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Exosomes derived from human mesenchymal
stem cells confer drug resistance in gastric cancer
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Mesenchymal stem cells (MSCs) play an important role in chemoresistance. Exosomes have been reported to modify
cellular phenotype and function by mediating cell-cell communication. In this study, we aimed to investigate whether
exosomes derived from MSCs (MSC-exosomes) are involved in mediating the resistance to chemotherapy in gastric
cancer and to explore the underlying molecular mechanism. We found that MSC-exosomes significantly induced the
resistance of gastric cancer cells to 5-fluorouracil both in vivo and ex vivo. MSC-exosomes antagonized 5-fluorouracil-
induced apoptosis and enhanced the expression of multi-drug resistance associated proteins, including MDR, MRP and
LRP. Mechanistically, MSC-exosomes triggered the activation of calcium/calmodulin-dependent protein kinases (CaM-
Ks) and Raf/MEK/ERK kinase cascade in gastric cancer cells. Blocking the CaM-Ks/Raf/MEK/ERK pathway inhibited the
promoting role of MSC-exosomes in chemoresistance. Collectively, MSC-exosomes could induce drug resistance in
gastric cancer cells by activating CaM-Ks/Raf/MEK/ERK pathway. Our findings suggest that MSC-exosomes have
profound effects on modifying gastric cancer cells in the development of drug resistance. Targeting the interaction
between MSC-exosomes and cancer cells may help improve the efficacy of chemotherapy in gastric cancer.

Introduction

Mesenchymal stem cells (MSCs) are a distinct population of
cells with self-renewal and multi-lineage differentiation abilities.
They can home to injured areas or tumors in response to the
induction of local inflammatory factors. MSCs may participate
in the formation of tumor microenvironment where they modu-
late the immune system and facilitate tumor growth. Recent
studies have shown that MSCs also play an important role in
mediating the resistance of cancer cells to various anti-cancer
drugs." They exert their growth stimulating effects either via
paracrine secretion of growth factors and anti-apoptotic factors
or by differentiating into tumor-associated fibroblasts, which can
enhance tumor growth, metastasis formation and therapy resis-
tance.”™

Exosomes are major players in inter- and intra-cellular com-
munication. They have been reported to deliver diverse biological
molecules ranging from mRNAs, miRNAs, to proteins. Exo-
somes from tumor microenvironment cells modulate epithelial
to mesenchymal transition, cancer stemness, angiogenesis and

metastasis.”"

Recent studies have shown that chemotherapy
enhanced the secretion of exosomes in tumor cells, leading to the
transfer of chemoresistance related miRNAs and mRNAs to

neighboring cells to alter their sensitivity to chemotherapy,
g g py

suggesting a critical role of exosomes in the cellular response to
chemotherapy.”™!!

Gastric cancer is the fourth most common malignant tumor
worldwide and the second most frequent cause of cancer death
after lung cancer.'®'” Pre- and post-operative chemotherapy
with 5-fluorouracil (5-FU) and cisplatin (DDP) have improved
the survival rates of gastric cancer patients.'*"* But the develop-
ment of resistance is one of the most significant obstacles to effec-
tive gastric cancer therapy.! However, whether MSC-exosomes
are also involved in chemoresistance in gastric cancer and the
potential mechanisms remain unknown.

We have previously shown that MSCs could treat liver and
kidney injuries, enhance the growth of gastric cancer in mouse
models, and MSC-exosomes had similar effects with MSCs.>®
Since tumor microenvironment is emerging as a significant deter-
minant of a tumor’s response to chemotherapy'>'® and MSCs
has been considered as an important component of the tumor
microenvironment, we hypothesized that MSC-exosomes might
contribute to the development of resistance to chemotherapy in
gastric cancer. In this study, we found that MSC-exosomes
potentiated chemoresistance in gastric cancer cells in vivo and ex
vivo. MSC-exosomes exerted this role at least in part through the
activation of CaM-Ks (predominantly CaM-KII and CaM-KIV)
and the downstream Raf/MEK/ERK pathway in gastric cancer
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cells. These findings not only reveal the profound effects of
MSC-exosomes on modifying gastric cancer cells in the develop-
ment of drug resistance, but also provide a new target for improv-
ing the efficacy of chemotherapy in gastric cancer.

Results

MSC-exosomes induce the resistance of gastric cancer cells
to 5-FU in vivo

Exosomes derived from human MSCs and HEL1 cells were
small round vesicles with a diameter ranging from 40 to 100 nm
(Fig. S1A), expressed the exosomal markers CD9 and CDG63
(Fig. S1B), and could be internalized by HGC-27 after exposure
for 4 hours while exosomes controls showed no effect (Fig.
S1C). To test whether MSC-exosomes are involved in inducing
the resistance to chemotherapy, we established a subcutaneous
xenograft tumor model and co-injected MSC-exosomes to
tumor-bearing mice with 5-FU. As shown in Figure 1A, MSC-
exosomes significantly inhibited the chemotherapeutic effect of
5-FU, whereas HFLI1-exosomes had minimal effect. Tumor
growth in MSC-exosome group was faster than that in 5-FU
alone and HFLIl-exosome groups. The mean tumor size in
MSC-exosome group was about 200 mm” at the seventh day
after chemotherapy, almost 2 times larger than that in 5-FU
alone and HFL1-exosome groups (Fig. 1B). The mean tumor
weight in MSC-exosome group was approximately 3 times
heavier than that in 5-FU alone group, while there was no statis-
tically significant difference in the mean tumor weight between
HFLI-exosome and 5-FU alone groups (Fig. 1C).The results of
real-time RT-PCR analyses showed that MSC-exosomes co-treat-
ment enhanced the expression of MDR (5.6 £ 0.6-fold), MRP
(4.7 £ 0.9-fold), and LRP (3.0 £ 0.8-fold) compared to 5-FU
alone group (Fig. 1D). In support of this data, the results of
Western blot showed that co-treatment with MSC-exosomes
increased MDR, MRP, and LRP protein levels in gastric cancer
tissues (Fig. 1E). Immunohistochemical analysis showed that
tumor tissues from MSC-exosome group displayed more positiv-
ity for MDR, MRP, and LRP than that in other groups
(Fig. 1F). Taken together, these data indicated that MSC-exo-
somes prompted the development of resistance to chemotherapy
in gastric cancer in vivo.

MSC-exosomes induce the resistance of gastric cancer cells
to chemotherapy ex vivo

To determine the role of MSC-exosomes in the development
of resistance to chemotherapy ex vivo, we established drug-resis-
tant cell models by repeated exposure of gastric cancer cells to
increasing concentrations of chemotherapeutic agents in the pres-
ence or absence of MSC-exosomes. MTT assay showed that the
half maximal inhibitory concentration (IC50) of HGC-27 to 5-
FU in MSC-exosome group was notably elevated compared to
the 5-FU alone group and the resistance index was 2.8 = 1.0
(Fig. 2A). To confirm the chemoresistance-inducing effect of
MSC-exosomes, we tested different gastric cancer cell lines for
their responses to chemotherapy by using the same procedure.
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The resistance index of MSC-exosome group to 5-FU alone
group was 1.3 = 0.4 for MGC-803 cells and 2.0 & 1.9 for
SGC-7901 cells, respectively (Fig. 2A). In consistent with this
observation, MSC-exosomes also aggravated the resistance of
gastric cancer cells to cisplatin (DDP). The resistance index
of MSC-exosome to 5-FU alone group was 1.3 = 0.3 for HGC-
27 cells, 1.4 & 0.4 for MGC-803 cells, and 1.9 & 0.3 for
SGC-7901 cells, respectively (Fig. S2). The presence of MSC-
exosomes increased the expression of multi-drug resistance associ-
ated genes including MDR, MRP, and LRP (Fig. 2B), which was
further confirmed by Western blot analyses (Fig. 2C). The func-
tion of MDR was investigated by using the efflux of the fluores-
cent substrate Rho-123. Flow cytometric analyses showed that
the mean fluorescence intensity (MFI) in MSC-exosome group
was less than half of that in 5-FU alone group, suggesting there
was more Rho-123 accumulation in 5-FU alone group than that
in MSC-exosome group (Fig. 2D). In summary, MSC-exosomes
increased the expression of multi-drug resistant proteins in
gastric cancer cells, resulting in the decrease of sensitivity to
chemotherapy.

MSC-exosomes enhance the anti-apoptotic ability of gastric
cancer cells

There is accumulating evidence that resistance to apoptosis is
a hallmark of cancer and can cause resistance to drug treatment.'®
To further investigate the functional roles of MSC-exosomes in
the resistance of gastric cancer cells to chemotherapy, we deter-
mined chemotherapy-induced apoptosis in gastric cancer cells in
the presence or absence of MSC-exosomes. TUNEL staining
demonstrated that the number of apoptotic cells in the tumor tis-
sues increased after treatment with 5-FU. However, co-treatment
with MSC-exosomes reduced the apoptotic rate (Fig. 3A). To
further demonstrate the effect of MSC-exosomes on apoptosis,
the parental and drug-resistant HGC-27 cells were exposed to
5-FU for 48 h and the percentage of apoptotic cells was analyzed
by using Annexin V-FITC/PI apoptosis staining. The apoptotic
rate in MSC-exosome group was 7.95 % 5.82%, which was
significantly lower than that in 5-FU (20.25 £ 3.92%) and
HFL1-exosome groups (19.78 =+ 6.04%) (Fig. 3B). Taken
together, these results suggested that MSC-exosomes could pre-
vent the induction of apoptosis by chemotherapy in gastric can-
cer cells.

MSC-exosomes promote the activation of CaM-Ks in gastric
cancer cells

To determine the mechanisms by which MSC-exosomes con-
ferred chemoresistance in gastric cancer, we examined the expres-
sion of membrane pump P-glycoprotein (P-gp) in MSC-
exosomes. We found that P-gp/MDR was expressed in MSC-
exosomes by using Western bolt (Fig. S1B). The increased
expression of membrane pump P-glycoprotein in cancer cells
resulted in the influx of intracellular calcium, the formation of
calcium/calmodulin complexes and the subsequent activation of
the CaM-kinases (CaM-Ks).!” We next determined the expres-
sion of phosphorylated CaM-Ks in chemoresistant HGC-27 cells
in vivo and ex vivo. As shown in Figure 4A, the positive staining
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Figure 1. MSC-exosomes induce resistance of gastric cancer cells to 5-FU in vivo. (A) The size of tumors at the end of the experiment from mice treated
with PBS (Ctrl.), 5-FU, 5-FU+HFL1-exosomes, 5-FU+MSC-exosomes. (B) Tumor growth curves in mice treated with PBS, 5-FU, 5-FU+HFL1-exosomes, or
5-FU+MSC-exosomes (n=6). Treatment was initiated when tumors reached a volume of 50-100 mm?. (C) The mean weight of tumors at the end of the
experiment (at day 7 after chemotherapy treatment) from mice treated with PBS, 5-FU, 5-FU+HFL1-exosomes, or 5-FU-+MSC-exosomes (n=6).
(* P<0.05). (D) Relative quantitative PCR analyses of MDR, MRP, and LRP gene expression in tumor tissues from mice treated with PBS, 5-FU, 5-FU+HFL1-
exosomes, or 5-FU+MSC-exosomes. (¥ P<0.05, ** P<0.01, *** P<0.001.) (E) The expression levels of MDR, MRP, and LRP proteins were examined by using
western blot. (F) Immunohistochemical analyses of MDR, MRP and LRP protein expression in tumor tissues from mice treated with PBS, 5-FU, 5-FU+HFL1-
exosomes, or 5-FU+MSC-exosomes. Original magnification, x 100, smaller one at top right corner, x 200. Scale bar = 50 pm.

of p-CaM-KII in tumor tissues from MSC-exosome group was
stronger than that in other groups by immunohistochemistry.
However, only a slight increase in p-CaM-KIV staining was
detected in tumor dssues from MSC-exosome group. The
increased expression of p-CaM-KII in MSC-exosome group was
further confirmed by Western blot (Fig. 4B). In addition, the
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expression of p-CaM-KIV had minimal change while no differ-
ence was observed in the expression of p-CaM-KI (data not
shown). To determine the role of CaM-Ks activation in chemore-
sistance induced by MSC-exosomes, we treated the chemoresist-
ant cells with KN-93, an effective inhibitor of CaM-Ks
phosphorylation. We found that the addition of KN-93 almost
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Figure 2. MSC-exosomes induce resistance of gastric cancer cells to 5-FU ex vivo. (A) MTT assay for IC50 of parental and chemoresistant HGC-27, MGC-803, and
SGC-7901 cells in response to 5-FU. The cells were treated with 5-FU for 24 h, then changed to normal medium until cell recovery. Exosomes from MSCs and
HFL1 cells were added at the start of treatment for 72 h. The control cells were cultured in normal medium without any treatment. (* P < 0.05, *** P < 0.001).
(B) The expression of MDR, MRP, and LRP genes in parental and chemoresistant HGC-27 cells was determined by using relative quantitative PCR. (* P < 0.05,
*** P < 0.001). (C) Western blot assays for MDR, MRP and LRP protein expression in parental and chemoresistant HGC-27 cells. (D) Fluorescent intensity of Rho-
123 in parental and chemoresistant HGC-27 cells. The cells were labeled with Rho-123 after exposure to 5-FU for 6 h (red line). The cells without Rho-123 label-
ing were used as control (black line). For each assay, 10,000 cells were analyzed. The x-axis corresponds to the fluorescence intensity, and the y-axis, to the num-
ber of cells per channel. The quantitative data are presented as the mean =+ SD of triplicate experiments. MFI: the mean fluorescent intensity. (*** P < 0.001).
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Figure 3. MSC-exosomes protect gastric cancer cells from chemotherapy-induced apoptosis. (A) Tumors from mice treated with PBS (Ctrl.), 5-FU,
5-FU+HFL1-exosomes, 5-FU+MSC-exosomes were paraffin-embedded and sectioned, followed by staining of apoptotic cell by using TUNEL assay. The
number of TUNEL-positive cells notably increased in the 5-FU and 5-FU+HFL1-exosome groups compared to the 5-FU+MSC-exosome group, while the
control group treated with PBS had few apoptotic cells. Original magnification, x 200. Scale bar = 50 wm. The quantitative analyses of apoptosis (TUNEL)
indices were calculated by counting the number of positive cells in 10 random fields. (** P < 0.01, *** P < 0.001). (B) Flow cytometric analyses of apopto-
tic cells ex vivo. The parental and chemoresistant HGC-27 cells were exposed to 5-FU for 48 h, collected and subjected to Annexin V/PI double staining,
followed by FACS analyses. For each assay, 10,000 cells were analyzed. The quantitative data are presented as the mean =+ SD of triplicate experiments.

fully prevented MSC-exosomes-induced CaM-Ks activation
(Fig. 4C), drug resistance (Fig. 4D), and multi-drug resistant
associated genes expression (Fig. 4E), suggesting that the activa-
tion of CaM-Ks activation was critical for the chemoresistance
induced by MSC-exosomes.

MSC-exosomes activate the Raf/MEK/ERK signaling
pathway

The Raf/MEK/ERK kinase cascade is one of the downstream
of the CaM-Ks. As shown in Figure 5A, higher levels of acti-
vated Rafl, MEK1/2 and ERK1/2 were detected in MSC-exo-
some group. In contrary, the inhibition of CaM-Ks by KN-93
blocked the activation of Raf/MEK/ERK kinase by MSC-exo-
somes (Fig. 5B). The specific inhibitor U0126 could restrain
the activation of MEK1/2 and ERK1/2 while not affect p-Rafl
expression induced by MSC-exosomes (Fig. 5C). We further
demonstrated that Rafl kinase inhibitor Vemurafenib
blocked the activation of MEKI1/2 and ERKI1/2 induced
by MSC-exosomes (Fig. 5D), suggesting that MSC-exosomes
sequentially activate the CaM-Ks/Raf/MEK/ERK kinase cascade
in gastric cancer cells. MTT assay showed that the increase of

also

half maximal inhibitory concentration by MSC-exosomes in
gastric cancer cells was inhibited by simultaneous treatment
with U0126 and Vemurafenib (Fig. 5E). The increased expres-
sion of MDR, MRP, and LRP by MSC-exosomes was
also inhibited after treatment with U0126 or Vemurafenib
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(Fig. 5F). In brief, MSC-exosomes conferred drug resistance in
gastric cancer cells through the activation of CaM-Ks/Raf/
MEK/ERK signaling pathway.

MSC-exosomes trigger the activation of CaM-Ks/Raf/MEK/
ERK pathway mainly through proteins

Exosomes act on the target cells through multple modes,
including coupling of the ligand with the receptor in target cells,
membrane fusion, and endocytosis to transit signaling molecules.
In order to look into the molecules that were delivered to gastric
cancer cells to induce drug resistance, MSC-exosomes were pre-
treated with nucleic acid-hydrolyzing enzyme (RNase A) and pro-
teolytic enzyme (Proteinase K). The IC50 of RNase A group
increased statistically compared to 5-FU alone group, while the
pre-treatment with Proteinase K almost completely abrogated
MSC-exosomes mediated chemoresistance (Fig. 6A). In consistent
with the MTT data, the similar changes were also observed in the
expression of multi-drug resistance associated genes and proteins
including MDR, MRP and LRP (Fig. 6B, C). These results sug-
gested that proteins of MSC-exosomes might play a major role in
the promotion of drug resistance. Since we have observed the
expression of P-gp/MDR in MSC-exosomes and a significant
change in MDR expression after treatment with MSC-exosomes,
we then knocked down MDR with siRNA and prepared MSC-exo-
somes (siRNA-ex). The control cells were transfected with a non-

targeting siRNA (NC-ex) (Fig. 6D). As shown in Figure GE,
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Figure 4. MSC-exosomes activate CaM-Kll and CaM-KIV in gastric cancer cells.

in tumor tissues and cells. (C) HGC-27 cells were treated with MSC-exosomes

5-FU+MSC-exosomes were paraffin-embedded and sectioned, followed by immunohistochemical staining of p-CaM-KIl and p-CaM-KIV. Original magnifi-
cation, x 100, smaller one at top right corner, x 200. Scale bar = 50 pm. (B) Western blot analyses of CaM-KIl, CaM-KIV, and their phosphorylated forms

KIl and p-CaM-KIV were examined by using protein gel blot. (D, E) HGC-27 cells were treated with MSC-exosomes in the presence or absence of KN-93
(10 uM). The IC50 of HGC-27 cells in response to 5-FU were determined by using MTT assay (D). The expression of MDR, MRP, and LRP genes was deter-
mined by using relative quantitative PCR (E). (* P < 0.05, ** P < 0.01, *** P < 0.001).

(A) Tumors from mice treated with PBS (Ctrl.), 5-FU, 5-FU-+HFL1-exosomes,

in the presence or absence of KN-93 (10 wM). The protein levels of p-CaM-

knockdown of MDR slightly reversed the induced chemoresistance
of HGC-27 cells to 5-FU by MSC-exosomes. Though the IC50 of
siRNA-exosome group was lower than that of NC-exosome group,
it was still significantly higher than that of 5-FU alone group. The
expression of MDR, MRP and LRP genes and proteins remained
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higher in siRNA-exosome group than that in 5-FU alone group
(Fig. 6F-G). Taken together, our results indicated that the proteins
but not P-gp/MDR delivered by MSC-exosomes play a dominant
role in activating CaM-Ks/Raf/MEK/ERK signaling pathway to
confer drug resistance in gastric cancer cells.
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Discussion

Resistance to therapy is one of
the major obstacles in the treatment
of cancer. Drug resistance can arise
within tumor cells because of
genetic changes causing increased
drug efflux (intrinsic resistance), or
it can be the result of the tumor
microenvironment protecting
tumor cells against treatment
(extrinsic resistance).”’ We showed
here for the first time that MSC-
exosomes could robustly confer
drug resistance in gastric cancer.
MSC-exosomes  increased  the
expression of multi-drug resistance
associated genes and proteins in gas-
tric cancer cells, enhanced the func-
tionality of P-gp/MDR to discharge
more intracellular  drug, thus
adjusted the sensitivity of gastric
cancer cells to chemotherapy. We
demonstrated that MSC-exosomes
protected gastric cancer cells from
chemotherapy-induced  apoptosis,
which might be one of the mecha-
nisms responsible for the effects of
MSC-exosomes on gastric cancer
chemoresistance. We further con-
firmed that MSC-exosomes acti-
vated the CaM-Ks/Raf/MEK/ERK
signaling cascade by proteins rather
than directly transferring muld-
drug resistance associated proteins
or mRNAs to gastric cancer
cells. Consequently, MSC-exosomes
induced the up-regulation of multi-
drug resistance associated genes and
proteins in gastric cancer cells and
conferred drug resistance (Fig. 7).

Exosomes from cancer cells have
been suggested to be critically
involved in the development of drug
resistance in cancer. Corcoran et al.
have shown that prostate cancer cells
exosomes participate in mediating
docetaxel-resistance.” Xiao X et al.
have demonstrated that A549 cells
exosomes are involved in the
decrease of the sensitivity of A549
cells to DDP.'® Our studies further
demonstrated that exosomes from
MSC:s could elicit drug resistance to
5-FU and DDP, which indicate that
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Figure 5. Activation of the CaM-Ks/Raf/MEK/ERK pathway is critical for chemoresistance induced by MSC-
exosomes. (A) The expression of p-Raf, p-MEK, and p-ERK in the parental and chemoresistant HGC-27 cells
was detected by using western blot. (B) Western blot assays for the expression of p-Raf, p-MEK, and p-ERK
in HGC-27 cells treated with MSC-exosomes in the presence or absence of KN-93 (10 wM). (C) HGC-27 cells
were treated with MSC-exosomes in the presence or absence of U0126 (10 wM). The levels of phosphory-
lated Raf, MEK, and ERK were examined by using protein gel blot. (D) HGC-27 cells were treated with MSC-
exosomes together with or without vemurafenib (20 wM). The expression of p-Raf, p-MEK, and p-ERK was
examined by using western blot. (E, F) HGC-27 cells were treated with MSC-exosomes in the presence or
absence of U0126 (10 wM) or vemurafenib (20 wM). The IC50 of HGC-27 cells in response to 5-FU was
determined by using MTT assay (E). The expression of MDR, MRP, and LRP genes was determined by using
relative quantitative PCR (F). (* P < 0.05, ** P < 0.01, *** P < 0.001).
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Figure 6. MSC-exosomes induce chemoresistance in gastric cells mainly though proteins. (A) MTT assay for IC50 of HGC-27 cells in response to 5-FU.
MSC-exosomes were pre-incubated with nucleic acid-hydrolyzing enzyme (RNase A) and proteolytic enzyme (Proteinase K). HGC-27 were treated with 5-
FU for 24 h, then changed to normal medium until cell recovery. The pre-treated and untreated MSC-exosomes were added at the start of 5-FU treat-
ment for 72 h. The control cells were cultured in normal medium without any treatment. (** P < 0.01, *** P < 0.001). (B) The expression of MDR, MRP,
and LRP genes in HGC-27 was determined by using relative quantitative PCR. (* P < 0.05, ** P < 0.01, *** P < 0.001). (C) Western blot assays for MDR,
MRP and LRP proteins expression in HGC-27 cells. (D) MSCs were transfected with negative control (NC) and siRNA-MDR by using Lipofectin. The expres-
sion of MDR in MSCs and MSC-exosomes were determined by using protein gel blot. (E) MTT assay for IC50 of parental and chemoresistant HGC-27 cells
to 5-FU. (* P < 0.05, ** P < 0.01). (F) Relative quantitative PCR analyses of MDR, MRP, and LRP genes expression. (** P<0.01, *** P<0.001). (G) The expres-
sion levels of MDR, MRP, and LRP proteins were examined by using western blot.

in addition to tumor cells, exosomes from tumor stromal cells
such as MSCs may also mediate the resistance to chemotherapy.

Evidence is now arising that MSCs are associated with micro-
environment mediated-drug resistance by producing a variety of
factors, recycling macromolecule, activating certain signaling cas-
cades to protect tumor cells against chemotherapy drugs.”’** We
have previously demonstrated that conditioned medium and exo-
somes derived from MSCs could promote tumor growth compa-
rable to that of MSCs.* Here we demonstrated that treatment of
gastric cancer cells with MSC-exosomes was sufficient to confer
the chemoresistance ex vivo and in vivo, suggesting that MSC-
exosomes is one of the active factors that potentiate chemoresist-
ance and the presence of MSCs itself may not be required for
the induction of drug resistance in gastric cancer. MSCs may
induce the change of gastric cancer cells to a more aggressive
phonotype by secreting exosomes instead of physical contact in
the tumor microenvironment.

One of the main mechanisms for chemoresistance is the
overexpression of the membrane pump P-glycoprotein (P-gp) in
cancer cells, which have been correlated with increased intracel-
lular calcium concentration. The influx of intracellular calcium
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will result in the formation of calcium/calmodulin complexes
and the subsequent activation of the CaM-kinases (CaM-
Ks).'”* We demonstrated that gastric cancer cells treated with
MSC-exosomes exhibited increased expression of phosphory-
lated CaM-KII. CaM-KII undergoes autophosphorylation
whereas CaM-KI and CaM-KIV are phosphorylated by CaM-
KK,* which may explain the stronger change of CaM-KII in
our study. In consistent with the results from McCubrey et al,*®
we found in this study that the increase of CaM-KII led to the
activation of Raf/MEK/ERK signaling pathway and the upregu-
lation of MDR, MRP, and LRP. Although we found that
MSC-exosomes did carry P-gp/MDR protein, knockdown of
MDR gene in MSCs had minimal effect on MSC-exosomes
induced chemoresistance. MSC-exosomes may mainly interact
with gastric cancer cells by receptor ligation, leading to the acti-
vation of calcium channels and the influx of intracellular cal-
cium, the formation of calcium/calmodulin complexes and the
activation of Raf/MEK/ERK axis, resulting in the up-regulation
of MDR, MRP, and LRP genes, and eventually inducing che-
moresistance in gastric cancer. The release of P-gp/MDR from
MSC-exosomes to gastric cancer cells may be also involved in
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The results of the current study
imply that MSCs may function
remotely through exosomes rather in
close proximity to cancer cells. The

Figure 7. Schematic model for the role of MSC-exosomes in the development of drug resistance in gastric
cancer. MSC-exosomes contains a variety of bioactive molecules ranging from mRNAs, proteins, to miR-
NAs. MSC-exosomes incorporated into the gastric cancer cells stimulate the activation of CaM-Ks (predom-
inantly CaM-Kll and CaM-KIV). Activation of CaM-Kll and CaM-KIV trigger the activation of downstream Raf/
MEK/ERK signaling cascade. Consequently, the expression of multi-drug resistant proteins is up-regulated
in gastric cancer cells, resulting in the resistance to chemotherapy-induced apoptosis and the develop-

interaction between MSCs and gas- ment of drug resistance.

tric cancer cells by exosomes may
provide further insight into the che-
moresistance of gastric cancer and set the basis for the develop-
ment of an exosome-based therapeutic strategy. Interventions
against either the formation or release of exosomes from MSCs
may provide opportunities to improve the efficacy of chemother-
apy and prevent the development of resistance in gastric cancer.
Our study also suggests that exosomes may be used as a potential
tumor-targeting vehicle for delivering drugs or other cancer com-
bating agents. Shedden et al. proved that anticancer drugs could
be encapsulated in exosomes.' ! Therefore, exosomes have a great
potential to be exploited to deliver anticancer drugs to extracellu-
lar space and alter the biological activities of cancer cells through
releasing therapeutic agents.

In conclusion, we demonstrate in this study that MSC-exo-
somes confer drug resistance of gastric cancer cells ex vivo and in
vivo. MSC-exosomes exert this role mainly through its proteins
resulting in the activation of CaM-Ks/Raf/MEK/ERK signaling
cascade, the upregulation of multi-drug resistance associated pro-
teins, and the protection from chemotherapy-induced apoptosis
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in gastric cancer cells. Our findings suggest that exosomes is an
important mediator in chemoresistance induced by MSCs and
inhibiting the role of MSC-exosomes may help improve the ther-
apy efficacy in gastric cancer.

Materials and Methods

Cell culture and exosomes extraction

MSCs were isolated from human umbilical cord and cultured as
previously described.'” Human foetal lung fibroblast HFL1 and
gastric cancer cell lines HGC-27, MGC-803, and SGC-7901 were
purchased from Cell Bank, Type Culture Collection Committee,
Chinese Academy of Sciences. Gastric cancer cells were cultured in
DMEM containing 10% FBS at 37°C in humidified air with 5%
CO,. MSCs and HFL1 cells were cultured in serum-free medium.
After 48 h, cell culture media were collected and exosomes were iso-
lated using density gradient centrifugation method as previously
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described.’ Exosomes were stored at —70°C until use. HEL-1 cells
derived exosomes were used as an exosomal control.

Animal model

Twenty four male BALB/c nu/nu mice (Laboratory Animal
Center of Shanghai, Academy of Science, China) aged 4-6
weeks were randomly divided into 4 groups (n=6 ). All groups
received subcutaneous injections of HGC-27 cells (3x10 6 cells
in 200 wl PBS per mouse). Five-fluorouracil (5-FU) was admin-
istered intraperitoneally (i.p.) at Maximum tolerated dose level
(100 mg/kg) when tumors reached a volume of 50-100 mm°.
MSC-exosomes and HFL-exosomes (100 pg/ml) were daily
administered subcutaneously (s.c.) at the start of 5-FU treat-
ment. The mice were examined every 2 d and sacrificed at 7 d
after 5-FU treatment. Tumor volumes were calculated by the
modified ellipsoidal formula: V= 1/2 (lengthxwidthz).

Ex vivo pretreatment of gastric cancer cells

Gastric cancer cells were seeded in 24-well plates at 1x10 °
cells per well and treated with 5-FU or DDP for 24 h, then
changed to the complete medium for cell recovery. Exosomes
(80 mg/ml) from MSCs and HFL1 cells were added at the start
of chemotherapy for 72 h. The treatment was repeated for 3
cycles with the increase of drug concentration. The doses used
were as follows: HGC-27/5-FU (1, 1.5, and 2 pg/ml), HGC-
27/DDP (1, 2, and 3 pg/ml), MGC-803/5-FU (2, 3, and 4 pg/
ml), MGC-803/DDP (0.25, 0.5, and 1 pg/ml), SGC-7901/5-
FU (10, 15, and 20 wg/ml); SGC-7901/DDP (1, 2, and 3 pg/
ml). For inhibitor studies, KN-93 (10 uM; Sigma, USA),
U0126 (10 uM; Promega, USA), Vemurafenib (namely
PLX4032; 20 wM; Santa Cruz, USA) were added together with
exosomes. MSC-exosomes were pre-treated with nucleic acid-
hydrolyzing enzyme (RNase A; Sigma, USA) and proteolytic
enzyme (Proteinase K; Merck, USA) as previously described.”
Human MDRI siRNA and negative control were purchased
from GenePharma (Shanghai, China) and were transfected into
MSC:s for 48 hours by using Lipofectin.

Cell viability assay

Cell viability was determined by using the MTT (3-(4,5-
dimethylthiazol-2-yl)- 2,5-diphenyltetrazolium bromide) assay.
HGC-27, MGC-803, and SGC-7901 cells were seeded in 96-
well plates at 3x 10 ? cells per well and incubated with 5-FU for
48 h. MTT (5 mg/ml) was added to each well for the last 4 h of
treatment. The reaction was stopped by the addition of dimethyl
sulfoxide, and the optical density was determined at 490 nm on
a multiwell plate reader (FLX800, Bio-TEK). Background absor-
bance of the medium in the absence of cells was subtracted. All
samples were assayed in triplicate, and the mean for each experi-
ment was calculated.

Rho-123 accumulation assay

Cells were seeded in G-well plates at 3x10 ° per well and
exposed to 5-FU for 6 h prior to analysis. For the rhodamine-
123 (Rho-123; 2-[6-amino-3-imino-3H-xanthen-9-yl] benzoic
acid methyl ester; Sigma, USA) accumulation assay, Rho-123
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(200 ng/ml) was added to equal number of cells and incubated
for 40 min at 37°C. After incubation, cells were washed twice
with PBS and resuspended in ice-cold DMEM. The accumula-
tion of Rho-123 in cells was analyzed with flow cytometry.
HGC-27 which had not been exposed to 5-FU and Rho-123,

were used to determine the background of autofluorescence.

Cell apoptosis assay

Cells in early and late stages of apoptosis were detected by using
an Annexin V-FITC apoptosis detection kit from Bio-Vision
(Mountain View, USA), according to the manufacturer’s proto-
col. In brief, 3% 10 ° cells were exposed to 5-FU for 48 h, collected
and analyzed in a Becton Dickinson FACS Calibur instrument.
Cells that were positive for Annexin V-FITC alone (early apopto-
sis) and Annexin V-FITC and Ptdlns (late apoptosis) were
counted. All samples were assayed in triplicate.

Western blot

Tissue samples and gastric cancer cells were homogenized and
lysed in RIPA buffer supplemented with proteinase inhibitors.
Equal amount of proteins were loaded and separated on a 10%
SDS-PAGE (sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis). The proteins were transferred to a PVDF (polyvinyli-
dene difluoride) membrane, blocked in 5% (w/v) non-fat milk
and incubated with the primary antibodies. Sources of primary
antibodies were: anti-MDR1 (Santa Cruz Biotechnology, Santa
Cruz, CA, USA); anti-MRP, anti-LRP, anti-(phosphor)-CaM-
K11, anti-(phosphor)-CaM-KIV (all from Bioworld Technology,
Louis Park, MN, USA); anti-GAPDH (Cwbio, China); and

anti-(phosphor)-Raf,  anti-(phosphor)-MEK1/2,  anti-(phos-
phor)-ERK1/2 (all from Signalway Antibody, USA).
Immunohistochemistry
Formalin-fixed paraffin-embedded tissue sections were

deparaffinized in xylene, rehydrated through graded ethanol
and then boiled for 10 min in citrate buffer (10 mM, pH 6.0)
for antigen retrieval. Endogenous peroxidase activity was sup-
pressed by exposure to 3% hydrogen peroxide for 10 min.
Slides were then blocked with 5% BSA (bovine serum albumin;
Boster Bioengineering, Wuhan, China), incubated with diluted
MDR, MRP, LRP, p-CaM-KII, p-CaM-KIV primary antibody
for 1 h at 37°C and then incubated with secondary antibody
for 20 min. Slides were visualized with DAB (3,3’-diaminoben-
zidine) and counterstained with hematoxylin for microscopic
examination.

TUNEL staining

Apoptotic cells were visualized by using the terminal deoxynu-
cleotidyl transferase-mediated dUTP nick end labeling (TUNEL)
assay. The TUNEL procedure was performed by using an in situ
cell death detection kit (Boster, China) according to the man-
ufacturer’s instructions.

RNA extraction and real-time RT-PCR

Total RNA was extracted from cells and tissues using TRIzol
Reagent (Life technologies, Carlsbad, CA, USA), and equal
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amount of RNA was used for real-time RT-PCR analyses. The

cDNAs were synthesized by using a reverse transcription kit
according to the manufacturer’s instruction (Vazyme, Nanjing,
China). B-actin was used as an internal control. The sequences of

specific primers are listed in Table S1.

Statistical analysis

The experimental values were expressed as mean & SD. and
the significance of differences was analyzed by ANOVA for #test.
All reported P-values are 2 tailed, and P<0.05 were considered

statistically significant.
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