 
standard for nucleic acid quantification and commonly 
employed for multigene detection, enhances the trans-
latability of our glycosylated EVs-derived miRNAs-based 
signature to molecular diagnostic analysis for clinical 
applications. Additionally, in this investigation, tumour-
derived EVs were effectively isolated from serum through 
the LCA or WGA coated magnetic beads, which was also 
reflected in the enrichment of pathways in our model 
miRNA target genes, almost all of which are involved in 
the development of tumours (Additional file 1: FigS8-9). 
Prior research has demonstrated that EVs exhibit selec-
tive cargo enrichment, leading to distinct proteomic, 
transcriptomic, and lipidomic expression profiles [28]. 
Furthermore, the biomolecular composition of EVs var-
ies according to their cellular origin, with notable differ-
ences observed between EVs derived from healthy and 
diseased states [47]. Consequently, the expression of 
glycosylated EVs in miRNA profiles is expected to differ 
significantly across various tumour types, a phenomenon 
corroborated by our previous investigations [26]. Con-
sequently, this research will offer robust theoretical and 
empirical support for the development of early diagnos-
tic models for multiple cancers. In addition, the develop-
ment of specific drug resistance targets and the dynamic 
monitoring of cancer patients also have important appli-
cation prospects. Collectively, our findings indicate that 
the technique of capture with fucose stands out for its 
dependability, efficiency, and ease, serving as an effective 
strategy for the segregation of tumour-derived EVs from 
serum. This finding paves the way for a potentially inno-
vative method for the early detection of cancer (not just 
ESCC) through the analysis of serum glycosylated EVs 
miRNAs.

The isolation of glycosylated EVs, as an emerging liquid 
biopsy technique, presents significant challenges in clini-
cal translation. In this study, we adopted the principles 
of automated nucleic acid extraction used in laboratory 

settings and integrated processes such as incubation, 
washing, and elution. This led to the development of a 
high-throughput and programmable method for the sep-
aration of glycosylated EVs. This method enhances the 
consistency and efficiency of sample processing, thereby 
ensuring reliable and uniform test results across various 
medical institutions and establishes a robust foundation 
for its widespread implementation and application [26]. 
Currently, the primary challenge is the cost, primar-
ily attributed to the use of high-quality lectins, which 
leads to a higher cost per sample compared to conven-
tional tumour markers such as CEA and SCC-Ag in 
large-scale applications [7]. Nonetheless, it is anticipated 
that advancements in technology will address this issue. 
Despite these challenges, the following studies based on 
this technology remains feasible: 1. Development of bio-
logical targets in diverse populations: Implement recruit-
ment strategies that encompass a wide range of patient 
demographics, including various age groups, genders, 
and geographic regions. Conduct multi-center pro-
spective clinical studies to identify potential biomark-
ers or feature combinations through big data analytics, 
aiming to optimize diagnostic models and mitigate 
population bias. 2.Consideration of the overall cancer 
staging involves in a comprehensive focus on the entire 
disease trajectory. This includes the early detection of 
glycosylated EV micro-tumour signals to facilitate pre-
cise screening and the routine screening of high-risk 
populations. In the intermediate stages, it is crucial to 
monitor the effects of combined treatments, assess thera-
peutic efficacy, and predict potential recurrence. In the 
later stages, identifying drug resistance information is 
essential to support personalized treatment strategies. 
This approach spans all phases of diagnosis and treat-
ment, thereby enhancing clinical value. In this study, we 
successfully developed a glycosylated EVs-based miR-
NAs model through a multi-step screening and valida-
tion process. However, we acknowledge the potential for 
selection bias, as certain miRNAs with relatively poor 
performance, such as miR-2110 and miR-582-3p, were 
excluded from the diagnostic model. The suboptimal 
performance and subsequent exclusion of these miRNAs 
may be attributed to biological factors, such as the dis-
ruption of expression stability within the intricate regu-
latory network of the tumour microenvironment, which 
may be influenced by tumour heterogeneity. From a 
technical analysis standpoint, the sample processing pro-
cedures, including systematic errors in reverse transcrip-
tion and quantitative PCR amplification, may exacerbate 
detection noise. This noise can obscure potentially weak 
yet genuine miRNA signals, ultimately resulting in sub-
optimal diagnostic performance across different cohorts. 
In short, we should face up to their existence and 
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shortcomings, not only to provide improved targets for 
subsequent studies to optimize diagnostic models, but 
also to avoid the risk of one-sided interpretation caused 
by focusing only on advantageous markers.

Numerous studies have increasingly demonstrated that 
alterations in glycosylation are not only associated with 
tumour development but also contribute to tumorigen-
esis [41, 48–51]. For example, recent findings indicates 
that modifications in cell surface sialylation play a role in 
enhancing the metastatic and invasive potential of hepa-
tocellular carcinoma (HCC), gastric cancer (GC), and 
colorectal cancer (CRC) by facilitating epithelial-mesen-
chymal transition (EMT) [52, 53]. Alterations in mucin 
sialylation have been reported to be responsible for the 
decline of mucosal protection, thereby contributing to 
the onset of gastric cancer [54]. In the context of GC, sia-
lylation further facilitates the adhesion of Helicobacter 
pylori to the gastric mucosa, thereby promoting the pro-
gression of the disease [55]. Furthermore, elevated levels 
of sialylation in tumour cells can modify the expression 
of sialic acid-binding immunoglobulin-type lectin ligands 
on the surfaces of various immune cells, thereby facilitat-
ing immunosuppressive signalling and enabling cancer 
cells to evade detection and elimination by the immune 
system [41, 56, 57]. In addition to sialylation, increased 
fucosylation is also a prevalent characteristic observed 
in cancer development and progression. Recent studies 
have identified FUT8, an enzyme responsible for core 
fucosylation, as a significant driver of melanoma metas-
tasis [58]. Furthermore, aberrant elevations of fucosyla-
tion levels in breast, colorectal, and pancreatic cancers 
have been shown to influence metastatic potential by 
enhancing tumour cell interactions with selectin-express-
ing leukocytes, platelets, and endothelial cells [52, 59, 60]. 
Although the underlying mechanisms linked to altera-
tions in glycosylation, particularly sialylation and fuco-
sylation, with the progression of variety of cancers are 
well-documented, the functional pathways and poten-
tial mechanisms regulated by abnormal glycosylation in 
ESCC have not yet been reported up to now, and further 
exploration is needed in our future study.

There are also some defects or challenges in the cur-
rent study. First, although the prediction model based 
on glycosylated EVs-derived miRNAs has been effective 
in identifying cases of ESCC, the model specificity of 
ESCC compared to other cancer types still needs further 
investigation. An additional constraint of our investiga-
tion was the focus on miRNA markers found to be highly 
expressed only in ESCC, which may not fully represent 
the complexity of the disease. In addition, although the 
enrolled ESCC patient cohort is close to the regional epi-
demiological data in terms of age, gender, etc., there are 

still potential bias effects. Therefore, while our miRNA 
panel diagnostics are effective in detecting ESCC, it is 
important to recognize the occurrence of false-positive 
outcomes in a portion of the patient population.

Conclusions
In our pioneering study, we effectively isolated and 
enriched tumour-specific EVs from patient serum sam-
ples using an advanced glycosylated EVs capture strategy. 
Building upon this initial finding, we curated a panel of 
seven miRNAs, shows the optimal potential as a bio-
marker for early detection of ESCC.
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