PNAS

RESEARCH ARTICLE CELL BIOLOGY

L)

s OPEN ACCESS
Check for
updates

Syndecan-4 is a maestro of gastric cancer cell invasion
and communication that underscores poor survival
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Gastric cancer is a dominating cause of cancer-associated mortality with limited
therapeutic options. Here, we show that syndecan-4 (SDC4), a transmembrane pro-
teoglycan, is highly expressed in intestinal subtype gastric tumors and that this sig-
nature associates with patient poor survival. Further, we mechanistically demonstrate
that SDC4 is a master regulator of gastric cancer cell motility and invasion. We also
find that SDC4 decorated with heparan sulfate is efficiently sorted in extracellular
vesicles (EVs). Interestingly, SDC4 in EVs regulates gastric cancer cell-derived EV
organ distribution, uptake, and functional effects in recipient cells. Specifically, we
show that SDC4 knockout disrupts the tropism of EVs for the common gastric cancer
metastatic sites. Our findings set the basis for the molecular implications of SDC4
expression in gastric cancer cells and provide broader perspectives on the development
of therapeutic strategies targeting the glycan-EV axis to limit tumor progression.

syndecan-4 | heparan sulfate proteoglycans | gastric cancer | extracellular vesicles |
cancer cell invasion

Gastric cancer persists as a global health challenge, as it is the fifth most frequent malig-
nancy with over one million new cases annually, and the fourth leading cause of
cancer-related death worldwide (1). The clinical aggressiveness of gastric cancer, which is
translated into poor survival of patients, is mainly attributed to the late diagnosis due to
silent disease progression and the lack of efficient therapeutic options (2, 3).

Paramount evidence shows that alterations in the cellular glycosylation pathways are
drivers of tumor progression (4, 5), as glycans and glycoconjugates are key regulators of
the cross talk between cancer cells and the different components of the tumor microen-
vironment (5, 6). Particularly in gastric cancer, aberrant glycan signatures have been shown
to govern important oncogenic processes, including proliferation, cell-cell and
cell-extracellular matrix (ECM) adhesion, receptor tyrosine kinase (RTK) signaling, migra-
tion, invasion, angiogenesis, and metastatic dissemination (7-9).

Syndecans (SDCs) are a family of four transmembrane heparan sulfate proteoglycans
(HSPGs). SDC:s act in cooperation with key transmembrane receptors and ECM mole-
cules mediating pleiotropic functions, such as signaling, adhesion, proliferation, migration,
apoptosis, and differentiation (10). HSPG expression patterns, and particularly SDC
signatures, have been described as aberrant in different cancer models, including tumors
of the gastrointestinal tract (11, 12). However, there is a considerable gap of knowledge
on the functional mechanisms and relevance of HSPGs and their ECM interactomes
during gastric cancer development.

Syndecan-4 (SDC4) is one of the carriers of HS glycosaminoglycan chains in epithelial
cells with key roles in the control of focal adhesion formation, migration, invasion, and
endocytosis (13—16). SDC4 expression was shown to be up-regulated in response to
oncogenic stimulus during the early stages of the gastric carcinogenesis pathway (17, 18).

Remarkably, SDCs are also key regulators of extracellular vesicle (EV) biogenesis (19).
EVs are a heterogeneous group of secreted vesicles, which include exosomes and microve-
sicles, found in all body fluids. EVs are secreted by all cell types, including cancer cells,
and hold major roles in tumor cell communication due to their capacity of reprograming
recipient cells, and ultimately defining metastasis organ tropism (20, 21). SDCs together
with their small intracellular adaptor syntenin and their associated regulators Alix (an
accessory component of the endosomal-sorting complex required for transport), the small
GTPase ARF6, the lipid modifying enzyme PLD2, and the HS glycosidase heparanase,
have been shown to regulate the formation of EVs of endosomal origin and to impact
their cargo composition (19, 22, 23). Moreover, the interaction of tetraspanin 6 (TSPNG6)
with SDC4 was shown to functionally control EV degradation and release (24). On the
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recipient cell side, HS chains, including those carried by SDCs,
act as critical internalizing receptors of cancer cell-derived EVs
with impact on their functional activity (25). Taking together the
key roles played by HSPGs in both axes of cancer cell communi-
cation, EVs and their recipient cells, it is of utmost relevance to
understand how SDC4, a master HSPG, impacts EV-mediated
signaling and cancer-derived EV organ tropism.

In this study, we show that SDC4 is highly expressed in intes-
tinal subtype gastric tumors and lymph node (LN) metastasis and
associates with poor patient survival. Moreover, we mechanistically
demonstrate, using SDC4 knockout (KO) gastric cancer cells, that
SDC4 is a key regulator of gastric cancer aggressive features, such
as migration and invasion. On top of modulating gastric cancer
cell motility, we reveal that SDC4 conjugated with HS glycos-
aminoglycans is present in the EV cargo and defines EV organ
distribution, uptake, and oncogenic functional effects on recipient
cell populations.

Results

SDC4 Expression Is Up-Regulated in Intestinal Subtype Gastric
Tumors and Is a Marker of Poor Patient Survival. Aberrant
expression of SDC4 has been reported in several cancer
models (26-34). We have previously demonstrated that SDC4
transcription in gastric cells is up-regulated in response to
inflammatory stimulus, such as cytokines or bacterial infection.
In addition, we showed that SDC4 expression on Helicobacter
pylori-inflamed gastric mucosa is associated with the virulence
of the infecting strain (17, 18). However, the expression profile
of SDC4 in gastric tumors remained to be elucidated. Thus,
in this study we evaluated SDC4 expression in a retrospective
series of 152 stage I-1V gastric carcinomas. S/ Appendix, Table S1
summarizes the clinicopathological information of this cohort of
gastric cancer patients. We observed that SDC4 tissue staining,
using the 8G3 antibody which binds to the extracellular domain
(ECD) of SDC4 (35), was significantly associated with tumor
histological classification (= 0.031), with 71.4% of the intestinal
subtype tumors showing SDC4 positivity (Fig. 1 A and C and
SI Appendix, Table S1), whereas among diffuse subtype tumors,
SDCH4 staining was lower in intensity and frequency and near
half of the evaluated cases showed no staining (47.6% of positive
cases) (Fig. 1 B and C and S Appendix, Table S1). Interestingly,
the SDC4 staining profile was also preserved in the LN metastases,
with the majority of cases of intestinal subtype tumors showing
SDC4-positive LN metastases (Fig. 1 A and D and ST Appendix,
Fig. S1 and Table S1).

Kaplan—Meier analysis of patient prognosis, showed that SDC4
expression was significantly associated with overall poor survival
of patients (OS) (80.4 vs. 59.7 mo, P= 0.025) (Fig. 1E and
SI Appendix, Table S2). When stratified by clinicopathological
variables, this association was also observed in younger (<66 y)
(P =0.005), male (P = 0.028), patients without metastatic disease,
pNO (P =0.016) and pMO (P = 0.044) and exclusively treated
with surgery (P = 0.026). Considering the histological classifica-
tion, the OS association with SDC4 expression was only signifi-
cant in patients within the intestinal gastric cancer subtype group
(88.8 vs. 60.6 mo, P = 0.018) (Fig. 1Fand S/ Appendix, Table S2),
while for diffuse subtype there was no association between
SDC4-positivity and survival (Fig. 1G and SI Appendix, Table S2).

The independent prognostic value of SDC4 expression was
assessed via stepwise multivariate Cox regression with backward
elimination. The analysis was performed in all patients and then
stratified by histological (Lauren) classification, since SDC4 expres-
sion was associated with poor prognosis especially in patients with
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intestinal subtype. Variables such as gender, age, disease stage, and
treatment were added to the model, and disease stage was the only
covariable retained. In patients with intestinal subtype tumors, the
association of SDC4 expression remained significant when adjusted
to disease stage (HR = 1.893; 95% CI: [1.033-3.471]; P = 0.039),
highlighting its value as an independent prognostic factor.

To further validate our observations in an independent gastric
cancer patient cohort, we analyzed the SDC¥ transcriptomic profile
of gastric cancer samples from The Cancer Genome Atlas Stomach
Adenocarcinoma (STAD-TCGA). We observed that SDC4 high-
transcript levels clustered with cancer aggressive features, such as
metastasis (M1) and disease recurrence (Fig. 1H). Again, SDC4
expression was clustered with the intestinal subtype (Fig. 1 A and /).
Noteworthy, high SDC4 transcription levels also clustered with the
CIN molecular subtype and with low MSI/high aneuploidy scores
(Fig. 1H). In this STAD-TCGA cohort, SDC4 expression showed
a trend toward higher expression in higher disease grades (Fig. 1)).
Kaplan—Meier analysis of SDC4 mRNA levels and gastric cancer
patient OS and DFS was performed in two additional independent
cohorts: the STAD-TCGA cohort (Fig. 1 K'and L and ST Appendix,
Fig. S2 A and B) and in the cohort from the Kaplan—Meier Plotter
(KM plotter) database (S7 Appendix, Fig. S2 Cand D). These analyses
validated a significant association between SDC4 expression and
patient worse prognosis (DES) for all patients and in intestinal sub-
type in STAD-TCGA dataset (Fig. 1L and S/ Appendix, Fig. S2B).
A significant association between SDC#4 and OS and DFS was also
confirmed in KM plotter cohort for intestinal subtype (ST Appendix,
Fig. S2 Cand D).

A multivariate Cox regression with backward elimination was
performed to assess the independent prognostic value of SDC4
expression in all gastric cancer patients and then in the intestinal
subtype patients, within the STAD-TCGA database. The clinico-
pathological parameters gender, Lauren classification, age, and dis-
ease stage were used as covariables for OS and DFS. Of note, the
expression data from all patients from this dataset were collected
before treatment. We found that the covariables disease stage and
age (267 y) were associated with OS. However, SDC4 was not asso-
ciated with OS (HR = 1.782; 95%CI: [0.747 — 4.258]; P = 0.187).
When the multivariate analysis was performed for DFS, we found
that the clinical parameter grade was the only covariable retained
only for the intestinal subtype. Importantly, this analysis validated
the independent prognostic value of SDC4 for DFS, when adjusted
to disease stage in all gastric cancer patients (HR = 4.004; 95%CI:
[1.080 — 14.837]; P = 0.038) and when subclassified by intestinal
subtype (HR = 3.912; 95%CI: [0.109-12.872]; P = 0.017).

SDC4 Promotes Promigratory and Invasive Phenotypes in Gastric
Cancer Cells. Taking into consideration the high expression of
SDC4 in gastric tumors and its clinical association with patient
poor outcome, we sought to determine the functional role of
SDCH4 in cancer cell features. SDC transcription analysis in four
gastric cancer cell lines showed that SDC4 is highly expressed,
SDC1 and SDC3 were detected in lower levels, whereas SDC2 was
not detected in all cells (Fig. 24). Next, we evaluated the SDC4
protein expression and cellular distribution in gastric cancer cells
(Fig. 2 B and C). The WB analysis revealed a high MW smear
corresponding to the fully glycosylated forms of SDC4, tetrameric
(70 kDa), dimeric (35 kDa), and monomeric (17 kDa) forms.
Confocal microscopy showed that SDC4 was predominantly
expressed in the plasma membrane of most gastric cancer cells,
with AGS cells displaying also punctuated cytoplasmic staining
(Fig. 20).

To determine the functional impact of SDC4, its expression
was KO in the MKN74 intestinal subtype gastric cancer cell line
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Fig. 1. SDC4 is highly expressed in intestinal subtype gastric cancer and associates with patient poor survival. (A and B) Representative images of SDC4
immunohistochemistry (IHC) analysis of (A) intestinal and (B) diffuse subtypes of primary gastric tumor tissue samples paired with respective LN metastases.
Three regions (R1-3) were selected: R1-adjacent mucosa; R2-primary tumor; R3-LN metastasis. (C and D) Bar graphs show the percentage of (C) primary tumor
cases or (D) LN metastasis positive (red bar) or negative (black bar) for SDC4, for intestinal and diffuse gastric cancer subtypes. The chi-square test was performed
and * represents P < 0.005. (E-G) Kaplan-Meier (KM) analysis of SDC4 tissue expression levels and gastric cancer patients overall survival (OS) for () all gastric
cancer, (F) intestinal subtype and (G) diffuse subtype patients, the categorization of these clinical samples was assigned into SDC4 IHC positive (red lines) or
SDC4 IHC negative (black lines). Comparison between curves in KM plots was performed using the log-rank test. (H) SDC4 expression signature in gastric cancer
(STAD-TCGA cohort) was clustered using the heatmap CbioPortal algorithm (1, 2) and correlated with clinicopathological data, including metastasis, recurrence,
Lauren subtype, TCGA molecular subtype [chromosomal instability (CIN); Epstein-Barr virus (EBV); microsatellite instability (MSI); genomically stable (GS)], MSI
and aneuploid scores. (/ and J) Distribution of SDC4 mRNA expression levels in the STAD-TCGA cohort by (/) Lauren classification and by (/) tumor grade. Samples
classified as undetermined gastric cancer NOS (Not otherwise specified) in this dataset were excluded from the analysis. RNA sequencing of SDC4 expression
is represented as fragments per kilobase million. (K and L) KM analysis of SDC4 mRNA levels and gastric cancer (K) OS or (L) disease-free survival (DFS) (STAD-
TCGA cohort). The categorization of patient samples was divided into low (lowest 25%, black lines) and high (highest 25%, red lines) subgroups according to the
levels of SDC4 mRNA expression. Comparison between curves in KM plots was performed using the log-rank test. References: 1. E. Cerami E, Gao J, Dogrusoz U,
Gross BE, Sumer SO, Aksoy BA, et al. The cBio cancer genomics portal: an open platform for exploring multidimensional cancer genomics data. Cancer Discov.
2012;2(5):401-4. 2. Gao J, Aksoy BA, Dogrusoz U, Dresdner G, Gross B, Sumer SO, et al. Integrative analysis of complex cancer genomics and clinical profiles
using the cBioPortal. Sci Signal. 2013;6(269):pl1.
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Fig. 2. SDC4 KO impairs gastric cancer cell motility features. (A) Schematic representation of SDC family, showing the cytoplasmic domain with two highly
conserved regions (C1 and C2) and the SDC-specific variable (V) region, and the ECD that may be decorated with heparan sulfate (HS) and chondroitin sulfate
(CS) chains; Bar graph displays the gRT-PCR analysis of SDC7-4 mRNA levels in four gastric cancer cell lines (NCI-N87, AGS, MKN45, MKN74). (B) WB analysis of
SDC4 protein expression showing high-MW heterogeneous bands corresponding to the glycosylated forms of SDC4, tetramer, dimer, and monomer; Actin was
used as loading control. (C) Confocal imaging of SDC4 (8G3) (green), phalloidin (red), and DAPI (blue) staining in gastric cancer cell lines. Scale bar corresponds
to 50 ym (Overlay 1) and 20 pm (Overlay 2). (D) WB analysis of SDC4 and SDC1 in SDC4 KO models and parental cells with (+) and without (=) Heparinase Il (Hep.
I1) digestion. Tubulin was used as loading control. (£) FACS analysis of SDC4 (8G3 clone) cell surface expression on KO models and parental cells. MFI-mean
fluorescence intensity. (F) Cell viability analysis by 7-AAD/ Annexin V-FITC cell labeling. Dot plots show the percentages of (Q1) cells in necrosis, (Q2) cells in late
apoptosis, (Q3) cells in early apoptosis, and (Q4) viable cells. Representative dot plot of two independent biological replicates. (G) Evaluation of cell proliferation
by EdU incorporation assessed by flow cytometry. Dot plots show the percentage of proliferating cells as EdU-Alexa647-positive cells, highlighted in the black
box. A representative dot plot of a negative control (without EdU) is shown. Data from one representative assay of two independent biological replicates.
(H) Migration capacity of parental and KO cells by wound healing migration assays in different coatings. Graphs represent the percentage of closing rate of the
wound. Uncoated and poly-D-Lysine data from two independent biological replicates (each n = 6); Collagen IV data from three independent biological replicates
(each n = 6), Fibronectin data from six independent biological replicates (each n = 6). Statistical significance was calculated by two-way ANOVA, with error
bars representing SD. (/) Invasion capacity of parental and KO cells was evaluated by Matrigel invasion assays. Bar graphs show the mean of the percentage
of invading cells + SD. A total of at least n = 6 from four independent experiments is shown. Statistical significance was determined using Student's t test with
Welch's correction. ns-nonsignificant; *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

40of 11 https://doi.org/10.1073/pnas.2214853120 pnas.org



using the CRISPR/Cas9 system. Two independent clones (SDC4
KO #1 and SDC4 KO #2) were selected (8] Appendix, Fig. S3).
We validated the complete abrogation of SDC4 expression at the
protein level by WB (Fig. 2D) and flow cytometry (Fig. 2E).
Concerning WB analysis, the hindrance effect of HS chains in
antibody binding was discarded by treating the protein extracts
with the Heparinase III (Hep.III) enzyme that digests HS chains
and confirmed the abrogation of SDC4 (Fig. 2D). As a control of
Hep.III-digestion efficiency, we evaluated SDC1 expression using
the SDC1 B-A38 clone antibody that only binds to the SDCI
core protein upon HS chains removal.

We then evaluated the impact of SDC4 KO in cellular features.
We did not find any statistically significant difference either in cel-
lular viability (Fig. 2F) or proliferation (Fig. 2G). However, we could
show that WT gastric cancer cells presented a higher migration rate
comparing to SDC4 KO models in all coatings tested (Fig. 2H).
Furthermore, we found that the lack of SDC4 expression remarkably
decreased the invasion capacity of gastric cancer cells (Fig. 27). The
impact of SDC4 in cancer cell invasion was also validated by siRNA
strategy in MKN74 and AGS cell models (57 Appendix, Fig. S4). It
was confirmed that SDC4 was specifically targeted and silenced in
more than 75% (SI Appendix, Fig. S4).

In order to identify molecular cues underlying the deficient
motility of SDC4 KO cells, we performed a screening of RTK
activation status. This analysis showed that the total phosphoryl-
ated forms of ephrin type A receptor 4 (EphA4), fibroblast growth
factor receptor 3 (FGFR3), and epidermal growth factor receptor
(EGFR) were up-regulated in SDC4 KO cells (SI Appendix, Fig. S5
A and B). However, WB analysis of specific p-Tyr sites in EphA4
(Tyr602) and EGFR (Tyr1068) failed to confirm this increase
(SI Appendix, Fig. S5C). In addition, based on the key role of
SDC4 in focal adhesion processes (36—38), we evaluated the effect
of SDC4 KO on the expression of several focal adhesion compo-
nents. Protein expression levels were evaluated by WB for pFAK
(Tyr397)/FAK levels, and total forms of PKCa, paxillin and
B1-integrin, in cells cultured in complete (FBS+) or FBS-depleted
medium. No major differences were observed regarding FAK acti-
vation, PKCa and B1-integrin expression (S Appendix, Fig. S5 D
and E). However, paxillin showed a trend toward lower expression
when SDC4 was depleted, which was only significant in one of
the KO clones for FBS+ condition (87 Appendix, Fig. SSE).

Glycosylated SDC4 Is Sorted in EVs and Impacts Their Features.
As the evaluated cellular partners of SDC4 did not reveal any
major alteration and taking into account the SDCs’ role in
EV-mediated extracellular communication (19, 22-25), we
addressed the impact of SDC4 KO on gastric cancer cells
EV secretion and biological activity. WB analysis showed that
SDC4 was detected in EVs isolated from WT cells (Fig. 34).
Ponceau staining (S/ Appendix, Fig. S6A) is shown as a control
of sample loading. Remarkably, when SDC4 abundance in the
WT EVs was compared with the abundance in the WT cells,
there was an enrichment of high MW glycosylated forms, as
well as of the monomeric form (17 kDa), while the dimeric
conformation was not detected in the EVs (Fig. 34). Gold-
immunolabeling methodology validated the presence of SDC4
in WT EVs (Fig. 3B). Additionally, MS-based proteomic analysis
identified five SDC4 peptides in WT EVs: three located in the
ECD, demonstrating that SDC4 ECD is part of EV cargo,
and two in the intracellular domain (ICD), one of these in the
variable region and the other in the conserved portion (Fig. 3C
and SI Appendix, Table S3). MS analysis further confirmed the
enrichment of SDC4 abundance in EVs when compared with

cells (81 Appendix, Table S3).
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Regarding EV size analysis, both WT and SDC4 KO popula-
tions presented size between 50 and 300 nm (Fig. 3 D and E) with
the peak fraction between 70 and 150 nm. Analysis of overall EV
abundance, measured by NTA, revealed that the quantity of EVs
secreted by SDC4 KO cells was higher (median 2.4 x 10" parti-
cles/mL) and displayed smaller size (86 nm), when compared to
EVs from WT cells (median concentration: 0.7 x 10'? particles/
mL and size: 102.1 nm) (Fig. 3 F and G). These results were
confirmed by negative staining analysis by TEM (Fig. 3H).
Interestingly, the ratio protein/particle was significantly higher in
WT EVs compared to SDC4 KO EVs (Fig. 37). Importantly, WB
confirmed the expression of a panel of EV-markers, including Alix,
HSP70, syntenin-1, CD9, and CD81 in both WT and SDC4 KO
EVs (Fig. 3/). Cytochrome-c and a-tubulin were used as cell lysate
controls. Ponceau staining (SI Appendix, Fig. S6B) is shown as a
control of samples loading.

SDC4 KO Leads to a Different Proteomic Profile in the EVs’ Cargo.
In view of the differences observed between WT and SDC4 KO
EVs, we proceeded to evaluate the protein cargo of the two EV
populations (Fig. 4 A and B). A total of 2,431 proteins were
identified by MS analysis of gastric cancer cells-derived EVs.
The identified proteins were compared with the ones present in
the open EV-database Vesiclepedia (Fig. 44). Of note, 2,289 of
the identified proteins were also present in this database, and
142 proteins were identified only in this study (Fig. 4A4). Next,
the comparison of the identified proteins with the top 100 EV
proteins reported in Vesiclepedia showed that most of the proteins
detected in our study overlap with the top 100 proteins from
Vesiclepedia (Fig. 4B).

The combined MS analysis of WT and SDC4 KO EVs and cells
identified 4,659 proteins (Fig. 4C). The segregation of the differ-
ent biological conditions was confirmed by the principal compo-
nent analysis of the MS data (SI Appendix, Fig. S7A). Gastric
cancer cells showed a higher amount of identified proteins (4,189
proteins) when compared with EVs (2,431 proteins). Considering
only the cell populations (WT and KO), the Venn diagram
revealed that most of the identified proteins were common (1,739
proteins, 37.3%) (Fig. 4C). Moreover, we observed that 26.3%
of the proteins overlapped in all populations examined (cells and
EVs) (Fig. 4C). Noteworthy, EV-markers (Alix, syntenin-1, CD9
and CD81), that were previously identified by WB (Fig. 3/), were
present in this group of overlapping proteins (Fig. 4C and
SI Appendix, Table S4). Syntenin-1 abundance was higher in WT
cells comparing with KO. Both Syntenin-1 and Alix were highly
enriched in the EV populations (S Appendix, Table S4).

Interestingly, SDC4 KO population (cells and EVs) presented
a higher amount of unique identified proteins (4,318 proteins),
compared to the WT population (4,133 proteins).

In addition to SDC4, the cancer-associated molecules transform-
ing growth factor beta-1 protein (TGFp1) and growth arrest-specific
protein 6 (GAS6) were exclusively present in the cargo of EVs
secreted from WT cells (Fig. 4C). This observation was validated in
two independent EV preparations. Furthermore, volcano plots
(Fig. 4 D and E), highlighting the significantly different protein
content of each population, show that SDC4 KO significantly
changed the proteome of both cells and secreted EVs. The EV pro-
teomic data demonstrated that SDCI abundance is higher in KO
EVs. Interestingly, this effect is specific of EV cargo and not observed
in the parental cell lines (S Appendix, Table S4). Network analysis
for GO biological process terms for SDC4-exclusive proteins in WT
EVs showed an enrichment in several relevant categories, including
protein phosphorylation, cell migration, and axon guidance (Fig. 4F).
In contrast, the exclusive proteome of KO EVs displayed enriched
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signal transduction, apoptotic process, and cell—cell adhesion biological
processes (Fig. 4F). Analysis of GO molecular function revealed
enrichment in categories such as calcium ion binding on WT and
ubiquitin protein ligase binding in KO EVs (SI Appendix, Fig. S7B).
Protein—protein interaction analysis revealed a high degree of con-
nectivity between of SDC4, TGFB1, and GAS6 in WT EVs
(Fig. 4G). Analysis of KO EVs interconnected several proteins
involved in the Wnt pathway, such as Frizzled (FZD) receptors and
E3 Ubiquitin-Protein Ligase (ZNRF3) (SI Appendix, Fig. S7C). In
addition, we evaluated whether the exclusive proteomic signature of
WT and KO EVs would associate with patient clinical prognosis.
Remarkably, the WT EV signature significantly associated with
patient poor OS and DFS, based on the STAD-TCGA database
(Fig. 4 Hand J).

SDC4 in EVs Is Critical for EV Uptake and Functional Effects on
Recipient Cells. Since EVs are crucial regulators of intercellular
communication, we next sought to investigate the impact of
SDC4 on EV uptake and functional signaling on recipient
cells. We evaluated WT and SDC4 KO EVs uptake by two
macrophage cell lines (RAW and Kupffer) and MKN74 gastric
cancer cells. The results showed a significant decrease in the
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uptake of SDC4 KO EVs by all recipient cells, as illustrated in
Fig. 5 (Fig. 5 A-C). Moreover, treatment of the WT EVs with
Hep. I1I resulted in more than 70% uptake inhibition (Fig. 5C).
EV uptake was reduced by 17% when performed in the presence
of heparin and by 72% when EVs where preincubated with an
HS-blocking antibody (Fig. 5C). The efficient Hep. III digestion
of HS chains in EVs was confirmed by HS detection in WB
(81 Appendix, Fig. S8).

To further assess whether EV internalization would modulate
cancer cells’ malignant features, we treated the WT and SDC4
KO gastric cancer cells with both WT and SDC4 KO EVs and
evaluated cell invasion (Fig. 5D). Remarkably, when SDC4 KO
cells were treated with WT EVs, their invasion capacity was
restored to values similar to the WT. On the other hand, when
KO cells were treated with KO EVs, the invasion capacity was not
affected (Fig. 5D). Comparative analysis of the cellular proteome
of KO cells treated with WT EVs with the KO cells (without EV
treatment) revealed that SDC4 was present in the EV-treated cell
population (Fig. 5E).

The Gastric Cancer Cell EV Tropism to the Liver and Lung
Is Disrupted by SDC4 KO. Following the in vitro functional
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characterization, we tested whether the presence of SDC4 in EVs
influences their organ distribution in NOD SCID mice (Fig. 6A4).
First, we confirmed that WT and KO EVs were equally labeled
with the near-infrared fluorescent dye NIR815 (S Appendix,
Fig. S9A). Organ NIR fluorescence analysis revealed that the
three organs with higher intensity signal upon EV treatment
were the liver, spleen, and lung (Fig. 6 B-F and SI Appendix,
Fig. S9 B—F). Among these, the liver was the organ that presented
the highest intensity, followed by the spleen (Fig. 6 B-D). The
comparative analysis of WT and KO EVs showed a significantly
lower uptake of KO EVs in the liver (Fig. 6 Band C), spleen (Fig. 6
Band D), and lung (Fig. 6 B and E), while no differences were
observed between both EV populations when analyzing brain,
bone, kidney, and pancreas (SI Appendix, Fig. S9 B-E). Flow
cytometry analysis further confirmed the lower uptake of KO
EVs by the liver cells (Fig. 6F and SI Appendix, Fig. S10A), and a

PNAS 2023 Vol.120 No.20 2214853120

tendency for decreased uptake of KO EVs was observed in spleen
and lung (S Appendix, Fig. S11 A-C). The use of complementary
labeling and gating strategies (S Appendix, Fig. S10B) showed that
a decreased uptake of KO EVs was occurring specifically by the
liver Kupffer macrophages (CD45+, CD11b+, F4/80+ /Tim4+)
(Fig. 6G). No significant differences were noticed on EV uptake
by Tim4- macrophages (CD45+, CD11b+, F4/80+) in the bone
marrow, spleen, and lung (87 Appendix, Fig. S12).

Discussion

In the present era of precision oncology, glycans and glycoconju-
gates are emerging as major players in cancer initiation and pro-
gression with strong potential both as biomarkers and as
therapeutic targets (4, 5, 7, 12). In this study, we reveal that the
HS proteoglycan SDC4 is highly expressed in intestinal subtype
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gastric tumors and that this glycosylation profile correlates with
cancer aggressiveness features and poorer prognosis. We addressed
SDCH4 functional implications in gastric cancer cell biology and
demonstrated that SDC4 promotes a promigratory phenotype
with higher invasion capacity, which was abrogated by SDC4 KO.
Interestingly, we further demonstrate that glycosylated SDC4 is
sorted in EVs secreted by gastric cancer cells and showed that
SDC4 KO impacted EV secretion and proteomic profile.
Moreover, our results disclose that SDC4 KO impacts EV uptake
by recipient cells and disrupts the tropism of gastric cancer cell-de-
rived EVs.

The aberrant expression of HS proteoglycans has been described
in different tumor models (12). In particular, SDC4 was previ-
ously shown to be up-regulated in glioma, melanoma, osteosar-
coma, papillary thyroid carcinoma, breast, liver, kidney, and
bladder carcinomas (27-34). In our series of gastric cancer
patients, we demonstrate that SDC4 protein expression is associ-
ated with intestinal subtype and patient poor OS. Of note, we
observed a significant worse OS in male patients with SDC4
expression, which was not observed in women. This observation
aligns with previous reports on hormonal regulation of HSPGs
during cancer progression (39). Among patients presenting met-
astatic disease, SDC4 expression was not associated with OS, yet
it should be noticed that the number of individuals in this cate-
gory, in the IPO-Porto cohort, is relatively small. Moreover, in

https://doi.org/10.1073/pnas.2214853120

STAD-TCGA dataset, SDC4 high-transcript levels clustered with
metastasis and disease recurrence. When considering the stratifi-
cation of patients by treatment regiment, SDC4 expression only
associated with poor OS in the subgroup that exclusively received
surgical treatment. Multivariate analysis demonstrated the inde-
pendent prognostic value of SDC4 expression in intestinal subtype
gastric cancer.

In breast and liver carcinoma cells, SDC4 has been associated
with higher migration and invasion (40, 41). In line with these
observations, SDC4 KO has been shown to result in decreased
invasion capacity of glioblastoma cells (42). Moreover, shedding
of the NV-terminal portion of the ectodomain of SDC4 by mem-
bers of the ADAMTS protease family was shown to enhance the
migration of cancer cells (43). In this work, we show that SDC4
has a role in intestinal subtype gastric cancer cell migration and
invasion, independently of the presence of different matrix com-
ponents. Noteworthy, it was possible to restore the invasive capac-
ity of SDC4 KO cells by coculturing them with EVs secreted by
WT cells with proinvasive phenotype. MS analysis of KO cells
with restored invasion capacity demonstrated de novo incorpora-
tion of SDCA4, further supporting the important role of EVs cargo
in the SDC4-associated malignant phenotype.

Several seminal studies have comprehensively addressed the
EV cargo, including nucleic acids, proteins, lipids, and metabo-
lites (44—46). However, the glycans and glycoconjugates carried
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by EVs remain poorly characterized. Of note, HS-rich proteo-
glycans, namely SDCs, together with syntenin and Alix have been
shown to play important roles in EV biogenesis (19, 24, 47).
Furthermore, heparanase, the enzyme responsible for HS remod-
eling, can stimulate intraluminal budding of SDC-syntenin—Alix
complex promoting EV secretion (23, 48, 49). Our data revealed
an enrichment of highly glycosylated SDC4 forms in EVs when
compared to the parental cells. Specifically, MS analysis identified
three peptides, corresponding to the ECD of SDC4, that were
exclusively sequenced in EVs. Of notice, SDC4 KO impacted EV
biogenesis with KO cells producing higher amounts of vesicles
with smaller size and decreased protein/particle ratio. SDC4 KO
EVs presented higher SDC1 levels, supporting a compensatory
effect for the lack of SDC4. The HSPG SDCI1 has been previously
reported to control the biogenesis of intraluminal vesicles and
exosomes (EVs) (19).

Interestingly, proteomic analysis revealed that TGFp1 and
GAS6 were exclusively identified on WT EVs. In addition, net-
work analysis of SDC4-exclusive proteins in WT EVs, clustered
together SDC4, GAS6, and TGEp1, showing an enrichment in
biological processes involved in protein phosphorylation, cell migra-
tion, and axon guidance. This proteomic signature is associated

PNAS 2023 Vol.120 No.20 2214853120

with the proinvasive phenotype induced by these EVs. TGEp1 is
a key regulator of migration, invasion, and epithelial-mesenchy-
mal transition in gastric carcinogenesis (50, 51) and GAS6 was
described as involved in the recruitment and polarization of mac-
rophages (52, 53), therefore supporting EV contribution for can-
cer cell invasion and tumor progression. Protein network analysis
of the KO EV proteome revealed several proteins of the Wnt
pathway, including ZNRF3 that acts as a negative feedback reg-
ulator of Wnt signaling (54), therefore, corroborating the less
aggressive phenotype of KO EVs. In line with these observations,
the SDC4-specific signature of WT EVs was significantly associ-
ated with gastric cancer patient poor overall and DFS.

The functional effects of EVs are dependent on an efficient
uptake by recipient cells, and the different pattern of surface
components on EVs, e.g., integrins, cytokines, and glycocon-
jugates, has been shown to dictate EV uptake (21, 55, 56).
Furthermore, from the recipient cell side HSPGs have been
described as regulators of EV internalization and functional
activity (57). The glycosaminoglycan chains that decorate
HSPGs, particularly the 2-O- and N-sulfation domains, were
demonstrated to be key for exosome uptake (25). Additionally,
it was shown that enzymatic treatment with heparanase, that
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trims HS chains, and xylosides, which hinder HS biosynthesis,
also resulted in EV uptake inhibition (25). Here, we provide
evidence that SDC4 plays a crucial role on EV uptake, as KO
of this specific proteoglycan impacts the EV cellular internali-
zation and organ distribution. Our data further support that
HS glycosaminoglycans in EVs are mechanistically involved in
the EV internalization process, since enzymatic digestion of EV
HS-chains or EV blocking with HS-antibody significantly
impaired EV uptake. However, we cannot exclude the possibility
of SDC4-independent alternative uptake pathways since SDC4
KO did not completely abolished EV uptake. Interestingly, we
observed a significant decrease in SDC4 KO EV uptake by the
liver, lung and spleen, which are common metastatic sites of
gastric primary tumor (58). These results highlight the specific
tropism of the gastric cancer EVs to these organs. Furthermore,
our data provide evidence that Kupffer cells are major players
in gastric cancer-derived EV uptake in the liver. The uptake of
gastric cancer-derived EVs by macrophages, with consequences
on macrophage differentiation and tumor dissemination, has
been previously reported (59). Moreover, Kupffer cells
have been demonstrated as a key cell subpopulation in the
uptake of pancreatic cancer exosomes, having a functional con-
tribution for the establishment of a liver premetastatic niche
(60, 61).

The understanding of the functional implications of proteoglycans
glycosylation in EV cellular recognition and uptake holds great
potential for the therapeutic inhibition of EV-mediated tumor pro-
gression (62). This knowledge is particularly relevant in gastric cancer
where the identification of molecular targets to design personalized
therapeutic strategies is of utmost need. Moreover, proteoglycans
carried by EVs have been already recognized as biomarkers for min-
imally invasive cancer diagnosis: Glypican-1 in pancreatic cancer
(63) and SDCI1 in glioma (62). Therefore, the identification of
SDC4 in gastric cancer cell-derived EVs holds biomarker
potential.

The role of SDC4 in the definition of EV tropism to common
metastatic sites of gastric cancer is of utmost relevance within
the emerging concept that EVs prime a premetastatic niche.
This knowledge prompts future research on the impact of
glycosylated-SDC4 in EVs for gastric cancer dissemination.
However, the current challenge is the lack of good experimental
models that mimic the human gastric cancer metastasis features.
Therefore, the foreseeable study of EV education using gastric
cancer orthotopic patient-derived xenograft models has particu-
lar pertinence. Moreover, it would be important to decipher
the TGFB1, GAS6, and SDC4 molecular interplay and the
role of these partners in EV-mediated immune regulation,
namely on macrophage polarization, within the tumor
microenvironment.

Collectively, our findings reveal a previously unappreciated role
of SDC4 in determining gastric cancer cell aggressiveness with
implications in patient clinical outcome and further uncover the
potential of this HSPG as a therapeutic target. Furthermore, our
data contribute to decipher the glycan code of cancer-derived EVs
and for the identification of key molecular cues that determine
gastric cancer communication routes.

Materials and Methods

Detailed description of reagents, immunohistochemistry, in silico analyses,
cell culture, CRISPR/Cas9 KO methodology, PCR, western blot, flow cytometry,
immunofluorescence, enzymatic digestion, viability and proliferation assays,
RTK phosphorylation analysis, EV isolation, NTA, EV protein quantification, TEM,
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gold-immunolabeling microscopy, LC-MS/MS analysis, EV uptake, and biodistri-
bution experiments are provided in S Appendix.

Ethic Statements. All procedures concerning the inclusion of patients were
approved by the institutional Ethics Committee (Comissao de ética para a satde-
CES-IPOFG-EPE 87/2017) after patients’ informed consent. Additional details
regarding this cohort are provided in SI Appendix, Materials and Methods.

All animal procedures were conducted in accordance with National Animal
Experimentation Guidelines (DGAV) on the use and care of experimental ani-
mals, and approved by the Champalimaud Foundation Ethics Committee
(0421/000/000/2018).

In Silico Analysis of SDC4 Expression and Prognostic Impact. SD(4 tran-
script levels were investigated in STAD-TCGA and the KM plotter database (64),
as described in SI Appendix, Materials and Methods.

SDC4 KO by CRISPR/Cas9. The SDC4 KO was performed in MKN74 cell line using
CRISPR/Cas9 genome editing and validated, as previously described (65, 66).
Additional information is provided in S/ Appendix, Materials and Methods.

Isolation of EVs. The EVisolation and characterization were performed according
to the International Society for Extracellular Vesicles (ISEV) (67) guidelines and
are described in S/ Appendix, Materials and Methods.

statistical Analysis. Prism software (GraphPad, v8.0)and IBM" SPSS" Statistics v.22
were used for statistical analysis, as detailed in S| Appendix, Materials and Methods.

Data, Materials, and Software Availability. All relevant data from EV experi-
ments were submitted to the EV-TRACK knowledgebase (EV-TRACK ID: EV210302)
(68).The MS-based proteomic data have been deposited to the ProteomeXchange
Consortium via the PRIDE (69) partner repository with the dataset identifier
PXD035679 and 10.6019/PXD035679 (70). All study data are included in the
article and/or S Appendix.
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