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ARTICLE INFO ABSTRACT

Keywords: High-grade serous ovarian carcinoma (HGSOC) is a deadly subtype of ovarian cancer (OC), often diagnosed at
N-glycans late stages due to nonspecific symptoms and lack of effective markers for early detection. Aberrant protein N-
Glycoproteins

linked glycosylation has been reported in HGSOC, holding a potential for improving the diagnosis and prognosis
of affected patients. Building on our recent observation documenting that HGSOC-derived extracellular vesicles
(EVs) exhibit aberrant protein expression patterns, we here explore the protein N-glycosylation displayed by EVs

Extracellular vesicles
High grade serous carcinoma

Biomarker
Glycoproteomics isolated from HGSOC cell lines and patient ascites relative to those from matching controls to unveil candidate
Ascites markers for HGSOC. Comparative glycoproteomics of small EVs (sEVs, <200 nm) and medium/large EVs (m/
Ovarian cancer 1EVs, >200 nm) isolated from HGSOC and non-cancerous cell lines revealed lower overall N-glycosylation of EV
proteins and a decreased protein expression of oligosaccharyltransferase (OST) subunits from HGSOC compared
to non-cancerous cell lines. Increased a2,6-sialylation was also observed in m/IEVs from HGSOC cell lines and
patient ascites by lectin blotting, which correlated with increased gene expression of ST6GALI and decreased
gene expression of ST3GAL3/4 in HGSOC compared to normal ovary tissues. Our study provides insights into the
EV glycoproteome of HGSOC and the underlying changes in the glycosylation machinery in HGSOC tissues,
opening new avenues for the discovery of novel markers against HGSOC.
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ST6GAL1 p-galactoside a-2,6-sialyltransferase 1

ST3GAL3/4 p-galactoside a-2,3-sialyltransferase 3/4

TFA trifluoroacetic acid

TCGA  the cancer genome atlas.

Introduction

Ovarian cancer (OC) is the 8th most common cancer and the 5th
leading cause of cancer-related deaths in women [1]. Despite advances
in medical research, OC remains a significant public health concern due
to its often late-stage diagnosis and complex treatment challenges. Early
diagnosis is particularly challenging for high-grade serous ovarian car-
cinoma (HGSOC), a deadly and most common subtype of OC [2]. More
than 60% of HGSOC cases in OC patients are identified only after the
cancer has metastasized to other organs [2]. The survival rate for
HGSOC diagnosed at early stages (I, II) is approximately 90%, whereas
only 20-40% of patients with advanced stages (III, IV) survive beyond
five years post-diagnosis [3]. Current early-stage OC biomarkers lack
specificity and sensitivity, highlighting the need for further biomarker
research for this disease.

Extracellular vesicles (EVs) are membrane-enclosed particles that
bud from cells. In cancer, EVs transport cancer-derived molecules that
are critical mediators of cell communication facilitating cancer pro-
gression and spread [4]. Because cancer-derived EVs are released into
biological fluids such as serum, ascites and urine, they hold a potential to
carry biomarkers for the HGSOC detection and monitoring of treatment
responses [5]. However, EVs are heterogeneous in size and content
posing a major challenge in the identification of HGSOC-specific
markers [6].

Aiming to finding new markers for HGSOC detection, we recently
profiled the proteome of two distinct EV populations: small EVs (SEVs,
<200 nm) and medium/large EVs (m/lEVs, > 200 nm) shed from
HGSOC-like cancerous and non-cancerous cell lines and patient serum
and ascites [7]. While several HGSOC membrane marker candidates (e.
g. FRa and TACSTD2) were reported, their post-translational modifica-
tions including glycosylation, which is known to impact their function,
were not addressed in that study. Aberrant glycosylation has indeed
been repeatedly reported in OC, leading to significant interest in
exploring the glycobiology related to OC and utilizing these abnormal
glycosylation patterns for diagnosing and predicting the progression of
the disease [8-10]. Nevertheless, the glycoproteome of OC-derived EVs
and their potential for early detection of OC remains unexplored.

Herein, we interrogated new and previously published proteomics
data to explore the N-glycoproteome signatures of sEVs and m/1EVs
isolated from cell lines and patient sera and ascites in HGSOC and used
tissue transcriptomics data to investigate the underlying changes in the
glycosylation machinery in HGSOC cell lines and tissues. Glyco-
proteomics revealed less efficient (under-glycosylation) of HGSOC-
derived EV proteins, an observation that was accompanied by reduced
levels of OST subunits in HGSOC compared to non-cancer cells. Elevated
a2,6-sialylation was observed in HGSOC-derived m/IEVs from both cell
lines as well as patient ascites, which correlated with increased ST6GAL1
and decreased ST3GAL3/4 gene expression in HGSOC relative to normal
tissues. This study details the aberrant glycosylation displayed by
HGSOC-specific EVs opening new biomarker opportunities to improve
the diagnosis and survival of HGSOC patients.

Materials and methods
Published data origin

This study reinterrogated previously published proteomics LC-MS/
MS raw data from sEVs, m/IEVs and cell lysate fractions originating
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from six ovarian cancer cell lines, KURAMOCHI, COV362, CAOV3,
OVCAR3, 0OV90, and SKOV3 lines and four noncancer cell lines,
including HOSE1, HOSE2, HFF2T, and MTK [7]. Proteomics data ob-
tained from ovary tissues and sEVs and m/IEVs isolated from stage III to
IV HGSOC patient serum and ascites were also re-interrogated for the
identification of glycopeptides [7]. The details of the tissue collection
and isolation of EVs from cell lines and patient samples are described in
the methods from our previous study [7].

Collection of ascites

Written informed consent was obtained from all patients. Three as-
cites samples of patients aged 48, 55 and 69 years old, with stage III to IV
HGSOC were collected during surgery at Nagoya University Hospital,
Nagoya, Japan between 2022 and 2023. Three ascites collected from
control patients with benign gynecological tumors aged 49, 56, and 67
years old were collected at Nagoya University Hospital. Ascites samples
were centrifuged at 300 g undiluted for 5 min at 4 °C to remove cell
debris and stored at —80 °C until further use. This study was conducted
with the approval by the Institutional Review Board of Nagoya Uni-
versity Hospital (no. 2017-0053).

EV isolation from ascites

sEVs and m/IEVs were isolated from ascites samples from HGSOC
patient (n = 3) and benign control patients (n = 3) using ultracentri-
fugation, following the minimal information for studies of extracellular
vesicles (MISEV2023) guidelines [11]. Briefly, approximately 1 ml as-
cites was centrifuged at 10,000 g for 40 min at 4 °C in the Kubota Model
7000 ultracentrifuge. The pellet was washed in PBS and centrifuged
again under the same conditions to suspend the pellet and extract
m/1EVs. The m/IEV pellets were resuspended in PBS. The supernatant
was filtered using a 0.45 pm filter (Millex-HV 13 mm, Millipore). Al-
bumin and IgG were removed using the ProteoExtract Albumin/IgG
Removal Kit (Merck & Co. Inc., USA) and samples were then ultra-
centrifuged at 110,000 g for 90 min at 4 °C using an MLS50 rotor
(Beckman Coulter Inc., USA). The pellet was washed with PBS, ultra-
centrifuged with the same conditions, and resuspended in PBS to extract
sEVs. Protein concentration of EVs was determined using a Qubit protein
assay kit (Thermo Fisher Scientific) with the Qubit 4.0 Fluorometer
(Invitrogen Co., MA, USA), according to the manufacturers’ protocol.

Nanoparticle tracking assay

The size distribution and particle concentration in the EV prepara-
tions were analyzed using a NanoSight NS300 (Malvern Panalytical Ltd.,
UK) nanoparticle tracking analyzer. Samples were diluted in PBS,
injected into the measuring chamber, and EV flow was recorded in
triplicate measurements (30 s each) at room temperature. Equipment
settings for data acquisition were kept constant between measurements,
with camera level set to 13.

Cryo-electron microscopy (EM)

The isolated EVs were visualized using a cryo-EM (Terabase Inc.,
Okazaki, Japan) that can generate high-contrast images of the nano-
structures of biological materials without staining procedures that may
damage the samples. The natural structure of the sample distributed in
solution can be observed by preparing the sample using a rapid vitreous
ice-embedding method.

Proteomics analysis of ascites
Lysis of the isolated EV populations was performed using 4 M urea.

Protein extracts (10 pg) were reduced using 10 mM DTT (30 min, 30 °C)
and alkylated using 40 mM iodoacetamide (final concentrations, 30 min,
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in the dark, 20 °C). Alkylation reactions were quenched using excess
DTT. Proteins were digested using sequencing grade porcine trypsin
(1:50, w/w; 12 h, 37 °C, Promega). Proteolysis was stopped by acidifi-
cation using 1% (v/v) trifluoroacetic acid (TFA, final concentration).
Peptides were desalted using primed Oligo R3 reversed phase solid
phase extraction (SPE) micro-columns as described [12] and dried.

Peptides were loaded on a PepMap™ Neo Nano Trap Cartridge (5
mm x 300 pm inner diameter, Thermo) and separated on an analytical
column (Aurora Ultimate; 25 cm x 75 pm, 1.7 pm ID, IonOpticks) at 300
nl/min provided by an Vanquish Neo UHPLC System (Thermo). The
mobile phases were 99.9% ACN in 0.1% (both v/v) FA (solvent B) and
0.1% (v/v) FA (solvent A). The gradient was 3-35% B over 90 min,
35-50% B over 8 min, 50-90% B over 2 min, and 10 min at 95% B. The
nanoLC was connected to an Orbitrap Exploris 240 mass spectrometer
(Thermo) operating in positive ion polarity mode. The Orbitrap was
used to acquire full MS1 scans (m/z 380-1800, AGC: Standard, 100 ms
maximum accumulation, 120,000 FWHM resolution at m/z 200).
Employing data-dependent acquisition within 3s cycle time, the most
abundant precursor ions from each MS full scan were isolated and
fragmented utilizing higher-energy collision-induced dissociation (HCD,
NCE 30%). Only multicharged precursors (Z > 2) were selected for
fragmentation. Fragment spectra were acquired in the Orbitrap (15,000
resolution, AGC: Standard, maximum injection time mode “auto”, m/z
1.4 precursor isolation window, 20 s dynamic exclusion after a single
isolation/fragmentation of a given precursor).

Glycopeptide profiling

HCD-MS/MS data from previous [7] and newly acquired proteomics
data were searched for intact glycopeptides with Byonic (v5.2, Protein
Metrics) using 10/20 ppm as the precursor/product ion mass tolerance,
respectively. Cys carbamidomethylation (+57.021 Da) was considered
fixed modifications. Fully tryptic peptides were searched with up to two
missed cleavages per peptide. The following variable modifications were
selected allowing two common and one rare modification per peptide:
Met oxidation (+15.994 Da, common) and N-glycosylation of
sequon-localized Asn (rare) employing a predefined glycan database of
309 mammalian N-glycans available within Byonic from which NeuGc
compositions were manually removed and HexNAcl, HexNAc1Fucl,
HexNAc2 and HexNAc2Hex3Fucl added. The HCD-MS/MS data were
searched against all human proteins (20,518 sequences, UniProtKB,
released March 2024). All searches were filtered to <1% false discovery
rate (FDR) at the glycoprotein level and 0% FDR at the glycopeptide
level using a protein decoy database. Only confident glycopeptide
identifications (PEP 2D < 0.001) were considered.

Proteomics data analysis

For protein identification and quantification, the raw files were im-
ported into MaxQuant v2.5.2.0. The Andromeda search engine was used
to search the HCD-MS/MS data against the reviewed UniProtKB Human
Protein Database (released March 2024; 20,418 entries) with a precur-
sor and product ion mass tolerance of 4.5 ppm and 20 ppm, respectively.
Carbamidomethylation of cysteine (57.021 Da) was set as a fixed
modification. Oxidation of methionine (15.994 Da) and protein N-ter-
minal acetylation (42.010 Da) were selected as variable modifications.
All identifications were filtered to < 1% FDR at the protein and peptide
level using a conventional decoy approach. For label-free AUC-based
quantification, the ‘match between runs’ feature of MaxQuant was
enabled with a 0.7 min match time window and 20 min alignment time
window. Protein abundance was calculated based on the normalized
protein intensity (LFQ intensity).

Lectin blotting of cell lines and ascites samples

Protein extracts (total 1 ug) were diluted in 15 pl loading buffer
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containing 1 x Laemmli buffer (BioRad) and 50 mM DTT. The samples
were boiled at 95 °C for 5 min. Proteins were separated on a 5-20%
SuperSep™ Ace SDS-PAGE gel (FujiFilm) at 100 V and 30 mA for 1 h
Afterwards, the gels were transferred onto a PVDF membrane (BioRad)
using the Trans-blot SD semi-dry transfer cell (BioRad) at 10 V for 1 h
The transferred membrane was blocked with 10 ml Carbo-Free blocking
buffer (1:10 dilution, Vector Laboratories) and incubated for 1 h on a
shaker. The membrane was incubated with 10 ml Concanavalin A
(ConA), Aleuria Aurantia Lectin (AAL), Sambucus Nigra Agglutinin (SNA)
or Maackia Amurensis Lectin II (MAL II) (1:2000 dilution, all from Vector
Laboratories) in Carbo-Free blocking buffer at 4 °C overnight. The
following day, the membrane was washed with 0.1% (v/v) TBS-Tween
for 10 min, three times, with shaking. After washing, the membrane
was incubated with Streptavidin-HRP (1:1500 dilution, Vector Labora-
tories) diluted in a Carbo-Free blocking buffer and 0.01% (v/v) TBS-
Tween for 1 h The membrane was washed with 0.1% (v/v) TBS-
Tween for 10 min, three times, with shaking. The membrane was
incubated with 500 pl Immobilon Western HRP substrate (Millipore) for
less than 1 min to achieve chemiluminescence. The membrane was
imaged using the Amersham ImageQuant 800 (Cytiva). Densitometry
analysis was performed using Amersham ImageQuant 800 software
(Cytiva).

Gene expression profile

Gene expression (mRNA) data of ovarian serous cystadenocarcinoma
tissues and matched adjacent normal tissues were retrieved from the
Cancer Genome Atlas (TCGA) and the Genotype-Tissue Expression
(GTEx) portal and interrogated in the Gene Expression Profiling Inter-
active Analysis (GEPIA) platform. Significance cutoff was set to log2 fold
change < 1 and adjusted p < 0.001. Data was displayed by boxplots
generated in the GEPIA platform [13].

Bioinformatics and statistical analysis

Glycoprotein annotation was performed using Uniprot ID mapping
searching for the presence of “glycosylation” term. Glycoproteins
detected in at least one of the cell lines in each of the fractions (SEVs, m/
1EVs and cell) were considered for further analysis.

Pathway enrichment analysis was performed using DAVID Bioin-
formatics [14] (National Institute of Health) with corrected p < 0.05 as
significance threshold. Significance was assessed by unpaired two-tailed
Student’s T-tests with significant threshold set to 0.05 (95% confidence
interval). GraphPad Prism (v9.4.1, Dotmatics) or Perseus v2.0.7.0 were
used for statistical analysis. Principal component analysis (PCA) and
correlation analysis were performed using MetaboAnalyst v6.0 [15].

Results and discussion

EVs from HGSOC and normal cell lines exhibit distinct N-glycosylation
signatures

High-resolution proteomics data of sEVs, m/IEVS and cell lysates
fractions isolated from 10 cell lines, including six HGSOC-like ovarian
cancer (OV) cells (OVCAR3, KURAMOCHI, OV90, CAOV3, COV362, and
SKOV3) and four non-cancerous cell lines (HOSE1, HOSE2, HFF2, and
MTK) were re-interrogated for glycoprotein expression patterns and N-
glycopeptide signatures missed in the original study [7] (Fig. 1a). Owing
to the high data quality, a total of 687, 590 and 497 glycoproteins were
quantitatively profiled from the LC-MS/MS data across the sEV, m/IEV
and cell lysate fractions, respectively (Fig. 1b and Supplementary
Tables S1-S2). The glycoproteins covered 27%, 20% and 12% of the
total proteome of sEVs, m/IEVs and cell fractions, respectively, indi-
cating that glycosylation is abundant and enriched in EVs compared to
the corresponding cellular fractions. Supporting this finding, a signifi-
cant increase was observed in the proportion of glycoproteins in SEVs (n
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Fig. 1. Glycoproteome profile of sEVs and m/IEVs from HGSOC and normal cell lines. (a) Overview of the experimental approach used to profile glycopeptides from
published proteomics data of sEVs and m/IEVs isolated from cell culture supernatant and HGSOC patient ascites and sera [7] and new data of HGSOC and control
ascites. (b) Proportion of proteins annotated as having the potential to carry glycosylation by UniProt out of all proteins identified in the published proteomics dataset
from sEVs, m/IEVs and cell fraction isolated from cell lines. (¢) Overlap of glycoproteins identified across EVs and cell lysate fractions. (d) Differential expression of
glycoproteins identified in sEVs vs m/IEVs (n = 10, unpaired T-test, adjusted p < 0.05). (e) Top 5 most significant KEGG pathways enriched in sEVs and m/IEVs
differential glycoproteome. (f) Distribution of N-glycan classes and number of unique glycopeptides identified across 6 cancerous (red) and 4 non-cancerous
(‘normal’) cell lines (grey) in the sEVs, m/IEVs and cell lysate fractions. (g) Glycoprofile comparison between HGSOC and non-cancerous cell lines across the

sEV, m/IEV and cell lysate fractions using principal component analysis (PCA).

=10) and m/IEVs (n = 10) compared to the corresponding cell fractions
(n = 10) as determined by the increased glycoprotein ratio in sEVs (2.80
+ 0.49) and m/IEV (1.75 £ 0.35) relative to the cell fractions (Sup-
plementary Fig. Sla-b). sEVs displayed the highest number of glyco-
proteins with 211 glycoproteins uniquely identified in this fraction, in
comparison with 38 glycoproteins uniquely identified in m/IEVs. In
contrast, a total of 389 glycoproteins were shared between m/IEVs and
cell fractions, covering 78.3% of the cell glycoproteome (389/497),
indicating high similarity of m/IEVs with the cell glycoproteome

(Fig. 1c).

Amongst the 816 glycoproteins identified and quantified across the
sEV and m/IEV proteome datasets, 203 glycoproteins quantitatively
differed between the two EV populations (Fig. 1d). A total of 118 gly-
coproteins were more abundant in sEVs and these were enriched for
being involved with cancer and cell adhesion-related pathways (e.g.
PTRPF, SCD1, IGF1R), whereas 85 glycoproteins were more abundant in
m/1EVs and associated with lysosome and degradation pathways (e.g.
HEXA, MAN2B1, CTSC) (Fig. 1e). Transmembrane domains, indicating
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higher levels of cell surface or intracellular membrane proteins, were
found in 84.7% of the differential glycoproteome in sEVs as opposed as
9.4% in m/1EVs (Supplementary Table S1).

Re-interrogation of proteomics data identified a total of more than
4800 N-glycopeptides (unique protein, site and glycan) covering more
than 1200 glycoproteins across the sEV, m/IEV and cell fractions from
the 10 cell lines, missed in the original study [7] (Fig. 1f, Supplemen-
tary Fig. 2a and Supplementary Table S3). Notably, distinct glyco-
signatures were observed across the different EV populations and
between the HGSOC and normal cell systems. While proteins from sEVs
were predominantly decorated by complex-type sialylated and fucosy-
lated glycans, the m/IEV proteins were enriched in oligomannosidic-
and paucimannosidic-type glycans (Supplementary Fig. 2b).

Different mechanisms of EVs biogenesis and cargo selection can
drive the differences in the glycoprotein repertoire and glycosylation
profile observed between the two EV populations. The biosynthesis of
sEVs occurs through the inward budding of endosomal compartments,
resulting in the formation of multivesicular bodies that release vesicles
upon fusion with the plasma membrane [17]. This process has been
linked to the recycling and secretion of many cancer-associated cell
surface proteins, which were observed to be significantly over-
represented in sEVs (e.g. ADAM17, EPHA2, EPCR, IGF1R) [18,19]. In
contrast, m/IEVs are generated by direct outward budding from the
plasma membrane, requiring a complex redistribution of phospholipids
in the cell surface and coordination of the actomyosin contractile ma-
chinery [6]. m/IEVs contain a broad array of molecular cargo, including
intracellular trafficking proteins, growth factors and enzymes [20].
Unsupervised clustering showed that m/IEVs and intracellular fractions
display similar protein content and glycosylation features (Supple-
mentary Fig. 3). Although context and cell type-dependent, complex
sialoglycans have been previously reported to be a feature of cell surface
glycoproteins, while oligomannosidic glycans are enriched intracellu-
larly [21]. Interestingly, sEVs and m/IEVs displayed similar glyco-
profiles from cell surface and intracellular compartments, respectively,
highlighting the different cellular content and glycosylation patterns in
these two EVs populations. Noteworthy, the less studied truncated gly-
cans spanning chitobiose core (GlcNAcyFucy 1) and paucimannosidic
(Man;_3GlcNAcyFucy ) glycans [22,23], were found almost exclusively
in m/IEVs decorating lysosomal proteins (e.g. SAP, LAMP1, CATD)
(Supplementary Table S3). Supporting these findings, lysosomal pro-
teins, including the glycoside hydrolases HEXA and HEXB, recently re-
ported to drive the paucimannose biosynthesis [24] were a strong
signature in m/IEV (Supplementary Table S1). Although lysosomal
exocytosis is known to traffic lysosomal proteins to the plasma mem-
brane [25] and extracellular milieu [26,27], the mechanisms driving the
selection of lysosomal proteins to m/IEVs are yet to be elucidated.

Next, we aimed to investigate whether the glycoprofile of sEV and
m/IEV differs in HGSOC and non-cancerous cell lines. We performed
principal component analysis (PCA) of the glycoproteome data collected
across different fractions and cell lines. The N-glycoproteome data of
sEVs was able to separate HGSOC and non-cancerous cell lines (Fig. 1g).
In contrast, only partial separation was observed using the N-glyco-
proteome data of m/1EVs and no separation was achieved using the N-
glycoproteome data from the cell lysate fractions. Collectively, these
data show that HGSOC-derived EVs carry unique glycosylation
signatures.

Glycosylation features of sEVs and m/IEVs from HGSOC and non-
cancerous cell lines

Next, we explored the aberrant N-glycosylation features displayed by
HGSOC-derived EVs and the underlying mechanisms driving the
glycosylation changes. By mapping the total glycopeptide-to-spectral
matches (glycoPSMs) relatively to the non-glycosylated peptide-to-
spectral matches (non-glycoPSMs), we observed a significant decrease in
the overall glycosylation in HGSOC compared to non-cancerous derived
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EVs, across both the sEV and m/IEV fractions and in the cell lysate
fraction (Fig. 2a). Using ConA, a lectin with broad glycoepitope recog-
nition (thus a proxy for global glycosylation levels), we further reca-
pitulated the lower glycosylation levels in EVs derived from cancerous
compared to non-cancerous cell origins (Fig. 2b). To investigate the
mechanisms driving the overall lower glycosylation levels in cancerous
EVs, we used proteomics data from the cell lysate fraction to map the
protein expression of the subunits forming the OST enzyme complex
(STT3A/B, RPN1/2, DDOST, DAD1) responsible for N-glycan initiation
(Supplementary Table S2). Interestingly, lower expression was
observed across all the identified OST subunits in HGSOC compared to
non-cancerous cell lines, consistent with the overall lower glycosylation
efficiency (under-glycosylation) observed in HGSOC-derived EVs
(Fig. 2¢).

OST is sensitive to the cell physiology and reported to be altered in
cancer cells [28]. Supporting our findings, Hu et al., reported decreased
protein levels of RPN1, RPN2, STT3A and DAD1 in HSGOC compared to
normal tissues [29]. Previous reports showed that removal of glycans
from the surface of EVs using PNGase F and neuraminidase were asso-
ciated with increased uptake by recipient cells [30], including ovarian
cancer cells [31]. Further studies are needed to investigate the func-
tional consequences of the under-glycosylation of proteins in
HGSOC-derived EVs.

Notably, the m/IEVs displayed higher levels of sialic acid containing
N-glycopeptides from HGSOC compared to non-cancerous cell lines
(Fig. 2d). Lectin blotting targeting a2,6- (SNA) and «2,3-sialylation
(MALII) showed a shift towards increased levels of a2,6-sialylation in
HGSOC-derived m/IEVs (average a2,6/02,3-linked sialic acid ratio was
1.09 in HGSOC and 0.69 in non-cancerous cell lines, i.e. 1.57-fold higher
in HGSOC compared to non-cancerous m/IEVs) (Fig. 2e and f). This
finding suggests that increased sialylation of N-linked glycans might be
primarily driven by increase in a2,6-sialylation.

HGSOC-derived sEVs displayed significantly lower levels of N-gly-
copeptides carrying single fucose, which represented more than 88% of
all fucose-containing glycoPSMs (Fig. 2g and Supplementary
Table S3). Conversely, AAL lectin staining, which targets both a1,6- and
al,3-fucosyl glycoepitopes showed distinct band patterns across samples
albeit similar total intensity levels suggesting similar total levels of
fucosylation (Fig. 2h-i).

Glycoprofile of EVs isolated from ascites and sera of HGSOC patients

To demonstrate the translational potential of glycofeature detection
in EVs from patient samples, we also re-interrogated proteomics data of
ovary tissues and sEVs and m/IEVs isolated from ascites and sera
collected from HSGOC patients for glycopeptides [7] (Supplementary
Fig. 4a). Encouragingly, high levels of glycosylation were consistently
found in the investigated samples, covering more than 1880 unique
N-glycopeptides from 289 proteins (Supplementary Table S4). The
glycoprofiles of the serum- and ascites-derived EVs correlated between
patients, suggesting a common origin of these two EV populations
(Supplementary Fig. 2b). Recapitulating the findings from the cell
lines, the sEVs and m/IEVs clustered separately based on the glyco-
proteome data, reflecting the different composition and biogenesis of
these two fractions (Supplementary Fig. 4b and Fig. 1f).

We compared the overlap of glycoproteins detected in the sEV and
m/IEV populations that are present both in serum, ascites and the
originating ovary tissues (Supplementary Fig. 4c). A total of 37 and 48
glycoproteins were found in sEVs (e.g. LPR1, VWF, LGALS3BP) and m/
IEVs (e.g. SERPINA3, LUM, FETUA), respectively, overlapping across
serum and ascites as well as ovary tissues. These commonly expressed
glycoproteins represent candidates to be explored in future studies as
potential OC-specific biomarkers produced by cancer cells and found
both in ascites and serum EVs.
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Fig. 2. Aberrant N-glycosylation features in HGSOC-derived EVs. (a) Global glycosylation levels of sEV and m/IEV populations as well as cell lysate fractions
from HGSOC (n = 6) and non-cancerous (n = 4) cell lines as estimated by the proportion of glycoPSMs relatively to non-glycoPSMs (T-test, *p < 0.05, *** p < 0.001).
(b) Glycosylation levels assessed using ConA lectin blotting in the sEV, m/IEV and cell lysate fractions from HGSOC (n = 2) and non-cancerous (n = 2) cell lines. (c)
OST subunit levels based on proteomics data from the cell lysate fractions. (FC = fold change, T-test, cancer, n = 6, non-cancer, n = 4, *p < 0.05). (d) Global
sialylation levels determined by NeuAc-containing N-glycopeptides relative to total glycoPSMs identified in the sEV, m/IEV and cell lysate fractions isolated from
HGSOC (n = 6) and non-cancerous (n = 4) cell lines (T-test, *p < 0.05). Lectin blotting targeting (e) «2,6-sialyl epitopes using SNA and (f) a2,3-sialyl epitopes using
MAL-II in sEV, m/IEV and cell lysate fractions isolated from HGSOC (n = 2) and non-cancerous (n = 2) cell lines. (g) Global core fucosylation level as estimated by the
presence of mono-fucosylated N-glycopeptides relative to total glycoPSMs in sEV, m/IEV and cell lysate fractions isolated from HGSOC (n = 6) and non-cancerous (n
= 4) cell lines (T-test, *p < 0.05). (h) al,6- and «l,3-fucosyl epitopes stained using AAL lectin blotting in the sEV, m/IEV and cell lysate fractions isolated from
HGSOC (n = 2) and non-cancerous (n = 2) cell lines. (i) Protein loading control by silver staining (1 ug protein).
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a2,6-sialylation is elevated in HGSOC-derived m/IEVs from patient ascites

Aiming to explore if the glycosylation features observed in EVs from
HGSOC cell lines could be recapitulated in patient-derived EVs, pop-
ulations of sEVs and m/IEVs were isolated from ascites of HGSOC pa-
tients (n = 3) and control patients with benign tumors who underwent
surgery (n = 3). Nanoparticle tracking assays (NTAs) and cryo-electron
microscopic analyses confirmed the expected size of the isolated sEVs
(~100 nm) and m/IEVs (>200 nm) from ascites (Fig. 3a-b). Proteomics
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data revealed a total of 224 proteins in sEVs and 680 proteins in m/1EVs
identified across three patients (Supplementary Table S5). Glycopep-
tide searching retrieved a total of ~2300 glycoPSMs, covering 288
unique glycopeptides from 69 glycoproteins
Table S6).

While under-glycosylation was a significant feature in sEVs and m/
1EVs from HGSOC compared to non-cancerous cell lines, this finding was
not observed in EVs from HGSOC and control ascites (Fig. 3c). Sialyla-
tion and fucosylation levels of sEVs from HGSOC and control ascites also
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Fig. 3. Glycoprofile of EVs isolated from HGSOC and control ascites. Validation of sEVs (a) and m/IEVs (b) isolated from patient ascites using NTA and cryo-EM.
Estimation of global (c) glycosylation, (d) sialylation, and (e) fucosylation levels relative to total glycoPSMs in sEVs (i) and m/IEVs (ii) isolated from HGSOC (n = 3)
and control (n = 3) patient ascites. Lectin profiling of sEVs (f) and m/IEVs (g) using ConA, SNA, MALII and AAL lectins. (h) a2,6/02,3-NeuAc ratio established by
SNA/MALII lectin blotting in sEVs and m/IEVs from HGSOC and control patient ascites. (i) Gene expression profile of glycosylation enzymes in HGSOC tissues (n =
426) and non-cancerous tissues (n = 88). Significance set for p < 0.001 and log2 fold change (FC) > 1. Data obtained from TCGA and GTex database and accessed

through GEPIA.
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appeared similar as determined by glycopeptide analysis (Fig. 3d-e) and
lectin blotting (Fig. 3f). The apparent discrepancy between the glyco-
sylation efficiency of the investigated cell line-derived and the ascites-
derived EVs can be attributed to the multiple cell sources contributing
to the high complexity and heterogeneity of EVs found in patient ascites
[32-34] unlike the homogenous cell line systems. The complex micro-
environment found in patient tumor tissues is also an important factor
shaping the glycosylation machinery and glycosylation profile of gly-
coproteins shed from tumor cells into body fluids [35,36], which is
difficult to reproduce in cell line systems. Further studies are required to
determine the cellular origins of the EVs in ascites to mechanistically
explain the HGSOC-specific glycofeatures in ascites-derived EVs.

Glycopeptides carrying one fucose, which covered the majority of
the fucosylated peptides, were significantly decreased in m/IEVs from
HGSOC compared to control ascites (Fig. 3e), but this finding was not
confirmed by AAL staining (Fig. 3g). The ambiguity in the determination
of fucosyl linkage of glycans attached to glycoproteins in glyco-
proteomics and lectin blotting approaches is likely the reason for the
disparate results from the two methods. AAL recognizes various fucosyl
linkages (1,2, al1,3, 1,4 and al,6) attached to either an N-acetylglu-
cosamine (GIcNAc) or N-acetyllactosamine related structures [37-39].
Except for al,6-Fuc-GlcNAc, the other linkages can be found across
various glycoconjugates including in N- and O-glycans and glycolipids
[40,41]. In other words, AAL has reactivity towards different fucosyl
linkages from various glycoconjugates. In contrast, glycoproteomics
analysis was focused only on the identification of N-glycopeptides,
where fine glycan structural information could not be confidently
determined by the MS/MS assignments. Additional evaluation of the
fine structural information of glycans [42], in particular the alterations
in fucosylated glycans, is required to determine the clinical utility of this
finding in HGSOC.

Notably, a significant increase of a2,6/02,3-linked sialic acid ratio
was observed using SNA/MALII lectin staining, which recapitulated the
findings observed in cell lines (Fig. 3g-h). This result suggests that
increased 02,6 sialylation in m/IEVs from ascites may represent a spe-
cific feature originating from HGSOC cells, holding a promising poten-
tial to be evaluated in larger cohort studies as a novel detection marker
in HGSOC.

Aberrant sialylation and fucosylation have been widely reported as a
hallmark in cancer contributing to tumor aggressiveness and immune
evasion [43,44]. To explore the glycosylation machinery changes
related to the aberrant sialylation and fucosylation observed in m/IEVs
isolated from ascites of HGSOC patients, we investigated the mRNA
expression of key fucosyltransferases and sialyltransferases in 426
HGSOC tissues and 88 normal tissues using public available tran-
scriptomics data from TCGA and GTex. The expression of FUT8 and
FUT3 were increased while the expression of FUT4 was decreased in
HGSOC compared to non-cancerous tissues (Fig. 3i). FUT8 drives the a1,
6 core fucosylation while FUT3 and FUT4 are involved in the al,3 an-
tenna fucosylation. In OC, increased antenna fucosylation has been
associated with the enhanced proliferation and invasiveness of cancer
cells, contributing to tumor metastasis [45,46].

Remarkably, increase expression of the prominent «2,6-sialyl-
transferase ST6GALI, and decrease expression of several a2,3-sialyl-
transferases ST3GAL3 and ST3GAL4 were observed in HGSOC tissues
compared to non-cancerous tissues (Fig. 3i) and correlated with
increased 02,6/02,3-linked sialic acid ratio observed in HGSOC-derived
m/1EVs from cell lines and patient ascites. In line with our findings,
Wang et al, showed increase protein expression of ST6GAL1 and
decrease protein expression of ST3GAL3 and 4 enzyme in OC compared
to normal tissues [47]. Further, high mRNA expression of ST6GALI in
OC tissues was correlated with poor prognosis [48] and resistance to
chemotherapeutic intervention [49]. Elevated sialylation was also re-
ported in serum and ascites from OC patients [50-52] supporting the
rationale for further investigation of this glycan feature in EVs from
HGSOC patients in larger cohort of samples.
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Collectively, these results have shown that aberrant sialylation in m/
IEVs from ascites accompany HGSOC and pointed to some glyco-
enzymes in the glycosylation machinery that may be responsible for
these changes in the OC tissues.

Conclusion

This study demonstrates that the N-glycoproteome of different pop-
ulations of EVs can distinguish HGSOC from non-cancerous conditions.
We observed key glycoproteome differences between sEVs and m/IEVs,
which could serve as a reference dataset for further exploration of the
glycobiology underlying EV function in HGSOC. Notably, o2,6-sialyla-
tion was found to be a prominent feature of HGSOC-derived m/IEVs
from cell lines and ascites, which correlated with increase expression of
ST6GAL1 in HGSOC tissues. While further validation within a larger
patient cohort is needed, the aberrant N-glycosylation of HGSOC-
specific EVs presents opportunities for new diagnostic applications
that could ultimately improve the treatment and survival of affected
patients.
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