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Abstract 

Activated glial cells stimulated by breast 

cancer-derived exosomes enhance proliferation 

of brain metastatic breast cancer cells 

 

Dayi Jeong 

Department of Molecular Medicine and 

Biopharmaceutical Sciences 

The Graduate School 

Seoul National University 

 

Brain metastatic breast cancer cells have been known to stimulate 

glial cells in the brain to facilitate their brain metastasis. Long distance 

of primary breast cancer site to the brain may require the 

communication mediator like exosomes to deliver cancer favorable 

information to the brain. However, the exact role of breast cancer-

derived exosome during brain metastasis is not well understood. In 

this study, we observed the phenomenon that breast cancer-derived 

exosomes directly activate primary astrocytes and the co-culture 

condition of these activated astrocytes with microglia cells enhances 

cancer cell proliferation and invasion. To trace the extracellular 

vesicle (EV) including exosome movement, Palm-tandem dimer 
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tdTomato (Palm-tdTomato) lentiviral vector was transduced into 

MDA-MB-luc-D3H2LN (D3H2LN) breast cancer cells. EVs isolated 

from D3H2LN-Palm-tdTomato cell lines showed the increased Palm-

tdTomato fluorescence intensity and were stably internalized into 

astrocytes. We found that astrocytes taken up by cancer-derived 

exosomes were activated, showing the increase in Glial Fibrillar Acidic 

Protein (GFAP), vimentin, MCP-1/CCL2 and IL-6 expression. Also, we 

found that co-culture glial cells of astrocytes and microglia 

significantly increased cytokine IL-6 production. The co-cultured 

medium from cancer exosomes-stimulated astrocytes and microglia 

increases invasion and proliferation of cancer cells and inhibits tumor 

suppressor gene in breast cancer cells. These results indicate that 

breast cancer-derived exosomes participate in activating astrocytes 

and the activated astrocytes and microglia induce breast cancer 

proliferation and invasion during brain metastasis.  

 

keywords : brain metastasis, exosomes, astrocytes, microglia, glial 

activation, IL-6 

 

Student Number : 2016-27514 

 

 

 

 

 

 

 

 

 



3 

 

Contents 

 

Abstract  ·······················································  1 

Contents  ·······················································  3 

List of figures  ···············································  4 

Introduction  ··················································  6 

Materials and Methods  ···································  9 

Results  ·························································  17 

Discussion  ····················································  41 

References  ···················································  45 

Korean abstract  ·············································  51 

  



4 

 

 

List of Figures 

 

Figure 1. Establishment of MDM-MB-231-luc-D3H2LN-palm-

tdTomato (D3H2LN-tdTomato) cell line using a lentiviral system 

 ·······················································································  24 

Figure 2. Isolation of HFF-Palm-tdTomato and D3H2LN-Palm-

tdTomato cell-derived exosomes and internalization of EVs into 

primary astrocytes ····························································  26 

Figure 3. Exosomes released by D3H2LN-Palm-tdTomato cells induce 

activated astrocytes ··························································  29 

Figure 4. IL-6 cytokine release from microglia, astrocytes and mixed 

glial cultures ·····································································  32 

Figure 5. Enhanced proliferation and invasion of breast cancer cells by 

cancer-exosome activated mixed glial cells ··························  37 



5 

 

Figure 6. Schematic diagram illustrating cancer-derived exosomes 

activate astrocytes, which promotes cancer cell proliferation and 

invasion ···········································································  40 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



6 

 

 

Introduction 

 

Brain metastasis, also called secondary brain cancer, means 

cancers that start in another region of the body and spread to the brain. 

Brain metastasis is not the same as cancer that starts in the brain, 

which called primary brain cancer. It’s about ten times more common 

than primary brain cancer [1,2]. Brain metastasis occurs in 9% to 17% 

of cancer patients, the most common types of cancer that spread to 

the brain than others are lung, breast and melanoma [3]. Despite the 

recent advances in multimodal treatment for brain metastasis, however, 

the prognosis of brain metastasis diagnosed patients remains poor [4]. 

In addition, an underlying molecular mechanism of brain metastasis 

still poorly understood to date. 

In the central nervous system, glial cells including astrocytes and 

microglia play a role in multiple homeostasis and metabolic roles [5]. 

Specially, Astrocytes are known to be activated by numerous CNS 

pathologies, for example, stroke, trauma, brain tumor or 

neurodegenerative disease [6]. Well-known characteristics in 

activation of astrocytes are increased production of intermediate 

filament proteins and remodeling of the intermediate filament system 

[7]. Also, activation of astrocytes is accompanied with changes in 

expression of many relevant genes, including the up-regulation of 

Glial Fibrillar Acidic Protein (GFAP) and production of cytokines and 
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chemokines. This changes finally result in contributing to the 

pathogenesis of brain metastasis progression [8-10]. 

In brain metastasis, abundant activated astrocytes characterized by 

the increased GFAP have been frequently observed in the metastatic 

brain area in animal models, as well as in human cancer patients [11]. 

It is well known that invading and aggressive cancer cells activate 

astrocytes, and activated astrocytes promote progression of brain 

metastasis by enhancing cancer outgrowth and protect them in brain 

microenvironment [12]. 

    However, it is poorly understood that how astrocytes can be 

activated by cancer cells. When co-culturing or transwell-culturing 

with cancer cells, astrocytes were activated by cancer-oriented 

factors and produce inflammatory cytokine such as interleukin-6 (IL-

6), tumor necrosis factor-a (TNF-α) and interleukin-1β (IL-1β), which 

in turn promotes cancer cell proliferation. [13]. In addition, activated 

astrocytes enable the proliferation of breast cancer cells by 

transferring microRNA (miRNA) that silences the cancer suppressor 

gene [14-16]. 

It is ongoing to verify that extracellular vesicles (EVs) including 

exosomes has been known to play a key role in cancer proliferation 

and brain metastasis [17]. Exosomes are lipid bi-layer vesicles of 30-

100 nm in diameter that contain proteins, mRNA, and microRNAs 

(miRNAs) [18,19]. Exosomes can mediate cell-to-cell communication 

and activate cell signaling pathways in recipient cells [20-22]. During 

brain metastasis, it is known that microRNA-181c contained in 
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cancer-derived exosomes participates in destructing blood-brain 

barrier (BBB) and promoting brain metastasis [23]. Also, cancer 

stimulated astrocytes-derived exosomal miR-19a reversibly 

downregulated PTEN expression in cancer cells, promoting metastatic 

outgrowth through myeloid cell recruitment [12]. 

     In light of this evidence, we hypothesized that cancer-derived 

exosomes would induce change of normal astrocytes to activated 

astrocytes in the early stage of brain metastasis. In response, 

activated astrocytes by cancer-derived exosomes turn to promote 

cancer cells proliferation and invasion in the brain. We also examined 

the biological function of cancer-derived exosomes in co-cultured 

condition of activated astrocytes and microglia, inducing cancer 

proliferation and invasion.  
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 Materials and methods 

 

Cell line culture  

MDA-MB-231-luc-D3H2LN (gently provided from Prof. 

Takashiro) were cultured in RPMI medium and Human foreskin 

fibroblasts (HFF) cells and Microglia (BV2) (purchased from American 

Type Culture Collection (ATCC)) cells were cultured in DMEM medium. 

Both medium were supplemented with 10% fetal bovine serum (FBS) 

and 1% penicillin / streptomycin. All cells were maintained in 

humidified incubator with 5% CO2 atmosphere at 37 ºC.  

  

Primary astrocytes culture 

Primary astrocytes culture was prepared according to the method 

as described previously [24,25]. Briefly, the whole brain from P0 to 

P1 C57BL/6 mouse pups was dissected out and obtain cerebral cortex 

in precooled D-Hank’s solution. carefully dissect meninges from 

cortex and the cortex tissue was digest in 2.5% trypsin (Gibco) for 30 

min at 37 ℃. Wash 3 times with D-Hank’s solution and centrifuge at 

180 x g for 5 min. Discard supernatant carefully and filtered through 

20 μm cell strainer (Falcon). The cells were resuspended in DMEM, 

placed in a 75 cm2 culture flask which is pre-coated with poly-L-
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lysine (Sigma) and incubated in humidified incubator with 5% CO2 

atmosphere at 37 ºC.  

 

Lentivirus preparation and infection 

Plate 293FT cells in 2x106 cells density on 100mm2 dish in DMEM 

supplemented with 10% FBS without penicillin/streptomycin. At 

confluency 70-80%, prepare mixture of Palm-tdTomato lentiviral 

vector and lentivirus packaging vectors (REV, PMDLg, and Env) using 

Lipofectamine 2000 in Opti-MEM medium (Gibco). 293FT cells were 

transfected this mixture and incubated for 48 hours. After collection 

of supernatants, centrifuge to remove cells and debris at 2000 x g for 

30min. 

MDA-MB-231-luc-D3H2LN cells plated on 100 mm2dish were 

treated with 800 μl of fabricated palm-tdTomato lentivirus and 8.8 μl 

of polybrene (10mg/ml, Santa Cruz Biotechnology), and incubated in 

DMEM supplemented with 10% FBS without penicillin/streptomycin. 

Completed MDA-MB-231-luc-D3H2LN-Palm-tdTomato (D3H2LN-

tdTomato) cells were washed with phosphate-buffered saline (PBS). 

We then centrifuged and collected cells with FACSbuffer (PBS with 2% 

fetalbovineserum [FBS]). The purity of palm-tdTomato-positive cells 

was quantified by FACS (BD Immunocytometry System, CA) analysis. 

 

Exosomes extraction from cell culture medium 
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Before harvesting exosomes, EVs-depleted FBS was collected 

by ultracentrifugation at 39800 x g for 16 hours at 4 ºC. the cell culture 

medium was replaced with fresh complete medium with EVs-depleted 

FBS for 24 hours. Cells and debris were removed by centrifugation at 

2000 x g for 30 min. The total exosome isolation kit (Invitrogen) was 

added to debris-free cell culture medium (1:2 with exosome isolation 

reagent and cell culture medium, respectively). The mixture of cell 

culture medium and exosome isolation reagent incubated at 4 °C 

overnight before centrifugation at 4 °C at 10,000 x g for 1 hour. The 

pellet was resuspended in phosphate-buffered saline (PBS). Isolated 

exosomes were estimated by the bicinchoninic acid assay (BCA; 

Thermo Scientific). An LM10 nanoparticle tracking analysis (NTA) 

system (Nanosight) was used to measure exosomes size distribution 

and particle number. 

  

Exosomes uptake by astrocytes 

The interaction between astrocytes and cancer-derived 

exosomes was investigated by the ability of astrocytes to internalize 

cancer-derived exosomes. Briefly, 5 × 104 astrocytes were seeded 

onto 24 well poly-L-lysine coated coverslips and cultured in DMEM 

for 24 hours. The culture medium was replaced with fresh DMEM with 

containing 50 μg/ml exosomes and incubated for 12 hours at 5% CO2 

atmosphere at 37 ºC. Then, we fixed astrocytes with 4% 
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paraformaldehyde (PFA, Sigma-Aldrich) for 15 min at room 

temperature (RT) and permeabilized with 0.3% Triton X-100 (Sigma-

Aldrich) in PBS for 15 min at RT. The samples were blocked with 5% 

BSA (Bovine Serum Albumin, Sigma) in PBS for 1 hour at RT, 

incubating overnight at 4 ℃ with primary antibodies to detect GFAP 

(cell signaling, at 1:300). To detect the primary antibody, 488-labeled 

secondary antibodies (at 1:500) were employed for 1 hour at RT and 

were mounted with DAPI solution to detect cell nucleus. Fluorescence 

imaging were obtained by confocal microscopy (Leica). 

 

Conditioning media and cultures 

Astrocytes (1×106cells/cm) or microglia (5×105cells/cm) were 

plated in 100-cm2 petridish (Falcon) and were incubated in humidified 

incubator with 5% CO2 atmosphere at 37 ºC. at 70-80% confluency, 

replaced medium with fresh DMEM containing exosomes and cells 

were incubated in humidified incubator with 5% CO2 atmosphere at 37 

ºC. After 48 hours, the medium was collected and centrifuged to 

remove debris at 1500 rpm for 10 min at 4 °C. Astrocytes or microglia 

conditioned medium by D3H2LN-derived exosomes (ACM or MCM) 

were collected, respectively. Mixed glial culture of astrocytes and 

microglia conditioned medium (AMCM) was collected from un-

conditioned AMCM, HFF-derived exosomes-conditioned AMCM and 

D3H2LN-derived exosomes-conditioned AMCM (CONT-AMCM, 
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HFF-AMCM and D3H2LN-AMCM) as same protocol after mixed glial 

culture.  

 

RT-PCR and SYBR green-based real-time quantitative PCR 

Total RNA was isolated from cells using the TRIzol Reagent 

(Invitrogen). Reverse transcription (RT)-PCR was performed using 

RNaUs Script RT (Legene) according to manufacturer’s protocol. The 

cDNA products were used for quantitative real-time PCR with the 

ready-to-use SYBR Green Master Mix gene expression kit (TB 

Green™ Premix Ex Taq™, TaKaRa, Japan). RT-PCR amplification and 

real-time detection were performed using an Applied Biosystems 

7500 Real-time PCR system (Applied Biosystem, USA). The PCR 

conditions were as follow: 95 ℃ for 30 seconds; 40 cycles at 95 ℃ for 

5 seconds, 60 ℃ for 34 seconds and 95 °C for 15 seconds. Gene 

expression changes were calculated using a △△Ct method with 

statistical analysis. 

  

Immunocytochemistry 

Cells were cultured in 24 well coverslip at a density of 5×104 

cells/well and fixed with 4% PFA for 15 min at room temperature. 

Permeabilization in PBS with 0.3% Triton X-100 (PBST) for 15min at 

4 °C and blocking in PBST containing 3% BSA for 1 hours at room 

temperature. Samples were incubated with the primary antibodies 
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(GFAP, IL-6 at 1:300) for overnight at 4 ℃. Then, the samples were 

further incubated with Alexa-dye-conjugated secondary antibodies (at 

1:500) for 1 hour at room temperature. The cells nuclei were stained 

with DAPI and fluorescence images were obtained by confocal 

microscopy (Leica). 

  

Enzyme-linked immunosorbent assay (ELISA) of IL-6 

Exosomes-induced IL-6 production from microglia, astrocytes 

and microglia/astrocytes mixed culture was measured using mouse IL-

6 immunoassay kit (R&D Systems, USA). The assay was performed 

according to manufacturer’s instructions. All standards and samples 

were measured using a microplate reader at a wavelength of 450 nm. 

  

EdU proliferation assay 

To measure cell proliferation, an EdU (5-ethynyl-2′-

deoxyuridine) proliferation assay was performed. Primary astrocytes 

were plated on 24 well coverslip at a density of 5×104 cells/well and 

incubated with exosomes for 24 hours. Cells were incubated in 10 

μmol/L EdU (Invitrogen) for 4 hours before fixed with 4% 

paraformaldehyde, permeabilization and EdU staining according to 

manufacturer’s protocol. The cells nuclei were stained with DAPI and 

the number of proliferating cells was averaged to calculate using 

MetaMorph Imaging system. 
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Scratch assay 

HFF-derived exosomes and D3H2LN-derived exosomes were 

added into 6 well plate which astrocytes were at over than 90% 

confluency. After 24 hours at confluence, the cell monolayer was 

scraped in straight line with a p10 pipette tip. Cellular debris was 

removed by washing with PBS and the culture medium was replaced 

with fresh medium. Leica microscopy was used to photograph the cell 

migration from the scratch edge every 6 hours. All experiments were 

performed in triplicate. 

  

Matrigel invasion assay 

5×104 cells of D3H2LN-tdTomatoin 200 μL serum-free medium 

were seeded in to the top chamber of 8 μm pore cell culture inserts 

(Corning). CONT-AMCM, HFF-AMCM and D3H2LN-AMCM 

(containing 10% FBS) were placed in the transwell plate at a final 

volume of 600 μL and allowed to migrate for 24 hours at 37 °C in 5% 

CO2. After incubation, D3H2LN-tdTomato cells on the top chamber of 

insert membrane were gently removed with cotton swaps and washed 

with PBS. D3H2LN cells on the lower surface of the insert membrane 

were fixed with 4% paraformaldehyde (PFA, Sigma-Aldrich) for 15 

min and stained with DAPI solution. Each treatment was repeated three 
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times and the membrane was imaged with fluorescence microscopy 

(Leica). 

  

Luciferase assay 

5×104 cells of serum-starved D3H2LN-tdTomato were seeded 

on 24 well plates and added CONT-AMCM, HFF-AMCM and D3H2LN-

AMCM, respectively. After 24 hours, detached whole cells using 0.25% 

trypsin-EDTA and centrifuged to collect cells. Cell lysis was 

performed with Reporter lysis buffer (Promega) and incubated for 15 

min. Lysates were mixed with Luciferase Reporter System (Promega) 

and measured by Glomax (Promega). 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 



17 

 

Results 

  

Establishment of MDA-MB-231-luc-D3H2LN-Palm-tdTomato and 

HFF-Palm-tdTomato cell line by transducing EV tracing reporter 

system 

To monitor EV-mediated communication between cells, we 

labeled exosomes with a Palm-tdTomato lentiviral vector (Figure 1A). 

Palm-tdTomato embedded in cell membrane is budding out together 

with EV, enabling visualization of EV. Initially, D3H2LN cells (brain 

metastatic breast cancer cells originated from MDA-MB-231 cells) 

were transfected with a lentiviral vector encoding Palm-tdTomato, 

and approximately 20% of transfected cells showed Palm-tdTomato 

signals. HEK293FT packaging cells were transfected with a Palm-

tdTomato lentiviral vector to produce Palm-tdTomato lentivirus, and 

then the produced lentiviruses were infected with D3H2LN cells 

(D3H2LN-Palm-tdTomato). We then sorted out infected cells by FACS 

(Fluorescence-activated cell sorting) to purify the Palm-tdTomato-

labelled cells. FACS analysis showed that 95% of D3H2LN cells were 

Palm-tdTomato positive (Figure 1B), showing the intense signals in 

cell membrane area in confocal microscopic imaging (Figure1C). HFF-

Palm-tdTomato cell line was also established by the same method. 

  

 

Internalization of D3H2LN-palm-tdTomato cells-derived exosomes by 

astrocytes 
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     We isolated exosomes from the culture supernatant of D3H2LN 

Palm-tdTomato and HFF Palm-tdTomato cells by exosome isolation 

kit. Isolated exosomes were dissolved in PBS (phosphate-buffered 

saline) at 100 ug/ml concentration. We then measured the size of 

isolated exosomes with nanoparticle-tracking analysis (NTA), 

showing the size of exosomes were approximately 120-200 nm 

(Figure 2A). Isolated exosomes from cells showed intensively bright 

tdTomato fluorescence, compared with that of the background signal 

of D3H2LN and HFF cells-derived exosomes (Figure 2B). 

In order to establish whether D3H2LN cells-derived exosomes 

can be taken up by primary astrocytes, primary astrocytes were 

cultured in a medium conditioned by D3H2LN-derived exosomes for 

12 hours. As controls, we cultured primary astrocytes either in a 

medium conditioned by HFF-derived exosomes or in an un-

conditioned medium. Astrocytes were then examined by confocal 

microscopy (Leica). As shown in Figure 2C, confocal microscopic 

images showed tdTomato signal could be seen within the astrocytes. 

Furthermore, when grown in the presence of D3H2LN cells-derived 

exosomes, astrocytes showed increased GFAP and cell size compared 

to HFF exosome-treated astrocytes. 

 

 

Induction of activated astrocytes by D3H2LN-derived exosomes 

Activated astrocytes are known to be characterized by the over-

expression of specific proteins (GFAP, vimentin, chemokines and 
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cytokines), morphological changes (augmented cell size) and 

increased proliferation and migration ability [8-10].  

     In order to examine the effect of D3H2LN-derived exosomes on 

activation of astrocytes, astrocytes were cultured in a medium 

conditioned by D3H2LN-derived exosomes for 48 hours. As controls, 

we cultured astrocytes either in a medium conditioned by HFF-derived 

exosomes or in an un-conditioned medium. We then analyzed 

astrocytes proliferation, migration ability and gene expression of 

molecular markers which characterized activated astrocytes (GFAP, 

vimentin and CCL2). As shown in Figure 3A, exosomes released by 

D3H2LN showed significant increase in the number of cells positive 

for the proliferation marker EdU, indicating D3H2LN-derived 

exosomes increase the proliferation rate of astrocytes compared to 

controls. Furthermore, in order to assess migration ability, we 

performed scratch assay based on cell culture and the migration rate 

of astrocytes in each conditioned group was calculated. The migration 

ability of astrocytes conditioned with D3H2LN-derived exosomes 

showed increased migration for 12 hours, compared to HFF-derived 

exosomes-conditioned or un-conditioned astrocytes (Figure 3B).  

Lastly, we measured molecular gene expression of astrocytes 

activation marker by quantitative real-time PCR (q-RT-PCR). mRNA 

levels of GFAP and vimentin were increased in astrocytes conditioned 

with D3H2LN-derived exosomes, also chemokine MCP-1/CCL2 and 

cytokine IL-6 were highly increased compared to HFF-derived 

exosomes-conditioned or un-conditioned astrocytes (Figure 3C).  
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Altogether, the results indicated that exosomes released from 

D3H2LN are capable of inducing activated astrocytes, increasing 

proliferation and migration ability and stimulating activation marker 

genes. 

 

 

Cytokine IL-6 production in astrocytes-microglia co-cultured condition 

The one of major characteristic of activated glial cells is to secrete 

cytokines, such as IL-6, IL-1β, TNF-α. It is known that glial cells such 

as astrocytes and microglia communicate to each other by secreting 

different cytokines and chemokines, regulating and initiating their 

activation [26,27]. Therefore, we tested cytokine IL-6 production in 

astrocytes, microglia and mixed glial culture of astrocytes and 

microglia. Although D3H2LN-derived exosomes induced IL-6 

production about 2 times from the astrocytes monoculture, IL-6 was 

not produced in microglia monoculture. In contrast to these 

monocultures, mixed glial culture of astrocytes and microglia released 

significantly increased IL-6 production in response to D3H2LN-

derived exosomes (Figure 4A, B). Even though HFF-derived 

exosomes showed increase in IL-6 mRNA expression, ELISA analysis 

showed no release of IL-6 from HFF-derived exosomes (Figure 4A, 

B). Also, in immunocytochemistry (ICC) assay, monoculture of 

microglia or astrocytes treated with D3H2LN-derived exosomes did 

not induce IL-6 production. However, the exosome treatment in mixed 

glial cultures of astrocytes and microglia increased IL-6 production. 
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We found IL-6 expression was concentrated around astrocytes, 

speculating that contact of astrocytes and microglia would be required 

for IL-6 production (Figure 4C).  

Next, we investigated which glial cell type (astrocyte or microglia) 

is initially affected by cancer-derived exosomes. We made three 

groups of microglia with astrocytes-conditioned medium (microglia + 

ACM), astrocytes with microglia-conditioned medium (astrocytes + 

MCM) and astrocytes/microglia mixed glial culture with 

astrocytes/microglia-conditioned medium (astrocytes/microglia + 

AMCM). For each group, firstly astrocytes or microglia or 

astrocytes/microglia were cultured in medium treated by D3H2LN-

derived exosomes for 24 hours and replaced with fresh medium. We 

then incubated cells for 48 hours and produced conditioned medium 

was treated to microglia or astrocytes or astrocytes/microglia. Finally, 

we incubated cells for 48 hours and performed ELISA analysis (Figure 

4D). ELISA analysis showed secondary factors (medium from D3H2LN 

exosome-affected mixed glial cells) from each group of activated glial 

cells did not product IL-6 cytokine (Figure 4D). However, when 

D3H2LN exosomes were treated into the mixed glial cells of 

astrocytes and microglia, we found significantly expressed IL-6 within 

48 hours (Figure 4B). These results indicated that cancer-derived 

exosomes directly influence on cytokine IL-6 production in co-culture 

of astrocytes and microglia. 
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Cancer proliferation and invasion promoted by cancer-derived 

exosomes-stimulated glial cells 

We next investigated whether activated astrocytes and microglia 

by D3H2LN-derived exosomes could promote proliferation and 

invasion ability of the breast cancer cell. Initially, we co-cultured 

astrocytes with microglia (mixed glial culture) treated with exosomes 

for 48 hours. And conditioned medium was collected from the mixed 

glial culture (astrocytes/microglia-conditioned medium, AMCM). For 

experimental group, D3H2LN cancer-derived exosomes were treated 

to mixed glial culture medium and produced AMCM (D3H2LN-AMCM) 

was treated to D3H2LN cancer cells. As a control group, HFF 

exosomes-treated or untreated glial culture medium (HFF-AMCM or 

AMCM) were added to D3H2LN cancer cells. In order to verify 

whether the invasion ability of cancer cells could be modified by 

AMCM, matrigel-coated transwell invasion assay was performed. The 

migration efficiency was calculated as the ratio of migrated cancer 

cells over control group. D3H2LN cancer cells in serum starvation 

condition were seeded to the upper chamber of the transwell and each 

AMCM was treated to the transwell plate. We then removed cancer 

cells in the upper chamber with cotton swap and counted the total 

number of cancer cells in the bottom chamber. As shown in Figure 5A, 

D3H2LN-AMCM significantly increased the number of invading 

D3H2LN cancer cells, compared to HFF-AMCM or AMCM. 

Next, using D3H2LN cancer cell line expressing firefly luciferase 

reflecting cell survival, we explored whether AMCM could affect the 
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proliferation of D3H2LN cancer cells. Serum-starved D3H2LN cancer 

cells were seeded on 24 well plate for 1×104 cells / well and cultured 

with AMCM for 24 hours. We observed increased proliferation rate of 

D3H2LN cancer cells treated with D3H2LN-AMCM compared to HFF-

AMCM or AMCM (Figure 5B). 

Lastly, we measured apoptosis gene expression of D3H2LN 

cancer cells after treating AMCM, showing PTEN and p53 level were 

decreased when treat D3H2LN-AMCM, compared to HFF-AMCM and 

AMCM (Figure 5C). 

These results demonstrated that activated mixed glial cells of 

astrocytes and microglia by cancer-derived exosomes released 

factors that can promote proliferation and invasion ability of cancer 

cells.  

  



24 

 

 

Figures 

 

 

 

 

 

A. 

B. 



25 

 

 

 

 

 

Figure 1. Establishment of MDM-MB-231-luc-D3H2LN-palm- 

tdTomato (D3H2LN-tdTomato) cell line using a lentiviral system. 

(A) Schematic diagram of extracellular vesicle (EV) membrane anchored 

with Palm-tdTomato. (B) Palm-tdTomato lentiviral vector was transduced 

into MDM-MB-231-luc-D3H2LN breast cancer cells. 36% of infected 

D3H2LN cells were Palm-tdTomato positive, and 95% of cells were Palm-

tdTomato positive after FACS analysis. (C) D3H2LN-Palm-tdTomato cells 

showed intensively bright fluorescence signals especially in cell membrane 

(scale bar = 20 μm). 
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Figure 2. Isolation of HFF-Palm-tdTomato and D3H2LN-Palm- 

tdTomato cell-derived exosomes and internalization of EVs into 

primary astrocytes. 

(A) Isolated exosomes from HFF-Palm-tdTomato and D3H2LN-Palm-

tdTomato were measured size distribution using nanoparticle tracking 

analysis. (B) Exosomes from HFF-Palm-tdTomato (HFF-tdTomato EXO) 

and D3H2LN-Palm-tdTomato (D3H2LN-tdTomato EXO) were measured by 

fluorescence microplate reader, and HFF and D3H2LN-derived exosomes 

were used as control. Data are presented as means ± S.D. (**P<0.01 vs 

control). Confocal microscopic image showed bright Palm-tdTomato signal 

with exosomes (scale bar = 25 μm). (C) Palm-tdTomato labeled exosomes 

were clearly seen in by primary astrocytes (red). Nuclei are depicted by the 

blue fluorescence of DAPI (scale bar = 30 μm). Data are presented as means 

± S.D. (*P<0.05). 
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Figure 3. Exosomes released by D3H2LN-Palm-tdTomato cells  

induce activated astrocytes. 

(A) EdU proliferation analysis was conducted to observe the effect on 

astrocytes activation from HFF-tdTomato and D3H2LN-tdTomato 

exosomes. The EdU proliferation assay was performed for 24 hours 

after treatment of exosomes and quantification percentage of EdU-

positive astrocytes indicated that D3H2LN-derived exosomes 

increased proliferation of astrocytes compared to the control group. 

Data are presented as means ± S.D. (*P<0.05). (B) Scratch wound 

healing assay was performed to examine the effect of exosomes on 

migration ability in astrocytes. The extent of wound closure was 

presented as the percentage in the different groups. Data are 

presented as mean fold in exosomes-conditioned astrocytes compared 

to control astrocytes ± S.D. (**P<0.01). (C) mRNA expression of GFAP, 

C. 
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vimentin, MCP-1/CCL2 and IL-6 was measured by q-RT-PCR. Each 

group was un-treated astrocytes (CONT), HFF-tdTomato-derived 

exosomes-treated astrocytes (HFF EXO) and D3H2LN-tdTomato-

derived exosomes-treated astrocytes (D3H2LN EXO). Data are 

presented as mean fold increase in exosomes-conditioned astrocytes 

compared to control astrocytes ± S.D. (*, P<0.05, **P<0.01). 
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Figure 4. IL-6 cytokine release from microglia, astrocytes and mixed  

glial cultures. 

(A) mRNA expression of IL-6 was measured by q-RT-PCR. IL-6 

production was increased in D3H2LN-derived exosomes (D3H2LN 

EXO)-treated cells compared to un-treated (CONT) or HFF-derived 

exosomes (HFF EXO)-treated group. Mixed glial culture showed 

significant increased IL-6 gene expression. Data are presented as 

mean fold increase in exosomes-treated cells compared to un-treated 

cells ± S.D. (*, P<0.05, **P<0.01 vs. HFF-derived exosomes). (B) 

ELISA analysis of exosomes-induced IL-6 release from microglia, 

astrocytes and mixed glial culture. IL-6 was not produced in microglia 

monoculture in response to exosomes. Astrocytes monoculture 

released IL-6 with D3H2LN-derived exosomes about 2 times. Mixed 

glial culture of microglia/astrocytes affected by D3H2LN-derived 

exosomes significantly increased IL-6, compared to un-treated or 

HFF-treated mixed glial culture. Data are presented as means ± S.D. 

(*, P<0.05, **P<0.01 vs. HFF-derived exosomes). (C) 

Immunocytochemistry (ICC) indicated that the interaction of 

microglia/astrocytes increased IL-6 production (scale bar = 50 μm). 

(D) Schematic diagram of in vitro experiments. Three group was 

divided; Microglia treated with astrocyte-conditioned medium 

(microglia + ACM), astrocytes treated with microglia-conditioned 

medium (astrocytes + MCM) and astrocytes/microglia mixed glial 

culture treated with astrocytes/microglia-conditioned medium 

(astrocytes/microglia + AMCM). Cancer derived exosomes were 
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treated to cells for 24 hours and change with fresh medium. After 48 

hours, produced conditioned medium was treated to cells and 

incubated for 48 hours. 
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Figure 5. Enhanced proliferation and invasion of breast cancer cells  

by cancer-exosome activated mixed glial cells. 

A) Matrigel invasion assay of D3H2LN-Palm-tdTomato cancer cells 

was performed using a transwell system. Astrocytes-microglia 

conditioned medium (AMCM) was collected after treatment of HFF-

derived exosomes and D3H2LN-derived exosomes (CONT-AMCM, 

HFF-AMCM and D3H2LN-AMCM) for 48 hours. Cancer cells were 

treated with each AMCM groups, and cells that penetrated to transwell 

filters were calculated with Palm-tdTomato fluorescence. (scale bar = 

50 μm). Data are presented as means ± S.D. (**P<0.01 vs. HFF-

AMCM). (B) Firefly luciferase assay was performed to evaluate 

proliferation of D3H2LN-cancer cells. D3H2LN-AMCM treatment 

showed increased proliferation than CONT-AMCM or HFF-AMCM 

treatment. Data are presented as means ± S.D. (**P<0.01 vs. HFF-

AMCM). (C) Real time PCR analysis showed mRNA level of apoptosis 

gene, PTEN and p53 were decreased when treatment of D3H2LN-

C. 
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AMCM to D3H2LN-cancer cells. Data are presented as mean fold 

increase in cancer cells treated with exosomes-conditioned medium ± 

S.D. (*, P<0.05, vs HFF-AMCM). 
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Figure 6. Schematic diagram illustrating cancer-derived exosomes 

activate astrocytes, which promotes cancer cell proliferation and 

invasion. 

Cancer-derived exosomes were found to activate astrocytes by 

increasing GFAP, vimentin, chemokine MCP-1/CCL2 and cytokine IL-

6. Also, in co-culture condition of activated astrocytes with microglia, 

cytokine IL-6 was significantly increased in these mixed glial cells. 

And these glial cells-derived factors can promote cancer cells 

proliferation and invasion 
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Discussion 

 

Cancer metastasis to the brain is the most serious source of 

morbidity of cancer patient in various cancers. Brain metastatic 

cancer cells possess particular characteristics with specific gene 

expression profiling and regulate brain microenvironment when 

metastasized to the brain, growing in brain microenvironment 

through complex mechanisms [28-31]. Despite rapid improvements 

for treatment in the research field, the prognosis of patients with 

brain metastasis remain poor because of its complicated nature [32]. 

In fact, the biological and molecular mechanism are still unknown 

that how brain metastatic cancer cells activate glial cells, 

particularly astrocytes in brain microenvironment.  

Exosomes are known to be important contributors to cell-cell 

communication, can transfer donor cells cargo to recipient cells to 

alter their phenotype and function [33,34]. Recently, several 

researches demonstrated that exosomes may play a key role in brain 

metastasis. Cancer-derived exosome determines brain tropism as 

integrin subtype expressed in its exosome, with which melanoma, 

breast and lung cancer cells have tendency to metastasize to the 

brain more than other cancers [35]. Also, cancer-derived exosomes 

act as key mediators of destruction of blood brain barrier (BBB) 

when cancer cells pass through BBB [23]. And during brain 
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metastasis, activated astrocytes-derived exosomal microRNA 

primes cancer cells outgrowth in brain [12].  

In this study, we adopted Palm-tdTomato expression lentiviral 

vector to visualize extracellular vesicles (EVs) including exosomes. 

The Palm-tdTomato fluorescent EV reporter makes it possible to 

mon itor EVs budding from cell membrane fuse of the Palm-

tdTomato fluorescence protein [36,37]. After FACS sorting, 

confocal microscopic image showed significantly increased Palm-

tdTomato fluorescence around cell membrane (Figure 1). And after 

isolation of exosomes, we observed uniformly distributed nanometer 

sized exosomes from D3H2LN-Palm-tdTomato cells and HFF-

Palm-tdTomato cells (Figure 2A). The fluorescence intensity of 

HFF-Palm-tdTomato and D3H2LN-Palm-tdTomato cells-derived 

exosomes was significantly higher than background signal of each 

group of cells (Figure 2B). This result demonstrates that EVs 

endogenously released from cells can be easily detected using 

reporter-based imaging technique. We then confirmed exosomes 

were internalized into cytoplasmic area of primary astrocytes, Palm-

tdTomato signal showed exosomes successfully internalized by 

astrocytes cytoplasm. Also, primary astrocytes taken up by cancer-

derived exosomes showed clear change of its morphology and GFAP 

signal, indicating cancer-derived exosomes activated phenotype of 

primary astrocytes (Figure 2C).  

In our results, we found that change of astrocytes phenotype 

such as proliferation, migration ability and gene expression. 
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Treatment of D3H2LN-derived exosomes showed the increased 

proliferation and migration rate compared to un-treated or HFF-

derived exosomes-treated group (Figure 3A, B). Also, astrocytes 

mRNA level of GFAP, vimentin, chemokine MCP-1/CCL2 and 

cytokine IL-6 was increased with D3H2LN-derived exosomes 

(Figure 3C). These results indicate that cancer-derived exosomes 

directly activate astrocytes and change their phenotypes. 

When glial cells are activated in pathological conditions, they 

communicate and interact to each other for their activation. 

Therefore, we mixed astrocytes with microglia (mixed glial culture) 

to examine influence of microglia on cytokine production. We first 

compared mixed glial culture with monoculture of astrocytes and 

microglia. In q-RT-PCR and ELISA results, mixed glial culture 

showed significantly increased IL-6 cytokines level than 

monoculture of astrocytes and microglia. Even though IL-6 mRNA 

was also increased in mixed glial culture treated with HFF-derived 

exosomes, ELISA results indicated that only D3H2LN-derived 

exosomes induce cytokine IL-6 production (Figure 4A, B). Also, 

when we test which glial cell type is initially affected by cancer-

derived exosomes and their secondary factors stimulate other glial 

cells to release cytokine. As a result, all of groups, microglia with 

astrocytes-conditioned medium (ACM), astrocytes with microglia-

conditioned medium (MCM) and astrocytes/microglia with 

astrocytes-microglia-conditioned medium (AMCM) did not induce 

IL-6 production (Figure 4D). However, D3H2LN breast cancer 
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exosome directly increased IL-6 production in co-cultured condition 

of astrocytes and microglia (Figure 4). We speculate that direct 

contact between astrocytes and microglia would be associated with 

increasing IL-6 production. 

Finally, to test whether activated mixed glial cells-derived 

factors influence on promoting cancer cell proliferation, we acquired 

astrocytes-microglia conditioned medium (AMCM) in each 

conditioned group (AMCM, HFF-AMCM and D3H2LN-AMCM). In 

matrigel invasion study, cancer cells highly invaded matrigel when 

treated D3H2LN-AMCM than control AMCM (Figure 5A). 

Proliferation assay with luciferase system also showed significantly 

increased proliferation of cancer cells when treated D3H2LN-AMCM 

(Figure 5B). Furthermore, PTEN and p53, important tumor 

suppressors were decreased in D3H2LN-AMCM group (Figure 5C). 

These results indicated that activated glial cells by cancer-derived 

exosomes promote cancer cells proliferation and invasion ability. 

In conclusion, in this study we propose a potential role of breast 

cancer-derived exosomes to stimulate astrocytes, which induces 

breast cancer proliferation and invasion. Our findings showed 

exosomes are key modulator of glial cell activation, providing an 

important clue to understand brain metastasis. 
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국문 초록 

 

    뇌전이가 높게 발생하는 유방암세포는 뇌전이를 촉진하기 위해서 

뇌내의 신경아교세포를 자극하는 것으로 알려져 있다. 일차적 유방암 

발생지역에서 뇌까지 전이가 일어나기 위해서는 먼저 암세포의 인자

들을 전달해주는 엑소좀 같은 매개체가 필요하다. 하지만 뇌전이가 일

어나는 동안 유방암세포에서 유래되는 엑소좀이 신경아교세포에 대해

서 어떠한 영향을 미치는지에 대해서는 아직 정확하게 알려진 바가 없

다. 이 연구에서 우리는 유방암세포에서 유래된 엑소좀이 신경아교세

포의 대표적인 astrocyte 를 활성화시키며, 활성화된 astrocyte 와 

microglia 가 유방암세포의 증식과 침투능력을 증가시킨다는 것을 발

견하였다. Palm-tdTomato vector 를 유방암세포에 발현시켜 엑소좀

을 형광추적 가능하게 하였으며, 엑소좀이 흡수된 astrocyte 가 활성

화되어 GFAP, vimentin, MCP-1/CCL2 와 IL-6 가 증가되는 것을 확

인하였다. 또한, astrocyte 와 microglia 를 공동배양 하였을 때 IL-6

의 발현량이 크게 증가하는 것을 확인할 수 있었고, 공동배양한 후의 

배지를 유방암세포에 처리해준 결과 암세포의 증식이 증가하는 것을 

확인할 수 있었다. 이러한 결과로 유방암세포에서 유래한 엑소좀이 신

경아교세포를 활성화하며 활성화된 신경아교세포가 뇌전이를 촉진할 

수 있다는 것을 확인할 수 있었다. 
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