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Urinary extracellular vesicle N-glycomics
identifies diagnostic glycosignatures for
bladder cancer

Yang Li1,4, Bin Fu 1,4, Maoyu Wang2, Weiyu Chen1, Jiawei Fan1, Yueyue Li1,
Xuejiao Liu1, JunWang1, Zhensheng Zhang2 , Haojie Lu1,3 & Ying Zhang 1,3

Bladder cancer (BC) is the most common urologic malignancy, facing enor-
mous diagnostic challenges. Urinary extracellular vesicles (EVs) are promising
source for developing diagnostic markers for bladder cancer because of the
direct contact between urine and bladder. This study pioneers urinary EV
N-glycomics for bladder cancer diagnosis. We have generated a comprehen-
sive N-glycome landscape of urinary EVs through high-throughput N-glycome
analysis, identifying a total of 252 N-glycans from 333 individuals. In bladder
cancer patients, urinary EVs exhibit decreased fucosylation and increased
sialylation level. An Eight N-glycan diagnostic model demonstrates strong
performance in both validation cohorts, achieving ROC AUC values of 0.88
and 0.86, respectively. Furthermore, this model successfully differentiates
both non-muscle invasive bladder cancer (NMIBC) and muscle-invasive blad-
der cancer (MIBC) from healthy individuals, underscoring the model’s super-
iority. Moreover, urinary EVs N-glycoproteomic analysis reveals that the
glycoproteins carrying cancer-associated N-glycan signatures are closely
associated with immune activities. The N-glycome comparative analysis of EVs
and their source cells indicate that the glycosylation profiles of EVs do not
completely match the glycosylation backgrounds of their source cells. In
summary, our study establishes urinary EV N-glycomics as a non-invasive BC
screening tool and provide a framework for EV glycan biomarker discovery
across cancers.

Bladder Cancer (BC) represents the most common malignant tumors
within the urinary system1. In 2022, worldwide incidence of BC was
reported at approximately 614,000 new cases, with 220,000 deaths2.
According to the depth of invasion into the bladder wall, BC can be
classified into two principal categories including non-muscle invasive
bladder cancer (NMIBC) and muscle-invasive bladder cancer (MIBC).
NMIBC represents about 75% of cases and notorious for its high
recurrence risk, with 50% to 70% of patients experiencing recurrence
withinfive years andpotential progression toMIBC,whichnecessitates

frequent monitoring3. MIBC accounts for the remaining 25%, char-
acterized by a higher metastasis risk and a significantly lower five-year
survival rate, often below 10%, requiring regular assessment to update
patient conditions4.

Clinically, cystoscopy, urine cytology, and imaging techniques
constitute the common modalities for diagnosing BC. Cystoscopy,
regarded as the gold standard for diagnosing BC, is an inherently
invasive procedure that often results in significant discomfort.5 How-
ever, cystoscopy is inevasibly invasive and causes unbearable
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discomfort. Urine cytology, while non-invasive, shows low sensitivity,
especially for low-grade cancers6,7. Imaging techniques like ultra-
sonography, computed tomography (CT), computed tomography
urography (CTU) and others help in determining the extent of lesions
but shares the low sensitivity issue8. During the past decades, several
urine-derived markers, including nuclear matrix protein 22 (NMP22),
bladder tumor antigen tests (BTA stat and BTA trak), immuno-cyto-
metry, fibrinogen degradation products, and urinary fluorescence in
situ hybridization (FISH), have been developed to improve the diag-
nosis of BC9,10. Despite their enhanced sensitivity, these markers still
fall short for low-grade cancers and do not eliminate the need for
cystoscopy. They also exhibit low specificity, getting affected by con-
ditions like stones, limiting their clinical adoption11. Moreover, benign
diseases and other malignant tumors of the urinary system can also
confound the diagnosis of BC. Consequently, currently clinical diag-
nostic methods still fail to fulfill the actual needs for frequent exam-
inations, necessitating the further development of diagnosticmarkers.

Liquid biopsy, owing to its non-invasive nature and broad
applicability in the field of precisionmedicine, has garnered increasing
attention12. Urine, compared with other body fluids such as plasma,
serum, and cerebrospinal fluid, has been acknowledged as an ideal
source for the development of liquid biopsy techniques, owing to its
relatively simple composition and easy accessibility. For the develop-
ment of diagnosticmarkers for bladder cancer, urine stands out as the
optimal choice, primarily because it not only frequently comes into
direct contact with the bladder mucosa and bladder tumors but also
offers advantages such as being noninvasive, easily obtainable
repeatedly, and circumventing special compliance13. Meanwhile,
extracellular vesicles (EVs) are vesicles encapsulated by a double
membrane and released by nearly all cell types, found extensively in
various body fluids14. EVs represent a valuable source of biomarkers,
not only reflecting the physiological and pathological status of their
origin cells but also influencing cancer invasion, metastasis, and
progression15–17. For instance, Braun et al. demonstrated bioprocess
changes during renal transplantation and identified the prognostic
marker phosphoenol pyruvate carboxykinase (PCK2) through an
unbiased proteomic analysis of urinary EVs in renal transplant living
donors and recipients18. Xu et al. found extracellular matrix protein 1
(ECM1) protein levels in circulating sEVs are markedly elevated in
obesity individuals. And the increased ECM1 in sEVs, facilitated by
integrin-β2, enhances the invasive andmigratory capabilities of breast
cancer cells, promoting cancer progression and metastasis in obese
conditions19. Furthermore, urinary EVs, originating from kidney,
bladder, and genitourinary tract cells, possess the potential to mirror
the health status of the bladder and other urinary organs, thereby
serving as an ideal marker source20.

Glycosylation, a crucial post-translational modification, plays a
key role in cell surface recognition, signaling, and intercellular
interactions21. Aberrant glycosylation patterns have been linked to the
onset of various diseases, including BC22–26. Yet, the exploration of
disease markers through glycosylation changes in urinary EVs remains
overlooked. Thus, by analyzing the N-glycan composition of urinary
EVs, we expect to unveil glycosylation pattern changes associatedwith
BC, which not only aids in deciphering the molecular mechanisms of
BC but also paves the way for diagnostic tool development.

In this work, we advance the development of BC diagnostic mar-
kers through urinary EVs N-glycomics, representing the largest clinical
cohort study in BC glycosylation research. By analyzing urinary EVs
N-glycomes across 333 individuals, we obtain a comprehensive
N-glycome profile. Utilizing this foundation, eight potential glycan
markers are identified through differential analysis among four sample
groups in the discovery cohort: BC patients, urologic-associated
Benign patients (UB), patients with urologic malignancies (UM) and
healthy controls (HC). Machine learning techniques are employed to
build a diagnostic model, validated in two independent validation

cohorts with ROC AUC values of 0.88 and 0.86, respectively, demon-
strating its robust diagnostic capability. Our research establishes a
groundwork for developing EV-based glycoassays for BC screening in
clinical settings and offers insights into novel biomarker development
for various cancers.

Results
Patients, sample collection, and study design
The workflow of this study is shown in Fig. 1. Urine samples from 333
clinical individuals were collected and the clinical characteristics of
these participants are presented in Supplementary Data 1. In the dis-
covery cohort, we included a total of 132 individuals for screening of
N-glycan candidatemarkers. The diagnosticmodel was developed and
validated in two independent clinical cohorts (validation cohort 1:
n = 83; validation cohort 2: n = 118). First, EVs were isolated from 1mL
urine using the EVTrap beads. This EVTrap beads have a high affinity
toward EVs because of the combination of hydrophilic and aromatic
lipophilic groups modified on beads27. Compared with the traditional
EV isolation methods, it is easier to perform and more time-efficient,
making it more suitable for large cohort studies. Immediately there-
after, N-glycans were enriched using a high-throughput sample pre-
paration method developed by our groups on a 96-well plate. In
addition, we randomly selected 45 samples from all participants and
pooled them to serve as quality control (QC) samples during thewhole
experimental process. We investigated the experimental stability of
our workflow by repeated measurements of the QC samples. Finally,
the N-glycome data for each individual were acquired using MALDI-
TOF-MS. Throughout the experiment, a total of 252 N-glycans were
identified. By analyzing theN-glycomedata from 132 individuals across
four sample groups during the discovery phase, a comprehensive
N-glycome map of urinary EVs was generated. Then, differential ana-
lysis was used to explore N-glycome alterations in urinary EVs of
bladder cancer patients and to identify the potential glycan markers
for diagnostic model construction. The diagnostic model was further
evaluated in two validation cohorts, demonstrating its efficacy in dis-
tinguishing between bladder cancer patients and healthy individuals.

Characterization of EVs and quality control
During the discovery phase, four subgroups comprising 45 BC sam-
ples, 31 UB samples, 25 UM samples, and 31 HC samples were included.
The characteristics of these participants, including identified
N-glycans number, sex, age, BMI, hematuria, urinary tract infection
status, TNM staging, and histologic grading, are as shown in Fig. 2a.
First, we characterized the isolated EVs by nanoparticle tracking ana-
lysis (NTA), Western blot (WB), and transmission electron microscopy
(TEM). The diameter distribution of EVs isolated from the four clinical
sample groups ranged from40 to 200nm (Fig. 2b).WB results showed
the enrichment of EV markers (CD9, CD81, and TSG101) and the
absence of non-EV markers (Calnexin) (Fig. 2c). These results verified
the high purity of urinary EVs in four groups. Under TEM, the isolated
EVs appeared as disc or teat-like vesicle structures (Fig. 2d–g). These
results attest to the high quality of the isolated urinary EVs, suitable for
downstream analysis.

Before the differential analysis of urinary EV N-glycome, the
quality of the experimenting procedures was assessed on the QC
samples. Quality control analysis showed a strong correlation among
QC samples, with all Pearson’s correlation coefficients (r) exceeding
0.80. The median r value of QC samples achieved 0.93 (Fig. 2h), indi-
cating the mass spectrometry instrument’s high stability throughout
the workflow. Moreover, the intensity distributions of these QC sam-
ples revealed robust stability across the entire experiment (Supple-
mentary Fig. 1a). In the discovery cohort, QC samples revealed a
median coefficient of variation (CV) of 17.1% for N-glycans (Supple-
mentary Fig. 1b, Fig. 2i). These results indicate the high stability of our
instruments and the reliability of our experimenting procedures. The

Article https://doi.org/10.1038/s41467-025-57633-9

Nature Communications |         (2025) 16:2292 2

www.nature.com/naturecommunications


Discovery cohort Clinical Info
Age     Sex BMI

HC(n=31) UB(n=31) UM(n=25) BC(n=45)

HC(n=36) BC(n=47)

HC (Healthy control)

UM (Urologic-associated malignancy)
UB (Urologic-associated benign diseases)

BC (Bladder cancer)

Sample
QC

m/Z

In
te

ns
ity

Extracellular 
Vesicles 

Enrichment 

High-
throughput 

sample 
pretreatment

MALDI-MS 
detection

1 mL 
Urine

Gal Neu5Ac FucoseGlcNAc Man

Released 
N-glycans

branching

TypeSialic acid

Fucose

Log2(FoldChange)

-L
og

10
(p

va
lu

e)

Model Selection
Biomarker Panel

Model Evaluation

D
is

co
ve

ry
 a

nd
 s

cr
ee

ni
ng

 o
f b

io
m

ar
ke

rs
 

Va
lid

at
io

n 
of

 b
io

m
ar

ke
rs

Ex
pe

rim
en

ta
l w

or
kf

lo
w

High
51%

Low
49%

Multi
17%

Mono
41%

No
42%

Tetra 2%
Tri
8%

Bi
32%

Mono
22%

No
37%

HC UM UB BC
H3N7F2
H5N4S2
H6N5S3
H4N3S1
H5N5S1
H6N5S2
H6N5S1
H6N5F2S3
H5N4F1
H4N4F1
H5N5F1S2
H6N3S1
H5N3S1
H10N2
H4N5F1S1
H5N6F1S2
H3N6F1
H6N6F1
H6N6F2
H5N5F2
H6N6

z−score

−1
−0.5
0
0.5
1

Complex/Hybrid
93%

High−Mannose 7%

H4N3S1
H4N4F1H5N3S1

H5N4F1

H5N4S2H5N5F1S2

H5N5S1

H6N5S3

0

5

10

−1 0 1 2

50%

60%

70%

80%

90%

100%

H
4N

3S1
H

4N
4F1

H
5N

3S1
H

5N
4F1

H
5N

4S2
H

6N
3S1

H
6N

5S2
H

6N
5S3

H
5N

5F1S2
H

5N
5S1

H
6N

5S1
H

6N
6F1

H
6N

6F2
H

3N
6F1

H
4N

5F1S1
H

5N
5F2

H
3N

7F2
H

5N
6F1S2

H
6N

6
H

6N
5F2S3

H
10N

2

Glycan

Pr
op

or
tio

n Detected
FALSE

TRUE

Accuracy F1 score ROC AUC

0.25 0.50 0.75 1.00 0.25 0.50 0.75 1.00 0.25 0.50 0.75 1.00

Baseline

Decision Tree

LDA

QDA

Logistic Regression

Naive Bayes

XGBoost

KNN

SVM

Random Forest

Score

EVTrap

Machine LearningDifferential AnalysisLandscape of N-glycans

HC(n=30) UB(n=30) UM(n=29) BC(n=29)

Valdation cohort 2Valdation cohort 1

0.00

0.25

0.50

0.75

1.00

0.00 0.25 0.50 0.75 1.00
1 − specificity

se
ns

iti
vi

ty

Validation 1

Validation 2
AUC = 0.88

p = 1.6e−10

0.0

0.3

0.6

0.9

1.2

BC HC

EV
G

sc
or

es

p = 6e−07

0.0

0.3

0.6

0.9

1.2

BC HC

EV
G

sc
or

es

AUC = 0.86

Fig. 1 | Schematic overview of the study. The urine samples from 333 individuals
were collected for EV isolation. Alterations in the urinary EVs N-glycome among
urologically related diseases and healthy individuals can unearth potential diagnostic
markers for bladder cancer. In the discovery phase, 132 samples were classified into
four subgroups: bladder cancer (BC, n=45), urologic-associated benign patients (UB,
n=31), patients with other urologic malignancies (UM, n=25) and healthy controls
(HC, n= 31). By analyzing the N-glycome data in the discovery cohort, the N-glycome

profiles of urinary EVswere constructed. Then, a bladder cancer diagnosticmodel was
constructed using logistic regression algorithms. The diagnostic model was subse-
quently evaluated and validated in two validation cohorts (Validation cohort 1: n=83;
BC, n=47; HC, n=36; Validation cohort 2: n= 118; BC, n=29; UB, n= 30; UM, n= 29;
HC,n= 30;). Blue square: N-acetylglucosamine (GlcNAc); green circle:mannose (Man);
yellow circle: galactose (Gal); purple diamond: N-acetylneuraminic acid (Neu5Ac); red
triangle: fucose (Fuc). Created with BioRender.com.
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representative of three independent experiments. Source data are provided as a
Source Data file.
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biological inter-sample CVs weremarginally higher, showing a median
of 57.6% (Supplementary Fig. 1b, Fig. 2i). These results also indicate the
stability of the procedure and suggest that technical variability was
much lower than biological variability, thus proving the variance
induced by experiments was trivial for meaningful biological patterns
to emerge.

A comprehensive landscape of the N-Glycome profiles in
urinary EVs
A total of 252 N-glycans were identified in urinary EVs across four
sample groups (n = 132). The average number of N-glycans identified
were 114 in the BC group, 133 in the UB group, 140 in the UM group,
and 143 in the HC group (Fig. 3a). Significantly more N-glycans were
identified in HC group than in the BC group (p = 5.15 × 10−8). Similarly,
the average number of N-glycan identifications for BCwas significantly
lower compared to the other twogroups (p = 7.60 × 10−4, 9.55 × 10−6 for
UB and UM group, respectively). Moreover, no significant difference
was observed in the average number of N-glycans identified between
theHCgroup and theUB andUMgroups (p = 0.29, 0.50 forUB andUM
group, respectively). In total, 219, 226, 219, and 226 N-glycans were
respectively identified in the BC, UB, UM, and HC groups. Of all iden-
tified, 194 N-glycans (77.0%) were present in all four groups, and over
90% N-glycans were found in two or more subgroups (Fig. 3b). A
comprehensive landscape of the N-Glycome profiles in urinary EVswas
generated.

The characterization of the N-glycome of urinary EVs was further
analyzed, focusing on the diversity of identified N-glycan types. Of the

252 identified N-glycans, 70.2% exhibited high branching structures
(HexNAc>4).Of thosewith highbranching structures, 59.3%contained
sialic acids, while only 37.3% of the low branching N-glycans were sia-
lylated. Additionally, 133 glycans were sialylated, slightly surpassing
those asialylated. More than 70.0% of the N-glycans exhibited fuco-
sylation. Furthermore, regarding N-glycan glycosylation types, 97.6%
were of the hybrid or complex types, with aminor fraction being high-
mannose type (Fig. 3c).

Next, we performed further comparative analysis for urinary EV
N-glycome. For a more robust statistical implication, we removed
N-glycans with a missing value rate above 50% across samples. After
that, a total of 130 N-glycans was retained for subsequent quantitative
analysis (Supplementary Fig. 2). Detailed information, including the
N-glycans composition, mass-to-charge ratios, is shown in Supple-
mentary Data 2. The N-glycome characteristics of the four groups (BC,
UB, UM, and HC) were further analyzed separately. We aggregated
N-glycans with similar structures and categorized them into 26 cate-
gories to explore more global changes in urinary EV N-glycome
(Categorical features are defined in Supplementary Table 1). It is worth
noting that only five categories (low-branching and asialylated N-gly-
cans, low-branching and fucosylated N-glycans, high-branching and
afucosylated N-glycans, mono-sialylated and tri-sialylated N-glycans)
showed no significant differences across the four groups, whereas the
remaining 21 categories exhibited significant variations (Supplemen-
tary Fig. 3). Regarding N-glycosylation types, high-mannose type
N-glycans distributed similarly across the four groups, with percen-
tages of 5.7%, 6.7%, 7.1%, and 6.9%, respectively. Complex or hybrid

p = 5.15e−08

p = 9.55e−06

p = 0.00076

75

100

125

150

175

HC UM UB BC
Group

M
ea

n 
G

ly
ca

n 
C

ou
nt

da b

c

HC

BC UM

UB

11
(4.4%)

2
(0.8%)

3
(1.2%)

7
(2.8%)

3
(1.2%)

3
(1.2%) 2

(0.8%)

2
(0.8%)

2
(0.8%)

2
(0.8%)

2
(0.8%)

7
(2.8%)

6
(2.4%)

6
(2.4%)

194
(77.0%)

High Branching Has Sia Has Fuc High−mannose
0

50

100

150

200

250

nu
m

be
r o

f N
-g

ly
ca

ns

Yes

No

Yes

No

Yes

No

Yes

No

−0.75 −0.45 −0.07 0.81

−0.69 −0.31 −0.12 0.72

−0.64 −0.36 −0.13 0.73

−0.65 −0.34 −0.10 0.71

−0.60 −0.39 −0.08 0.68

−0.53 −0.34 −0.14 0.65

−0.36 −0.34 −0.10 0.50

−0.22 −0.29 −0.12 0.40

−0.20 −0.06 0.05 0.14

0.01 −0.12 0.11 −0.01

0.11 −0.11 −0.09 0.05

0.06 0.38 −0.04 −0.23

0.17 0.01 0.22 −0.27

0.17 0.41 0.14 −0.44

0.22 0.28 0.12 −0.39

0.56 −0.04 −0.12 −0.28

0.36 0.34 0.10 −0.50

0.40 0.28 0.07 −0.48

0.49 0.27 −0.06 −0.44

0.63 0.21 −0.01 −0.55

0.67 0.18 0.11 −0.64

0.60 0.22 0.24 −0.71

0.63 0.49 0.10 −0.77

0.69 0.31 0.12 −0.72

0.75 0.45 0.07 −0.81

0.78 0.42 0.08 −0.83

z−score

Low−branching

Afucosylated

Sialylated but afucosylated

Low−branching and afucosylated

Low−branching and sialylated

Bi−sialylated

Sialylated

Complex or hybrid

Low−branching and asialylated

Low−branching and fucosylated

Tri−sialylated

High−branching and afucosylated

Mono−sialylated

Asialylated and afucosylated

High−mannose

Tetra−sialylated

Asialylated

Fucosylated but asialylated

Multi−fucosylated

High−branching and sialylated

Sialylated and fucosylated

Mono−fucosylated

High−branching and asialylated

Fucosylated

High−branching

High−branching and fucosylated

HC UM UB BC

z−score

−1
−0.5
0
0.5
1
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data are provided as a Source Data file.
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N-glycans dominated the majority in urinary EVs, representing more
than 90% of the N-glycome in all four groups (Fig. 3d, Supplementary
Fig. 4a). For branching composition in the HC group, high-branching
and low-branching structural N-glycans were nearly equal in propor-
tion, each accounting for about 50%. In BC group, the branching
composition distribution significantly differs from that in the HC
group. High-branching glycan structures account for only 32.0%,
whereas low-branching structures constitute 68.0%. Low-branching N-
glycan levels in BC groups were significantly higher than those in the
other three groups (p = 2.72 × 10−5, 1.24 × 10−8, 2.86 × 10−13 for UB, UM
and HC group, respectively). Similarly, levels of low-branching and
afucosylated and low-branching and sialylated N-glycans were ele-
vated in the BC group compared to the other three groups (Fig. 3d).
This change may be linked to the inhibition of some glycosyl-
transferases, which are responsible for the formation of β-1,4 or β-1,6
branching. Similarly, the UB group exhibited characteristics similar to
the BC group, with increased low-branching and decreased high-
branching structural N-glycans, though the differences were less pro-
nounced (Fig. 3d, Supplementary Fig. 4b). In terms of fucose expres-
sion, the content of afucosylated andmono-fucosylated N-glycans was
similar inHCgroup, whichwas around 40%, while the content ofmulti-
fucosylated N-glycans was 16.6%. Conversely, in the BC group, afuco-
sylated N-glycans increased to 60.2%, indicating a reduced fucose
content in bladder cancer patients. The UB and UM groups also
demonstrated similar characteristics to BC group, with down-
regulated fucosylation, albeit to a lesser extent (Fig. 3d, Supplemen-
tary Fig. 4c). Finally, the analysis of sialylation in N-glycans of urinary
EVs was conducted. In the HC group, sialylated N-glycans accounted
for 63.4%. Bi-sialylated N-glycans represented the largest portion of
sialylatedN-glycans, at 31.6%of the total content. Conversely, in the BC
group, sialylated N-glycans increased to 73.2%. This indicates an ele-
vation in sialylation level in bladder cancer patients compared to
healthy individuals. Notably, among the sialylated N-glycans, only bi-
sialylated N-glycans showed a significant increase, comprising nearly
40% of the total N-glycan content. Mono-sialylated and tri-sialylated N-
glycans did not show significant changes in any of the four groups,
with negligible inter-group variations. Moreover, the content of tetra-
sialylated N-glycans was somewhat reduced compared to healthy
individuals (Fig. 3d, Supplementary Fig. 4d). This phenomenon may
align with the decrease in the proportion of high branching N-glycans
in the BC group. Abnormal expression of sialic acids has been linked to
the development and metastasis of various cancers28. Altered sialyla-
tion on cancer cell surfaces may facilitate evasion from immune
surveillance29. Therefore, elevated sialic acid levels in the urinary EVs of
bladder cancer patients could be associated with the disease’s devel-
opment and progression, necessitating further investigation.

Screening of candidate N-glycan diagnosis biomarkers for
bladder cancer
To further investigate the N-glycan alteration in patients with urolo-
gical diseases compared to the healthy population, we conducted an
ANOVA analysis to analyze the differences in N-glycans across the four
sample groups. Initially, potential confounders including age, sex, and
BMIwereproved tohaveminimal impact onN-glycanprofile variations
(p > 0.05, Supplementary Fig. 5). Of the 130 N-glycans, 83 demon-
strated significant inter-group differences (p < 0.05). The most pro-
nounced differences were noted between the BC and HC groups.
Within this subset, 71 N-glycans were significantly altered, comprising
39 up regulated and 32 down regulated N-glycans (Fig. 4a). Beyond
these groups, expression differences were found in 49 N-glycans
between the BC and UM groups, including 28 up regulated and 21
down regulated N-glycans. The differences between BC andUB groups
were relatively minor, with only 22 N-glycans showing significant dif-
ferences in abundance. Furthermore, the comparative analysis identi-
fied 33 significant N-glycans betweenUB andHC, 11 N-glycans between

UM and HC, and 3 N-glycans between UB and UM. (Fig. 4a). This aligns
with the current clinical understanding that benign urological condi-
tions can confound the diagnosis of other malignant tumors.

To delineate the characteristic N-glycan profile of bladder cancer,
we integrated the differentially expressed N-glycans identified
between BCand the other three non-BC groups (p <0.05). 21 N-glycans
were screened out based on this strategy (Fig. 4b). Subsequently, to
ensure the reliability and robustness of biomarkers, 10 N-glycans were
selected from the 21 characteristic N-glycans identified between BC
and non-BC groups, applying the selection criterion of p < 0.05 and
log2FC> 1 (Fig. 4c). Two N-glycans were then excluded due to a
detection rate less than 95% (Supplementary Fig. 6). Ultimately, eight
N-glycans—H6N5S3, H5N5F1S2, H5N5S1, H4N3S1, H5N4S2, H4N4F1,
H5N3S1, and H5N4F1—were selected as candidate diagnostic markers
(Fig. 4d, Supplementary Fig. 7). These 8 N-glycans exhibited high
intensities among all N-glycans, ranking in the top 50% (Fig. 4e). Tan-
demmass spectrometry analysis was conducted manually to ascertain
the structure of these 8 glycans (Supplementary Figs. 8–15). More
importantly, all 8 candidate N-glycan markers are complex or hybrid
types. And 75%of these eight glycans contain sialic acids, underscoring
the significance of sialylation capping in the pathology of bladder
cancer.

Development and assessment of the bladder cancer
diagnostic model
Machine learning techniques were leveraged to build the diagnostic
model based on the 8 candidate biomarkers above. We compared the
classification capabilities ofninedifferentmachine learning algorithms
on the discovery cohort’s N-glycome using 10-fold cross-validation
against a baseline model (random guessing based on a priori prob-
ability). During this evaluation, models such as logistic regression,
random forests, support vector machines (SVM), and K-nearest
neighbor algorithms (KNN) were assessed across three metrics: accu-
racy, F1 score, and ROC AUC value. The results indicate that the per-
formance of thesemodels was similar (Fig. 4f), demonstrating that the
selected candidate N-glycan markers inherently possess strong dis-
criminative power, enabling linear models such as logistic regression
to achieve decent classification performance. Due to the logistic
regression model’s simplicity and interpretability, it was ultimately
selected for constructing the final diagnostic model.

Then, we evaluate the performance of the diagnostic model by
analyzing the N-glycans in the validation cohort 1, which comprised 36
healthy individuals and 47 BC patients (Fig. 5a). Quality control
metrics, including inter-sample correlation and CV values distribution,
confirmed the high stability of mass spectrometry instrumentation,
robust EV isolation, and reliable quantitative analysis of the N-glycome
(Supplementary Fig. 16). Subsequently, the classification performance
of this diagnostic model was evaluated. The model demonstrated a
ROC AUC of 0.88, with accuracy of 79.5%, sensitivity of 85.1%, and
specificity of 72.2% (Supplementary Fig. 17, Fig. 5c), indicating its
effective discrimination between bladder cancer and healthy indivi-
duals. Furthermore, according to the depth of invasion into the blad-
der wall, BC can be classified into two principal subtypes including
NMIBC and MIBC. We subsequently assessed whether this diagnostic
model could distinguish healthy individuals from these two BC sub-
types. The results demonstrate that both NMIBC and MIBC patients
can be distinctly differentiated from healthy individuals, with AUC
values of 0.83 and 0.89, respectively (Supplementary Fig. 18). We then
named the probability scores given by the logistic regressionmodel EV
Glycan Scores (EVGScores). With an EVGScore greater than 0.5, the
individual is considered likely to have bladder cancer. In the validation
cohort 1, the EVGScore for each sample further confirmed themodel’s
robust discriminatory ability for BC patients (Fig. 5d). In addition, we
evaluated the feature importance of the eight N-glycan candidate
biomarkers (Supplementary Fig. 19), discovering that their importance
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was not directly related to the abundance of the N-glycans themselves.
Notably, those with higher importance rankings did not necessarily
have top abundance rankings.

We further assessed the N-glycans diagnostic model on the vali-
dation cohort 2. Compared with validation cohort 1, validation cohort
2 further includes the UB and UM groups to evaluate the model’s
diagnostic capability. The cohort 2 includes 118 individuals from29 BC

patients, 30 UB patients, 29 UM patients, and 30 HC individuals
(Fig. 5b). Despite the cohort change, the model maintained its diag-
nostic capability with an AUC value of 0.86, with accuracy of 83.1%,
sensitivity of 75.9%, and specificity of 90.0% (Fig. 5c). The EVGScore
values for each participant in the validation cohort 2 further demon-
strated the diagnostic model’s excellent capacity to distinguish
between BC patients and healthy controls (Fig. 5e). The diagnostic

Fig. 4 | Eight N-glycans were identified and screened as potential biomarkers.
a The Nightingale rose diagram illustrates the quantity of differential N-glycans
among BC, UB, UM, and HC groups. b The heatmap depicts the intensity dis-
tribution of 21 differential N-glycans across urology-related diseases and healthy
individuals. c The volcano plot represents differentially expressed N-glycans in
three pairwise comparisons, including BC versus HC, BC versus UB, and BC versus

UM (log2(FC) > 1, p <0.05). P-values were calculated from Tucky’s HSD post-hoc
test (two-sided), adjusted by the Benjamini-Hochberg method. d The strategy for
screening candidate N-glycans biomarkers. e Intensity distribution of candidate
N-glycan biomarkers in the N-glycome of urinary EVs. f Performance benchmark of
10 machine learning classifiers based on three evaluation metrics: accuracy,
F1 score and ROC AUC.Source data are provided as a Source Data file.
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performance of this model in distinguishing BC from UB and UM is
moderate, with AUC values of 0.72 and 0.69, respectively (Supple-
mentary Fig. 20).

A comprehensive characterization of EV glycoproteins carrying
cancer-associated N-glycan signatures
To further understand the functions and potential roles of urinary EVs,
we conducted N-glycoproteomic analyses of urinary EVs from the BC,
UB,UM, andHCgroups to explore thenature ofglycoproteins carrying
cancer-associated N-glycan signatures in EVs. In total, we identified
7787 glycoforms, which constitutes of 1286 glycopeptides, 1336 gly-
cosylation sites, and 285 glycan compositions. Among the glycopep-
tides, 1236 had one glycosylation site, and only 50 had two
glycosylation sites. Of the identified glycoforms, 3553 were con-
sistently quantified across all samples. We further explore EV glyco-
proteins carrying cancer-associated N-glycan signatures (EVcans). We
named the glycosylation sites with the EVcans as “EVcans sites”, and

the proteins with the EVcans as “EVcans proteins”. There were 549
EVcans sites and 206 EVcans proteins. Most EVcans sites had only one
glycan, while only less than 10%hadmore than three glycans. Similarly,
nearly a half of the EVcans proteins had only one N-glycan, with only
15% having more than three N-glycans (Fig. 6a). We then checked the
co-occurrence of glycan compositions on the same protein or the
same glycosylation site. Interestingly, H5N4S2 were more likely to co-
occur with H6N5S3 and H4N3S1 both on the protein and the site level
(Fig. 6b). All three glycans were sialylated, afucosylated glycans. When
performing motif analysis, no obvious difference was observed
between the EVcans and global glyco-sites.

For amore robust statistical implication, we kept glycoforms with
no missing values across all samples. This procedure resulted in 485
glycoforms with EVcans. Nearly half of the glycoforms were obviously
more abundant in BC samples than in other samples (Fig. 6c). Then, we
performed PCA on the quantification data (Supplementary Fig. 21).
Four distinct clusters were observed, corresponding to the four
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Fig. 5 | Development and assessment of diagnostic model for bladder cancer.
aCharacteristics of participants in the validation cohort 1, encompassing identified
N-glycans number, sex, age, BMI, hematuria, urinary tract infection status, TNM
staging, and histologic grading. b Characteristics of participants in the validation
cohort 2, encompassing identified N-glycans number, sex, age, BMI, hematuria,
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operating characteristic (ROC) curve evaluates the model’s capacity to distinguish

between bladder cancer patients and healthy individuals. d EVGScores for each
sample in BC (n = 47) and HC (n = 36) groups within the validation cohort 1,
showcasing the model’s discriminatory capacity. P-value was derived from Wil-
coxon rank-sum test (two-sided). The boxplots denote the minimum values, 25th
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bottom to top. e Same as (d) but for validation cohort 2 (BC: n = 29, HC: n = 30).
Source data are provided as a Source Data file.
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sample types. HC, UB, andUMsamples showed a clear separation from
BC samples on the first principal component (PC1), while separated
with eachother on the second component (PC2). As PC1 containsmost
variance in PCA, this implies a unique glycosylation pattern in BC
samples.

Next, we performed further comparative analysis for urinary EV
N-glycoproteome. There are 273, 273, and 270 significantly dysregu-
lated glycoforms (p <0.05, log2 | FC | > 1) between BC and HC, BC and
UM, and BC and UB samples, respectively. Furthermore, the expres-
sion of these EVcans on glycoproteins was investigated. The findings
indicated consistency with performances observed in the clinical
cohort. The majority of dysregulated EVcans on glycoproteins were
upregulated in BC groups (Fig. 6d). As these 8 biomarker N-glycans
were up-regulated according to the N-glycome analysis, we focused on
the up-regulated glycoforms for further analysis. Of all 260 up-
regulated glycoforms, 158 glycoforms were consistently up-regulated
in all three comparisons, covering 63 proteins. KEGG and GO enrich-
ment analysis were performed for the proteins with consistently up-
regulated glycoforms (Supplementary Fig. 22). GO results indicate that
these proteins are involved in immune activity, complement activa-
tion, and wound healing pathways, particularly in their negative

regulation. This association may stem from the abnormal vascular
structure of tumors and their propensity for rupture. KEGG analysis
indicates that these proteins are significantly involved in the comple-
ment and coagulation cascades. This pathway plays a crucial role in
maintaining immune health. These EVcans proteins may activate the
complement system, potentially inhibiting the cytotoxic effects of
immune cells, and may also promote tumor cell invasion and metas-
tasis through activation of the coagulation cascade. Overall, these
EVcans proteins are intimately linked to internal immune functions
and play a pivotal role in the development and progression of bladder
cancer. This also underscores the significance of the cancer-associated
N-glycan features identified through our analysis.

Pairwise comparative analysis of urinary EVs and tissue
N-glycome
To further compare the glycosylation profiles in bladder cancer
patients, we collected tumors, paired normal adjacent tissues (NATs),
and urinary EVs from three BC patients for N-glycome analysis. A total
of 153 N-glycans were identified in both tumors and NATs. On average,
107 N-glycans were identified in each tumor sample, and 88 N-glycans
were identified in each NAT sample (Supplementary Fig. 23a).
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Source data are provided as a Source Data file.
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Considering only the N-glycans consistently identified across all three
technical replicates of a sample, 114 N-glycans were consistently
identified. Of these, 105 N-glycans were consistently identified in the
tumor sample and 68 glycans were identified in the NAT sample
(Supplementary Fig. 23b). A total of 59 N-glycans were identified in
both the tumor and NAT samples.

We presented the expression of relatively high intensity
N-glycans in three pairs of tumors and NATs using bar charts. This
analysis demonstrated consistent expression trends of these
N-glycans across different samples (Supplementary Fig. 24). Next, we
utilized N-glycans identified in all three technical replicates for fur-
ther differential analysis. Among these, 21 N-glycans showed sig-
nificant difference (p < 0.05). High-mannose glycans were
significantly enriched in tumor samples (Supplementary Fig. 25). We
performed spatial profiling of N-glycans from formalin-fixed,
paraffin-embedded (FFPE) sections of bladder cancer tissues using
matrix-assisted laser desorption/ionization-mass spectrometry ima-
ging (MALDI-MSI). N-glycans exhibited varied spatial distributions
corresponding to tissue alterations. Notably, high mannose-type N-
glycans, specifically H6N2, H7N2, and H8N2, were significantly
upregulated in the cancerous regions (Supplementary Fig. 26).
Additionally, we conducted detailed histological analysis using
hematoxylin and eosin (H&E) staining, annotated by expert clinical
surgical pathologists (Fig. 6e). The spatial clustering of N-glycans
closely matched the H&E staining results across various histological
features including tumor tissues, normal uroepithelial cells,
mesenchyme, collagen fibers, muscle, blood vessels, and lymphatic
vessels (Fig. 6f). This indicates that N-glycan characteristics are

intricately associated with different tissue types, and that various
N-glycans perform distinct functions within the organism.

Next, we conducted a paired analysis comparing the N-glycan
profiles of tissue and urinary EVs. A total of 29 N-glycans were identi-
fied in both tissue and EV samples. Among them, 7 N-glycans showed
significant differences between EVs and tumors, and 10 N-glycans
differed between EVs and NATs (p < 0.05, log2 | FC | > 1) (Fig. 6g). We
observed a significant increase in sialylation levels in EVs compared to
cancer tissues. This increase may be attributed to the more active
transport mechanisms within cancer tissues.

Analysis of N-glycome differences between bladder cancer cell
lines and their derived EVs
To investigate the glycosylation characteristics of EVs and their source
cells, we cultured five distinct bladder cell lines and isolated EVs using
ultracentrifugation for N-glycomics analysis. The five cell lines include
the immortalized normal urothelial cell line SVHUC, the non-muscle
invasive cell lines RT112 and SW780, and the muscle invasive cell lines
T24 and J82. In these five cell lines, the average numbers of identified
N-glycans were 61, 69, 124, 87, and 108 (SVHUC, SW780, RT112, T24
and J82, respectively). Correspondingly, the numbers of N-glycans
identified in the derived EVs were 95 for SVHUC, 62 for SW780, 97 for
RT112, 57 for T24, and 76 for J82 (Fig. 7a). A total of 47 N-glycans were
commonly identified across all cell lines, while 56 common N-glycans
were detected in all derived EVs (Fig. 7b). Compared with four bladder
cancer cell lines, the SVHUC cell line exhibited the most distinct
characteristics, with the highest number of N-glycans identified
exclusively in the EVs. Additionally, the proportion of N-glycans
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Fig. 7 | Analysis of N-glycome differences between bladder cancer cell lines and
their derived EVs. a The average numbers of identified N-glycans in the five cell
lines and their derived EVs. Error bars denote standard errors (SDs) among three
biological replicates. b The Venn diagrams illustrate the overlap of N-glycan iden-
tification in the five cell lines and their derived EVs. cThe abundance distribution of

top ten N-glycans identified in five cell lines and their EVs. d The abundance char-
acteristics ofN-glycome infive cell lines and their EVs. eTheheatmapdemonstrates
the differential expression of 27 N-glycans in the five cell-derived EVs. Source data
are provided as a Source Data file.
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identified in both EVs and cell lines was consistent across all cell lines,
averaging approximately 50% (Supplementary Fig. 27). This suggests a
notable degree of similarity in the N-glycome profiles between EVs and
their source cells.

Subsequently, we conducted a joint analysis of the N-glycome
features of EVs and their source cells. We compared the top ten
N-glycans by content in both the EVs and their source cells. It is
observed that the discrepancies between cell lines and EV samples are
significantly larger than thoseamong cell lines. Specifically, EV samples
predominantly contained large, multi-sialylated, and afucosylated
species, whereas cell lines predominantly featured high-mannose,
hybrid, or small complex species. This trend was consistent across all
cell lines (Fig. 7c).

We then aggregated N-glycans with similar structures and cate-
gorized them into 4 categories (including high-mannose, high-
branching, sialylated, and fucosylated) to exploremore global change.
Regarding N-glycosylation types, high-mannose type N-glycans
accounted for over 50% in all five cell lines, whereas less than 10% in
derived EVs. This indicated an increase in theproportion of complex or
hybrid N-glycans in EVs. Besides, high-branching glycans accounted
for approximately 60% in EVs across all five cell lines. In terms of
fucosylation, the degree was relatively consistent among the five cell
lines, being approximately 30%. The analysis of sialylation levels
revealed that the proportion of sialylated N-glycans was below 30% for
cell lines. The proportion of sialylated N-glycans in EVs approached
80%, indicating significantly higher sialylation levels (Fig. 7d). Across
all cell lines, sialylated glycans were significantly more prevalent in EV
samples, while high-mannose glycans were significantly lower. Overall,
while there is some overlap in the N-glycans identified from EVs and
their source cells, significant differences exist in the specific features of
their N-glycome profiles. The observed discrepancies in
N-glycosylationpatterns betweenEVsand sourcecells could arise from
multiple factors. These include, but are not limited to: (i) selective
incorporation of glycans during EV biogenesis30; or (ii) technical biases
introduced by differential glycoprotein solubility during
ultracentrifugation.

Finally, we performed differential analysis on the N-glycome of
EVs. Within the 36 glycans stably identified in EV samples, 27 glycans
were significantly different (Fig. 7e). The fucose content in bladder
cancer cell EVs is notably lower than inSVHUC. This correlationaligned
with the trends observed in our clinical cohort study regarding fuco-
sylation N-glycan levels in urinary EVs from BC patients.

To further investigate the underlying factors contributing to
changes in the glycan characterization of EVs, we isolated cellular
subfractions for subsequent N-glycomics experiments of the five
bladder cell lines (Supplementary Fig. 28). It is evident that, for all five
cell lines, the number of N-glycans identified in the cytoplasm was
significantly lower than those identified in the plasmamembrane (PM),
with nearly all cytoplasmic N-glycans being identified in the PM (Sup-
plementary Fig. 29a). Additionally, nearly 50% of the N-glycans iden-
tified in the cellular PM were also identified in the corresponding cell-
derived EVs, indicating a degree of correlation between these two. We
further performed a difference analysis of N-glycome to assess the
changes in N-glycosylation modifications of bladder cancer cells.
Interestingly, although nearly half of the N-glycans were identified in
both the PM and EVs, they did not exhibit a consistent trend of change
(Supplementary Fig. 29b). The correlation between the multiplicity of
changes in theseN-glycans in the PMandEVswas consistently less than
0.3, indicating a weak correlation between them. The weak correlation
between PM and EV glycan changes suggests that EV glycosylation
profiles are not merely passive reflections of parental cell membrane
composition. While selective glycan sorting during EV formation30

could contribute to this phenomenon, methodological limitations
(e.g., incomplete PM glycoprotein extraction or EV subtype hetero-
geneity) must also be considered.

Discussion
Bladder cancer ranks among the top ten tumors globally, significantly
impacting individuals’ health and daily lives31. Clinically used diag-
nostic tools, often highly invasive or prone to high false positive rates,
fail to meet the frequent testing needs of bladder cancer patients.
Therefore, there is anurgent need for non-invasive diagnosticmarkers.
Tumor-derived EVs have increasingly received attention due to high
stability, rich molecular cargos and critical roles in various cellular
functions. However, current EV-based liquid biopsy studies are pre-
dominantly focused on proteins and RNAs, while the research on gly-
cosylation is still rare. As an important post-translational modification,
glycosylation affects tumor growth, invasion and metastasis, and is
closely related to the disease progression21. Meanwhile, urinary EVs,
originating from kidney, bladder, and genitourinary tract cells, could
directly mirror the health status of the bladder and other urinary sys-
tem organs. Therefore, urinary EV glycans can be considered as a new
hallmark of bladder cancer, showing great potential for non-invasive
cancer detection, monitoring and prognosis. In this work, we explored
the glycosylation changes of urinary EVs to develop diagnostic
markers.

This study explores the development of a bladder cancer diag-
nostic biomarker from the EV N-glycomics perspective. Over 300
clinical samples were enrolled in the study, comprising the largest
clinical cohort for such studies in urinary EVs to date. Throughout the
workflow, we used a self-developed high-throughput glycomics sam-
ple pretreatment method based on 96-well plates. N-glycans enrich-
ment and derivatization can be completed within 12 h. Moreover, we
only need 1mL urine to complete the comprehensive N-glycomics
analysis of urinary EVs, significantly reducing sample demand. Fur-
thermore, we employed MALDI-TOF-MS instead of LC-MS/MS for
N-glycan analysis, significantly reducing the detection time and facil-
itating high-volume processing, thus enhancing its suitability for clin-
ical diagnosis.

We reported the most comprehensive N-glycome profile of
human urinary EVs to date. In the BC group, the average number of
N-glycan identifications per sample is relatively low. This suggests
complex physiopathologic changes in cancer patients, leading to sig-
nificant alterations in theN-glycomeof urinaryEVs.Characterizationof
N-glycome across the four groups revealed decreased levels of high-
branching and fucosylated N-glycans, alongside increased sialic acid
levels in bladder cancer patients. N-glycosylation is a complex, multi-
step process, and thewhole process requires the involvement of about
200glycosyltransferases32.We analyzed themRNAexpression levels of
bladder carcinomas and adjacent normal tissues from the Cancer
Genome Atlas Urothelial Bladder Carcinoma (TCGA-BLCA) database.
Of these, nine glyco-genes showed significant differences between
tumors and NATs ( | log2 FC | > 1, p <0.05), which involves the
N-glycans synthesis (Supplementary Fig. 30). These glyco-genes are
associated with diverse glycans including mannose, N-acet-
ylgalactosamine, N-acetylglucosamine and sialic acid. Among the 9
glyco-genes, both MGAT4B and MGAT5B experienced significant
down-regulation, consistent with the observed decrease in high
branching N-glycan levels. The glycosyltransferase Alpha-1,3-Manno-
syl-Glycoprotein 4-Beta-N-Acetylglucosaminyltransferase B
(MGAT4B), product of the MGAT4B gene can specifically add GlcNAc
to mannose residues, forming a β-1,4 bond crucial for glycan chain
extension and complexation. Likely, Alpha-1,6-Mannosylglycoprotein
6-Beta-N-Acetylglucosaminyltransferase B (MGAT5B, product of the
MGAT5B gene) facilitates the addition of GlcNAc to mannose residues
in the glycan chain, forming β-1,6 bonds, thereby promoting the for-
mation of multi-antennary complex N-glycans. The decrease in high
branching N-glycans content affects cell-cell or cell-matrix adhesion,
subsequently influencing tumor cell invasiveness21. Subsequently, the
changes in the content of poly-antennal glycans in NMIBC and MIBC
can be monitored to further explore their relationship with bladder
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cancer progression. Additionally, B4GALNT2 (beta 1,4-N-acet-
ylgalactosaminyltransferae 2) is involved in the synthesis of the car-
bohydrate antigen Sd(a), and also significantly down regulated in
bladder cancer. More importantly, the biosynthesis of antigens sialyl
Lewis and Sd(a) are mutually exclusive, most likely due to steric hin-
drance. Abnormal up-regulated expression of Lewis antigens is often
highly correlated with tumor metastasis33. Furthermore, the aberrant
expression of the B4GALNT2 gene is closely associated with various
cancers, including colorectal, lung, gastric, and breast cancers34. We
also observe a significant rise in sialic acid content in the urinary EV
N-glycome of bladder cancer. Research also shows an increase in sialic
acid content in plasma EVs frombladder cancer, highlighting a key role
of sialic acid in EV uptake35. Furthermore, we observed a decrease in
fucosylation levels in the urinary EV N-glycome of bladder cancer.
Fucose, a six-carbon sugar, is primarily regulated by fucosyl-
transferases in organisms36. It plays a pivotal role in intercellular
communication, immune system regulation, and the development of
various diseases37. The down-regulation of fucose levels could impact
intercellular communication and signaling, potentially altering cellular
interactions within the tumor microenvironment and contributing to
tumor progression or immune evasion38. Fucosylation also plays a
critical role in the recognition and response mechanisms of the
immune system37. Alterations in the fucosylation patterns on EVs may
affect how immune cells recognize and respond to these vesicles,
potentially enabling tumor cells to evade immune detection. The
above observations not only deepen our understanding of the
dynamic changes in bladder cancer but also aid in the development of
potential diagnostic markers based on investigating the glycosylation
changes during cancer development.

After analyzing the variations in N-glycan profiles among four
groups, a total of 21 N-glycans differed between bladder cancer
patients and the other three groups were discovered. Finally, eight
N-glycans were identified as candidate diagnostic markers based on
the selection criteria. In the validation phase, a logistic regression-
based machine learning model was constructed, enabling the direct
calculation of the predictive probability-EVGScore, effectively distin-
guishing bladder cancer patients from healthy individuals. The model
demonstrated strong performance in both validation cohorts,
achieving ROC AUC values of 0.88 and 0.86, respectively. Further-
more, this diagnostic model successfully differentiated both NMIBC
and MIBC from healthy individuals, underscoring the model’s super-
iority. Currently, the model’s limitation lies in its performance in dif-
ferentiating BCpatients fromUB andUMpatients is less satisfactory. It
may be possible to enhance its predictive capability by integrating
clinical features or other existing diagnostic methods.

Beyond diagnostic modeling, we further investigated the char-
acteristic composition of EVs and the glycoproteins carrying cancer-
associated N-glycan signatures. Compared to the other three groups,
these glycoproteins were significantly upregulated in bladder cancer.
Additionally, PCA plot revealed that these four groups exhibit distinct
glycoproteomic profiles, suggesting that dynamic changes in bladder
cancer in vivo could be further explored from a glycoproteomic per-
spective to deepen our understanding of this disease. GO and KEGG
analyses demonstrated that these glycoproteins are intimately asso-
ciated with immune activities within the organism, offering insights
into disease mechanisms and potentially identifying novel therapeutic
targets. These findings not only deepen our understanding of the
molecular mechanisms of bladder cancer but also highlight the
potential applications of glycoproteomics in cancer research.

We also investigated theN-glycome changes in tumors and paired
NATsof bladder cancer patients. Significant differenceswereobserved
between the N-glycome of cancerous and adjacent non-cancerous
tissues. Increase in high mannose-type N-glycans was detected in
tumor tissues compared to adjacent non-cancerous regions. Further-
more, we conducted in situ analysis of N-glycans in bladder cancer

FFPE tissue sections using MALDI-MSI for visualization of the spatial
distribution of the glycans in tissue sections. The results demonstrate
that N-glycans exhibited varied spatial distributions corresponding to
tissue alterations. Moreover, the N-glycans spatial clustering analysis
results align closely with the spatial distribution of different tissue
types, as confirmed by annotated H&E staining. This not only under-
scores the potential of identifying diagnostic markers for bladder
cancer through N-glycan profiling but also enhances our under-
standing of the underlying mechanisms of disease progression.

We also examined the glycosylation profiles of various bladder
cell lines and their derived EVs. Collectively, our data demonstrate that
EV N-glycome exhibit both shared and unique features compared to
their source cells. Whether these differences reflect biologically
meaningful sorting mechanisms during EV biogenesis requires sys-
tematic validation. Nevertheless, the identification of EV-enriched
glycoforms (e.g., multi-sialylated species) highlights their potential as
invasive biomarkers, independent of bulk cellular glycosylation states.

In conclusion, we have successfully developed a diagnosticmodel
for bladder cancer based on the N-glycome analysis of EVs isolated
from 1mLurine. This study establishes a foundation for developing EV-
based glycan assays for clinical BC screening and offers insights into
glycosylation studies for other cancers.

Methods
The human urine and tissue samples used in this study were obtained
from Shanghai Changhai Hospital, affiliated with the Naval Medical
University. This procedure was approved by the Shanghai Changhai
Hospital Ethics Committee under ethical approval number
CHEC2023-069.

Materials
Dimethyl sulfoxide (DMSO) was purchased from Sinopharm Chemical
Reagent Co., Ltd. (Shanghai, China). Trifluoroacetic acid (TFA), trie-
thylammonium bicarbonate (TEAB), formic acid (FA), protease inhi-
bitors (Complete tablets) were purchased from Roche (Basel,
Switzerland). Acetonitrile was obtained from Merck (Darmstadt, Ger-
many). Trypsin was purchased from Beijing Shengxia Proteins Scien-
tific Ltd. (Beijing, China). Bicinchoninic acid (BCA) protein assaykitwas
obtained from Pierce (Thermo, U.S.A.). Peptide N-glycosidase F
(PNGase F) was purchased from New England Biolabs (MA, U.S.A.).
Distilled water was purified by a Milli-Q system (MA, U.S.A.). Sterilized
cotton was purchased from Shanghai Honglong Medical Equipment
Co., Ltd. (Shanghai, China). The other chemical reagents unless spe-
cified otherwise noted were from Sigma-Aldrich (St. Louis, U.S.A.).

Participants
All participants provided written informed consent. A total of 333
participants were recruited from December 2022 to August 2024 for
this study. All urine samples were provided by the Department of
Urology, Shanghai Changhai Hospital, Naval Medical University,
Shanghai, China. All patients were diagnosed by at least two experi-
enced physicians specializing in clinical urology and excluded from
patients with co-occurring other tumors of the urinary system. For
discovery cohort, a total of 132 individuals were divided into 4 groups,
including bladder cancer patients (n = 45), urologic-associated Benign
patients (n = 31), patients with other urologicmalignancies (n = 25) and
healthy controls (n = 31). The validation cohort 1 was set up with 2
groups totaling 83 individuals, including bladder cancer patients
(n = 45), healthy controls (n = 36). This validation cohort 2 includes 118
individuals from 29 BC patients, 30 UB patients, 29 UM patients, and
30 HC individuals. Specific clinical information is presented in Sup-
plementary Data 1, including age, sex, body mass index (BMI), patho-
logical stage, pathological grade, urine cytology results (whether
hematuria), and urinary tract infection (UTI) results. Among them, the
UB group encompasses a variety of disease types, including cystitis,
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ureteral stones, prostatitis, and urethral stricture. The UM group pri-
marily consists of various cancer types, such as prostate cancer, renal
clear cell carcinoma, and papillary renal cell carcinoma. And the
inclusion criteria for healthy individuals were (1) no benign or malig-
nant tumors, (2) no vital organ dysfunction after passing the physical
examination, and (3) no renal and urinary system-related diseases.

In addition, to verify the stability and feasibility of the whole
experimental process, 45 individuals were randomly selected from all
participants. One mL urine from each sample was mixed together to
serve as quality control (QC) samples in subsequent experimental
process.

Urine collection
All participants collected the mid-portion of their first morning urine,
ranging from 10 to 40mL. The collected urine samples were cen-
trifuged three times at 2500 × g for 10min each to remove cells and
cellular debris. The supernatant was then stored at −80 °C until used
for subsequent EV extraction.

Tissue procurement
The human tissue samples were procured from patients diagnosed
with bladder cancer who underwent radical cystectomy. Following
excision, the bladder was opened along the anterior wall, and tumor
tissue was carefully dissected from the core of the tumor, ensuring the
exclusion of necrotic areas. Approximately 300mg of tumor tissue
was collected. In addition, a comparable weight (300mg) of normal
urothelial tissuewasharvested froma region approximately 3 cmaway
from the tumor. The specimens were subsequently divided into two
portions: onewas cryopreserved in liquid nitrogen,while theotherwas
fixed in formalin and embedded in paraffin. Tissue sections were
prepared and subjected to hematoxylin and eosin (H&E) staining.
Pathological evaluation was conducted by at least two qualified
pathologists to confirm the identity of the tissue as either malignant
tumor tissue or normal urothelial tissue.

We homogenized approximately 50mgpieces of frozen tissues in
0.5mlof 4% SDS, 0.1MTris/HCl, pH8.0using a high-throughput tissue
grinding machine (BiHeng Biotechnology Inc, China) at 60Hz for
120 s. The crude extract was centrifuged at 16,000× g for 15min and
the supernatant was extracted. Protein concentration was determined
by BCA method. The 100μg protein was precipitated using
chloroform-methanol precipitation and redissolved in 25mM ammo-
nium bicarbonate (ABC) containing 0.015%SDS for N-glycomics
analysis.

Cell culture
Human bladder cancer cell lines (SW780, RT-112, T24, J82) and human
benign bladder epithelial cell line SVHUC were obtained from Amer-
ican Type Culture Collection (ATCC, USA). SW780 and T24 cells were
cultured in DMEM (Gibco, C11995500BT) medium at 37 °C. J82 cells
were cultured inMEM (Gibco, C11095500BT) at 37 °Cwith 5% CO2. RT-
112 cells were cultured in RPMI-1640(Gibco, C11875500BT) medium at
37 °C with 5% CO2. SVHUC cells were cultured in F12K(Gibco,21127-
022) medium at 37 °C with 5% CO2. All medium were supplemented
with 10% FBS (Umobio, UR50202) and 1% penicillin/streptomycin
(Gibco, 15070063).

EV isolation from urine
In this study, EV isolation was performed using the EVTrap isolation
kit27. Urine stored at −80 °C was thawed in a 37 °C water bath. To 1mL
urine, 20μL EVtrapmagnetic beadswere added and incubated by end-
over-end rotation for 1 h. After removing the supernatant by a mag-
netic separator rack, the beads were washed with 1mL 0.01% Triton
X100/0.01% NP40, followed by two PBS washes (0.5 and 0.1mL,
respectively). Finally, the EVs were eluted with 50μL 100mM fresh
triethylamine (TEA) by 10min vortexing incubation, repeated twice.

Then the combined supernatant (100 μL in total) was collected and
dried for subsequent analysis.

EV isolation by ultracentrifugation
For cell line EV isolation, cells were cultured to reach a confluency of
80% prior to EV isolation. The collected media (80mL) were cen-
trifuged at 300 × g for 10min then centrifuged at 2000 × g for 10min
to remove cells and large debris. The resulting supernatantwas filtered
through a 0.22μmMillipore filter. The supernatant was centrifuged at
5000× g for 40min using an ultrafiltration tube (Millipore,
UFC910096), and then transferred to an ultracentrifuge tube (Beck-
man, Z20621SCA) to centrifuge at 100,000× g for 70min. The EVs
were obtainedby suspending the pellet in 100μLof 1× PBS (Servicebio,
G4202). The collected cell line EVs were stored at −80 °C before use.

Lysis of cells and their derived EVs
Cell pellets were resuspended in lysis buffer containing 4% SDS, 1% (v/
v) protease inhibitor cocktail (EDTA-free, Roche Diagnostics) in 0.1M
Tris/HCl and sonicated for 3min and centrifuged at 18,000 × g for
10min at 4 °C to collect the supernatant. The concentration of pro-
teins was determined using BCA assay. The 100μg protein was pre-
cipitated using chloroform-methanol precipitation and redissolved in
25mM ammonium bicarbonate (ABC) containing 0.015%SDS for
N-glycomics analysis.

EVs isolated from cell lines were quantified after repeated
freeze–thaw cycle using the BCA kit. The 100μg protein was pre-
cipitated using chloroform-methanol precipitation and redissolved in
25mM ammonium bicarbonate (ABC) containing 0.015%SDS for
N-glycomics analysis.

Transmission electron microscopy (TEM)
EVs were resuspended in 200μL 2% formaldehyde and placed on
Formvar-carbon covered copper mesh for fixation. Following a wash
with 100μL PBS, the samples werefixed using 50μL 1% glutaraldehyde
reaction for 5min. Then the samples were washed repeatedly eight
times for 2min each using 100μL ddH2O. Subsequently, the samples
were subjected to contrast staining with dicumyl oxalate solution (pH
7.0) for 5min. Further fixation and protection were performed by
treating with methylcellulose for 10min on ice. Throughout the pro-
cess, excess liquid was blotted with filter paper, ensuring the Formvar
film sideof the coppermesh remainedmoist and theopposite sidedry.
Finally, the samples were dried in air for 5–10min, then observed and
imaged using the transmission electron microscope HT7800 (HITA-
CHI, Japan) at 80 kV.

Nanoparticle tracking analysis (NTA)
The Nanocoulter G instrument (RESUNTECH, China) was used to
determine the size distribution and concentration of EVs. EVs were
diluted using PBS for backup. Prior to measuring samples, the cuvette
was cleaned with ddH2O. Subsequently, the dilutions were measured
to confirm that the instruments and components were functioning
properly. Finally, the diluted EV samples were measured, and the test
concluded once the particle count reached 100 or more.

Western blot (WB)
For western blot, EVs were redissolved in loading buffer and heated at
100 °C for 10min. Size separationwas performedusing SDS-PAGE. The
samples were then transferred to PVDF membrane. The PVDF mem-
brane was blocked with 5% milk for 1 h at room temperature. The
blocked PVDF membrane was incubated overnight at 4 °C with anti-
CD81 antibody (1:5000, Rabbit mAb, A4863, ABclonal), anti-CD9 anti-
body (1:5000, Rabbit mAb, A19027, ABclonal), anti-TSG101(1:1000,
Rabbit mAb, A5789, ABclonal), anti-Calnexin antibody (1:5000, Rabbit
mAb, ab133615, abcam), anti-Na+/K+-ATPase antibody (1:50,000, Rab-
bitmAb, A11683, ABclonal) and anti-GAPDHantibody (1:10,000, Rabbit
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mAb, ET1601-4, HUABIO), followed by washing three times for 5min
using TBST buffer. The PVDF membrane was subsequently incubated
with HRP-conjugated anti-rabbit IgG (1:5000, #7074, Cell Signaling
Technology) at room temperature for 1 h. Blots were washed three
times for 5min using TBST buffer and visualized using ECL (GE
Healthcare) scanned by ImageQuant ECL Imager (GE Healthcare Life
Sciences).

Release and enrichment of N-glycans
EVs isolated from urine were resuspended in 40μL 25mM ammonium
bicarbonate (ABC) solution (pH 7.8), snap-frozen in liquid nitrogen,
and briefly thawed in a water bath at 25 °C. This freeze–thaw cycle was
repeated three times. The samples were then heated at 100 °C for
5min. After cooling to room temperature, 0.5μL PNGase F was added,
and the mixture was incubated at 37 °C and 1200 rpm for overnight
reaction. The reaction was terminated by heating in a 100 °C water
bath for 10min.

The high-throughput sample pretreatment method developed
by our group was utilized for the enrichment of N-glycans. First, the
cotton (3.75–4.25mg) was packed into a 10 μL pipet tip to serve as a
separation device. The tip was then placed in a PCR plate with the
bottom removed and these two were transferred together to a 96-
deep well plate for centrifugation. Prior to loading samples, the tip
was washed twice by 80 μL ddH2O and equilibrated with 80 μL 80%
(v/v) ACN/H2O containing 0.1% TFA. In addition, all samples were
adjusted to 80%(v/v) ACN/H2O solution. Subsequently, samples
were loaded into tip twice, followed by six washes with 80 μL 80%(v/
v) ACN/H2O containing 0.1% TFA. Finally, N-glycans on the cotton
were eluted with 0.1% TFA 3 times, each with 50 μL. All elutions were
then combined and lyophilized. Additionally, a one-minute interval
was set between adding solution and centrifugation (3000 × g,
1 min) to allow efficient soaking of cotton wool during every
operation.

Methylamidation of sialylated N-glycans
Methylamidation of N-glycans was performed according to the pre-
vious report with appropriate adjustments39. Following lyophilization,
10μL 5M methylamine hydrochloride solution (dissolved in DMSO)
and 10μL 250mM (7-azabenzotria zol-1-yloxy) trispyrrolidinopho-
sphonium hexafluorophosphate (PyAOP) solution (dissolved in
N-methylmorpholine (NMM): DMSO= 3:7) were added to the purified
N-glycans. Themixture was incubated for 1 h at 37 °C. At the end of the
reaction, 180μL 80%(v/v) ACN/H2O containing 0.1% TFA was added to
quench the reaction, and then the solution was lyophilized after pur-
ification through the tip of a sterilized cotton tip.

Protein digestion
1ml of urine from 10 individuals from each of the 4 groups was
randomly sampled formixing and separated using the EVTrap for the
ensuing glycoproteomics experiments. The protein digestion of EVs
is based on previously published literature with appropriate
adjustments40. EVs were resuspended in EV lysis, reduction and
alkylation buffer (12mM sodium deoxycholate (SDC), 12mM
N-lauroylsarcosine sodium salt, 10mM TCEP-HCl, 40mM CAA in
100mM Tris/HCl, pH 8.5). The samples were then heated at 95 °C for
5min. After cooling to room temperature, 400μL of 50mM trie-
thylammonium bicarbonate (TEAB) was added. Trypsin was added to
a final enzyme-to-substrate ratio of 1:50 and incubated overnight at
37 °C. Acidify the digested peptides by adding TFA to a final con-
centration of 0.5% (vol/vol) and add 500 μL of ethyl acetate to 500 μL
of digested solution.Vortex the solution for 2min, and then cen-
trifuge at 20,000g for 2min at RT to obtain aqueous and organic
phases. Discard the top organic layer. Add 500 ul of ethyl acetate to
the solution again and repeat to collect the aqueous phase and dry it
in a vacuum centrifuge. After digestion, peptides were desalted using

a C18 SPE cartridge. The desalted samples were then dried by vacuum
centrifugation and stored at −20 °C for further use.

Enrichment of glycopeptides
The enrichment of glycopeptides was performed described
previously24. Briefly, the desalted peptides were redissolved in the
loadingbuffer consistingof80% (v/v) acetonitrile and 1%TFA, and then
the N-glycopeptides were enriched using an in-house zwitterioic
hydrophilic interaction liquid chromatography (ZIC-HILIC) micro-
column containing 15mg of ZIC-HILIC particles (Merck Millipore).-
After the ZIC-HILIC column was equilibrated by the loading buffer for
three times, the peptides were loaded into ZIC-HILIC micro-column,
and then the column was washed with 200μL loading buffer for three
times. Then, enriched N-glycopeptides were eluted with 100μL 0.1%
TFA for three times. Finally, theN-glycopeptidesweredried by vacuum
centrifugation for LC-MS/MS analysis.

Subcellular fractionation
Cell fractionation was performed following previous publications41,42.
The cells were first resuspended into AS buffer (30mM HEPES, 15mM
NaCl, 350mM sucrose, 1 tablet/10mL EDTA-free protease inhibitor
(Roche), pH=7.4) containing 0.015% digitonin (Sigma-Aldrich) and
0.5% Tween-20 (Sigma-Aldrich). The cell suspension was gently tritu-
rated 5 times, incubated on ice for 35min, and centrifuged at 500 × g
for 3min. The supernatant was recovered and transferred to a clean
tube labeled as Fraction 1. Then cell pellets were washed with 1mL of
AS buffer and resuspended in AG buffer (30mM HEPES, 15mM NaCl,
20% glycerol, 1 tablet/10mL EDTA-free protease inhibitor, pH=7.4)
containing 1% dodecyl maltoside. The operation is the same as above.
The supernatant was recovered as Fraction 2. All collected fractions
were centrifuged at 16,000× g for 10min, and the supernatant was
subsequently collected as the cytoplasmic and plasma membrane
fractions, respectively. Samples were stored at −20 °C for further
analysis.

MALDI-TOF-MS analysis
Samples dissolved in 10μL ddH2O were spotted on a MALDI target
plate and naturally air-drying. Subsequently, 2μL DHB matrix (10mg/
mL, solubilized in 80%(v/v) ACN/H2O containing 0.1% TFA) was added
at the same position and naturally air-drying. All mass spectra were
collected using a MALDI-TOF/TOF-MS-rapifleX analyzer (Bruker Dal-
tonics, USA). Data were collected in positive ion mode, and a total of
20,000 laser shots in the mass range of 1000–4000m/z were accu-
mulated for each spectrum. ForMS2, theMS/MSmethodwas selected
in positive ion mode after choosing the target precursor ion. The
N-glycan structure was subsequently determined through manual
matching using GlycoWorkbench (v2.1).

Data preprocessing
TheMALDI-TOF spectrawere first processed in flexAnalysis 4.0, where
the mass lists were exported to XLSX files after baseline subtraction.
The Peak Detection Algorithm was set to Snap, Signal to Noise
Threshold was set to 3, and the isotope peaks were merged. All peak
areas and signal-to-noise ratioswere extracted from themass lists, and
quantitative informationwasobtained from the peak areasprovided in
themass lists. The annotationof themass listfileswas performedusing
an in-house tool GlyHunter (https://github.com/FudanLuLab/
glyhunter) with the retrosynthetic glycan library developed
previously43.

Data analysis was performed on R (v4.3.2) and RStudio
(v2023.12.1 + 402). Glycan identification counts were used to find
sample outliers. Samples inwhich the number of glycans identifiedwas
less than the median minus 1.5 times the interquartile range were
regarded as outliers, and were removed from further analysis. Glycans
with missing value proportions larger than 50% were also ruled out.
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Missing values were imputed using the minimum abundance of each
glycan across samples. Finally, total abundance normalization (TAN)
and Median Quotient Normalization (MQN) were performed sequen-
tially on the imputed abundance table.

LC-MS/MS analysis for glycoproteomic analysis
LC-MS/MS analysis were performed on an EASY-NanoLC 1200 system
(Thermo Fisher Scientific) connected to Thermo Scientific™ Orbitrap
Eclipse™ Tribrid™ mass spectrometer (Thermo Fisher Scientific)
equipped with an online nanoelectrospray ion source with custom
spray potential. A total of 1μg glycopeptides dissolved in solvent A
(0.1% formic acid) was loaded onto the analytical column (75μm×25
cm) and subsequently separated with a linear gradient. Solvent B was
80 % acetonitrile with 0.1 % formic acid. The gradient was 180min in
total for the glycopeptides: 5–35% B from 0 to 167.5min, 35–45% B
from 167.5 to 172.5min, 45 - 90% B from 172.5 to 173min, 90% B from
173 to 177.5min, 90 - 2% B from 177.5 to 177.7min, and held for 2% B for
the last 4.3min. The flow rate was maintained at 300nL/min.

The parameters used for glycopeptide analysis were set as fol-
lows: for MS1, the scan range was set from 350 to 2000 m/z, with a
resolution of 60,000, a Normalized AGC Target of 125 %, a maximum
injection time of 50ms, and included charge states of 2–7. For MS2,
Collision Energy Type = Normalized; Isolation Mode = Quadrupole;
Enable Intelligent Product Acquisition for MS Isolation = False; Isola-
tion Window = 2; Scan Range Mode = Define m/z range; Activation
Type = HCD; Collision Energy Mode = Stepped; Collision Energy
(%) = 20,30,40; Detector Type = Orbitrap; Orbitrap Resolution = 30K;
Scan Range (m/z) = 120–2000; Maximum Injection Time (ms) = 250;
AGC Target = 400,000; Normalized AGC Target = 800 %.

Glycopeptide identification and quantification
The raw data was imported into pGlyco3 for the identification of
N-glycopeptide analysis44. The search was performed using the fol-
lowing parameters: (1) Trypsin was selected as enzyme; (2) fixed
modification, carbamidomethylamidation ( + 57.021 Da) of C; (3)
dynamic modifications, oxidation of M ( + 15.995 Da), acetylation of
ProteinN-term ( + 42.011 Da) (4) maximum missed cleavages, 3; (4)
precursor ionmass tolerance 10 ppm; (5) fragment ionmass tolerance
20 ppm. (6) glycan database, pGlyco-N-Human.gdb. (7) Swiss-human
protein databases, downloaded on July 26, 2022, containing 20,381
protein sequence entries. Quantification was performed on
pGlycoQuant45. Both MS raw files and peptide identification files
obtained fromthepGlyco3 search results in the formof “pGlycoDB-GP-
FDR-Pro.txt” files were imported. The search was performed using the
following parameters: (1) TYPE_QUANT, DDA LabelFree; (2) FLAG_-
MIR_GLYCO, No; (3) DDALF_RT_WIN_IN_MIN, 2.00min; (4)
DDALF_PPM_HALF_WIN_ACCURACY_PEAK, 20.00 ppm; (5)
DDALF_FLAG_DECOY, No.

Formalin-fixed paraffin-embedded (FFPE) slide preparation for
MALDI-MSI
Formalin-fixed paraffin-embedded (FFPE) slide preparation forMALDI-
MSI was performed according to the previous report with appropriate
adjustments46. The FFPE slide was immersed in xylene for 5min and
rehydrated through a graded ethanol series (80% ethanol - 60% etha-
nol - 50% ethanol - water). The slide was incubated in a 10mM
ammonium bicarbonate solution, followed by a 10mM sodium citrate
solution (pH 6.0) at 90 °C for 1 hour. After incubation, the slide was
rinsed in ultrapure water and washed twice with ammonium bicarbo-
nate solution.

N-glycan MALDI imaging mass spectrometry of FFPE
tissue slides
PNGase F (10 µL) was diluted with 140 µL of H2O and evenly sprayed
onto the tissue surface using anHTXmatrix sprayer (Bruker Daltonics,

USA). The sections were then incubated at 37 °C overnight. After
PNGaseF digestion, desiccated tissue sections were sprayed using an
HTX TM sprayer with 10mg/mL CHCA (α-Cyano-4-hydroxycinnamic
acid), dissolved in acetonitrile-water (7:3, v/v). The sprayer tempera-
ture was set to 75 °C, with a flow rate of 0.1mL/min, pressure of 10 psi.
Four passes of thematrixwere applied to slideswith 10 s of drying time
between each pass.

MALDI-MSI experimentswere performedon theprototypeBruker
timsTOF flex MS system (Bruker Daltonics, USA) equipped with a
10 kHz smart beam3D laser. Laser powerwas set to 70% and then fixed
throughout the whole experiment. The mass spectra were acquired in
positivemode. Themass spectra data were acquired over amass range
from m/z 700 to 4000Da. The imaging spatial resolution was set to
40μm for the tissue, and each spectrum consisted of 400 laser shots.
MALDI mass spectra were normalized with the RootMean Square, and
the signal intensity in each image was shown as the normalized
intensity.

Statistical analysis
Statistical analysis was performed using rstatix package (v0.7.2). Gly-
can abundances were log2-transformed before further analysis. First,
the relationship between potential confounders including sex, age,
and BMI with glycan abundances was checked through t-test (sex) and
Pearson’s correlation analysis (age and BMI). For the discovery cohort,
one-way ANOVA and Tukey post-hoc test was performed to find sig-
nificantly differential glycans among groups, with p values adjusted for
multiple comparison using Benjamini-Hochberg method. Fold chan-
ges were also calculated.

Machine learning
Machine learning was performed using mlr3verse package (v0.2.8). 10
algorithms were trained on the discovery cohort data, including
decision tree, logistic regression, linear discriminant analysis, quad-
ratic discriminant analysis, support vector machine, Naïve Bayes,
k-neighbor nearest, random forest, XGBoost, and one dummybaseline
model. Model selection was done using 10-fold stratified cross-
validation on the discovery cohort, using accuracy, f1-score, and
ROC AUC as metrics. Logistic regression was chosen as the final
diagnostic model. The model was trained on all data in the discovery
cohort, and evaluated on the validation cohort, by accuracy, f1-score,
ROCAUC, sensitivity, and specificity. Feature importancewas acquired
using DALEX (v2.4.3) and DALEXtra (v2.3.0) packages.

TCGA glyco-gene expression analysis
Gene expression data of TCGA-BLCA project was downloaded and
analyzed using TCGAbiolinks package (v2.30.0) from the TCGA GDC
portal. Downloaded data was prepared using the “GDCprepare” func-
tion, and preprocessed using the “TCGAanalyze_Preprocessing” func-
tion. The preprocessed data was normalized using the
“TCGAanalyze_Filtering” function. Outlier samples were removed by
the “TCGAanalyze_Filtering” function with method setting to “quan-
tile” and cut threshold to 0.25. Differential expression analysis (DEA)
was performed by the “TCGAanalyze_DEA” function, with method
setting to “glmLRT” and p to 0.05.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The N-glycomics rawdata generated in this study have been deposited
in GlycoPOST (https://glycopost.glycosmos.org) under the accession
numbers GPST000437. It can be accessed with the following infor-
mation (https://glycopost.glycosmos.org/entry/GPST000437). The
N-glycoproteomics data have been deposited to the
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ProteomeXchange Consortium via iProx with the dataset identifier
PXD057882. All other data generated in this study are provided in the
Supplementary Information. Source data are provided with this paper.

Code availability
The Python code used for N-glycans annotation are deposited to
GitHub repository at https://github.com/FudanLuLab/glyhunter.
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