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Abstract 
 

   Neuroectoderm-derived tumors characterisTcally express gangliosides such as GD3 and GD2. 

Many studies have reported that gangliosides GD3/GD2 enhance malignant phenotypes of 

cancers. Recently, we reported that human gliomas expressing GD3/GD2 exhibited enhanced 

malignant phenotypes. Here, we invesTgated the funcTon of GD3/GD2 in glioma cells and 

GD3/GD2-expressing glioma-derived exosomes. As reported previously, transfectant cells of 

human glioma U251 MG expressing GD3/GD2 showed enhanced cancer phenotypes 

compared with GD3/GD2-negaTve controls. When GD3/GD2-negaTve cells were treated with 

exosomes secreted from GD3/GD2-posiTve cells, clearly increased malignant properTes such 

as cell growth, invasion, migraTon, and cell adhesion were observed. Furthermore, increased 

phosphorylaTon of signaling molecules was detected aher 5 to15 min of exosome treatment, 

i.e., higher tyrosine phosphorylaTon of platelet-derived growth factor receptorβ, focal 

adhesion kinase, and paxillin was found in treated cells than in controls. PhosphorylaTon of 

extracellular signal-regulated kinase-1/2 was also enhanced. Consequently, it is suggested 

that exosomes secreted from GD3/GD2-posiTve gliomas play important roles in enhancement 

of the malignant properTes of glioma cells, leading to total aggravaTon of heterogenous 

cancer Tssues, and also in the regulaTon of tumor microenvironments. 
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Graphical abstract 

Crucial roles of exosomes secreted from ganglioside GD3/GD2-posiTve glioma cells in 
enhancement of the malignant phenotypes and signals of GD3/GD2-negaTve glioma cells 
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1. Introduc,on 
 

1.1. Glioma  

Gliomas, a type of brain tumor, generally originate from glial cells of the brain or their 

precursor cells [1], and mostly exhibit a highly invasive acTvity, and expand outward by 

infiltraTng normal brain Tssues [2]. Gliomas consTtute around 30% of both brain tumors and 

central nervous system tumors, represenTng 80% of malignant brain tumors [3]. Gliomas are 

classified according to cell type, grade, and locaTon. Based on their growth paoerns and 

infiltraTng potenTal, gliomas are sorted into grades I-IV by the World Health OrganizaTon 

(WHO) [4]. The grade-IV gliomas are the most aggressive type and are also known as 

glioblastoma (Fig. 1). The glioblastomas ohen reappear even aher a thorough surgical 

excision; hence they are frequently referred to as recurrent brain cancer [5]. 

 

 
Fig. 1. Human brain and glioblastoma. 

 

1.2. Ganglioside 

Gangliosides, sialic acid-containing glycosphingolipids (Fig. 2) are expressed dominantly in 

nervous Tssues and play important roles in the development and funcTons of central nervous 

system (CNS). Over 60 gangliosides have been idenTfied, primarily varying in the carbohydrate 

moiety and number of sialic acids. Complex gangliosides (GM1, GD1a, GD1b and GT1b) are 

generally expressed during the later stages of brain formaTon, while simple gangliosides are 

major structures at the early stage of embryogenesis [6].   
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Fig. 2. Biosynthe5c pathway of gangliosides. 

 

Some gangliosides like GD3 and GD2 have been reported to be tumor-associated anTgens in 

neuro-ectoderm-derived cancers [7,8], e.g., in melanomas [9] and neuroblastomas [10].  

Other human cancers such as small cell lung cancer [11,12] breast cancer [13] and 

osteosarcoma [14] also characterisTcally express GD3 and/or GD2. There are some reports of 

ganglioside expression on gliomas [15,16], but the roles of gangliosides in gliomas are not 

well-known. Human gliomas also express GD3/GD2, and they are involved in enhancement of 

the malignant properTes [17]. Ganglioside expression in murine gliomas have been analyzed 

using the RCAS/Gtv-a system, in which expression of GD3/GD2 was shown in induced gliomas, 

leading to the malignant phenotypes [18]. However, details of the mechanisms leading to 

these effects have not been sufficiently invesTgated. 

 

1.3. Extracellular vesicles (EVs) 

EVs are lipid bilayer-enclosed parTcles, naturally released by various normal prokaryoTc and 

eukaryoTc cells into the extracellular space [19,20], and also by cancer cells [21]. EVs are 

classified into two main categories based on their biogenesis: exosomes and ectosomes [22]. 

Exosomes are small EVs with 40-150 nm in diameter and originate from the endosomal 

compartment of the cell [22,23,24]. On the other hand, ectosomes with highly variable sizes 

ranging from 50 to >1000 nm in diameter, form by direct budding of the plasma membrane of 

cell [22,25,26]. The released exosomes contain many consTtuents of cells, including DNA, RNA, 

microRNA [27], lipids, metabolites, and cytosolic and cell-surface proteins [21], and alter the 
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biological nature of recipient cells [28] (Fig. 3). Several protein markers including CD9, CD63, 

CD81, Alix, and Tsg101 have been established for the characterizaTon of exosomes [29]. 

 

 
Fig. 3. Exosome func5ons for cell-to-cell communica5ons. 

 

Exosomes are also released by cultured cells into their growth medium [30]. They are 

considered to be involved in intercellular communicaTon [31]. There have been interesTng 

studies on exosomes released from cancers, i.e., on regulaTon of the cancer 

microenvironment [32,33], and on cancer metastasis [34,35]. 

 

1.4. Purposes of the study 

Since gliomas are resistant to the current therapy and difficult to control due to their invasive 

nature, leading to a very poor prognosis [36,37], it is very important to clarify the roles of 

GD3/GD2-expressing glioma-derived exosomes in the regulaTon of malignant properTes of 

glioma cells and surrounding normal cells to develop novel strategies for glioma treatment. 

Findings observed in this study would greatly contribute in the novel therapeuTc approaches 

targeTng GD3/GD2-expressing gliomas. The core objecTves of this study are to clarify the  

vital roles of exosomes secreted from the ganglioside GD3/GD2-posiTve glioma cells in the 

enhancement of malignant properTes and signals of GD3/GD2-negaTve glioma cells. 

 

 



 11 

2. Materials and methods 
 

2.1. Cell lines and cell culture  

The cell lines used in this study were GT16, GT18, GT29, CV2, CV3, and CV5. GD3/GD2-posiTve 

cell lines (GT16, GT18, and GT29) were generated by transfecTng GD3 synthase cDNA [38] and 

neo-resistant gene into a human glioma cell line, U-251 MG (from JCRB Cell Bank, Osaka, 

Japan) using pMIKneo vector (Fig. 4). 

 
Fig. 4.  Genera5on of GD3/GD2+/- cells by gene5c engineering. 

 

The cDNAs of GD3 synthase gene (Fig. 2) were inserted at Xho1 site of pMIKneo vector (Fig. 

5). The control cell lines (CV2, CV3, and CV5) were also generated from the U-251 MG cell line 

by transfecTng the neo-resistant gene only. 

 

 
Fig. 5. Introduc5on of an expression vector of GD3 synthase cDNA. 
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The cells were cultured in Dulbecco's modified Eagle's medium (DMEM) containing 7.5% fetal 

calf serum (FCS) and G418 (400 μg/mL) at 37°C in a humidified atmosphere containing 5% CO2.  

 

2.2. AnCbodies and reagents  

   AnT-GD3 monoclonal anTbody (mAb), R24 was provided by L.J. Old at the Memorial Sloan 

Keoering Cancer Center (New York). AnT-GD2 mAb, 220–51, was generated in our laboratory 

[39]. The other anTbodies and reagents used in this research were obtained from various 

commercial sources as follows: fluorescein isothiocyanate (FITC)-conjugated goat anT-mouse 

IgG (H+L) (Cat. No. 55514) from Cappel (Durham, NC, USA), and horseradish peroxidase (HRP)-

conjugated anT-mouse IgG anTbody (Cat. No. 7076S) and HRP-conjugated anT-rabbit IgG 

anTbody (Cat. No. 7074S) from Cell Signaling Technology (Danvers, MA, USA). Mouse anT-

phosphotyrosine anTbody, PY20 (Cat. No. sc-508) and mouse Tsg101 (C-2) (Cat. No. sc-7964) 

were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). AnT-CD9 (Cat. No. 014-

27763) and anT-CD63 mAbs (Cat. No. 012-27063) were from Fujifilm Wako (Osaka, Japan). 

AnT-CD81 mAb (Cat. No. 66866-1-Ig), and anT-Alix polyclonal anTbody (12422-1-AP) were 

from Protein Tech. San Diego, California, USA. Tim4-beads (Cat. No. 297-79701), PS Capture 

Exosome Flow Cytometry kit (Cat. No. CC050), 2-amino-2 hydroxymethyl-1, 3-propanediol 

(Cat. No. 201-06273), Giemsa (Cat. No. 079-04391) and BSA (Cat. No. LEH3163) were obtained 

from Fujifilm Wako (Osaka, Japan). The ImmunoStar LD (Cat. No. 290–69,904) detecTon 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), and 

N, N, N1, N1—tetramethyl-ethylenediamine (Cat. No. 205-06313) were also from Wako. 

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. MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide) (Cat. No. 349-01824) was from Dojindo Laboratories, 

Kumamoto, Japan. FCS (REF 04-007-1A) was from B1 Biological Industries (Kibbutz Beit-

Haemek, Israel). FastGene BlueStar prestained protein marker (Cat. No. MWP03-8) was from 

Nippon GeneTcs Europe GmbH, Duren, Germany. Phenylmethylsulfonylfluoride (PMSF) (Cat. 

No. 10837091001) was from Roche DiagnosTcs GmbH, Mannheim, Germany. 
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2.3. IsolaCon of exosomes from culture supernatants of glioma cells  

EVs were isolated from cultural supernatants of glioma cells (Fig. 6). Confluent cells, 70-80% 

in 15 cm dishes were washed three Tmes with cold 1xPBS and cultured with DMEM containing 

1% ITS premix (Corning™ ITS premix universal culture supplement, Thermofisher ScienTfic, 

MA, USA) for 48 h. Culture supernatants were transferred in 50 mL falcon tubes and 

centrifuged at 4°C and 500×g for 10 min. Aher centrifuging again at 4°C and 20,000×g for 20 

min, the supernatants were filtered using 0.22 μm Sartolab filters (RF-150) (Zartorius, Helsinki, 

Finland) and transferred into Beckman polypropylene ultracentrifuge tubes (Beckman Coulter, 

Brea, CA, USA).  

 

 
Fig. 6. Exosome isola5on and collec5on. 

 

Then, the samples were centrifuged at 175,000 g and 4°C for 84 min using Beckman SW32Ti 

rotor (Kent MI, USA). Aher discarding the supernatants and vortexing, sediments were 

suspended in cold 1xPBS, and the samples were rotated at 175,000 g and 4°C for 84 min again. 

Aher removal of the supernatants, the samples were slightly vortexed, and 200 μL of cold 

1xPBS was added. The samples were then used immediately or stored at -80°C aher aliquoTng. 

An exosome sample in 1xPBS was used for measuring the protein amount using DC protein 

assay kit (Bio-Rad, Hercules, CA, USA) or Pierce BCA Protein Assay Kit (Cat. No. 23225, 

Thermofisher ScienTfic). To characterize the preparaTons, we performed immunoblo`ng (IB) 

of exosome markers, i. e., tetraspanins (CD9, CD63, CD81), Alix, and Tsg101.  

 

2.4. Flow cytometry  

Expression levels of the gangliosides GD3 and GD2 on the cell surface were analyzed by the 

AccuriTM C6 flow cytometer (BD Biosciences, USA) [40,41]. Briefly, following the trypsinizaTon 

of cells, the cells (5x105) were incubated with diluted primary anTbodies in 1xPBS for 60 min 
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on ice. Aher washing, cells were stained with diluted secondary anTbodies, FITC-conjugated 

goat anT-mouse IgG (H + L) (Cappel), in 1xPBS for 45 min on ice. Then, the relaTve expression 

levels were analyzed by a flow cytometer. Control samples were prepared using non-relevant 

mAbs with the same subclasses as the individual primary anTbodies. The CFlow plusTM 

program was used for the data analysis.  

In the case of exosomes, the expression levels of tetraspanins, GD3, and GD2 on exosomes 

were analyzed by Tim4-beads (Fig. 7).  

 

 
Fig. 7. Tim4-beads flow cytometry. 

 

Exosomes were mixed with PS-captureTM Tim4-beads for 1 h at room temperature (RT) with 

light vortexing every 10 min. Exosome-bound Tim4-beads were washed twice using a 

magneTc stand (290-35591, FUJIFILM Wako), and primary anTbodies against exosome 

markers (CD9, CD63, CD81, Alix, and Tsg101), GD3, and GD2 were added and incubated for 1 

h on ice. Aher washing, exosomes bound to Tim4-beads were applied for flow cytometry as 

explained above. 

 

2.5. MTT assay (cell proliferaCon assay)  

Cells (3x103) were seeded in each well of 96-well plates with 100 µL of DMEM supplemented 

with various concentraTons of FCS: 0, 0.1, 0.5, 4.0, and 7.5%. To examine the effect of 

exosomes on cell proliferaTon, exosomes were added just aher the addiTon of cells [42].  MTT 

soluTon (5 mg/mL 1xPBS, 20 µL) was added on days 0, 1, 2, 4, and 5, and incubated for 6 h in 

a 5% CO2 incubator at 37°C. Aher 6 h, 150 µL of acidic 2-propanol (0.4% HCl and 0.1% NP-40 

containing 2-propanol) was added to stop the reacTon in each well, and it was vigorously 
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pipeoed to destroy cells. About 100 µL of cell lysates were transferred into a new 96-well plate 

and absorbance was measured at 595-620 nm by an automaTc microplate reader 

(Thermofisher ScienTfic, Type: 357, Shanghai, China). 

 

2.6. Invasion assay  

Cell invasion acTvity was analyzed with the Boyden-chamber method (Fig. 8) [43]. Cell culture 

inserts (Transparent PETTM membrane, 24-well format, 8.0-μm pore size, Life Sciences, 

Durham, NC, USA) were used. For polymerizaTon, Matrigel (a solubilized basement 

membrane preparaTon extracted from EHS mouse sarcoma, BD Bioscience, 20 μL) in cold PBS 

(200 μg/mL) was applied to the upper chamber of the cell culture inserts and incubated for 2 

h at room temperature in a current clean bench. Aher removing PBS, the upper chamber was 

filled with 200 μL of serum-free DMEM and incubated for 1 h, and the lower chamber was 

filled with DMEM containing 7.5% FCS. GD3/GD2 (+) and (-) cells (3 × 104) in 200 μL of serum-

free DMEM were added in the upper chamber aher removal of serum-free medium.  

 

 
Fig. 8. Measurement of invasion ac5vity by Boyden chamber. 

 

To analyze the effect of exosomes on the invasion acTvity of cells, exosomes were added aher 

the addiTon of cells and incubated for 24 h at 37°C in a humidified atmosphere containing 5% 

CO2 [44]. Aher incubaTon, the numbers of cells that had migrated to the reverse side of the 
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chamber were counted under a microscope (IX73P1FTM, Olympus, Tokyo, Japan) aher being 

fixed and stained with Giemsa (Wako, Osaka, Japan). 

 

2.7. MigraCon assay  

Two-dimensional migraTon acTvity of cells was measured with a wound healing scratch 

moTlity assay [45]. The GD3/GD2(+) and GD3/GD2(-) cells (3x105) were seeded in 6-cm dishes 

with 7.5% FCS-containing DMEM. Aher 70-80% confluence, cells were scratched with pipeoe 

Tps (Pipeoe Tips RC UNV 250 µL 1000A/1). To observe the effect of exosomes on the migraTon 

acTvity of cells, 250 µL exosomes (4 μg/dish) were added aher cell scratching. Individual cell 

migraTon was observed under a microscope (IX73P1FTM, Olympus, Tokyo, Japan), and pictures 

of the scratched regions were taken at different Tme-points: 0, 4, 8, 12, 18, and 24 h. Then 

the wound-healing acTviTes were measured and expressed as % to the iniTal wound lengths.  

 

2.8. Cell adhesion assay  

   The adhesion acTvity of cells was measured using the real-Tme cell electronic sensing 

system (RT-CESTM) (Fig. 9) (Wako), as describe previously [46].  

 

 
Fig. 9. Real-5me cell electronic sensing system (RT-CES) 
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An E-plate/ microplate with electronic sensor was used to detect the cell adhesion acTvity.  

At the booom of the microplates (E-Plate (16X) (ACEA Biosciences Inc., San Diego, CA, USA), 

microelectronic cell sensor arrays are integrated. The sensor on the micro-well of the 

microplate provides informaTon on the increased electrical resistance (cell index), indicaTng 

the increase in cell adhesion. E-plates were coated with collagen-1 (CL-1) (5 μg/mL in PBS, 100 

μL/well) at RT for 1 h, and blocked by 1% BSA/7.5% FCS in DMEM (100 μL/well) at RT for 1 h. 

Aher blocking the micro-wells and removal of BSA soluTon, cells (1x104) were seeded in each 

well of the microplates containing the culture medium. To examine the effect of exosomes on 

cell adhesion acTvity, exosomes were added at Tme 0. The changes in cell adhesion were 

monitored conTnuously, and are expressed as the cell index (CI). 

 

2.9. PreparaCon of cell and exosome lysates  

An established method of cell lysate preparaTon was used [43,47]. Brifly, cultured cells on 6-

cm dishes were washed three Tmes with PBS, and then cell lysates were prepared by scraping 

the cells following the addiTon of lysis buffer (20 mM Tris-HCl, 1 mM EGTA, 1 mM Na2EDTA, 

150 mM NaCl, 1% Triton X-100, 1 mM β-glycero-phosphate, 2.5 mM sodium pyrophosphate, 

1 mM Na3VO4, and 1 μg/mL leupepTn) (Cell Signaling), supplemented with 1 mM PMSF and 

Protease Inhibitor MixtureTM (Calbiochem) to the dishes. The collected lysates were 

centrifuged at 3000 rpm (Kubota 3740TM, Tokyo, Japan) for 5 min at 4°C to remove insoluble 

cell debris. Aher repeated centrifugaTon, the supernatants were used to measure the protein 

concentraTon using the DC protein assay kit (Bio-Rad). In the case of exosomes, the isolated 

exosomes in PBS were used to prepare exosome lysates. Lysis buffer was added to lyse 

exosomes at 1:1 raTo on ice for 5 min, and well mixed by pipe`ng. The protein concentraTon 

of the prepared lysates was measured using the DC protein assay kit (Bio-Rad).  

 

2.10. ImmunobloPng (IB)  

Aher preparing the lysates, the proteins were separated by SDS‒PAGE 10% agarose gels 

[43,47]. A sample buffer consisTng of 125 mM Tris-HCl (pH 6.8), 4% SDS, 20% glycerol, 0.1% 

bromophenol blue, 4% 2-mercaptoethanol was mixed with lysates at a 1:1 raTo, and boiled 

for 5 min at 95°C before protein separaTon. The separated proteins in gels were transferred 

onto an Immobilon-P membrane (EMD Millipore, Burlington, MA, USA), and blots were 

blocked for 1 h/overnight with 5% skim milk in PBS with 0.05% Tween-20 (PBST). The reacTon 
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with the primary anTbody was performed for 1 h at RT/overnight at 4°C. Aher washing with 

PBST, the reacTon with the secondary anTbody was carried out for 1 h at RT. Aher washing, 

bands of proteins were visualized using ImmunoStarTM LD detecTon kits (Wako), and band 

images were analyzed with Amersham Imager (Model: 680 sohware version 2.0, GE 

Healthcare, Uppsala, Sweden). AnT-β-acTn anTbodies were used to ensure equal amount of 

protein loading in each well. 

 

2.11. StaCsCcal analysis  

StaTsTcal analyses were done as previously described [42]. Data are presented as the mean ± 

SD. The data were analyzed by an unpaired Student’s two-tailed t-test, and two-way ANOVA 

with the Tukey post-hoc test to compare mean values. These results were indicated in each 

individual figure legends. P-values of <0.05 were considered significant. Significance was 

analyzed using R sohware (version 3.6.3). 
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3. Results 
 

3.1. Expression of gangliosides and EV marker proteins on cell surfaces and EVs 

GD3/GD2(+) cell lines (GT16, GT18, and GT29) were established by transfecTng a human 

glioma cell line, U-251 MG (GD3/GD2 non-expressing), with GD3 synthase cDNA, and 

GD3/GD2(-) cell lines (CV2, CV3, and CV5) were vector controls [17]. The surface expression 

of GD3/GD2 in each group as analyzed by flow cytometry was shown in Fig. 10.  

 

 
Fig. 10. Cell surface expression of GD3/GD2 on the established GD3/GD2(+) and GD3/GD2(-) clones as analyzed 
by flow cytometry. 
GD3 and GD2 were expressed on the established GD3/GD2(+) clones (leQ) but not on GD3/GD2(-) clones 
(right). 
 

The expression of tetraspanins (CD9, CD63, and CD81) known as EV markers was also 

compared between GT16 (GD3/GD2+) and CV2 (GD3/GD2-) cell lines, showing no clear 

differences in flow cytometry (Fig. 11A). EVs derived from GT16 and CV2 cells were analyzed 

with Tim4-beads flow cytometry to invesTgate expression levels of gangliosides and EV 

markers. GT16 cell-derived EVs expressed GD3 and GD2, but CV2 cell-derived EVs did not (Fig. 

11B). Similar expression of CD81 and CD63 was detected on both types of EVs, while that of 

CD9 was much higher on EVs derived from GT16 cells (Fig. 11B). 
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Fig. 11. Expression of EV marker proteins on surface of cells and EVs. 

(A) Expression of tetraspanins on GD3/GD2(+) GT16 cells and on GD3/GD2(-) CV2 cells as analyzed by flow 
cytometry. An5-CD81, an5-CD63, and an5-CD9 mAbs were used as primary an5bodies, and FITC-labeled 
secondary an5body was employed. (B) Expression of tetraspanins and gangliosides on exosomes was analyzed 
using Tim4-beads flow cytometry as described in A.  
                                                                                          
3.2. Expression of EV marker proteins in cell lines and EVs as analyzed by IB  

IB of lysates from cells and EVs derived from GT16 and CV2 cells was performed using specific 

mAbs for EV markers. Similar levels of Alix were detected in the lysates from GT16 and CV2 

cells, while the GT16 cell lysate contained slightly higher levels of CD9, CD81, and Tsg101 than 

CV2 cell lysates (Fig. 12A). Higher expression of CD63 was observed in the CV2 cell lysate (Fig. 

12B). Lysate from GT16 cell-derived EVs showed higher levels of CD9 than that from CV2 cells 

(Fig. 12A), while CD81, Alix, CD63, Tsg101, and CD63 showed almost equal bands in EVs from 

CV2 cells and GT16 cells (Fig. 12A and B). 
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Fig. 12. Expression of EV marker proteins in cells and EVs 

(A) IB of cell lysates (CV2 and GT16) and exosome lysates (derived from CV2 cells and GT16 cells) was performed 
using specific primary an5bodies. IB was performed using an5bodies reac5ve with EV markers, e.g., CD9, CD81, 
Alix, and Tsg101. (B) The results of IB of cell lysates and EVs lysates with an5-CD63 mAb. (C) Band intensi5es (CD9, 
CD81, Alix, Tsg101, and CD63) were measured by Amersham Imager 680 Analysis SoQware 2.0 and plo\ed. 
Representa5ve results from repeated experiments (at least 3 5mes) are presented. 
 
3.3. Effects of GD3/GD2 and EVs on cell phenotypes  

In order to analyze the effects of EVs (derived from GD3/GD2+ GT16 and GD3/GD2- CV2 cells) 

on the phenotypes of GD3/GD2(-) and (+) glioma cells, the proliferaTon rate, invasion, 

migraTon, and adhesion acTviTes of cell lines were invesTgated. 

 

3.3.1. ProliferaCon rate analysis  

To invesTgate the proliferaTon rate of GD3/GD2-expressing and non-expressing cell groups, 

the MTT assay was carried out in the presence or absence of EVs. In 7.5% FCS-containing 

DMEM, almost equivalent cell growth rates of all cell lines were found (Fig. 13A, leh). However, 

a higher growth rate of GT16 cells than CV2 cells was found in 4% FCS-containing DMEM (Fig. 

13A, right). Under this condiTon, CV2 cells showed significantly increased cell growth aher 

treatment with GT16 cell-derived EVs in a dose-dependent manner (Fig. 13B, leh). On the 
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other hand, when EVs released from CV2 cells were added to the culture medium of GT16 

cells, the growth rate was reduced (Fig. 13B, right). 

 

 
Fig. 13. Cell growth of GD3/GD2(+) and (-) cells and effects of exosomes. 

(A) The cell prolifera5on rate was compared between GD3/GD2(+) cells and GD3/GD2(-) cells in medium 
containing 4.0 and 7.5% FCS by the MTT assay. The MTT assay was performed by seeding cells in 96-well plates, 
and by measuring absorbance at 595-620 nm. Rela5ve absorbance was plo\ed. Three each of sample group cells 
were examined by two-way ANOVA. GD3/GD2(+) cells exhibited a higher cell growth when cultured under an 
FCS concentra5on of 0-4%, but not in 7.5% (*p<0.05, **p<0.01, and ***p<0.001). (B) Effects of EVs on growth of 
GT16 and CV2 cells were analyzed in 4% FCS-DMEM in the presence or absence of EVs. CV2 cells were treated 
with GT16 cell-derived EVs (0.2 and 1.0 µg), and showed an increased prolifera5on rate. In contrast, GT16 cells 
were treated with CV2 cell-derived EVs (0.2 and 1.0 µg), resul5ng in the suppression of cell growth. Each analysis 
was performed in triplicate, and the mean ± SD is presented. The data on days 0, 1, 2, 4, 5 and 6 were analyzed 
by two-way ANOVA with a Tukey post hoc test. *P < 0.05, **P < 0.01, and ***P < 0.001. 

 

3.3.2. Analysis of invasion acCvity  

The cell invasion acTvity examined by the Boyden-chamber assay revealed that GD3/GD2(+) 

cells showed significantly higher invasion acTvity than GD3/GD2(-) cells (Fig. 14A and B). Then, 

invasion acTvity of GD3/GD2(-) CV2 cells was analyzed aher the addiTon of EVs released from 

GD3/GD2(+) cells, showing that the invasion acTvity gradually increased with the addiTon of 

EVs, as shown in Fig. 14C and D. On the other hand, GD3/GD2(-) cell-derived EVs suppressed 

the invasion acTvity of GT16 cells (Fig. 14E and F). 
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Fig. 14. Invasion ac5vity of GD3/GD2(+) and (-) cells, and effects of EVs. 

(A) Microscopic images of invaded cells of both groups, GD3/GD2(+) and (-). Invasion ac5vity was examined by 
the Boyden-chamber assay. The upper chamber was coated with Matrigel. AQer 24 hrs of incuba5on, invaded 
cells on the reverse side of the membranes were counted under microscope following Giemsa staining. (B) The 
counted cell numbers (A) were plo\ed where GD3/GD2(+) cells showed significantly higher invasion ac5vity (** 
p<0.01) than GD3/GD2(-) cells. The results are presented as means ± SD, and the data were analyzed with an 
unpaired Student’s two-tailed t test. (C) Invasion ac5vity of CV2 cells was analyzed aQer treatment with GT16 
cell-derived EVs (0.2 and 2.0 μg). EVs were added aQer seeding the cells. (D) The invaded cell numbers in (C) 
were plo\ed, showing that GT16 cell-derived EVs enhanced the invasion of CV2 in a dose dependent manner. 
The unpaired Student’s two-tailed t test was performed for evalua5on of the results C. *P < 0.05, **P < 0.01. (E) 
The invasion ac5vity of GD3/GD2(+) GT16 cells were analyzed aQer treatment with CV2 cell-derived EVs (0.2 and 
2.0 μg), and counted under microscope. (F) The counted cell numbers in (E) were plo\ed, showing a suppressive 
effect. 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<0.05; **P<0.01; and NS, not significant (P>0.05). 
 

3.3.3 InvesCgaCon of migraCon acCvity  

Effects of GD3/GD2 and EVs on 2-D migraTon of cells were invesTgated with the wound 

healing scratch assay. The GD3/GD2(+) cell group showed higher migraTon acTvity than the 

control group (Fig. 15A and B). When CV2 cells were cultured with EVs released from GT16 
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cells, they showed greater tendency to heal the wound areas than the non-EVs control (Fig. 

15C and D). However, no significant effect of CV2 cell-derived EVs on the moTlity of GT16 cells 

was observed (Fig. 15C and E). 

 

 
Fig. 15. GD3/GD2(+) cells exhibited higher migra5on ac5vity, and exosomes derived from them enhanced the 
migra5on ac5vity of GD3/GD2(-) cells. 
(A) Migra5on ac5vi5es of cells were analyzed by the wound healing scratch assay. CV5 and GT18 are 
representa5ve cell lines from GD3/GD2(-) and GD3/GD2(+) cell groups, respec5vely. Cells were cultured in 7.5% 
FCS-containing medium and scratched at around 70-80% confluency. Individual cell migra5on was observed 
under microscope and pictures of the scratched regions were taken at the 5me points indicated. (B) Graphical 
presenta5on of the migra5on assay of cells. Wound areas are presented as a percentage of the ini5al wound size 
(100%). The mean values ± SD (n=3) were plo\ed for each 5me point. GD3/GD2(+) cells showed significantly 
(*p<0.05) higher mo5lity than the controls. (C) Migra5on ac5vi5es of CV2 cells and GT16 cells were examined 
aQer the addi5on of EVs (4 μg) derived from GT16 cells and CV2 cells, respec5vely. Effects of exosomes on wound 
healing were examined at different 5me points as indicated. (D) The spaces of wound healing were measured 
and plo\ed as described in C (leQ). GD3/GD2(+) cell-derived exosomes significantly (**P < 0.01) increased the 
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migra5on ac5vity of GD3/GD2(-) cells. (E) The wound healing spaces as described in C (right) were measured at 
men5oned 5me points and plo\ed.  No effects of EVs from CV2 cells on invasion of GT16 cells were noted. 
 

3.3.4 Adhesion acCvity analysis  

The adhesion of cells to collagen-I was invesTgated using real-Tme cell electronic sensing (RT-

CES) system. The GD3/GD2(+) cell group showed a higher tendency to adhere to collagen-I 

than the GD3/GD2(-) cell group (Fig. 16A). Then, the effect of EVs on cell adhesion was 

analyzed. When CV2 cells were plated in micro-wells with isolated EVs from GT16 cells, cell 

adhesion, as presented by the cell index, was increased aher one and a half hours depending 

on the amount of added EVs (Fig. 16B). In contrast, CV2 cell-derived EVs significantly 

suppressed the adhesion acTvity of GT16 cells (Fig. 16C) from an early Tme aher addiTon of 

EVs. 

 
Fig. 16. Effects of GD3/GD2 and exosomes on cell adhesion and the effects of GD3/GD2(+) cell-derived 
exosomes on cell adhesion. 
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(A) Adhesion ac5vity of GD3/GD2(+) and (-) cells to collagen-I examined by the real 5me cell sensing system. 
Cells (1x104) were seeded in collagen-I-precoated wells containing 100 μL of culture medium and incubated. The 
data at 17 h (A, upper) and 6 h (A, lower) of incuba5on were shown. GD3/GD2 enhanced the adhesion ac5vity 
of cells. (B) Adhesion ac5vity of CV2 cells was inves5gated aQer treatment with GT16 cell-derived exosomes. 
Exosomes (0.2 and 2.0 μg) were added at 0 h, and the changes in cell adhesion are expressed as the cell index. 
GT16 cell-derived exosomes increased the adhesion ac5vity of CV2 cells. The data un5l 6 h of incuba5on (B, 
lower) were analyzed with an unpaired Student’s two-tailed t test. **P < 0.01, and ***P < 0.001. (C) GT16 cells 
were inves5gated aQer treatment with CV2 cell-derived exosomes (0.2 and 2.0 μg), resul5ng in the suppression 
of adhesion ac5vity in a dose dependent manner. The data un5l 6 h of incuba5on (C, lower) were also analyzed 
with an unpaired Student’s two-tailed t test. **P < 0.01, and ***P < 0.001. 
 

3.4. Effects of EVs on the phosphorylaCon of signaling molecules as analyzed by IB  

3.4.1. Effects of GD3/GD2+ GT16 cell-derived EVs on the phosphorylaCon of signaling 

molecules of GD3/GD2- CV2 cells during their growth  

Aher being cultured in the FCS-free medium, cells were cultured in 4% FCS- containing DMEM. 

Then, cell lysates were prepared along the Tme course indicated in Fig. 17A, and used for IB 

with anT-phosphotyrosine mAb, PY20. Increased tyrosine-phosphorylated proteins were 

observed in GT16 cells (Fig. 17B), suggesTng that they are FAK, paxillin, and PDGFRβ. The 

intensity of the three major bands in Fig. 17B were measured and plooed in Fig. 17C. To 

invesTgate the effects of EVs derived from GT16 cells on the growth signals in CV2 cells, IB was 

performed using CV2 cell lysates treated with serum-containing DMEM with or without GT16 

cell-derived EVs (Fig. 17D). When cultured in 4% FCS-containing DMEM, a few weak bands 

were detected by PY20 at 5 min of sTmulaTon (Fig. 17E, leh). Strong bands were detected 15 

min aher the addiTon of GT16 cell-derived EVs (Fig. 17E, right). The intensity of the three 

major bands in Fig. 17E was measured and plooed in Fig. 17F.  
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Fig. 17. Effects of exosomes on cell growth signals during cell growth. Tyrosine-phosphorylated protein levels in 
GD3/GD2(-) cells were increased aQer treatment with GD3/GD2(+) cell-derived exosomes. 
(A) A schema of lysate prepara5on during cell growth of GD3/GD2(-) cells and GD3/GD2(+) GT16 cells in 4% FCS-
DMEM at a various 5me points of pla5ng aQer 48 h starva5on of serum. (B) The prepared lysates (A) were used 
for IB with PY20. Higher tyrosine phosphoryla5on was observed in PDGFRβ, FAK, and paxillin of GT16 cells than 
those in CV2. (C) Band intensi5es at 188, 125, and 68-kDa in B were measured using Amersham Imager 680 
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soQware version 2.0, and plo\ed. (D) A schema to prepare lysates during CV2 cell growth in 4% FCS-DMEM in 
the presence or absence of exosomes derived from GT16 cells at different 5me points aQer pla5ng. Cells were 
prepared as in A. Then cells were cultured in the presence or absence of exosomes (4 μg) derived from GT16 
cells in 4% FCS-DMEM, and incubated as indicated. AQer incuba5on, the cells were lysed. (E) The prepared lysates 
described in D were subjected to IB with PY20. (F) Band intensi5es in E were measured and plo\ed in F. Higher 
tyrosine phosphoryla5on was observed aQer ~15 min of EV treatment. Representa5ve results from repeated 
experiments (at least 3 5mes) are presented. 

 

3.4.2. PhosphorylaCon of signaling molecules during cell adhesion  

To invesTgate the effects of GD3/GD2 on intracellular signaling during cell adhesion, we 

performed IB of CV2 and GT16 cell lysates using PY20 (Fig. 18A and B). Aher starvaTon and 

detaching, cells were placed in collagen-I-precoated dishes with plain DMEM, and cell lysates 

were prepared as shown in Fig. 18A, and subjected to IB. Phosphotyrosine bands at 5 min 

were similar in both cell types in Fig. 18B, but aher 5 min, bands were stronger in GT16 than 

CV2 cells. The two major bands in Fig. 18B were scanned and plooed in Fig. 18C. The effects 

of EVs from GT16 cells on intracellular signaling during adhesion of CV2 cells were examined 

by preparing CV2 cell lysates in the presence or absence of GT16 cell-derived EVs followed by 

IB using PY20 (Fig. 18E). Higher phosphorylaTon in FAK and paxillin was detected in CV2+ 

GT16-EVs samples aher 15 min of treatment (Fig. 18E), and the measured band intensiTes 

were plooed in Fig. 18F.  
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Fig. 18. Effects of exosomes on cell adhesion signals during cell adhesion to collagen-I. Tyrosine-phosphorylated 
protein levels in GD3/GD2(-) cells were increased aQer treatment with GD3/GD2(+) cell-derived exosomes. 
(A) A schema for preparing cells to obtain lysates during cell adhesion at various 5me points. AQer culture of CV2 
cells and GT16 cells in 6-cm dishes with regular medium, cells were starved in plain DMEM for 30 h. AQer cells 
were detached, the cell suspension was rotated at 37°C for 1 h. Then, cells were placed in collagen-I-precoated 
plates in DMEM, and incubated for 0 ~ 60 min at 37°C. AQer incuba5on, the cells were lysed. (B) The prepared 
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lysates men5oned in A were used (4 μg/well) for IB using PY20, and images were taken. (C)  Band intensi5es in 
B were measured and plo\ed. Bands of FAK and paxillin in GT16 cells were higher than CV2 cells aQer 5 min of 
incuba5on. (D) A schema of preparing CV2 cells to obtain lysates during their adhesion to collagen-I in the 
presence or absence of exosomes derived from GT16 cells at several 5me points. Cells were placed in a collagen-
I-precoated plate (6 cm) in plain DMEM, and incubated for 0 ~ 60 min at 37°C in the presence or absence of EVs 
(4 μg) derived from GT16 cells. AQer incuba5on, the cells were lysed. (E) The prepared lysates were subjected to 
SDS-PAGE (4 μg/well). Subsequently, IB was performed with PY20. (F) Band intensi5es in E were measured using 
Amersham Imager 680 soQware version 2.0, and plo\ed. Representa5ve results from repeated experiments (at 
least 3 5mes) are presented. 

 

4. Discussion 
 

    FuncTons of cancer-associated glycosphingolipids (GSLs) have been rigorously studied for 

many years [7], especially aher geneTc engineering of carbohydrate expression in cultured 

cells and experimental animals became possible based on the cDNA cloning of 

glycosyltransferases [48]. Although the roles of a number of cancer-associated GSLs have been 

reported, those of disialyl gangliosides such as GD3 and GD2 were major subjects in the recent 

cancer glycobiology research [49]. Our group as well as many others have reported changes 

in malignant phenotypes and intracellular signals in glyco-remodeled cancer cells, i.e., 

malignant melanomas[43,46,50], small cell lung cancers [51], osteosarcomas [14], and 

gliomas [17]. GSLs exert their roles in the microdomains on the cell surface membrane, 

modulaTng the structures and funcTons of membrane molecules [7] and/or modulaTng 

intracellular signaling pathways, leading to more malignant phenotypes like increased cell 

growth, invasion, migraTon and cell adhesion. SomeTmes, enhanced epithelial–mesenchymal 

transi[on (EMT) has been demonstrated [52,53]. 

    As for roles of cancer-associated GSLs in exosomes, there have been few reports to date. 

Recently, we reported funcTons of GD2 on exosomes in the aggravaTon of malignant 

melanomas [42]. While there are many reports on exosomes from gliomas [54], no studies on 

glycolipids in exosomes in gliomas have been reported. In this study, we analyzed roles of 

GD3/GD2 in exosomes for the first Tme, showing that GD3/GD2 in exosomes exert important 

roles in human glioma cells in their funcTons that were reported to be effects of cancer-

associated gangliosides on the cell surface [17]. Consequently, exosomes released from 

GD3/GD3-expressing glioma cells enhanced cell growth, invasion, migraTon and cell invasion 

as shown in human melanomas [42]. Furthermore, exosomes derived from GD3/GD2-

expressing gliomas induced increased phosphorylaTon levels of the PDGF receptorβ, FAK, 
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paxillin, and Erk1/2. These results suggest that these signal acTvaTons represent the 

molecular basis for enhanced malignant phenotypes. 

    Based on the detected signal acTvaTon profiles and Tme-courses, it may be expected how 

exosomes target recipient cells and modulate their phenotypes. The facts that many signaling 

molecules underwent phosphorylaTon aher 5 min (PDGFRβ, some FAK sites) or 15 min at the 

latest (paxillin, some FAK sites) of exosome treatment suggest that these effects are induced 

through some receptors on the target cell surface, but not by the expression of funcTonal 

molecules introduced into the recipient cells [55]. The modes of acTon of exosomes remain 

to be invesTgated. 

    When compared with effects of exosomes derived from GD2-expressing melanoma cells on 

GD2-negaTve cells [42], enhancements of cell adhesion was less in glioma system. 

Furthermore, Tsg101, FloTllin-1 and tetraspanin levels were almost equivalent between 

GD3/GD2(+) and GD3/GD2(-) glioma cells, while they increased in GD2(+) melanoma-derived 

exosomes, suggesTng that different mechanisms of exosomes are working among individual 

cancer types as we previously reported in the funcTon analysis of cancer-associated 

gangliosides [56]. 

    In this study, we analyzed the effects of exosomes derived from GD3/GD2-expressing 

gliomas on the nature of GD3/GD2-negaTve gliomas, showing clear funcTons in phenotypic 

changes and signal enhancement of target cells. However, cancer Tssues generally comprise 

heterogenous cell populaTons, and exosomes may play roles in the aggravaTon of cancer cell 

features, leading to higher levels of malignant cell groups. Exosomes released from glioma 

cells may also play important roles in regulaTon of the tumor microenvironment [57], and 

cancer metastasis as reported [58]. So, roles of exosomes in regulaTon of the surrounding 

normal cell components in cancer Tssues are equally important to understand their 

comprehensive significance and for the construcTon of novel anT-glioma treatment strategies. 
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