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Extracellular vesicles released
from ganglioside GD2-expressing
melanoma cells enhance

the malignant properties

of GD2-negative melanomas
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Exosomes (small extracellular vesicles: EVs) have attracted increasing attention from basic scientists
and clinicians since they play important roles in cell-to-cell communication in various biological
processes. Various features of EVs have been elucidated regarding their contents, generation and
secretion mechanisms, and functions in inflammation, regeneration, and cancers. These vesicles are
reported to contain proteins, RNAs, microRNAs, DNAs, and lipids. Although the roles of individual
components have been rigorously studied, the presence and roles of glycans in EVs have rarely been
reported. In particular, glycosphingolipids in EVs have not been investigated to date. In this study,
the expression and function of a representative cancer-associated ganglioside, GD2, in malignant
melanomas was investigated. Generally, cancer-associated gangliosides have been shown to enhance
malignant properties and signals in cancers. Notably, EVs derived from GD2-expressing melanomas
enhanced the malignant phenotypes of GD2-negative melanomas, such as cell growth, invasion,

and cell adhesion, in a dose-dependent manner. The EVs also induced increased phosphorylation

of signaling molecules such as EGF receptor and focal adhesion kinase. These results suggest that
EVs released from cancer-associated ganglioside-expressing cells exert many functions that have
been reported as a function of these gangliosides and regulate microenvironments, including total
aggravation of heterogeneous cancer tissues, leading to more malignant and advanced cancer types.

Acidic glycosphingolipids, gangliosides, are mainly expressed in the brains and nervous tissues of vertebrates'.
Some of these molecules are considered tumor markers of neuroectoderm-derived cancers such as malignant
melanomas®*, neuroblastomas®, and gliomas®®. In addition to these tumors, some gangliosides, such as GD3 and
GD2, have also been reported to be characteristically expressed in osteosarcomas®™!!, T-cell leukemias'*"'°, lung
cancers'®!, and breast cancers'®. Moreover, the roles of these gangliosides in cancer cells have been revealed,
indicating that these gangliosides play important roles in the enhancement of malignant features of cancers such
as increased proliferation, invasion' and cell adhesion®**! and a high incidence of metastasis®>. As a basis for
these functions of cancer-associated gangliosides, their roles in the modulation of cell signaling at membrane
microdomains, i.e., lipid rafts, have been reported®*!. Many of these studies have been achieved through novel
genetic engineering of the expression of glycosphingolipids using cDNAs and genomic DNA of cloned glyco-
syltransferase genes®.

Recently, small extracellular vesicles (EVs) released from various cells have attracted the interests of many
biologists, since these EVs have been shown to play important roles in cell-to-cell communication®*?, although
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such vesicles were previously considered to be waste-like nonsignificant particles®. In particular, EVs from cancer
cells have been rigorously studied and demonstrated to be involved in the induction of experimental metastasis
of melanomas® and in the formation of metastatic niche at the target organs as an important organotropism-
determining factor of distant metastasis®’. Furthermore, a number of studies have reported the roles of EVs in the
regulation of the surrounding normal cells of tumors®~*. The microRNAs included in EVs were also reported
to be a reliable diagnostic marker for various cancers®-*.

Although there are many molecules, including membrane molecules such as MHC, tetraspanins, integrins,
DNA, RNA, microRNA, and many other proteins, in EVs*, no definite studies on the presence and function of
glycosphingolipids on EVs have been performed to date.

Recently, we investigated how cancer-associated gangliosides enhance malignant signals using a novel tech-
nique, EMARS/MS (enzyme-mediated activation of radical sources/mass spectrometry) developed by Kotani
and Honke?®. We reported interesting newly defined membrane molecules, e.g., neogenin in melanomas®” and
PDGEF receptor in gliomas*’. We also identified integrin 1 as a GD2-associating molecule in melanomas by
EMARS/MS* and reported that the molecular complex of GD2 and integrin enhanced the malignant properties
of melanomas at lipid rafts.

In this study, we investigated the roles of EV's released from GD2-positive melanoma cells in the regulation
of malignant properties of advanced melanomas, such as increased cell growth, high invasion and increased cell
adhesion, indicating roles of EVs in the generation of the tumor microenvironment and total aggravation of
tumor phenotypes. The results obtained in this study suggest that some ganglioside functions in cancers detected
in past studies are exerted via EVs released from ganglioside-expressing cancer cells.

Results

Similar expression of tetraspanin on GD2-expressing and GD2-negative melanoma lines, but not on exosomes
derived from them. Melanoma subline N1 was transfected with cDNAs of GD3 synthase and GM2/GD2 synthase
(Fig. 1A), and GD2-expressing S1 cells were established*!. Vector controls with no GD2 expression, e.g., V4 cells
were also established (Fig. 1B). The expression of tetraspanins was also compared between these two groups,
showing no clear differences in CD9 and CD81 by flow cytometry (Fig. 1B). For CD63, S1 cells showed higher
levels than V4 cells (Fig. 1B). When EV's were analyzed for the expression of gangliosides and tetraspanins by
flow cytometry using Tim4 beads, some differences were detected in CD9 and CD63 (Fig. 1C). Generally, the
expression of ganglioside and tetraspanins was similar between the cell surface and surface of EVs, except for
CD81 and CD63.

EV markers and a lipid raft marker showed different levels in EV's from S1 and V4, while their levels showed
mild differences in the lysates of the two cell lines. Immunoblotting of cell lysates and EVs from GD2+S1 cells
and GD2- V4 cells was performed using specific monoclonal antibodies (mAbs) for markers of EVs and lipid
rafts. Anti-GD2, anti-p-actin and anti-GAPDH antibodies were also used. The results revealed that cell lysates
from GD2+ S1 and GD2- V4 cells contained almost equivalent levels of CD81, Tsg101, and Flotillin-1 (a marker
of lipid rafts) except for CD9 and CD63, as well as B-actin and GAPDH (Fig. 2A,B). However, lysates from
S1-derived EVs showed high levels of these marker proteins compared with those from V4 cells. In particular,
Tsg101, Flotillin-1 and CD63 showed big differences between S1 and V4.

EVs from GD2-expressing cells enhanced the growth and invasion of GD3-negative cells. GD2-negative V4
cells showed increased cell growth when treated with GD2-expressing S1-derived EVs in a dose-dependent man-
ner (Fig. 3A). However, when EVs released from GD2-negative cells (V4) were added to the culture medium of
GD2-expressing cells (S1), growth of S1 cells was dose-dependently suppressed (Fig. 3B). When GD2- V4 cells
were cultured with EVs released from GD2+S1 cells, an invasion assay using Boyden chambers revealed that
the invasion gradually increased along with the added dose of EVs, as shown in Fig. 3C and D. When GD2+ S1
cells were treated with GD2- V4-derived EVs, S1 cells showed reduced invasion in a dose-dependent manner
(Fig. 3E,F).

Cell adhesion of GD2- V4 cells was enhanced by the addition of EVs from GD2+S1 cells. With a real-time
cell electron sensing (RT-CES) system, the effects of EVs on cell adhesion to the extracellular matrix (ECM)
were examined. When V4 cells were treated with EVs derived from S1 cells, cell adhesion, as presented by the
cell index (CI), was increased depending on the amounts of added EVs (Fig. 4A). In contrast, when S1 cells were
treated with EVs derived from V4 cells, cell adhesion was suppressed depending on the amounts of EVs used
(Fig. 4B). In these experiments, EVs were added to wells together with cells at time 0.

The effects of EVs on cell adhesion were stronger when added at time 0 of cell plating than when added at
1 h after cell plating. To compare the impact of EVs between the two timings of addition to plates, we added
EVs to RT-CES plates at time 0 or at 1 h after cell plating. As shown in Fig. 5, both modes of addition resulted
in similar effects on the cell index, i.e., S1-derived EVs enhanced V4 adhesion (Fig. 5A), while V4-derived EVs
suppressed S1 adhesion (Fig. 5B). However, the addition of S1 EV's at time 0 was more efficient than that 1 h later
in the enhancement of V4 cell adhesion (Fig. 5A).

GD2 and integrins are involved in the action of EVs during cell adhesion. To investigate the involvement
of GD2 on EVs, we added anti-GD2 mAb (220-51) to the S1-derived EVs at time 0 of RT-CES. Consequently,
the GD2- V4 cells treated with S1-derived EVs showed a clearly increased cell index (CI) from the early stage
until 15 h of observation compared with the nontreated V4 cells (Fig. 6). When a mixture of anti-GD2 mAb and
S1-EVs was added to V4 cells, CI was persistently reduced (Fig. 6A), while it was still higher than that in the
nontreated V4 cells. Furthermore, anti-integrin f1 mAb was added to EV's as well as anti-GD2 mAb to V4 cells,
and CI was largely suppressed, particularly during the first few hours (Fig. 6B).

Phosphotyrosine proteins were increased in GD2- V4 cells by the addition of GD2+ S1-derived EVs. To inves-
tigate the effects of EVs on serum stimulation-induced phosphorylation of intracellular proteins, we performed
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Figure 1. Ganglioside synthetic pathway and expression of tetraspanins and GD2 on the cell surface of
transfected cells and on EVs released from them. (A) Ganglioside biosynthetic pathway and cDNAs of synthetic
enzymes used to establish GD2-expressing transfectant cells. (B) Expression of tetraspanins and ganglioside
GD2 in GD2+ 81 cells and GD2- V4 cells as analyzed by flow cytometry. Anti-CD9, anti-CD81, anti-CD63 and
anti-GD2 mAbs were used as the primary antibodies, and FITC-labeled secondary antibody (goat anti-mouse
IgG (H & L) was used. A flow cytometer, AccuriC6, was used. (C) Expression of tetraspanins and GD2 on EVs
was analyzed using Tim4 beads. EVs were mixed with PS-capture Tim4 beads for 1 h with slight vortexing every
10 min. EV-bound Tim4 beads were washed twice, and primary antibodies against EV markers or GD2 were
applied and incubated for 1 h on ice. After washing, secondary antibodies were added and incubated for 1 h.
Then, EVs bound to Tim4 beads were washed and applied for flow cytometry as described in (B). These results
are the representative data of repeated experiments with similar patterns.
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Figure 2. Immunoblotting of EV markers and a lipid raft marker. Inmunoblotting of cell lysates and EVs from
GD2+ 81 cells and GD2- V4 cells was performed using specific mAbs for the individual molecules. Anti-GD2
and anti-B-actin antibodies were also used (A). The results of immunoblotting with anti-CD63 are shown
separately in ( B). Lysates from GD2+S1 and GD2- V4 cells and lysates from S1- and V4-derived exosomes
were subjected to SDS—PAGE. Subsequently, immunoblotting was performed using antibodies reactive with
EV markers, e.g., CD9, CD81, Tsg101, CD63, a lipid raft marker Flotillin-1 (all used at 1:1000 dilution), GD2
(1:100 dilution of ascites), and B-actin (1:1000 dilution) and GAPDH (1:1000 dilution). An ImmunoStar LD
detection kit was used for the detection of bands using Amersham Imager (Model: 680 software version 2.0, GE
Healthcare, Uppsala, Sweden). These results are the representative data of repeated experiments with similar
patterns.

immunoblotting using cell lysates treated with serum-containing DMEM and EVs (Fig. 7). When V4 cells were
cultured in FCS-containing medium, few weak bands were detected by the mAb PY20 from 5 min after stimula-
tion (Fig. 7B left). Surprisingly, strong bands could be detected when V4 cells were treated with serum+ DMEM
and S1-derived EVs at 5~ 30 min after serum stimulation (Fig. 7B right). The two major bands in Fig. 7B were
scanned and are presented in Fig. 7Ca and Cb. Phosphorylated focal adhesion kinase (FAK) was also examined
using 3 mAbs for tyrosine-phosphorylated FAK at different sites (Fig. 7D). The band intensities are plotted in
Fig. 7E, showing stronger intensities in the S1-EV-treated samples in all situations.

Phosphotyrosine proteins were reduced in GD2+ S1 cells by the addition of GD2- V4-derived EVs. To inves-
tigate the effects of EVs on intracellular signaling during cell adhesion, we performed immunoblotting of cell
lysates using the anti-p-tyrosine mAb PY20 (Fig. 8). After pretreatment of S1 cells, they were plated in collagen-
precoated dishes with or without V4-derived EVs at time 0, and cell lysates were prepared as shown in Fig. 8A
and used in immunoblotting with the mAb PY20. Phosphotyrosine bands were markedly reduced at 5~ 15 min
compared with those of the nontreated S1 lysates (Fig. 8B). Major components of tyrosine-phosphorylated bands,
e.g., 180 kDa, 130 kDa and 100 kDa, showed apparent decreases in the band intensities, as shown in Fig. 8C.

Discussion

Although a number of biological functions of EVs have been reported in various experimental and clinical
situations®"*?, their roles differ depending on the primary features of the secretory cells and recipient cells. For
example, EVs from mesenchymal stem cells, immune cells, or various cancer cells have been extensively stud-
ied, and intriguing findings have been reported to date*’. In particular, EVs released from cancers have been
shown to play important roles in the regulation of normal cells around cancer tissues. Recently, glycosylated
molecules on EV's were analyzed by lectin array, showing characteristic expression patterns of lectin-recognizing
carbohydrates*!. For example, from mannose-binding lectins, glycans characteristic of CD61 were identified
specifically in EVs of Alzheimer disease patients*. Many of those glycans detected by the lectin array approach
seem to be present on glycoproteins. For glycosphingolipids in EVs, either expression or function have not been
well analyzed thus far. Only one study has been published, showing effects of EVs released from human mel-
anocytes transfected by GD3 synthase cDNA on normal melanocytes*S. Consequently, enhancement of mobility
was observed in melanocytes treated with EVs from GD3-expressing melanocytes.

Although it became possible to investigate phenotypes of glyco-remodeled cells and animals, the mecha-
nisms by which gangliosides alter the cell features and signals have not been clearly demonstrated. The most
important issue for this status is the fact that glycosphingolipids are expressed on the outer layer of the lipid
bilayer membrane*. Therefore, it is difficult to explain how GSLs mediate cell signals that are introduced via the
cell membrane. We have solved this issue by identifying interacting molecules with some target gangliosides on
the cell surface by the EMARS/MS method*”. To identify GD2-associated membrane molecules, we performed
EMARS/MS, and integrin 1 was identified as a sole molecule detected only in GD2-positive melanoma cells*'.
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Figure 3. EVs derived from GD2+S1 cells markedly enhanced the cell growth and invasion of GD2- V4 cells.
(A, B) Proliferation was analyzed using GD2- V4 cells and GD2+ S1 cells by MTT assays. Cells (3 x 10°) were
seeded in each well of 96-well plates. Then, EV's (0.5, 2.0 and 4.0 pg) derived from S1 cells were added to V4

cells (A), and EVs (0.5, 2.0 and 4.0 pg) derived from V4 cells were added to S1 cells (B). PBS alone was added to
control cells. MTT solution (5 mg/ml in PBS) was added and incubated at 37 °C for 4 h on each day as indicated.
After vigorous pipetting, the absorbance was measured at 590 nm, and the relative absorbance was plotted. The
analysis was performed in triplicate, and the mean + SD is presented. (A, B) The data at day 1, 3, 5 and 7 were
analyzed by two-way ANOVA with a Tukey post hoc test. *P<0.05, **P<0.01, and ***P<0.001. (C-F) Invasion
was examined with cell culture inserts using GD2+ S1 and GD2- V4 cells. The upper chamber of the inserts

was coated with 200 ug/ml Matrigel. After 24 h of incubation, noninvaded cells were removed, invaded cells in
the lower chamber were stained with Giemsa, and the number of cells was counted under a microscope. (C, E)
Microscopic images of invaded cells from the upper chambers where GD2- V4 and GD2+S1 cells were plated,
followed by the addition of S1-derived EVs and V4-derived EVs, respectively. (D, F) The analysis was performed
in triplicate, and the mean + SD is presented. The data were analyzed with an unpaired Student’s two-tailed t test.
***P<0.001. Scale bar: 20 pm.
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Figure 4. Effects of EVs on the adhesion of GD2- and GD2 + cells. (A, B) Cell adhesion was investigated using
GD2- V4 cells and GD2+S1 cells in collagen I-precoated (5 pg/mL in PBS, 100 uL/well) 16-well microplates by
an RT-CES system. Cells (1 x 10*) were seeded in each well of the plates containing 100 pl of culture medium,
EVs (0.5, 2.0 and 4.0 pg) derived from S1 cells were added to V4 cells at 0 h (A), and EVs (0.5, 2.0 and 4.0 ug)
derived from V4 cells were added to S1 cells at 0 h (B). PBS was added to control cells. The dataat 3hand 24 h
incubation (A) or at 7.5 h and 24 h (B) were analyzed with an unpaired Student’s two-tailed t test. **P<0.01 and
**P<0.001.

We demonstrated that GD2 and integrins form molecular complexes in lipid rafts and cooperate to enhance the
malignant properties of melanomas by increasing the phosphorylation of EGFR and FAK*!. GD2 was reported
to be expressed at advanced stages of melanomas, e.g., the metastatic stage®?. Therefore, the results reported in
this article seemed to correspond with the supposed roles of GD2 in the later phase of melanoma progression®.

In this study, we analyzed the effects of EV's derived from GD2-positive melanoma cells on the phenotypes of
GD2-negative melanoma cells, showing rapid activation of the recipient cells via increased cell growth, invasion,
and cell adhesion in a dose-dependent manner (Figs. 3 ~ 7). Furthermore, exosomes added to GD2-negative cells
induced rapid phosphorylation of various signaling molecules, e.g., EGFR (180 kDa) and FAK (130 kDa) as we
previously demonstrated using mass spectrometry*!. These effects of exosomes on the target cells were quite
similar to the effects of GD2 expression compared with GD2-negative cells. Cooperation of GD2 with integrins
might affect EV's, as shown by us on a cellular basis*'. Thus, many GD2 functions in melanomas might be carried
through EVs. Interestingly, GD2-expressing melanoma cells underwent suppression of the malignant phenotypes
when they were treated with GD2-negative (GM3 only) melanoma cell-derived EVs. These results suggested that
GM3-positive melanoma cells weakly or reversely regulate surrounding cells via released EVs.

The results obtained in this study seem to propose many suggestions on the roles of GD2 in EVs in the induc-
tion of malignant properties of cancer cells and normal cells. As shown in Fig. 6, anti-GD2 mAb and anti-integrin
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Figure 5. Effects of EVs on the adhesion of GD2- and GD2 +cells at 0 h and 1 h. (A, B) Examined effects of
EVsadded at 0 h and 1 h on cell adhesion using GD2- V4 cells and GD2+ S1 cells in collagen I-precoated (5 pg/
mL in PBS, 100 pL/well) 16-well microplates by the RT-CES system. V4 or S1 cells (1 x 10*) were seeded in each
well of the plates containing 100 ul of culture medium. Then, EV's (2.0 ug) derived from S1 cells were added to
V4 cellsatOhand 1 h (A), and EVs (2.0 pg) derived from V4 cells were added to S1 cells at 0 h and 1 h (B). PBS
was added to control cells. Differences in cell adhesion (CI) between nontreated cells and EV-treated cells at 0 h
and 1 h were analyzed, and the data at 15 h and 24 h incubation (A), and 10.5 h and 24 h (B) were analyzed with
an unpaired Student’s two-tailed t test. P values are indicated as *P <0.05; **P<0.01 and ***P<0.001.

Ab showed apparent suppression of the exosome effects on the enhancement of cell adhesion in RT-CES, sug-
gesting that GD2 on the exosomes play important roles during the targeting of exosomes toward target cell
membrane. Attachment of exosomes and subsequent triggering of intracellular signals should be exerted via GD2
on EVs probably as a cooperation with integrins. Furthermore, the presence of GD2 in EVs might be involved in
the regulation of the process of EV generation in intraluminal vesicle and multivesicular body*, since GD2+EV's
contain much more Tsg101 and some tetraspanins that are considered to play roles in the generation of EVs.
The facts that cancer-derived exosomes brought about a high incidence of bone marrow metastasis when
injected before melanoma cell injection®® or breast cancer-derived EVs with different integrin isoform expres-
sion played important roles in the niche formation for distant metastasis determining metastatic organ tropism>
suggest that GD2 and integrins also cooperate on EVs. In addition to the coexpression of GD2 and integrins
on melanoma cells, as shown by flow cytometry, coexpression of these two molecules on EVs was analyzed
by immune-EV chemistry by fixing EVs on glass-bottom plates. Interestingly, heterogeneity in the expression
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Figure 6. Effects of treatment with anti-GD2 mAb on the action of EVs during cell adhesion of GD2- V4

cells. (A) Effects of EVs with or without anti-GD2-mAb on cell adhesion were investigated by an RT-CES
system using GD2- V4 cells in collagen I-precoated (5 pg/mL in PBS, 100 uL/well) 16-well microplates. V4 cells
(1x 10*) were seeded in each well of plates containing culture medium (100 ul), and exosomes (2.0 pg) derived
from S1 cells were added to V4 cells at time 0. PBS was added to control cells. Then, anti-GD2 mAb (A) or
anti-GD2 mAb and anti-integrin f1 mAb (B) were added to the wells as indicated in the figure. PBS was used
as a control. Differences in cell adhesion were compared, and the data at 3 h and 15 h incubation (A, B) were
analyzed with an unpaired Student’s two-tailed t test. P values are indicated as ***P<0.001.

patterns of GD2 and integrin 31 was observed, i.e., double-stained vesicles and single-stained vesicles of either
molecule (data not published). Heterogeneity in EV's has been reported by many researchers and still requires
further investigation®. The interaction and cooperation of GD2 and integrins on EVs remain to be investigated
in the future.

The clinical application of the results obtained in this study will be promising for the construction of novel
strategies to overcome cancers. This is especially true because GD2 has drawn increasing attention from both
basic researchers and clinicians because of its unique function, such as a cancer-stem marker’!, and because it
is an efficient target of immune therapy™2.

Methods

Cell lines and cell culture. The human melanoma cell SK-MEL-28 subline N1° (provided by K.O. Lloyd
at Memorial Sloan-Kettering Cancer Center, New York) was used to establish a ganglioside GD2-expressing S1
clone by transfecting cDNAs of ST8SIA1°* and B4GALNTI*. The V4 clone was established as a vector control*®
(Fig. 1A). The S1 clone was grown in Dulbecco’s minimal essential medium (DMEM) containing 7.5% fetal
bovine serum (FBS or FCS) and G418 (600 pg/ml), and the vector control V4 clone was grown in DMEM con-
taining 7.5% FBS and G418 (400 ug/ml) at 37 °C in a humidified atmosphere containing 5% CO,,

Antibodies and reagents. Anti-GD2 mAb, 220-51 was generated in our laboratory™. The other antibodies
and reagents were obtained from commercial sources as follows: fluorescein isothiocyanate (FITC)-conjugated
goat anti-mouse IgG (H+L) (Cat. No. 55514) from Cappel (Durham, NC, USA) and horseradish peroxidase
(HRP)-conjugated anti-mouse IgG antibody (Cat. No. 7076S), HRP-conjugated anti-rabbit IgG antibody (Cat.
No. 7074S), GAPDH rabbit mAb (Cat. No. 2118) from Cell Signaling Technology (Danvers, MA, USA). Mouse
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Figure 7. Tyrosine-phosphorylated protein levels in V4 cells increased after treatment with S1-EVs in DMEM
during cell growth. (A) Diagram of preparing cells to obtain lysates during cell growth in DMEM containing
FBS in the presence or absence of S1-EVs at various time points after plating. (B) After detaching with 0.02%
EDTA/PBS, GD2- V4 cells (5% 10°) were placed in 6 cm dishes with regular medium for 24 h at 37 °C. Cells
were washed with plain DMEM, and starved in serum-free DMEM at 37 °C for 2 h. Then cells were cultured
in the presence or absence of S1-derived EVs (4 pg) in serum + DMEM, and incubated for 0, 5, 15, 30 and
60 min at 37 °C. After incubation, the cells were lysed, and the lysates were used for SDS—PAGE. Subsequently,
immunoblotting was performed with the anti-phosphotyrosine mAb PY20. (C) Band intensities (130 and
67 kDa) in (B) were measured and plotted using Image] (1.53t). (D) Lysates as mentioned in (B) were subjected
to SDS—PAGE and immunoblotted with individual anti-FAK mAbs (p-397FAK, p-576FAK, p-925FAK mAbs).
Band intensities were measured by Image] (1.53t) and plotted in (E).
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Figure 8. Tyrosine-phosphorylated protein levels were decreased after treatment of S1 cells with V4-EVs in
DMEM during cell adhesion. (A) Diagram of preparing cells to obtain lysates during cell adhesion in DMEM in
the presence or absence of V4-EVs for various time points. (B) GD2+S1 cells were cultured in regular DMEM
at 37 °C for 24 h. Cells were washed with plain DMEM and starved in serum-free DMEM at 37 °C for 22 h, and
then cells were detached by 0.02% EDTA/PBS. Cell suspension was rotated at 37 °C for 1 h, and S1 cells were
placed in collagen 1-pre-coated plate with DMEM in the presence or absence of V4-derived EV's (4 ug) and
incubated for 0, 5, 15, 30 and 60 min at 37 °C. After incubation, the cells were lysed, and the lysates were used
for SDS—PAGE. Subsequently, immunoblotting was performed using the anti- phosphotyrosine mAb PY20. (C)
Band intensities (180, 130, 100 kDa) in (B) were measured and plotted using Image]J (1.53t).

anti-integrin B1 mAb (Cat. No. sc-374429) and anti-Flotillin-1 mAb (Cat. No. sc-74566) were purchased from
Santa Cruz Biotechnology (Dallas, TX, USA). Mouse anti-phosphotyrosine antibody PY20 (Cat. No. sc-508) was
purchased from Santa Cruz Biotechnology. Monoclonal anti- actin antibody (A5441-2ML) was purchased from
Sigma-Aldrich (St. Louis, MO, USA). Anti-phospho-FAK (Tyr-576)(Cat. No. sc-16563-R), Tyr-397(sc-81493),
and Tyr-925) (sc-11766-R) and mouse Tsg101 (C-2) (Cat. No. sc-7964) antibodies were purchased from Santa
Cruz Biotechnology. Anti-CD81 mAb (Cat. No. 66866-1-1 g) was purchased from Proteintech (Rosemont, IL,
USA). Anti-CD9 (Cat. No. 014-27763) and anti-CD63 mAbs (Cat. No. 012-27063) were from Fujifilm Wako
(Osaka, Japan). Giemsa (Cat. No. 079-04391) and BSA (Cat. No. LEH3163) were obtained from Wako (Osaka,
Japan). Tim4-beads (Cat. No. 297-79701), PS Capture Exosome Flow Cytometry Kit) (Cat. No. CC050), and
2-Amino-2 hydroxymethyl-1, 3-propanediol (Cat. No. 201-06273) were from Fujifilm (Osaka, Japan), Matrigel
(Cat. No. 354234) was from BD Bioscience (San Jose, CA, USA), and collagen-1 (Cat. No. CC050) and Tween20
(Cat. No. P2287) were from Sigma-Aldrich. Protease Inhibitor Mixture (Cat. No. 539131) was from Calbio-
chem (San Diego, CA, USA), and cell lysis buffer (Cat. No. 9803S) was from Cell Signaling Technology. The
ImmunoStar LD (Cat. No. 290-69,904) detection kit, G418 (Cat. No. 076-05962), sodium hydrogen carbonate
(Cat. No. 191-01,305), sodium dodecyl sulfate (Cat. No. 196-08,675), ammonium peroxodisulfate (Cat. No.
016-20501), N, N, N, N'—tetramethyl-ethylenediamine (Cat. No. 205-06313) were from Wako (Osaka, Japan).
MTT (3-(4,5-dimethylthiazol-2-yl) -2,5-diphenyltetrazolium bromide) (Cat. No. 349-01824) was from Dojindo
laboratories, Kumamoto, Japan. Fetal Bovine Serum, REF 04-007-1A from BI1 biological industries (Kibbutz
Beit-Haemek, Israel), Gibco penicillin streptomycin (Cat. No. 15140-122) was from Thermofisher Scientific,
USA. FastGene BlueStar prestained protein marker (Cat. No. MWP03-8) from Nippon Genetics Europe GmbH,
Duren, Germany. Phenylmethylsulfonylfluoride (PMSF) (Cat. No. 10837091001) was from Roche Diagnostics
GmbH, Mannheim, Germany.
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Preparation of exosome-free FCS isolation. First, we sterilized the Beckman polypropylene centrifuge
tubes (REE-326823, Beckman Coulter, Brea, CA, USA) with 70% alcohol and dried in clean bench. FCS were
poured into tubes up to 38.5 ml, and centrifuged at 4 °C at 175,000x g for 16 h by using Beckman SW32Ti rotor
(Kent, MI, USA). The supernatants were collected in 50 ml falcon tubes and stored until use.

Isolation of EVs from culture supernatants of melanoma cells. Near confluent cells (70-75%) in
15-cm dishes were washed three times with cold PBS and cultured with exosome-free FCS in DMEM (7.5%
FCS in DMEM) for 48 h. Culture supernatants were collected in 50 ml tubes and centrifuged at 4 °C at 500 x g
for 10 min. Supernatants were again centrifuged at 4 °C at 20,000 x g for 20 min. Supernatants were filtered
using 0.22 um Sartolab filters (RF-150) (Zartorius, Helsinki, Finland) and poured into Beckman polypropylene
ultracentrifuge tubes (Beckman Coulter, Brea, CA, USA). Then, the samples were rotated at 175,000 g at 4 °C
for 84 min, and the supernatants were discarded. Then, cold PBS was added, and the samples were rotated at
175,000 g at 4 °C for 84 min. After removal of the supernatants, the samples were slightly vortexed, and 200 ul
of cold PBS was added. The samples were then used immediately or stored at -80 °C after aliquoting. Exosome
sample in PBS was used for measuring proteins using Pierce BCA Protein Assay Kit (Cat. No. 23225, Ther-
mofisher Scientific, Massachusetts, USA. DC protein assay kit (Bio-Rad, Hercules, CA, USA) was also used. To
confirm that the preparations contain mainly exosomes, we performed size evaluation with NanoSight, and also
immunoblotting of tetraspanins. A part of the results of size distribution with NanoSight has been attached as
Supplementary Figure Fig. SI.

Cell growth assay (MTT assay). GD2+S1 and/or GD2- V4 cells (3x 10°) were placed in each well of
96-well plates with 100 ul of DMEM with 7.5% FBS. EVs (0.5, 2.0 and 4.0 pg) derived from V4 cells were added
to S1 cells, and Evs (0.5, 2.0 and 4.0 ug) derived from S1 cells were added to V4 cells. PBS alone was added
to control cells. During culture, 10 pl of MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide)
(5 mg/ml in PBS) solution was added to each well of 96-well plates at Days 0, 1, 3, 5 and 7 and incubated for 4 h
at 37 °C. The reaction was stopped by adding 110 ul of 1-propanol containing 0.1% NP-40 and 0.4% HCI. After
vigorous pipetting, the absorbance was measured at 590 nm by an automatic microplate reader (Thermo Fisher
Scientific, Type: 357, Shanghai, China).

Invasion assay with the Boyden chamber method. Cell culture inserts (Transparent PET membrane,
24-well format, 8.0 um pore size (Cat. No. 353097), Life Sciences, Durham, USA) were used to perform the inva-
sion assay as described®. Matrigel (a solubilized basement membrane preparation extracted from EHS mouse
sarcoma, BD Bioscience, 20 pl) in cold PBS (200 ug/ml) was applied to the upper chamber of the cell culture
inserts and incubated for 2 h at room temperature for polymerization. After removal of PBS, the upper chamber
was filled with 200 pl of serum-free DMEM and incubated for 1 h, and the lower chamber was filled with DMEM
containing 10% FBS. After removal of the medium from the upper chamber, S1 or V4 cells (3 x 10*) in 200 pl of
serum-free DMEM were added. Then, exosomes (0.5, 2.0 and 4.0 pg) derived from V4 cells were added to S1
cells, and exosomes (0.5, 2.0 and 4.0 pg) derived from S1 cells were added to V4 cells. Control cells were treated
with no exosomes. Cells were incubated for 24 h at 37 °C in a humidified atmosphere containing 5% CO,. After
incubation, invaded cells on the surface of the lower chamber were stained with Giemsa (Wako, Osaka, Japan),
and the number of cells was counted under a microscope (IX73P1E, Olympus, Tokyo, Japan).

Cell adhesion assay with real-time cell electron sensing (RT-CES). A real-time cell electronic
sensing system (RT-CES) (Wako Pure Chemical, Osaka, Japan) was used to analyze the cell adhesion assay as
described*. Microelectronic cell sensor arrays were integrated into the bottom of the microplates (E-Plate (16X)
code 583-84881, model number DC16-B-NT) (ACEA Biosciences, Inc., San Diego, CA, USA). The sensor pro-
vides information that increases electrical resistance (cell index) to indicate an increase in cell adhesion. E-Plates
were coated with collagen-1 (CL-1) (5 pg/m in PBS, 100 pL/well) at room temperature (RT) for 1 h and blocked
with 1% BSA/10% FBS in D-MEM (100 pL/well) at RT for 1 h. After blocking the wells, S1 or V4 cells (1 x 10%)
were seeded in each well of 16-well plates containing culture medium. Then, exosomes (0.5, 2.0 and 4.0 pg)
derived from V4 cells were added to S1 cells, and exosomes (0.5, 2.0 and 4.0 ug) derived from S1 cells were added
to V4 cells at 0 h or 1 h. Control cells were not treated with exosomes. Simultaneously, a cell adhesion assay was
performed by adding exosomes from S1 cells and anti-GD2 mAb or adding exosomes from S1 cells, anti-GD2
mADb and anti-integrin f1 mAb to V4 cells at 0 h. Changes in cell adhesion were monitored continuously and are
expressed as the cell index (CI).

Flow cytometry. Ganglioside GD2 expression levels on the cell membrane were analyzed as previously
described” . Briefly, cells (5% 10°) were trypsinized and washed twice with cold PBS and incubated with
diluted primary antibody in PBS for 60 min on ice. After being washed twice with PBS, the cells were stained
with FITC-conjugated goat anti-mouse IgG (H+L) (Cappel, Durham, NC) as a secondary antibody for 45 min
on ice. Then, the cells were washed three times with PBS, and the relative expression levels were analyzed by an
Accuri C6 Flow Cytometer (Accuri Cytometers, Inc., Ann Arbor, MI, USA). A control sample was prepared
using nonrelevant mAbs with the same subclasses of individual primary antibodies. The CFlow Plus program
was used for the quantification of positive cells.

Cell lysate preparation. Cell lysates were prepared as previously described*"**. Cells were washed three
times with PBS, then lysed with a cell lysis buffer (20 mM Tris-HCI, 150 mM NaCl, 1 mM Na2EDTA, 1% Tri-
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ton X-100, 1 mM EGTA, 2.5 mM sodium pyrophosphate, 1 mM B-glycerophosphate, 1 mM Na;VO,, 1 ug/mL
leupeptin) (Cell Signaling) with 1 mM phenylmethylsulfonyl fluoride (PMSF) and Protease Inhibitor Mixture
(Calbiochem). Cell lysates were centrifuged at 12,500 rpm (Kubota 3740, Tokyo, Japan) for 10 min at 4 °C to
remove insoluble cell debris, and proteins in the supernatants were measured using Pierce BCA Protein Assay
Kit (Cat. No. 23225, Thermofisher Scientific, Massachusetts, USA.

Western immunoblotting.  After preparation of the cell lysates, proteins in lysates were separated by SDS—
PAGE using 10% agarose gels as previously described***. A sample buffer consisting of 100 mM Tris-HCl (pH
6.8), 1% SDS, 5% glycerol, 0.3% bromophenol blue, and 2.5% 2-mercaptoethanol was used. Separated proteins
were transferred onto an Immobilon-P membrane (EMD Millipore, MA, USA), and blots were blocked for 1 h
with 3% skim milk or bovine serum albumin (BSA) in PBS including 0.05% Tween-20. Then, the membrane was
incubated with primary antibodies followed by HRP-labeled secondary antibodies for 45 min. Bands of proteins
were visualized using ImmunoStar LD detection kits (Wako Osaka, Japan), and quantification of signal intensity
was performed by Image] as explained below after taking images with Amersham Imager (Model: 680 software
version 2.0, GE Healthcare, Uppsala, Sweden). The intensities of protein bands were measured using Image]J soft-
ware (1.53t) by subtraction of corresponding background of individual bands within the images. Then, resulting
intensities of bands were plotted with corresponding time course (0, 5, 15, 30 and 60 min). We have confirmed
that there are linear relationships between the amount of proteins measured and the immunoblotting signals
within limited ranges of applied protein amounts in a number of past experiments.

Statistical analysis. Statistical analyses were performed as previously described’. Data are presented as
the means+ SDs. The data were analyzed by two-way ANOVA with a Tukey post hoc test or an unpaired Stu-
dent’s two-tailed t test to compare mean values as indicated in the individual figure legends. p values of <0.05
were considered significant. Statistical significance was analyzed using R software (version 3.6.3).

Data availability

All data are available. Koichi Furukawa should be contacted if someone wants to request the data from this study.

Received: 30 September 2022; Accepted: 8 March 2023
Published online: 27 March 2023

References
1. Wiegandt, H. Gangliosides: Wiegandt, H. (Ed), Glycolipids, Elsevier Sci. Pub. B.V., New York 199-259 (1985).
2. Nagai, Y. & Tsuji, S. Significance of ganglioside-mediated glycosignal transduction in neuronal differentiation and development.
Prog. Brain Res. 101, 119-126 (1994).
3. Lloyd, K. O. & Old, L. J. Human monoclonal antibodies to gly- colipids and other carbohydrate antigens: Dissection of the humoral
im- mune response in cancer patients. Cancer Res. 49, 3445-3451 (1989).
4. Hakomori, S. I. Structure and function of glycosphingolipids and sphingolipids: Recollections and future trends. Biochim. Biophys.
Acta 1780, 325-346 (2008).
5. Cheung, N.-K.V. et al. Monoclonal antibodies to a glycolipid antigen on human neuroblastoma cells. Cancer Res. 45, 2642-2649
(1985).
6. Wagener, R. et al. Ganglioside profiles in human gliomas: quantification by microbore high performance liquid chromatography
and correlation to histomorphology and grading. Acta Neurochir. (Wien) 141, 1339-1345 (1999).
7. Yeh, S. C. et al. Glycolipid GD3 and GD3 synthase are key drivers for glioblastoma stem cells and tumorigenicity. Proc. Natl. Acad.
Sci. USA 113, 5592-5597 (2016).
8. Iwasawa, T. et al. Enhancement of malignant properties of human glioma cells by ganglioside GD3/GD?2. Int. J. Oncol. 52, 1255-
1266 (2018).
9. Chang, H. R. et al. Expression of disialogangliosides GD2 and GD3 on human soft tissue sarcomas. Cancer (Phila.) 70, 633-638
(1992).
10. Shibuya, H. et al. Enhancement of malignant properties of human osteosarcoma cells with disialyl gangliosides GD2/GD3. Cancer
Sci. 103, 1656-1664 (2012).
11. Azuma, K. ef al. Tyrosine phosphorylation of paxillin affects the metastatic potential of human osteosarcoma. Oncogene 24,
4754-4764 (2005).
12. Siddiqui, B., Buehler, J., DeGregorio, M. W. & Macher, B. A. Differential expression of ganglioside GD3 by human leukocytes and
leukemia cells. Cancer Res. 44, 5262-5265 (1984).
13. Merritt, W. D., Casper, J. T., Lauer, S. J. & Reaman, G. H. Expression of GD3 ganglioside in childhood T-cell lymphoblastic malig-
nancies. Cancer Res. 47, 1724-1730 (1987).
14. Furukawa, K. et al. G-D2 ganglioside on human T-lymphotropic virus type I-infected T cells: Possible activation of beta-1,4-N-
acetylgalactosaminyltransferase gene by p40tax. Proc. Natl. Acad. Sci. USA 90, 1972-1976 (1993).
15. Okada, M. et al. High expression of ganglioside GD3 synthase gene in adult T cell leukemia cells unrelated to the gene expression
of human T lymphotropic virus type I. Cancer Res. 56, 2844-2848 (1996).
16. Grant, S. C. et al. Targeting of small-cell lung cancer using the anti-GD2 ganglioside monoclonal antibody 3F8: A pilot trial. Eur.
J. Nucl. Med. 23, 145-149 (1996).
17. Yoshida, S. et al. Ganglioside G(D2) in small cell lung cancer cell lines: Enhancement of cell proliferation and mediation of apop-
tosis. Cancer Res. 61, 4244-4252 (2001).
18. Cazet, A. et al. The ganglioside G(D2) induces the constitutive activation of c-Met in MDA-MB-231 breast cancer cells expressing
the G(D3) synthase. Glycobiology 22, 806-816 (2012).
19. Hamamura, K. et al. Ganglioside GD3 promotes cell growth and invasion through p130Cas and paxillin in malignant melanoma
cells. Proc. Natl. Acad. Sci. USA 102, 11041-11046 (2005).
20. Cheresh, D. A., Harper, J. R,, Schulz, G. & Reisfeld, R. A. Localization of the gangliosides GD2 and GD3 in adhesion plaques and
on the surface of human melanoma cells. Proc. Natl. Acad. Sci. USA 81, 5767-5771 (1984).
21. Ohkawa, Y. et al. Ganglioside GD3 enhances adhesion signals and augments malignant properties of melanoma cells by recruiting
integrins to glycolipid-enriched microdomains. J. Biol. Chem. 285, 27213-27223 (2010).

Scientific Reports |

(2023) 13:4987 | https://doi.org/10.1038/s41598-023-31216-4 nature portfolio



www.nature.com/scientificreports/

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,
43.

44,
45.
46.
47.
48.
49.
50.
51.

52.
53.

54.

55.

56.

57.

58.

59.

. Thurin, J. et al. GD2 ganglioside biosynthesis is a distinct biochemical event in human melanoma tumor progression. FEBS Lett.

208, 17-22 (1986).

. Hakomori, S. Structure, organization, and function of glycosphingolipids in membrane. Curr. Opin. Hematol. 10, 16-24 (2003).
. Furukawa, K. et al. Signaling domains of cancer-associated glycolipids. Glycoconj. J. 39, 145-155 (2022).
. Furukawa, K. et al. Glycolipids: Essential regulator of neuro-inflammation, metabolism and gliomagenesis. Biochim. Biophys. Acta

Gen. Subj. 1861, 2479-2484 (2017).

Colombo, M., Raposo, G. & Théry, C. Biogenesis, secretion, and intercellular interactions of exosomes and other extracellular
vesicles. Annu. Rev. Cell Dev. Biol. 30, 255-289 (2014).

Valadi, H. et al. Exosome-mediated transfer of mRNAs and microRNAs is a novel mechanism of genetic exchange between cells.
Nat. Cell Biol. 9, 654-659 (2007).

van Niel, G., D'Angelo, G. & Raposo, G. Shedding light on the cell biology of extracellular vesicles. Nat. Rev. Mol. Cell Biol. 19,
213-228 (2018).

Peinado, H. et al. Melanoma exosomes educate bone marrow progenitor cells toward a pro-metastatic phenotype through MET.
Nat. Med. 18, 883-891 (2012).

Hoshino, A. et al. Tumour exosome integrins determine organotropic metastasis. Nature 527, 329-335 (2015).

Phinney, D. G. & Pittenger, M. F. Concise review: MSC-derived exosomes for cell-free therapy. Stem Cells 35, 851-858 (2017).
Roma-Rodrigues, C., Fernandes, A. R. & Baptista, P. V. Exosome in tumour microenvironment: Overview of the crosstalk between
normal and cancer cells. Biomed. Res. Int. 2014, 179486 (2014).

Veerman, R. E., Giigliller Akpinar, G., Eldh, M. & Gabrielsson, S. Immune cell-derived extracellular vesicles—functions and thera-
peutic applications. Trends Mol. Med. 25, 382-394 (2019).

Kosaka, N., Iguchi, H. & Ochiya, T. Circulating microRNA in body fluid: A new potential biomarker for cancerdiagnosis and
prognosis. Cancer Sci. 101, 2087-2092 (2010).

Salido-Guadarrama, I. et al. MicroRNAs transported by exosomes in body fluids as mediators of intercellular communication in
cancer. Onco. Targets Ther. 7, 1327-1338 (2014).

Takahashi, R. U,, Prieto-Vila, M., Hironaka, A. & Ochiya, T. The role of extracellular vesicle microRNAs in cancer biology. Clin.
Chem. Lab. Med. 55, 648-656 (2017).

Jurj, A. et al. A comprehensive picture of extracellular vesicles and their contents. Molecular transfer to cancer cells. Cancers Basel
12,298 (2020).

Kotani, N. et al. Biochemical visualization of cell surface molecular clustering in living cells. Proc. Natl. Acad. Sci. USA 105,
7405-7409 (2008).

Kaneko, K. ef al. Neogenin defined as a GD3-associated molecule by enzyme- mediated activation of radical sources confers
malignant properties via intra- cytoplasmic domain in melanoma cells. J. Biol. Chem. 291, 16630-16643 (2016).

Ohkawa, Y., Momota, H. & Kato, A. Ganglioside GD3 enhances invasiveness of gliomas by forming a complex with platelet-derived
growth factor receptor a and Yes kinase. J. Biol. Chem. 290, 16043-16058 (2015).

Yesmin, F et al. Ganglioside GD2 enhances malignant phenotypes of melanoma cells by co-operating with integrins. Int. J. Mol.
Sci. 23,423 (2021).

Hoshino, A. et al. Extracellular vesicle and particle biomarkers define multiple human cancers. Cell 182, 1044-1061.e18 (2020).
Xu, R. et al. Extracellular vesicles in cancer-implications for future improvements in cancer care. Nat. Rev. Clin. Oncol. 15, 617-638
(2018).

Shimoda, A. et al. Glycan profiling analysis using evanescent-field fluorescence-assisted lectinarray: Importance of sugar recogni-
tion for cellular uptake of exosomes from mesenchymal stem cells. Biochem. Biophys. Res. Commun. 491, 701-707 (2017).
Odaka, H. et al. Platelet-derived extracellular vesicles are increased in sera of Alzheimer’s disease patients, as revealed by Tim4-
based assays. FEBS Open Bio 11, 741-752 (2021).

Otake, A. H. et al. Gp; ganglioside-enriched extracellular vesicles stimulate melanocytemigration. Biochim. Biophys. Acta Mol.
Cell Biol. Lipids 1864, 422-432 (2019).

Furukawa, K. et al. New era of research on cancer-associated glycosphingolipids. Cancer Sci. 110, 1544-1551 (2019).

Ohmi, Y. et al. Differential roles of gangliosides in malignant properties of melanomas. PLoS ONE 13, e0206881 (2018).
Hessvik, N. P. et al. Current knowledge on exosome biogenesis and release. Cell. Mol. Life Sci. 75, 193-208 (2018).

Seo, N. et al. Distinguishing functional exosomes and other extracellular vesicles as a nucleic acid cargo by the anion-exchange
method. J. Extracell. Vesicles. 11, €12205 (2022).

Battula, V. L. et al. Ganglioside GD2 identifies breast cancer stem cells and promotes tumorigenesis. J. Clin. Invest. 122, 2066-2078
(2012).

Yu, J. et al. Targeting glycosphingo-lipids for cancer immunotherapy. FEBS Lett. 594, 3602-3618 (2020).

Nakano, J., Mohan Raj, B. K., Asagami, C. & Lloyd, K. O. Human melanoma cell lines deficientin GD3 ganglioside expression
exhibit altered growth and tumorigenic characteristics. J. Invest. Dermatol. 107, 543-548 (1996).

Haraguchi, M. et al. Isolation of GD3 synthase gene by expression cloning of GM3 alpha-2,8-sialyltransferase cDNA using anti-
GD2 monoclonal antibody. Proc. Natl. Acad. Sci. USA 91, 10455-10459 (1994).

Nagata, Y. et al. Expression cloning of p1,4 N-acetyl-galactosaminyltransferase cDNAs that determine the expression of GM2 and
GD2 gangliosides. J. Biol. Chem. 267, 12082-12089 (1992).

Zhao, J. et al. Atenuation of interleukin 2 signal in the spleen cells of complex ganglioside-lacking mice. J. Biol. Chem. 274,
13744-13747 (1999).

Bhuiyan, R. H. et al. Expression analysis of 0-series gangliosides in human cancer cell lines with monoclonal antibodies generated
using knockout mice of ganglioside synthase genes. Glycobiology 26, 984-998 (2016).

Yesmin, E et al. Aminoglycosides are efficient reagents to induce readthrough of premature termination codon in mutant
B4GALNT]1 genes foumd in families of hereditary spastic paraplegia. . Biochem. 168, 103-112 (2020).

Bhuiyan, R. H. et al. Loss of enzyme activity in mutated BAGALNT1 gene products in patients with hereditary spastic paraplegia
results in relatively mild neurogical disorders: Similarity with phenotypes of B4galnt1 knockout mice. Neuroscience 397, 94-106
(2019).

Acknowledgements

We thank Y. Imao and H. Ohkuma and M. Kojima for their excellent technical assistance. This work was sup-
ported by Grants-in-aids from the Ministry of Education, Culture, Sports, and Technology of Japan (MEXT,
KAKENHTI) (19K22518, 19K07393, 21K26828) and JST-CREST (grant number: JPMJCR17H2).

Author contributions

EY, Ke. E and Ko. F designed the study. EY., M.K., M.A.H., KK., A.T. and M.M. performed experiments with
the help of Y.O., R H.B., N.H. and O.T. Ke. F, Y.O., N.H., and Ko. F. analyzed the data. EY., Ke. F. and Ko. E wrote
and edited the paper. Ko. E supervised the project.

Scientific Reports |

(2023) 13:4987 | https://doi.org/10.1038/s41598-023-31216-4 nature portfolio



www.nature.com/scientificreports/

Competing Interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-023-31216-4.

Correspondence and requests for materials should be addressed to K.E
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

Scientific Reports |

(2023) 13:4987 | https://doi.org/10.1038/s41598-023-31216-4 nature portfolio


https://doi.org/10.1038/s41598-023-31216-4
https://doi.org/10.1038/s41598-023-31216-4
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Extracellular vesicles released from ganglioside GD2-expressing melanoma cells enhance the malignant properties of GD2-negative melanomas
	Results
	Discussion
	Methods
	Cell lines and cell culture. 
	Antibodies and reagents. 
	Preparation of exosome-free FCS isolation. 
	Isolation of EVs from culture supernatants of melanoma cells. 
	Cell growth assay (MTT assay). 
	Invasion assay with the Boyden chamber method. 
	Cell adhesion assay with real-time cell electron sensing (RT-CES). 
	Flow cytometry. 
	Cell lysate preparation. 
	Western immunoblotting. 
	Statistical analysis. 

	References
	Acknowledgements


