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The anti-cancer activity of epigallocatechin gallate (EGCG) is well known

but the effect of EGCG on other cells in the tumor microenvironment, such

as mesenchymal stem cells (MSCs), is unclear. Exosomes are microvesicles

released by various cell types. They mediate cell-to-cell communication by

transferring genetic material including micro-RNA (miRNA), mRNA, and

protein. MSCs have been associated with tumor progression. However,

whether MSCs induce the tumor growth or not is controversial. MSCs

may mediate the influence of paracrine on communication between MSCs
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and the tumor microenvironment.

In this study, we investigated the effect of EGCG on miRNAs derived

from MSC exosomes and the effect of EGCG-treated, MSC-derived

exosomes on diffuse large B-cell lymphoma (DLBCL) cells in vitro, ex

vivo, and in vivo. The level of miR-16 increased markedly in

EGCG-treated, MSC-derived exosomes. When DLBCL cells were treated

with EGCG treated MSC-derived exosomes, the levels of Bcl-2, Bcl-w and

Smad7 decreased, while the level of Smad3 increased because of regulation

of up-regulated miR-16 in exosomes. The expression of anti-apoptotic

molecule was also decreased at the protein level. These results indicate

that apoptosis of DLBCL cells is induced by EGCG-treated, MSC-derived

exosomes. Doxorubin sensitization was also increased in EGCG-treated,

MSC-derived exosomes compared to normal MSC-derived exosomes.

EGCG-treated, MSC-derived exosomes also induced apoptotic effects ex

vivo. Tumor growth was inhibited in vivo because of EGCG-treated,

MSC-derived exosomes by transferring up-regulated miR-16.

Anti-apoptotic molecules were decreased and apoptotic molecules were

increased. FAS and Bax mRNA levels were increased, and protein level of

Bcl-2 and FAS was decreased and increased, respectively, following the

injection of EGCG-treated, MSC-derived exosomes.

Taken together, the results indicate the existence of a novel,

exosome-mediated cell-to-cell communication between EGCG treated MSCs

and DLBCL cells in the tumor microenvironment, and drug sensitization of

EGCG-treated, MSC-exosomal miR-16.

Keywords: exosome, miR-16, mesenchymal stem cell, EGCG, doxorubicin

sensitization

Student Number: 2013-21751
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Introduction

Epigallocatechin gallate (EGCG) is the major form of green tea

catechin. EGCG is chemoprotective for tumors [1]. This anti-cancer

activity is mediated by apoptosis and the promotion of cell growth

arrest [2]. Anti-cancer activity can also involve the regulation of

microRNA-16 (miR-16) [3] and EGCG-mediated inhibition of

proangiogenesis of mesenchymal stem cells (MSCs) [4]. However, the

effect of EGCG on MSC exosomes and the influence of the exosomes

in the tumor microenvironment are unknown.

MSCs are pluripotent stromal cells [5] usually derived from bone

marrow and adipose tissue. They have been associated with tumor

progression. But, whether MSCs induce the tumor growth or not is

contentious. Nevertheless, MSCs are considered to be related to the

drug resistance of cancer cells [6]. MSC-mediated paracrine effects

suggest the existence of communication between MSCs and tumor

microenvironment [7]. The type of cancer and other components

within the tumor microenvironment also influence the functions of

MSCs, and MSCs can transfer drug resistance via paracrine factors

[8].

Exosomes are cell-derived microvesicles with an approximate

diameter ranging from 30-100 nm. Exosomes are released by various

cell types likely by budding from the cell membrane [9]. They
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contain genetic material including miRNA, RNA, DNA, and protein

[10]. Exosomes derived from different cells may have unique miRNA

and mRNA profiles [11].

miRNAs are small, non-coding RNAs containing about 20-22

nucleotides. They regulate gene expression by binding with

complementary sequences of 3' untranslated region (UTR) of target

genes [12]. miRNAs are crucial in various biological processes, and

are also associated with cancer development. The distinct miRNA

signature distinguishes it from other types of cells or tissues in each

tumor type [13]. miRNAs of tumor cells can be released through their

exosomes [14] and stabilization of miRNAs in microvesicles has been

reported [13]. Because of these properties, exosomes secreted from

tumor cells are used as diagnostic biomarkers [15].

In this study, we investigated the effect of EGCG on miRNAs

derived from MSC exosomes and the effect of EGCG-treated,

MSC-derived exosomes on the viability, survival, and drug sensitivity

of diffuse large B-cell lymphoma (DLBCL) cells in vitro, ex vivo, and

in vivo. EGCG induces apoptosis through the inhibition of the Bcl-2

family[16]. miR-16 also induces apoptosis by targeting Bcl-2 [17].

However, the correlation between these three molecules through

exosome has not been investigated. To the best of our knowledge,

this study is the first report to investigate that EGCG may change

the properties of exosomes derived from MSCs and that

EGCG-treated, MSC-exosomal miRNA may affect the function of

tumor cells.
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Materials and Methods

Cell culture

Mouse bone marrow-derived MSCs line (Invitrogen, Carlsbad, CA)

were cultured in αMEM (Invitrogen), supplemented with 10% fetal

bovine serum (FBS), 1% antibiotic-antimycotic solution, and 1%

L-Glutamine (Invitrogen). The human diffuse large B cell lines,

OCI-LY1, OCI-LY2, and SU-DHL8 were kindly provided by Prof.

Megan S. Lim (University of Michigan, Ann Arbor, MI, USA).

OCI-LY1 and OCI-LY2 were cultured in Iscove’s Modified Dulbecco’s

medium (IMDM) supplemented with 20% inactivated FBS and 1%

antibiotic-antimycotic solution. SU-DHL8 cells were cultured in

RPMI1640 supplemented with 10% inactivated FBS and 1%

antibiotic-antimycotic solution (Welgene, Seoul, Korea). All cell lines

were cultured at 37℃ in an atmosphere of 5% CO2.

Exosome isolation

Murine MSCs were cultured in αMEM supplemented with 10% FBS,

1% antibiotic-antimycotic solution, and 1% L-Glutamine previously

centrifuged at 30,000 rpm overnight to eliminate the bovine-derived

exosomes. MSCs were cultured for 48 h with phosphate buffered
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saline (PBS) at the same volume of 100 uM EGCG. For

EGCG-treated, MSC-derived exosomes, MSCs were cultured for 48 h

with 100 uM EGCG. MSC-derived exosomes were isolated using

ExoQuick-TC™ (System Bioscience, Mountain View, CA) according to

the manufacturer’s instructions. Briefly, conditioned medium collected

from 48 h MSC cultures was harvested and centrifuged at 3,000 x g

for 15 min to remove cells and cell debris. Two milliliters of

ExoQuick-TC™ was added to 10 ml of the conditioned medium and

the mixture was incubated at 4℃ overnight. At least 16 h later, the

mixture was centrifuged at 1,500 x g for 30 min and the supernatant

was aspirated. The residual solution was centrifuged at 1,500 x g for

5 min for removing residual supernatants. The exosome pellet was

resuspended in the appropriate volume of PBS and stored at -20℃.

The concentration of exosomes was quantified using the BCA protein

assay according to the manufacturer’s instructions.

MSC-derived exosomes for in vitro and in vivo

studies

MSC-derived exosome pellets were obtained as described above.

Exosomes (200 ug/ml of PBS-treated, MSC-derived exosomes or

EGCG-treated, MSC-derived exosomes) were used for in vitro

assays. Two hundred micrograms of similar preparations were

injected subcutaneously (sc) in NOD.Cg-Prkdcscid I l2rgtm1Wjl/SzJ
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(NSG) mice for in vivo assay.

RNA extraction and analysis

Total RNAs of MSC-derived exosomes or cell lines were isolated

using TRI Reagent (MRC, Cincinnati, OH) according to the

manufacturer’s instructions. The concentration of RNA was examined

using a model ND-1000 apparatus (NanoDrop Technologies,

Wilmington, DE).

cDNA synthesis and quantitative real-time PCR

(qRT-PCR)

For mRNAs, 2 ug of RNA was reverse transcribed using a

PrimeScript™ first-strand cDNA synthesis kit (Takara Bio, Shiga,

Japan) according to the manufacturer’s instructions. qRT-PCR was

performed in final volumes of 20 ul using SYBR Premix Ex Taq

(Takara Bio) and Step One Plus (Applied Biosystems, Foster City,

CA). To normalize the expression levels of mRNAs,

glyceraldehydes-3-phosphate dehydrogenase (GAPDH) was used as

an internal control. For miRNAs, 250 ng of RNA was reverse

transcribed using a Mir-X miRNA first-strand synthesis kit

(Clontech, Mountain View, CA) according to the manufacturer’s
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instructions. qRT-PCR was performed with a 10-fold dilution of the

aforementioned mixture in a final volume of 25 ul using SYBR

Premix Taq (Takara Bio) and Step One Plus (Applied Biosystems).

To normalize the expression levels of miRNAs, U6 was used as an

internal control. All experiments were performed in triplicate and

were repeated three times.

Western blotting

Whole cell lysates were extracted from cells or exosomes using a

PRO-PREP™ kit (iNtRON Biotechnology, Seoul, Korea) or RIPA

Buffer (Thermo Fisher Scientific, Pittsburgh, PA). The concentrations

of proteins were determined by a BCA protein assay kit (Thermo

Fisher Scientific). Lysates were separated on sodium dodecyl sulfate

(SDS) gels and transferred to nitrocellulose membranes. Each

membrane was blocked with 5% skim milk and incubated with

primary antibody, followed by incubation with horseradish peroxidase

(HRP)-tagged secondary antibody. The protein-antibody complexes

were visualized using WESTSAVE up (Ab FRONTIER, Seoul,

Korea).

Doxorubicin sensitization effect of MSC-exosomes
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OCI-LY1, OCI-LY2, and SU-DHL8 cells (8x104, 1x105, and 1.5x105,

respectively) in Opti-MEM (Gibco, Grand Island, NY) were dispensed

in 96-well plates in the presence or absence of exosomes and/or

doxorubicin for 24h. The treated concentration of MSC-derived

exosomes was 200ug/ml and doxorubicin was IC20. Proliferation rate

of each DLBCL cell line was measured using the CCK8 assay.

Reagents and antibodies

EGCG was obtained from Sigma-Aldrich (St. Louis, MO). Antibodies

to Actin (sc-1615), Bcl-2 (sc-509), Bcl-w (sc-11422), and FAS

(sc-715) were purchased from Santa Cruz Biotechnology (Santa Cruz,

CA).

I n vivo experiment

NOD.Cg-Prkdcscid I l2rgtm1Wjl/SzJ (NSG) mice were purchased from

The Jackson Laboratory (Bar Harbor, ME) and maintained under

specific pathogen-free conditions. Seven-week-old male NSG mice

were randomly divided into three groups. All mice received sc

injections of 100 ul of PBS containing 5x106cells mixed with 200ug of

PBS treated MSC-derived exosomes (n=7) , or 5x106 cells mixed with

200ug of EGCG treated MSC-derived exosomes (n=7) . Control mice
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(n=7) were each injected with 100ul PBS. Additional MSC exosomes

(200ug) were injected twice after tumor initiation. The tumor size

was measured with an electronic caliper three times a week from 35

days after tumor injection. Tumor volume was calculated as 0.5 x

(width)2 x length.

Ex vivo experiment

Tumor tissues were put into 100 mm culture dishes containing 10 ml

of complete medium and minced using a surgical blade. Each

preparation was incubated with an enzyme cocktail solution (0.025 %

collagenase, 0.05 % protease, 0.04 % DNase) in a CO2 incubator for 1

hand passed through mesh. After cells were washed with PBS

hemolysis was done to eliminatered blood cells. The concentration of

MSC-derived exosomes was the same as in vitro.

Luciferase assay

Luciferase reporter vector containing the sequence of miR-16 was

supplied from the Laboratory of Molecular Imaging and Therapy

(Seoul National University Cancer Research Institute). OCI-LY1 cells

(1x106) in Opti-MEM were incubated with PBS treated MSC
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exosomes or EGCG-treated MSC exosomes (200ug/ml) for 24h. Cells

were lysed and the luciferase activity was measured using the

Dual-Luciferase Reporter Assay System (Promega, Madison, WI) with

a VICTOR™ light source (Perkin Elmer, Waltham, MA). The results

were normalized as relative luciferase activity.

Statistical analysis

Data are presented as mean±SD. All experiments were performed at

least three times. The differences between groups were evaluated by

Student's t-test. Differences were considered significant at p<0.05.
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Results

Effect of EGCG-treated, MSC-derived exosomes

on cell growth and drug sensitization

We first examined the differences between PBS-treated, MSC-derived

exosomes (normal MSC-derived exosomes) and EGCG-treated,

MSC-derived exosomes. OCI-LY1 cells were incubated with different

concentrations of EGCG (0, 10, 20, 50, and 100 uM) or PBS for 24 h

or 48 h, and growth of MSC cells was evaluated using the CCK8

assay. Growth of OCI-LY1 cells incubated with PBS-treated,

MSC-derived exosomes was increased in a dose-dependent manner,

while the growth of OCI-LY1 cells incubated with EGCG-treated,

MSC-derived exosomes was decreased (Supplementary data S1A).

This inhibition of cell growth was also found at 48 h (Supplementary

data S1B). Next, we treated MSC-derived exosomes with doxorubicin,

a standard drug for chemotherapy of DLBCLs. As Bcl-2 is involved

the resistance of doxorubicin induced apoptosis [18], we wished to

determine the effect of EGCG-treated, MSC-exosomal miR-16, which

can bind the Bcl-2 and reduce the level of Bcl-2, on drug sensitivity.

First, we examined the effect of PBS-treated, MSC-derived exosome

in OCI-LY1 cells (Figure 1A). OCI-LY1 cells were incubated with
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different concentrations of PBS-treated, MSC-derived exosomes (0,

10, 20, 50, 100, and 200 ug/ml) and viability was evaluated using the

CCK8 assay. Viability increased in a dose-dependent manner,

indicating that normal MSC-derived exosome promoted the cell

viability. Next, the apoptosis of DLBCL cells was measured after the

treatment with PBS-treated, MSC-derived exosomes (200 ug/ml) or

EGCG-treated, MSC-derived exosomes (200 ug/ml) in the absence or

presence of doxorubicin (IC20) for 24h (Figures2B, C, and D) .

Doxorubicin IC20 of each cell is summarized in Table2 . Differences

between increased or decreased rates in each cell line were evident,

but the patterns were similar. Cell viability of EGCG-treated,

MSC-derived exosomes was decreased significantly compared with

the control group. EGCG-treated, MSC-derived exosomes also

displayed decreased cell viability in the presence of doxorubicin. This

reduction rate was higher than cell viability of only

doxorubicin-treated DLBCLs. PBS-treated, MSC-derived exosomes

displayed increased cell viability in the presence of doxorubicin

compared to the viability of doxorubicin-treated cells. The data

indicated that normal MSC-derived exosomes induce cell growth,

while EGCG-treated, MSC-derived exosomes reduce cell growth.

These results confirmed the association of EGCG-treated,

MSC-exosomal miR-16 with DLBCL cell survival and drug

sensitivity.
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miR-16 levels are increased in EGCG-treated,

MSC-derived exosomes

Next, we examined the change of components in EGCG-treated.

MSC-derived exosomes. MSCs were incubated with different

concentrations of EGCG (0, 10, 20, 50, and 100 uM) or PBS for 24 h

or 48 h, and the exosomes were isolated from the conditioned

medium. At each time the levels of miRNA, miR-16, in the exosomes

were increased in a dose-dependent manner (Figure 2). Up-regulation

of exosomal miR-16 by EGCG in a murine breast cancer cell line

was previously shown by us [19]. Especially the level of miR-16 in

100 uM of EGCG-treated, MSC-derived exosomes was more than

100-times higher and this induced MSC cell arrest but not cell death

(data not shown). These results indicate that EGCG changes the

components of MSC-derived exosomes and that MSCs can

communicate with other cells through exosomes secretion and uptake.

Apoptosis related targets of EGCG-treated,

MSC-derived exosomal miR-16

TargetScan was used to identify potential targets of MSC-exosomal

miR-16. Before confirming the effect of MSC-derived exosomes,



13

DLBCL cells were transfected with miR-16 mimics and the mRNA

levels of potential targets were analyzed by qRT-PCR

(Supplementary data S2A, B) whether there is a significant change

or not. The first target was the Bcl-2 family, which is associated

with poor prognosis. We chose Bcl-2 and Bcl-w (BCL2L2) because it

has one and two binding sites of miR-16, respectively, while BCL2L1

does not. These targets were also used to select the DLBCL cell

lines. Basal levels of miR-16, Bcl-2, and Bcl-w were evaluated by

qRT-PCR in seven DLBCL cell lines (Figure 3A). Three cell lines,

OCI-LY1, OCI-LY2, and SU-DHL8, were selected according to the

standards in Table 1. Basal levels of miR-16, Bcl-2, and Bcl-w in

the three cell lines are shown in Figure 3B. Also, basal protein levels

of Bcl-2 is shown in Figure 3C. Another target was Smad family

members Smad3 and Smad7. The roles of Smad3 and Smad7 depend

on cell types. Smad3 acts as a transcriptional suppressor of Bcl-2

and Smad7 inhibits the function of Smad3 [20]. Basal levels of Smad3

and Smad7 are shown in Figure 3D. FGF2 and BTLA targets were

also analyzed by qRT-PCR; there were no significant changes

(Figure 3E).
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Regulation of EGCG-treated, MSC-derived

exosomal miR-16 in DLBCL cells

miRNA, RNA, DNA, and protein can be detected in the exosomes

secreted from cells. Since EGCG induced altered levels of miR-16 in

MSC-derived exosomes, we examined the effects of EGCG-treated,

MSC-exosomal miR-16 at the mRNA and protein levels. DLBCL cell

lines were incubated with PBS-treated, MSC-derived exosomes (200

ug/ml) or EGCG-treated, MSC- derived exosomes (200 ug/ml) for 24

h and RNA or protein were extracted. Each cell line showed different

changes of expression (Figure 4A). In OCI-LY1 and OCI-LY2 cells,

levels of miR-16 were increased and levels of Bcl-2 and Bcl-w were

decreased significantly. The levels of miR-16 were increased and the

levels of Bcl-2 were decreased, while the levels of Bcl-w were not

decreased significantly in SU-DHL8 cells. These results supported our

hypothesis that EGCG-treated, MSC-derived exosomes induce

apoptosis. The protein level of Bcl-2 was detected in OCI-LY1 cells;

PBS-treated, MSC- derived exosomes increased the level of Bcl-2,

while EGCG-treated, MSC-derived exosomes decreased the level of

Bcl-2 (Figure 4B). The results indicated that EGCG-treated,

MSC-derived exosomes also affect the protein level. The levels of

Smad family in OCI-LY1 and SU-DHL8 cells were also analyzed by

qRT-PCR (Figures 4C, D). Consistent with our hypothesis, Smad3

was increased and Smad7 was decreased. EGCG-treated
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MSC-exosomal miR-16 might down-regulate Smad7, which inhibits

Smad3. Thus, presently the levels of Smad3 would increased. These

data suggest that EGCG-treated, MSC exosomal miR-16 reduces the

anti-apoptotic properties at the mRNA and protein levels.

Smad3 regulates transcription of Bcl-2

Smad3 down-regulates the expression of Bcl-2 by repressing Bcl-2

transcription [20] . However, the situation in DLBCL cells is unclear.

Here, we examined the effect of Smad3 on the expression of Bcl-2 at

the mRNA level and protein level. OCI-LY1 cells were treated with

the specific inhibitor of Smad3 (SIS3) for 24 h and mRNA or protein

was extracted. The mRNA levels of Bcl-2 were analyzed by

qRT-PCR (Figure 5A). The levels of Bcl-2 in the SIS3 treated group

were increased by approximately 30% compared to the control group.

Increased level of Bcl-2 was also detected using Western blot (Figure

5B). These data demonstrated that the expression of Bcl-2 was

regulated by Smad3 and that the inhibition of Smad3 increased the

expression of Bcl-2 at the mRNA level and protein level.
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Effect of MSC-exosome in ex vivo expanded

DLBCL cell lines

Before in vivo experiments, we investigated effect of EGCG-treated,

MSC-exosomal miR-16 ex vivo. Cells (5x106) of OCI-LY1 or

SU-DHL8 were injected into NSG mice and 2 weeks after tumor

challenges tumor cells were isolated. Isolated tumor cells were

incubated with PBS-treated, MSC-derived exosomes (200ug/ml) or

EGCG-treated, MSC-derived exosomes (200ug/ml) for 24h.

EGCG-treated MSC exosomal miR-16 decreased the levels of Bcl-2

family and Smad7, while increasing the levels of Smad3. The mRNA

levels of anti-apoptotic Bcl-2 and Bcl-w were reduced in both cell

lines treated with EGCG-treated, MSC-derived exosomes, where as

the levels of Smad3, which might down-regulate the expression of

Bcl-2, were increased. These data suggest that EGCG-treated,

MSC-derived exosomes regulate the apoptosis-related molecules ex

vivo.

Apoptosis-induced regulation of EGCG-treated

MSC exosomes in vivo

To assess the role of EGCG-treated MSC exosomal miR-16 in tumor
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growth in vivo, we established tumor models in 7-week-old male

NSG mice by sc injecting OCI-LY1 cells alone or OCI-LY1 cells

mixed with PBS-treated, MSC-derived exosomes (200ug) or OCI-LY1

cells mixed with EGCG-treated, MSC-derived exosomes (200ug) .

Tumor sizes of each mouse were measured three times a week and

additional PBS-treated, MSC-derived exosomes (200ug) or

EGCG-treated, MSC-derived exosomes (200ug) were injected 14 and

15 days after tumor injections for therapy. This exosome therapy was

made consecutively for 2 days because tumor growth was rapid. The

observation of tumor growth lasted 32 days after tumor challenges

and mice were sacrificed. Tumor cells were isolated immediately and

RNA or protein were extracted.

Tumor growth curves were displayed using average of five mice in

each group (except two mice who had the largest tumor) (Figure

7A). The PBS-treated, MSC-derived exosome co-implantation group

showed the fastest initiation of tumor growth (10 days after tumor

injection) while initiation of tumor in the EGCG-treated, MSC-derived

exosome co-implantation group was 14 days after tumor injection.

Average size of tumors in the PBS-treated, MSC-derived exosome

group was larger than tumors in the EGCG-treated, MSC-derived

exosome group during tumor challenges. Average final size of tumors

was also larger in the PBS-treated, MSC-derived exosome group,

with a difference 19.4%. Next, we analyzed miRNA level and mRNA

levels of tumor cells by qRT-PCR. The level of miR-16 was

increased 1.5-fold in the EGCG-treated, MSC-derived exosome group
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(Figure 7B). mRNA levels of Bcl-2, Bcl-w, Smad3, and Smad7

showed different results compared with the results in vitro (Figure

7C) . The levels of Bcl-2 and Smad7 were reduced, but the levels of

Bcl-w were increased and the levels of Smad3 were decreased. The

long observation date might affect these differences because RNA

was extracted 32 days after tumor challenges and 17 days after

tumor challenges. Thus, there is the possibility that changes at the

mRNA level had already disappeared. Meanwhile, the FAS and Bax

apoptotic molecules were increased in the EGCG-treated,

MSC-derived exosomes group (Figure 7C) . Lastly, we evaluated the

protein levels of Bcl-2 and FAS using Western blot (Figure7D) . The

expression of Bcl-2 was increased in the PBS-treated, MSC-derived

exosome group, but was decreased in the EGCG-treated,

MSC-derived exosome group. On the other hand, the expression of

the FAS apoptotic molecule was decreased in the PBS-treated,

MSC-derived exosome group but was increased in the EGCG-treated

MSC-derived exosome group. These results indicate that miR-16 that

is increasedby EGCG is transferred from exosomes to the tumor

tissues, where upon it reduces anti-apoptotic molecules and induces

apoptotic molecules.
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Figure 1. Drug sensitization of EGCG-treated, MSC-derived

exosomes.

Cell viabilities were evaluated by the CCK8 assay. Mean values ±SD

for three independent experiments are shown. (A) OCI-LY1 cells in

Opti-MEM were incubated with different concentration of PBS treated

MSC-derived exosomes (0, 10, 20, 50, 100, and 200 ug/ml) for 24 h.

(B) DLBCL cell lines in Opti-MEM were treated with PBS treated

MSC-derived exosome (200 ug/ml) or EGCG treated MSC-derived

exosome (200 ug/ml) in the absence or presence of Doxorubicin

(IC20) for 24h. Lanes : 1. Control ; 2. Doxorubicin; 3. PBS-treated,

MSC-derived exosomes with doxorubicin; 4. EGCG-treated,

MSC-derived exosomes with doxorubicin; 5. PBS-treated,

MSC-derived exosomes; 6. EGCG-treated, MSC-derived exosomes;

*p<0.05, **p<0.005, ***p<0.0005
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Figure 2. EGCG-treated, MSC exosomes increase the expression

of miR-16.

MSC cells in Opti-MEM were treated with EGCG (0, 10, 20, 50, and

100 uM) for 24 h. The levels of miR-16 were evaluated using

qRT-PCR. Mean values ±SD for three independent experiments are

shown. *p<0.05
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Figure 3. Targets of EGCG-treated, MSC-derived exosomal

miR-16.

(A) Basal levels of miR-16, Bcl-2, and Bcl-w in DLBCL cell lines

were measured by qRT-PCR. The levels of DLBCL cell lines were

normalized to the levels of SU-DHL4. (B) Basal levels of miR-16,

Bcl-2, and Bcl-w in OCI-LY1, OCI-LY2, and SU-DHL8 cells were

measured by qRT-PCR. The levels of the three cell lines were

normalized to the levels of OCI-LY1. (C) Expression of Bcl-2 was

measured by Western blot. (D) Basal levels of Smad3 and Smad7 in

OCI-LY1, OCI-LY2, and SU-DHL8 cells were analyzed by qRT-PCR.

The levels of three cells were normalized to the levels of OCI-LY1.

(E) DLBCL cell lines were transfected with negative control or

miR-16 mimics. After 24 h, cells were harvested and the levels of

FGF2 and BTLA were analyzed by qRT-PCR.
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Figure 4. Bcl-2, Bcl-w, Smad3 and Smad7 are influenced by

EGCG treated MSC-derived exosomes.

DLBCL cell lines were incubated with PBS treated MSC-derived

exosomes (200 ug/ml) or EGCG treated MSC-derived exosomes (200

ug/ml) for 24h. After 24h, cells were harvested immediately and

RNAs or proteins were extracted. Mean values ±SD for 3

independent experiments are shown. *p<0.05, **p<0.005 (A) The

levels of miR-16, Bcl-2 and Bcl-w were analyzed by qRT-PCR. (B)

Anti-apoptosis related protein Bcl-2 in OCI-LY1 was detected using

western blot. (C) The levels of Smad family in OCI-LY1 and

SU-DHL8 were analyzed by qRT-PCR. (D) The levels of Smad3 and

Smad7 in OCI-LY1 and SU-DHL8 were analyzed by qRT-PCR.
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Figure 5. Smad3 regulates Bcl-2 transcription.

OCI-LY1 cells were treated with SIS3 70 nM for 24 h. Cells were

harvested and RNA or proteins were extracted immediately. Mean

±SD for three independent experiments are shown. * denotes p<0.05.

(A) The levels of Bcl-2 analyzed by qRT-PCR. (B) Anti-apoptosis

related protein Bcl-2 detected using Western blot.
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Figure 6. Apoptosis induction by EGCG-treated, MSC-derived

exosome in OCI-LY1 and SU-DHL8 cells (ex vivo)

NSG mice received sc injections of 100 ul PBS per mouse containing

5x106 OCI-LY1 or SU-DHL8 cells. Two weeks after tumor challenges

all mice were sacrificed and tumor cells were isolated immediately.

Isolated tumor cells were incubated with PBS-treated, MSC-derived

exosomes (200ug/ml) or EGCG-treated, MSC-derived exosomes

(200ug/ml) for 24h. The levels of Bcl-2, Bcl-w, Smad3, and Smad7

were analyzed by qRT-PCR. Mean±SD for three independent

experiments are shown, with * denoting p<0.05.
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Figure 7. EGCG treated MSC-derived exosomes inhibit tumor

growth in vivo.

(A) NSG mice received sc injections of 100 ul PBS per mouse

containing 5x106 OCI-LY1 cells alone or mixed with 200ug of

PBS-treated, MSC-derived exosomes or mixed with 200 ug of EGCG

treated MSC-derived exosomes (n=7). The tumor sizes were

measured with a caliper three times a week for 32 days after tumor

injection. Then, the mice were killed and tumor cells immediately

isolated. (B) The level of miR-16 was analyzed using qRT-PCR. (C)

The mRNA levels of Bcl-2, Bcl-w, Smad3, Smad7 and apoptosis

related FAS and Bax were analyzed by qRT-PCR. (D) Anti-apoptosis

related proteins Bcl-2 and apoptosis related protein FAS were

detected by Western blot. Mean±SD for three independent

experiments are shown; * p<0.05, ** p<0.005
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Supplementary data S1. Cell growth inhibitory effect of EGCG

treated MSC- derived exosomes compared to normal MSC-

derived exosomes.

OCI-LY1 cells were treated with different concentrations of

PBS-treated, MSC-derived exosomes or EGCG-treated, MSC-derived

exosomes (0, 10, 20, 50, 100, and 200 ug/ml) for 24 h or 48 h.

Mean±SD for three independent experiments are shown, with *

denoting p<0.05. (A) Cell viability of OCI-LY1 cells treated with

MSC-derived exosomes after 24 h was measured using the CCK8

assay. Data were normalized by cell viability of control group. (B)

Cell viability of OCI-LY1 cells treated with MSC-derived exosomes

(100 ug/ml) for 24 or 48 h was measured using the CCK8 assay.

Data were normalized by cell viability of PBS-treated, MSC- derived

exosomes group for 24 h.
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Supplementary data S2. Levels of Bcl-2 family and Smad family

are regulated by miR-16 in DLBCL cell lines.

DLBCL cells were transfected with miR-16 mimics (200 nM) or

negative control. Cells were harvested after 24 h and the levels of

Bcl-2 family (A) or Smad family (B) were analyzed by qRT-PCR.
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Supplementary data S3.

The inhibitory effect of miR-16 on a target sequence expression was

measured using Dual-Luciferase Reporter Assay System. OCI-LY1

cells were transfected with 200 nM of miR-16 target sequence

expression in vector. After 6 h, cells were transferred to a 96-well

plate and treated with PBS-treated MSC exosomes or EGCG-treated,

MSC-derived exosomes (200 ug/ml) for 24 h. Firefly luciferase

activity was measured and recorded on VICTOR™ Light device.

Data were normalized with luciferase activities of PBS-treated,

MSC-derived exosome group. Mean±SD for three independent

experiments are shown, with * denoting p<0.05.
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Molecular type Cell line miR-16 Bcl-2 Bcl-w

GCB type OCI-LY1 Low High High

OCI-LY2 Low High Low

ABC type SU-DHL8 low low high

Table 1. Characteristics of the three DLBCL cell lines.

The DLBCL cell lines were standards and displayed the three lowest

levels of miR-16. The levels of Bcl-2 of Bcl-w were higher than

other cell lines.

 Doxorubicin IC20

OCI-LY1 200 nM

OCI-LY2 300 nM

SU-DHL8 40 nM

Table 2. Doxorubicin IC20 of DLBCL cell lines.

OCI-LY1 and OCI-LY2 cells were treated with different

concentrations of doxorubicin (0, 0.1, 0.25, 0.5, 1, 5, 10, and 20 uM)

and cell viability was measured by the CCK8 assay after 24 h.

SU-DHL8 cells were treated with different concentrations of

doxorubicin (0, 10, 20, 30, 40, and 50 nM) and cell viability was

likewise determined.
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Discussion

EGCG is a natural compound extracted from green tea. Its process at,

suppressing tumor growth has been reported [21]. However, its effect

on MSCs in the tumor microenvironment is unclear. Exosomes

mediate cell-to-cell communication and play an important role in

cancer [22]. DNA, miRNA, RNA, and protein in exosomes are

transferred to cancer cells and their neighboring cells [23]. Therefore,

treatment of cancer will be more effective when considering the effect

of other cells in the tumor microenvironment. In this study, we

hypothesized that EGCG might affect MSCs and tumor cells though

MSC-derived exosomes.

Exosomes represent the character of cellular origin and deliver

genetic material [24]. Thus, we predicted that components of

EGCG-treated MSC cells might be changed and these changed

components transferred to other cells, such as tumor cells, through

exosomes. To explore this hypothesis, we first examined the effect of

EGCG on MSC-derived exosomes. Cell growth of OCI-LY1 cells

incubated with EGCG-treated, MSC-derived exosomes was increased.

Next, the drug sensitization effect of EGCG-treated, MSC- derived

exosomes was assessed. DLBCL is cured in more than two-thirds of

patients. However, expression of oncogenes including Bcl-2 is related

with drug resistance [25]. Since Bcl-2 is associated with
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doxorubicin-induced apoptosis [26], we expected that reduction of

Bcl-2 would promote apoptosis because of EGCG-treated,

MSC-exosomal miR-16. In the six treatment groups and PBS-treated,

MSC-derived exosomes and EGCG-treated, MSC-derived exosomes

different effects were evident. Viability of PBS-treated, MSC-derived

exosome group was induced, while EGCG-treated, MSC-derived

exosomes reduced cell viability. These results were also evident in

the doxorubicin and MSC-derived exosome co-treated group. Cell

viability was increased in the group co-treated with PBS-treated,

MSC-derived exosome and doxorubicin group compared to the

doxorubicin group, while cell viability of EGCG-treated, MSC-derived

exosome with doxorubicin group was decreased. Therefore,

EGCG-treated, MSC exosomal miR-16 may increase the sensitization

of doxorubicin.

We wanted to clarify the communication between MSCs and

DLBCL miRNAs in exosomes. Increased miR-16 levels confirmed that

delivery of miR-16 from MSC-derived exosomes to DLBCL cells

using luciferase assay (Supplementary data S3). These data suggest

that MSC-exosomal miR-16 may have target genes that are related

to cell viability, so we searched several targets using TargetScan and

confirmed their levels by qRT-PCR. Our first target was Bcl-2 and

Bcl-w, which are the members of Bcl-2 family. These have been

correlated with the prognosis Diffuse Large Cell Lymphoma patients

[27]. Therefore, the OCI-LY1, OCI-LY2, and SU-DHL8 DLBCL cell

lines were selected based on the miR-16, Bcl-2, and Bcl-w (Table 1).
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Their basal levels were also evaluated. Other targets were Smad3

and Smad7. Smad3 was expected to regulate the levels of Bcl-2 at

the transcriptional level and Smad7, inhibitor of Smad3, might inhibit

the function of Smad3.

We examined the effect of EGCG-treated, MSC-derived exosomes.

In OCI-LY1 and OCI-LY2 cells, the levels of mR-16 were increased

while the levels of Bcl-2 and Bcl-w were decreased significantly at

the mRNA level. SU-DHL8 cells displayed a similar pattern. The

levels of miR-16 were increased and the levels of Bcl-2 were

decreased while Bcl-w did not show a significant change. At the

protein level, Bcl-2 expression was down-regulated by EGCG-treated,

MSC-derived exosomes and up-regulated by PBS-treated, MSC-

derived exosomes. This result suggests that EGCG-treated MSC

exosomal miR-16 may influence the expression of protein as a

functional unit. Regulations of Smad3 and Smad7 were examined in

the OCI-LY1 and SU-DHL8 cell lines, which showed altered Smad3

and Smad7 levels in miR-16 mimics transfected cells (data not

shown). The levels of Smad3 were increased by EGCG-treated,

MSC-derived exosomes while the levels of Smad7 were decreased in

both cell lines. Both Smad3 and Smad7 have a binding site of

miR-16, but Smad7 may be regulated strongly so the inhibition

activity of Smad3 will be weak. To investigate the effect of Smad3

on Bcl-2, OCI-LY1 cells were treated with the Smad3 specific

inhibitor SIS3. Interestingly, SIS3 up-regulated the mRNA levels of

Bcl-2 and the expression of Bcl-2 protein in SIS3 treated OCI-LY1
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cells. These data suggest that Smad3 may regulate the levels of

Bcl-2 at the transcriptional level and also affect the expression of

protein, which acts as a functional unit.

We further studied the effects of EGCG-treated, MSC-derived

exosomes on tumor growth ex vivo and in vivo. The mRNA levels of

Bcl-2, Bcl-w and Smad7 were decreased while the levels of Smad3

were increased. This result indicated that EGCG-treated,

MSC-derived exosomes have an anti-apoptotic effect on tumor cells

ex vivo. The effect of MSC-derived exosomes in vivo was examined

in the control group; PBS-treated, MSC-derived exosome group; and

EGCG-treated, MSC-derived exosome group. Tumor growth was

inhibited in the EGCG-treated, MSC-derived exosome group, while

the PBS-treated, MSC-derived exosome and normal MSC-derived

exosome group featured induced tumor growth. This result suggested

that normal MSC-derived exosomes may induce tumor growth, while

EGCG-treated, MSC-derived exosomes inhibit tumor growth in vivo.

EGCG-treated, MSC-derived exosomes also transferred miR-16 on

tumor cells with a 1.5-fold increase. This result confirmed that

miR-16 in MSC-derived exosomes is increased by EGCG and it is

transferred from exosomes to tumor tissues. The mRNAlevels of

Bcl-2, Bcl-w, Smad3, and Smad7 showed different expressions

compared to in vitro. One of several causes of this result may be

time. We sacrificed mice 17 days after last MSC-derived exosome

therapy, so mRNAs might have been degraded. In addition to this

result, we also investigated the levels of FAS and Bax. The mRNA
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levels of these apoptosis molecules were increased in EGCG-treated,

MSC-derived exosome group. Protein expressions of anti-apoptotic

Bcl-2 and apoptotic FAS were also detected. The expression of Bcl-2

was decreased, while the expression of FAS was increased in

EGCG-treated, MSC-derived exosome group rather than in the

PBS-treated, MSC-derived exosome group. Our results therefore

reveal that EGCG-treated, MSC-exosomal miR-16 induces apoptosis

at the protein level in vivo.

In conclusion, EGCG treatment in the tumor microenvironment

changes the components of MSC-derived exosomes, such as miR-16,

while normal MSCs in the DLBCL tumor microenvironment induce

tumor growth through exosomes. EGCG-treated, MSC exosomal

miR-16 is transferred to DLBCL cells and induces apoptosis by

regulating Bcl-2, Bcl-w, Smad3, and Smad7. Thus, our data highlight

a novel cell-to-cell communication between MSCs and DLBCL cells

through exosomes, which has increased apoptotic miR-16 by EGCG

and doxorubicin sensitization of EGCG treated MSC-exosomal

miR-16. Further investigation into other microRNAs in MSC

exosomes is demanded.
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The effect of EGCG on the mesenchymal stem cells within the

tumor microenvironment.
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국문 초록

천연물로 녹차추출물인 에페갈로카테친 갈레이트의 종양 억제 효과는

잘 알려져 있으나 종양 미세환경 내의 중간엽 줄기세포에 대한 영향은

잘 알려져 있지 않다. 엑소좀은 다양한 세포에서 분비되는 미세소포의

일종으로 세포 사이 의사소통에 관여할 것으로 알려져 있으며 유전물질

을 엑소좀 내에 가지고 있다. 중간엽 줄기세포는 종양의 진행에 영향을

미칠 것으로 알려져 있으나 아직 종양의 성장을 촉진할지 억제할지에 대

해서는 논란이 많다. 종양 미세환경 내에서는 근거리 분비를 통해서 종

양 세포들과 의사소통 할 것으로 보고되었다.

이번 연구에서는 에피갈로카테친 갈레이트가 중간엽 줄기세포에 미치

는 영향을 중간엽 줄기세포의 엑소좀을 분석하여 알아보았으며, 이를 다

시 종양세포에 처리하여 종양세포에 대한 영향도 알아보았다. 먼저, 에피

갈로카테친 갈레이트를 중간엽 줄기세포에 처리 후 중간엽 줄기세포가

분비하는 엑소좀을 분석해 보았는데, miR-16이 현저히 증가함을 확인할

수 있었다. 엑소좀을 미만성 큰B세포 림프종에 처리해 보기도 하였는데,

아무 것도 처리하지 않은 중간엽 줄기세포 엑소좀보다 에피갈로카테친

갈레이트를 처리한 중간엽 줄기세포에서 Bcl-2, Bcl-w와 Smad7은 감소

하고 Smad3는 증가하였다. 단백질 수준에서는 Bcl-2가 감소하였다. 이

러한 결과들은 에피갈로카테친 갈레이트를 처리한 중간엽 줄기세포의 엑

소좀이 세포사멸을 촉진함을 말한다. 미만성 큰B세포 림프종에서 Smad3

의 영향은 아직 잘 알려져 있지 않은데, 그러기 위해서 Smad3 억제제인

SIS3를 처리해 보았다. 그러자 Bcl-2가 mRNA와 단백질 수준에서 증가

함을 확인할 수 있었는데, 이는 Smad3가 세포사멸을 촉진하는데 관여함

을 의미한다. 다음으로는 중간엽 줄기세포 엑소좀이 약제 감작에 미치는
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영향을 확인하기 위해 독소루비신과 함께 처리해 보았다. 그 결과 원래

중간엽 줄기세포 엑소좀은 독소루비신만 단독으로 처리하였을 경우보다

세포의 증식을 촉진하였지만 에피갈로카테친 갈레이트를 처리한 중간엽

줄기세포 엑소좀을 처리하였을 경우에는 세포 증식을 감소시켰다. ex

vivo에서는 세포사멸 억제와 관련된 Bcl-2, Bcl-w, Smad7은 감소하였

고, 촉진과 관련된 Smad3는 증가하였다. 또한 in vivo에서도 에피갈로카

테친 갈레이트를 처리한 중간엽 줄기세포 엑소좀을 종양 세포와 함께 이

식 시 종양 성장이 억제되었다. miR-16역시 종양 조직에 더 많이 축적

되어 있었고, 세포사멸 촉진과 연관된 FAS와 Bax도 mRNA수준에서 증

가되어 있었다. 단백질 수준에서는 Bcl-2는 감소하고 FAS는 증가하였

다.

이러한 결과들은 에피갈로카테친 갈레이트를 중간엽 줄기세포에 처리

하였을 경우 엑소좀 내의 증가된 miR-16이 in vitro만이 아니라 ex

vivo, in vivo에서도 종양을 억제함을 의미한다. 또한 독소루비신과 함께

처리시 더 효과적으로 치료할 수 있을 것임을 시사한다.

주요어 : 엑소좀, miR-16, 중간엽 줄기세포, 에피갈로카테친 갈레이

트, 약제 감작
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