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Tumour cell-derived extracellular vesicles interact
with mesenchymal stem cells to modulate the
microenvironment and enhance cholangiocarcinoma
growth
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The contributions of mesenchymal stem cells (MSCs) to tumour growth and stroma formation are poorly
understood. Tumour cells can transfer genetic information and modulate cell signalling in other cells through
the release of extracellular vesicles (EVs). We examined the contribution of EV-mediated inter-cellular sig-
nalling between bone marrow MSCs and tumour cells in human cholangiocarcinoma, highly desmoplastic
cancers that are characterized by tumour cells closely intertwined within a dense fibrous stroma. Exposure of
MSCs to tumour cell-derived EVs enhanced MSC migratory capability and expression of alpha-smooth
muscle actin mRNA, in addition to mRNA expression and release of CXCL-1, CCL2 and IL-6. Conditioned
media from MSCs exposed to tumour cell-derived EVs increased STAT-3 phosphorylation and proliferation
in tumour cells. These effects were completely blocked by anti-IL-6R antibody. In conclusion, tumour cell—
derived EVs can contribute to the generation of tumour stroma through fibroblastic differentiation of MSCs,
and can also selectively modulate the cellular release of soluble factors such as IL-6 by MSCs that can, in
turn, alter tumour cell proliferation. Thus, malignant cells can “educate” MSCs to induce local micro-
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environmental changes that enhance tumour cell growth.
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one marrow—derived mesenchymal stem cells
B(MSCS) are a potential source of tissue replace-

ment because of their regenerative ability and mul-
tipotent capability. Under the appropriate environment,
these cells can be induced to differentiate into osteocytes,
adipocytes, chondrocytes and myocytes (1-3). Under-
standing the contributions of MSCs to tumour biology is
of importance because they may result in new therapeutic
or preventive paradigms. Within the tumour microen-
vironment, MSCs can differentiate into myofibroblasts,
cancer-associated fibroblasts, fibrocytes or pericytes and
thereby represent a potential source of tumour stroma
and desmoplasia (4-6). A contribution of interactions
between MSCs within tumour stroma and cancer cells to
tumour progression and metastases has been identified
(7-9). MSCs may contribute to tumour propagation or

dissemination by preventing recognition of the tumour
cells by the immune system or by promoting tumour cell
invasiveness (10,11). However, MSCs could also suppress
tumour growth (12—15). Thus, while MSCs may interact
with tumour cells, the consequences of these interactions
and impact on tumour behaviour warrant definition, and
likely depend on other factors.

Amongst the most highly desmoplastic tumours are
cholangiocarcinomas, tumours arising from the biliary
tract. These tumours are characterized by tumour cells
closely intertwined with a dense fibrous stroma (16-19).
Although this stromal desmoplastic reaction has long
been recognized as a hallmark histological feature, the con-
tribution of the mesenchymal compartment and des-
moplastic stroma to tumour formation and progression
has only recently been recognized. A crucial role for
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cancer-associated fibroblasts and activated macrophages
in these cancers is emerging (17,18,20). Despite this recent
interest, the cellular origins and mechanistic contribution
of tumour stroma to tumour growth remain poorly under-
stood. In particular, the source of tumour stroma and
the nature of the interactions between tumour cells and
stroma are unknown. Tumour cells can interact with other
cellular elements within the local microenvironment by
cell—cell interactions and paracrine mechanisms through
the production and release of a variety of growth factors,
chemokines and matrix-degrading enzymes that can
enhance the proliferation and invasion of tumour (21).
An alternative mechanism by which tumour cells can
interact with the local microenvironment involves inter-
cellular communication involving the release of extra-
cellular vesicles (EVs) such as exosomes (22). These EVs
can be released from normal as well as tumour cells (23-26),
and have been shown to contain proteins and RNAs such
as non-coding RNAs (26,27). We have recently shown
that tumour cells can transfer genetic information by
release of EVs that can modulate recipient cell beha-
viour (25). Thus, our aims were to examine the effects of
tumour cell-MSC interactions involving EVs and their
contribution to tumour stroma formation and tumour
growth.

Materials and methods

Cell lines and culture

For these studies, we used KMBC and HuCCT1 human
cholangiocarcinoma cells and H69 human non-malignant
cholangiocyte cells. KMBC cells were cultured in Dulbecco’s
modified Eagle’s medium (DMEM) high-glucose medium
(HyClone, Logan, UT), containing 10% foetal bovine
serum (FBS) and 1% antibiotic—antimycotic (Life Techno-
logies, Grand Island, NY). HuCCT-1 cells were cultured
in CMRL 1066 media with 10% FBS, 1% L-glutamine and
1% antibiotic—antimycotic as previously described (28). H69
cells were cultured in hormonally supplemented medium,
composed of DMEM/nutrient mixture F-12 Ham (GIBCO
BRL, Gaithersburg, MD) (3:1) containing adenine, insulin,
tritodothyronine-transferrin, hydrocortisone, epinephrine,
epidermal growth factor, penicillin/streptomycin and 10%
FBS. The human bone marrow vascular stromal fraction
was isolated from a healthy donor using Histopaque-1077
(Sigma-Aldrich, St. Louis, MO) following density gradient
protocols. Bone marrow—derived MSCs were generated
following culture in alpha Minimum Essential medium
(eMEM) (Invitrogen, Carlsbad, CA) containing 16.5%
FBS according to a previously reported method (1,29,30).
For all studies, vesicle-depleted medium was prepared by
ultracentrifugation of cell-culture medium at 100,000 g for
70 minutes (Beckman coulter, Optima L- 80XP) to spin
down any pre-existing vesicular content.

Isolation and characterization of EVs

Isolation of EVs was performed as we have described
(25,31). Briefly, cells (1 x 10°) were plated in 11 ml of
vesicle-depleted medium on collagen coated 10-cm plates.
After 3 days, the medium was collected and sequential
centrifugation was performed. The medium was first
centrifuged at 300 g for 10 minutes, and then at 2,000 g
for 20 minutes in 4°C to remove cells. The supernatant
was then centrifuged at 10,000 g for 70 minutes at 4°C.
The supernatant was further ultracentrifuged at 100,000 g
for 70 minutes at 4°C to pellet EVs, which were then
washed by suspending in phosphate-buffered saline (PBS)
and ultracentrifuged at 100,000 g for 70 minutes at 4°C.
The final pellet was resuspended with 200—500 pL of PBS
and stored at — 80°C. The protein yield was measured using
a bicinchoninic acid protein assay kit (Thermo Fisher,
Rockford, IL). The number of EVs was quantitated using
NanoSight LM10 (Malvern Instruments, Malvern, UK).
Electron microscopy was performed on whole mounts of
isolated EVs using 2.5% glutaraldehyde, postfixed with 1%
osmium tetroxide and embedded and stained with uranyl
acetate and lead citrate (or 4% paraformaldehyde and
negatively stained with 1% neutral aqueous uranyl ace-
tate). Transmission electron microscopy was performed
using an EM208S (Philips, Eindhoven, The Netherlands).

Quantitative real-time PCR (qQRT-PCR)

RNA was treated with RNase-free DNase 1 (Qiagen,
Valencia, CA). One microgram of RNA was reverse-
transcribed to cDNA using iScript cDNA Synthesis Kit
(BioRad, Hercules, CA), and qRT-PCR was performed
using a LightCycler 96 System (Roche Diagnostics,
Mannheim, Germany) with SYBR green I (SYBR®
Advantage® qPCR Premix, Clontech, Mountain View,
CA) as the detection fluorophore and the following PCR
primers: Fibroblast activation protein (FAP): forward:
5'-ATCTATGACCTTAGCAATGGAGAATTTGT-3;
reverse: 5-GTTTTGATAGACATATGCTAATTTACTCC
CAAC-3; Vimentin: forward: 5-CCTTGAACGCAAAGT
GGAATCT-3; reverse: 5'-CCACATCGATTTGGACAT
GCT-3; Alpha-smooth muscle actin (¢-SMA): forward:
5-GCAGCCCAGCCAAGCACTGT-3; reverse: 5-TGGG
AGCATCGTCCCCAGCA-3; IL-6: forward: 5-CACCC
CTGACCCAACCACAAAT- 3; reverse: 5-TCCTTAAA
GCTGCGCAGAATGAGA-3; CXCL1/GRO-a: forward:
5- CTCTACCTGCACACTGTCCTATTA-3’, reverse: 5'-
ATCCGCCAGCCTCTATCA-3; CCL2/MCP-1: forward:
5- GTCTCTGCCGCCCTTCTGTG-3', reverse: 5'- AGGT
GACTGGGGCATTGATTG-3".

Immunoblot analysis

Cells were lysed using cOmplete Lysis-M, EDTA-free and
cOmplete Mini, EDTA-free, Protease Inhibitor Cocktail
Tablet and PhosSTOP Phosphatase inhibitor (Roche,
Indianapolis, IN). Equivalent amounts of protein lysates
were mixed with 4X LDS Sample Buffer (Life Technologies,
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Grand Island, NY), separated on 4-12% Bis-Tris Gels
(Life Technologies, Grand Island, NY) and then trans-
ferred to nitrocellulose membranes, blocked with Odyssey
Blocking Buffer (LI-COR, Lincoln, NE) for 30 minutes
and incubated overnight at 4°C with the respective pri-
mary antibodies: mouse monoclonal antibody anti-o-
SMA (1:1,000) (Sigma-Aldrich, St. Louis, MO), mouse
monoclonal antibody anti-STAT3(124H6) (1:1,000) (Cell
Signaling, Beverly, MA), rabbit monoclonal antibody anti-
phospho (Y705)-STAT3 (1:500) (Abcam, Cambridge, UK)
and goat polyclonal anti-Actin (1:5,000) (Santa Cruz,
Dallas, TX). The membrane was washed thrice for 10
minutes with TBS-T (25 mM Tris-HCI, pH 7.4, 125 mm
NaCl, 0.05% Tween 20) and then incubated with Alexa
Fluor 680 anti-mouse (1:5,000), anti-rabbit (1:5,000) or
anti-goat IgG (1:5,000) (Life Technologies, Grand Island,
NY) for 20 minutes. Proteins were visualized and quan-
titated using the Odyssey imaging System (LI-COR,
Lincoln, NE). Relative expression was determined by
probing the same membrane against Actin.

Immunocytochemistry

MSCs were plated in 6-well plates and cultured for 28 days.
KMBC-EVs 2 x 10'° particles/well) and H69-EVs (2 x 10
particles/well) were added to the cell culture every 7 days.
After 28 days, cells were collected, plated on coverslips,
fixed using 4% paraformaldehyde, permeabilized and incu-
bated with anti-a-SMA antibody (Abcam, Cambridge,
MA), rabbit polyclonal antibody anti-FAP (10 pg/ml)
(Abcam, Cambridge, UK) or goat polyclonal antibody
anti-Vimentin (1:50) (Santa Cruz, Dallas, TX), overnight
at 4°C. Cells were washed and incubated with secondary
antibody for 1 hour, then mounted with Prolong Gold
Antifade Reagent with DAPI (Life Technologies, Grand
Island, NY) and visualized by fluorescence microscopy
(Olympus IX71, Olympus America, Center Valley, PA).

Preparation of MSC-conditioned medium

MSCs (1 x 10*well) were cultured with vesicle-depleted
medium in the presence or absence of KMBC-EVs
(1 x 10" particles/ml) on 6-well plates for up to 48 hours.
The conditioned medium (CM) was harvested by filtering
culture supernatant through a 0.20-micron Nalgene filter
unit (Thermo scientific, Rockford, IL).

Cell proliferation assay

KMBC cells were plated (1 x 10%/well) into 96-well colla-
gen coated plates and cultured. At selected times, pro-
liferation was assessed using MTS solution (Promega,
Madison, WI) and a FLUOstar Omega Microplate Reader
(BMG Labtech, Cary, NC). Background correction
was performed by subtracting background fluorescence
from wells without cells. For antibody inhibition
studies, KMBC cells were cultured in the presence of
stem cell CM containing 5 pg/ml of normal mouse IgG,
mouse monoclonal anti- CXCL1 or mouse monoclonal
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anti-IL-6R antibody (R&D Systems, Minneapolis, MN),
for 72 hours.

Migration assay

For MSC studies, 8 x 10* cells were suspended in 200 pl
serum-free medium in the presence or absence of 6.0 x 10°
KMBC-EVs/well and loaded onto the upper compart-
ment of Transwell (Corning, Lowell, MA) 24-well plates
with a pore size of 8.0 pm. Moreover, 8 x 10* MSCs on
the upper compartment were cultured with CM from
KMBC treated with or without GW4869, an inhibitor of
ceramide synthesis that reduces cellular release of EVs
(Calbiochem, Darmstadt, Germany) for 24 hours. For
KMBC studies, 5.0 x 10* cells were loaded onto the upper
compartment. Serum-free medium (500 pl) was added
to the bottom. After 12 hours, cells that had migrated
through the membrane were fixed and stained using Diff-
Quik (Astral Diagnostics, West Deptford, NJ). Migrated
cells were identified and quantitated using a microscope
and average counts from 5 or more fields of cells were
obtained for each group.

Cytokine and chemokine profiling

Culture supernatant was obtained from MSCs incubated
in the presence or absence of KBMC-EVs for 72 hours,
and expression of released proteins was measured using
the Human 64-Plex Cytokine/Chemokine Panel and
Human MMP & TIMP Panels (Eve Technologies, Calgary,
AB, Canada). Analysis was performed on 3 or more
independent samples for each condition.

Statistical analysis

Data were expressed as the mean and standard error
from at least 3 replicates. Comparisons between groups
were performed using the 2-tailed Student’s z-test, and
results were considered to be statistically significant when
p <0.05.

Results

Characterization of tumour cell-derived EVs

We first characterized the EVs isolated from KMBC
tumours in culture. Electron microscopy showed that the
isolated vesicles were spherical (Fig. la), and density
gradient ultracentrifugation revealed a mean density of
1.12 g/ml. Isolated vesicles expressed ALIX, CD9 and
CDS]1 (Fig. 1b). Nanoparticle tracking analysis identified
a peak size vesicle diameter of 86 nm (Fig. 1¢). Thus, a
homogeneous population of EVs with features consistent
with exosomes can be obtained from cholangiocarcinoma
cells in culture. The term “exosomes” refers to a specific
subset of EVs with a distinctive biogenesis which was not
directly ascertained, and thus we refer to isolated vesicles
as EVs. A highly positive correlation was observed
between EV protein concentration and quantity derived
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Fig. 1. Characterization of tumour cell-derived extracellular vesicles (EVs). (a) Transmission electron microscopy was performed
on a whole mount of particles isolated from KMBC cells using an ultracentrifugation method. (b) Western blot analysis for proteins
associated with exosomes in isolated KMBC-EVs. (¢) Quantitation using Nanosight nanoparticle tracking analysis. KMBC cells
produced EVs in cell culture with a mean size of 137460 nm and a peak size of 86 nm. A homogenous population with size and
morphology consistent with that of exosomes was obtained. (d) Protein concentration was determined using BCA assay of EVs isolated

from KMBC cells.

from nanoparticle tracking analysis with a correlation
coefficient, r =0.91, and p =0.0002 (Fig. 1d).

Tumour cell-derived EVs induce fibroblastic
differentiation in human bone marrow

MSCs

Several potential sources of tumour stroma have been
postulated, such as expansion of a resident fibroblast popu-
lation, or differentiation of a pluripotent stem population
that is either resident within tissues, or has been recruited.

(page number not for citation purpose)

We hypothesized that tumour cell-derived EVs might
contribute to tumour stroma formation by inducing the
differentiation of bone marrow—derived MSCs that are
recruited to the tissues. We therefore examined the effect
of exposure to tumour cell-derived EVs on fibroblastic
differentiation of human bone marrow MSCs. MSCs
were cultured in medium containing 1 x 10'® particles/ml
KMBC or HuCCT1-derived EVs on 6-well plates and the
expression of myofibroblastic/fibroblastic markers such
as a-SMA, vimentin or FAP were examined. MSCs in
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culture adopted morphological changes such as elongated
cellular processes which were enhanced by exposure of
MSCs to KMBC-EVs. The expression of a-SMA and
FAP mRNA was significantly increased in MSCs incu-
bated with either KMBC-EVs or HuCCT1-EVs com-
pared to controls incubated in medium without EVs after
48 hours (Fig. 2a). Moreover, we cultured MSCs with
KMBC-conditioned medium (CM) and KMBC-CM
deprived of EVs under the same conditions. KMBC-
CM increased the most expression of a-SMA and FAP
mRNA on MSCs. KMBC-CM deprived of EVs signifi-
cantly decreased these expressions on MSCs compared
with KMBC-CM and significantly increased these ex-
pressions compared with control (Fig. 2b). Quantitative
immunoblot analysis identified an increase in the expres-
sion of a-SMA, FAP and vimentin protein in MSCs
incubated with KMBC-EVs for 14 days (Fig. 3a). Similar
observations were made on immunofluorescence micro-
scopy for expression in long-term 28-day cultures of
MSCs with KMBC-EVs; however, an increase in vimen-
tin was not detected (Fig. 3b). In contrast, EVs derived
from non-malignant H69 cells did not increase a-SMA
expression after 28 days. These studies suggest that
exposure to tumour cell-derived EVs can enhance fib-
roblastic differentiation of MSCs. To examine the effect
of tumour cell-derived EVs on stem cell behaviour, we
next studied whether KMBC cell-derived EVs could
modulate the migratory ability of MSCs, using transwell
cell migration assays. Incubation of MSCs with KMBC-
EVs resulted in increased cell migration after 12 hours
compared to control MSCs that were not exposed to
KMBCEVs (Fig. 4. Moreover, migration of MSCs cul-
tured with CM from KMBC pre-incubated with GW4869
was decreased compared to migration of MSCs cultured
with CM from KMBC. GW4869 did not affect KMBC
cell viability (Fig. 4a, b) or migration of MSCs. These
findings support the presence of interactions whereby
malignant transformed cells can modulate cellular beha-
viour within the local microenvironment through release
of EVs that can manipulate genetic and phenotypic
changes in stem cells.

Cytokine and chemokine release by human

bone marrow MSCs exposed to tumour
cell-derived EVs

Release of bioactive secreted factors such as cytokines
and chemokines is an established mechanism of inter-
cellular communication and has been extensively char-
acterized during tumour growth and progression. In
order to understand the effects of tumour cell-derived
EVs on the local microenvironment, we examined the
effects of exposure to KMBC-EVs on the release of bio-
logically active proteins by MSCs. Culture supernatant
was obtained from MSCs cultured in the presence or
absence of KMBC-EVs for 72 hours, and protein analysis
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for selected cytokines, chemokines, metalloproteases and
their inhibitors was performed. The concentration of
each protein was also determined in isolated KMBC-EV
preparations to exclude the potential for cross-over of
tumour cell-released factors. Most of the proteins that
were analyzed were not detected in CM obtained from
MSCs in culture (Table I). However, several proteins were
identified that were not only released by MSCs, but whose
concentrations in was further increased in culture super-
natant from MSCs incubated with KMBC-EVs. These
included chemokine (C-X-C motif) ligand 1 (CXCL1/
GRO-a), chemokine (C-C motif) ligand 2 (CCL2/MCP-1),
chemokine (C-X3-C motif) ligand 1 (CX3CL1/Fractalkine),
platelet-derived growth factor and interleukin-6 (IL-6),
which were increased by 1.2-to-10.2-fold in the presence
of KMBC-EVs compared to controls (Table I, Fig. 5a).
Furthermore, the expression of IL-6, CXCL1 and CCL2
mRNA was also significantly increased in MSCs treated
with KMBC-EVs by quantitative RT-PCR analyses
compared to control (Fig. 5b), although we did not
detect an increase in CX3CL1 mRNA in MSCs treated
with KMBC-EVs (data not shown). These results indicate
that MSCs treated with KMBC-EVs secrete these cyto-
kines and chemokines. The expression of IL-6 and CCL-2
mRNA was increased, whereas the expression of CXCLI1
mRNA was decreased in KMBC-EVs compared to
KMBC cells (Fig. 5c¢). These observations suggest that
mRNA in EVs could potentially affect expression of the
corresponding proteins directly after uptake of EVs by
MSCs.

KMBC proliferation and migration in response to
MSCs exposed to tumour cell-derived EVs

IL-6 is mitogenic for malignant cholangiocytes. In
previous studies, we have examined the role of autocrine
or paracrine signalling involving tumour cell-derived
IL-6 in cholangiocarcinoma growth (32-34). The tumour
stroma and non-tumour cells can also represent sources
of growth factors such as IL-6. Our observations support
the release of IL-6 from MSCs in response to EV-
mediated interactions between tumour cells and MSCs.
To examine the biological effects of MSC-secreted 1L-6,
we examined the effect of MSC CM on tumour cell proli-
feration. KMBC cells were cultured with CM obtained
from MSCs incubated with KMBC-EVs. CM from MSCs
cultured in the absence of KMBC-EVs or control media
were used as controls. Tumour cell proliferation was asses-
sed for up to 72 hours. We observed that the proliferation
of KMBC cells was significantly increased in the presence
of CM from MSCs that had been exposed to KMBC-
EVs, compared to controls (Fig. 6a). Furthermore,
proliferation of KMBC cells incubated with CM from
MSCs or from MSCs exposed to KMBC-EVs was signi-
ficantly blocked with anti-IL-6R antibody, although anti-
CXCL-1 did not significantly alter KMBC proliferation
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Fig. 2. Tumour cell-derived extracellular vesicles (EVs) induce the expression of myofibroblast markers in hBM-MSCs. (a) MSCs were
cultured in the presence or absence of EVs derived from KMBC or HuCCT-1 cholangiocarcinoma cells. Vimentin, FAP and «-SMA
mRNA expression was assessed by qRT-PCR. The expression of FAP and a-SMA was significantly increased in MSCs incubated with
tumour cell-derived EVs. Bars express the mean value + SEM of 3 separate studies. *p <0.05. (b) MSCs were cultured in the presence
or absence of KMBC-EVs, conditioned medium from KMBC (CM), or condition medium deprived of EVs (EVD-CM). Vimentin, FAP
and a-SMA mRNA expression were assessed by qRT-PCR. FAP and a-SMA expression was increased by CM, which was decreased by
EVD-CM. Bars express the mean value+SEM of 3 separate studies. *p <0.05.

(Fig. 6b). These results indicate that IL-6 secreted by
MSCs treated with KMBC-EVs increase KMBC cells
proliferation. Moreover, anti-IL-6R antibody blocked
enhanced STAT3 activation in these cells in response to
CM from either MSCs or MSCs exposed to KMBC-EVs
(Fig. 6¢). We then examined the effect of stem cell—
derived factors on KMBC migration. KMBC migration
was evaluated using transwell migratory assays in response
to incubation with CM from MSCs, MSCs exposed to
KMBC-EVs or cell-free media (control) (Fig. 6d). Cell
migration was assessed after 12 hours. Compared to con-
trol media (without cells)), KMBC migration was in-
creased by CM from MSCs, although no difference was
apparent between CM obtained in the presence or
absence of KMBC-EVs (Fig. 6d).

Discussion
These studies show that EV transfer from malignant
cholangiocytes can increase fibroblast-like activity by

MSCs. Furthermore, exposure of MSCs to tumour cell—
derived EVs results in a selective alteration of mRNA
expression and release of cytokines/chemokines such as
IL-6 that can, in turn, alter tumour cell growth. Thus,
tumour cells can “educate” MSCs to modulate the micro-
environment and thereby facilitate tumour growth (Fig. 7).
This is not previously described and is a unique mechanism
by which cholangiocarcinoma cells could modulate the
microenvironment and facilitate tumour growth. These
findings offer new insights into tumour stromal interactions,
and their contribution to cholangiocarcinoma growth.
The presence of chronic biliary tract injury and inflam-
mation predisposes to cholangiocarcinoma (35). Bone
marrow MSCs can be recruited to sites of inflammation
(36). Their subsequent contribution is undefined, with the
current paradigm being that they are involved in tissue
repair. Our findings indicate that the presence of these
stem cells in the local microenvironment can result in
their recruitment and education to enhance cell growth,
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Fig. 3. Tumour cell-derived extracellular vesicles (EVs) induce the protein expression of myofibroblast markers in hBM-MSCs.
(a) Western blotting analysis of a-SMA, FAP and vimentin protein expression in MSCs. The expression of a-SMA, FAP and vimentin
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28-day culture. MSCs were cultured in the presence or absence of EVs derived from malignant KMBC cells or non-malignant H69 cells.
An increase in a-SMA is seen in MSCs cultured in the presence of KMBC but not H69-derived EVs.

as well as their fibroblastic differentiation that may
eventually contribute to the desmoplastic stroma. Defining
the mechanisms by which stem cells are recruited to the
biliary tract during chronic inflammation may lead to
strategies to prevent progression of biliary tract scar-
ring, and tumour progression. Such preventive strategies
may be particularly appropriate for conditions such

as hepatolithiasis, fluke infection or primary sclerosing
cholangitis, all of which are associated with a predisposi-
tion to cholangiocarcinoma.

Recent studies have indicated that MSCs can also
exhibit a marked tropism for tumours. Indeed, the ability
of MSCs to migrate to primary tumours may be exploited
to use MSCs as candidate vehicles to deliver anti-tumour

Citation: Journal of Extracellular Vesicles 2015, 4: 24900 - http://dx.doi.org/10.3402/jev.v4.24900

(page number not for citation purpose)


http://journalofextracellularvesicles.net/index.php/jev/article/view/24900
http://dx.doi.org/10.3402/jev.v4.24900

Hiroaki Haga et al.

&
£

KMBC cells KMBC cells
=3 7 € 25 24 hour
e s,

& 4 — 0uM s 15
< — 01pMm T
g 2 " g s
3 1 2
2, 2 o
24 hours 48 hours 72 hours ouM O g‘M 1uM_10pM
W4869
) d)
Control medium 70 MSC
Control medium +GW4869 10 pM 60

Number of cells/field
w
o

Control medium Control medium
+GW4869 10 pM

KMBC-CM
control KMBC-EV +GW4869 KMBC-CM
f)
300 ~ 300 -
250 1 - 250 -
° °
2 i 2
5 20 € 200
2 2
o [9)
5 1501 = 150 - ":%
g 8 \
E 100 1 £ 100 -
z - 2
50 - 50 - \
. LOBS
control KMBC-EV KMBC-CM KMBC-CM
+GW4869

Fig. 4. KMBC-derived extracellular vesicles (EVs) increase migration of MSCs. (a, b) KMBC cells were incubated with varying
concentrations of GW4869, an inhibitor of ceramide synthesis that reduces EV release. Cell viability was assessed using an MTS assay. Bars
express the mean value + SEM of 3 separate studies. (c—f) Migration of MSCs across a basement membrane was assessed using transwell
migration assays. Representative staining of migratory cells and quantitative data representing the mean+SEM of 3 separate studies are
shown. (c, d) The effect of control medium with or without GW4869 on migration of MSCs was assessed. GW4869 did not significantly
affect migration of MSCs. (e, f) MSCs were cultured alone or in the presence of KMBC cell-derived EVs (KMBC-EVs), conditioned
medium (CM) from KMBC cells or CM from KMBC cells incubated with GW4869. KMBC-EVs significantly increased migration of
MSCs. Similarly, exposure to CM from KMBC cells also increased migration, but this was reduced in the presence of GW4869.

agents (37). However, there is some controversy regarding carry lipids, proteins, mRNAs and microRNAs that can
the mechanisms by which these cells exert effects on tu- be transferred to a recipient cell following fusion of the
mour progression. Cell-derived EVs such as exosomes can exosome with the target cell membrane and internalization
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Tuable I. Selective changes in secretome of bone marrow—derived mesenchymal stem cells (MSCs)

Expressed by MSCs

Not altered by exposure
to tumour cell EVs

Altered by exposure

Not expressed to tumour cell EVs

GM-CSF, IFNa2, IL-13, IL-1a, IL-4, PDGF-AA
IL-7, TNFB TGFa IL-6

Cytokine EGF, FGF-2, Fit-3L, G-CSF, IFNy, IL-18,
IL-1ra, IL-2, IL-3, IL-5, IL-9, IL-10,
IL-12 (p40), IL-12 (p70), IL-15, IL-16,
IL-17A, IL-20, IL-21, IL-23, IL-28a3,
IL-33, LIF, PDGF-AB/BB, sCD40L,
SCF, TNFq, TPO, TRAIL, TSLP, VEGF
6Ckine, BCA-1, CTACK, ENA-78,
Eotaxin-2, Eotaxin-3, 1-309, MCP-2,
MCP-3, MCP-4, MIP-1a, MIP-1d, TARC
MMP MMP-7 (Matrilysin)

MMP-8 (Collagenase 2)

Chemokine Eotaxin, MDC, IL-8, IP-10, MIP-18,

RANTES, SDF-1a+

Fractalkine (CX3CL1)
GRO (CXCL1)
MCP-1 (CCL2)
MMP-1 (Collagenase 1) MMP-2 (Gelatinase A)

MMP-3 (Stromelysin 1)

MMP-9 (Gelatinase B)
MMP-12 (Macrophage Metalloelastase)
MMP-13 (Collagenase 3)

TIMP TIMP-4

TIMP-2, TIMP-3, TIMP-1

Cytokine, chemokine, matrix metalloproteinase (MMP) and tissue inhibitor of metalloproteinase (TIMP) protein expression was quantitated
in culture supernatants obtained from MSCs incubated in the presence or absence of KMBC cell-derived EVs for 72 hours. For factors
that were expressed in MSC culture supernatant, those with a change in expression with Students t-test probability value <0.05 following

exposure to tumour cell-derived EVs are listed.

of its content (38). Similar to our observations, tumour
cell-derived exosomes from other malignancies such
as breast, ovarian and gastric cancers can enhance
myofibroblast-like differentiation of MSCs (39-41). How-
ever, the contribution of MSCs that have been exposed to
tumour cells on subsequent tumour growth is unclear.
Some, but not all, studies indicate that tumour growth or
metastases may be enhanced by co-injection of MSCs with
tumour-exosomes (7,42-45). A recent study showed that
human umbilical cord MSCs could suppress cholan-
giocarcinoma growth (46). However, the effects of MSCs
that are present in the presence of tumours, and whose
behaviour may have been modulated by tumour cell-
MSC interactions have not been defined. Discrepancies
may also result from differences in tumour models studied,
heterogeneity of MSCs or other undefined environ-
mental factors (47), and emphasize the need for detailed
investigation of tumour cell-EV interactions.

The cellular origins of tumour stroma in cholangiocar-
cinoma are not well characterized, and multiple sources
are possible. In mouse models of inflammation-induced
gastric cancer, more than a fifth of cancer-associated
fibroblasts may originate from bone marrow—derived
MSCs (5). Cholangiocarcinoma-derived EVs increased
the expression of myofibroblast markers such as a-SMA
and FAP and enhanced migratory capability of human
bone marrow MSCs, suggesting that tumour EVs could in-
duces a phenotypic switch from MSCs to myofibroblast-
like cells within the tumour stroma. Such a mechanism

could enhance stem cell migration to the local tumour
microenvironment, differentiation and tumour stroma
formation, and eventually contribute to the growth of
cancer.

The release of biologically active mediators such as
IL-6 in response to tumour cell-derived EVs is highly
relevant to tumour growth. The contribution of IL-6 to
cholangiocarcinoma growth is recognized (32-34,48,49),
and active modulation of environmental IL-6 by tumour
cells provides a plausible mechanism for tumour growth.
These observations may be important in other conditions
that are characterized by aberrant IL-6 release, such as
tissue injury, or other cancers. Indeed, STAT3 activa-
tion by IL-6 from MSCs has been reported to promote
the proliferation and metastasis of osteosarcoma (50).
Our study also indicated that STAT3 activation by IL-6
from MSCs increases proliferation of cholangiocarcinoma.
Furthermore, I1L-6 released from MSCs can increase the
tumour cell secretion of endothelin-1 which can induce
the activation of Akt and ERK in endothelial cells, and
enhance their recruitment to tumour and angiogenesis
(51). Although other factors such as CXCLI1 that were
also released from MSCs in response to tumour-derived
EVs did not alter cell proliferation, we speculate that
these factors could have other effects that could modulate
tumour growth or spread. CXCLI1 plays a role in the
processes of angiogenesis, inflammation, wound healing
and tumorigenesis (52,53). CXCL1 secreted from MSCs
may participate in these processes. The presence of 1L-6,
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Fig. 5. KMBC cell-derived extracellular vesicles (EVs) modulate cytokine and chemokine release by MSCs. (a) MSCs were cultured
in the presence or absence (controls) of KMBC-derived EVs. Conditioned medium was obtained and cytokine and chemokine
concentrations determined. Exposure to KMBC-EVs increased CXCL1, CCL2, CX3CL1, PDGF and IL-6 release by MSCs. (b) IL-6,
CXCLI1 and CCL2 mRNA expression was quantitated by qRT-PCR in MSCs exposed to KMBC-EVs compared to MSCs without
KMBC-EVs (controls). The expression of IL-6 mRNA (p =0.021), CXCL1 mRNA (p =0.039) and CCL2 mRNA (p =0.030) were
significantly increased in MSCs treated with KMBC-EVs compared to controls. (¢) IL-6, CXCL1 and CCL2 mRNA expression was
quantitated by qRT-PCR in KMBC cells and KMBC-EVs. Compared to KMBC cells, IL-6 and CCL2 mRNA expression were
significantly increased whereas the expression of CXCL1 mRNA was decreased in KMBC-EVs. Bars express the mean value + SEM of
3 separate studies.*p <0.05, **p <0.01, ***p <0.001.
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Fig. 6. Conditioned medium from mesenchymal stem cells (MSCs) exposed to tumour cell-derived extracellular vesicles (EVs)
enhances tumour cell proliferation. (a) KMBC cells were incubated with conditioned medium obtained from MSCs cultured in the
presence or absence of KMBC-EVs. Cell proliferation was assessed using an MTS assay. Compared to controls, conditioned medium
(CM) from MSCs exposed to KMBC-EVs increased KMBC cell proliferation. *p <0.001 vs. CM (control), **p <0.0001 vs. CM
(control), ***p <0.05 vs. CM (MSCs). (b) Cell proliferation was assessed after 72 hours using MTS assay. Anti-IL-6R antibody,
but not anti-CXCL-1 antibody, blocked enhanced KMBC cell proliferation in response to conditioned medium from MSCs exposed to
tumour-derived EVs. Bars express the mean value + SEM of 3 separate studies. *p <0.05, **p <0.01, ***p <0.001. (c) Immunoblot
analyses of p-STAT3/STAT?3 protein expression in KMBC cells. Anti-IL-6R antibody blocked enhanced STAT3 activation in response
to CM from MSCs exposed to tumour-derived EVs. Bars represent quantitative densitometric data from 3 replicates. (d) KMBC cell
migration was assessed using a transwell migration assay. KMBC cells were treated with CM from MSCs and MSCs exposed to
KMBC-EVs. Representative images of migrated cells and quantitative data representing the mean (+SEM) number of migrated cells
from 3 separate studies. Tumour cell migration was increased by MSC-CM but was not further enhanced by prior exposure of MSCs to
KMBC-EVs.
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Fig. 7. Malignant cells “educate’” mesenchymal stem cells (MSCs)
to promote tumour growth through extracellular vesicles. Tumour
cells release extracellular vesicles such as exosomes that can be
taken up by bone marrow—derived MSCs. This results in selec-
tive modulation of mRNA expression and release of cytokines/
chemokines such as IL-6 from MSCs, as well as in phenotypic
changes consistent with fibroblast-like activity. The altered secre-
tome and fibroblastic differentiation contribute to both tumour
cell growth and stromal development in cholangiocarcinoma.

CXCL1 and CCL2 mRNA within KMBC-EVs also raise
the possibility that EV-enclosed mRNA could directly
affect protein expression within MSCs. Similarly, we have
identified the presence of EVs from MSCs in culture,
and the potential exists for MSCs to direct tumour cell
responses through release of EVs. Further study to exa-
mine the roles of individual MSC-derived factors released
from “educated” stem cells, as well as their combinatorial
effects, is warranted.

Conclusions

Our studies raise several new insights into the involvement
of EV-mediated interactions between tumour and MSCs,
and the contribution of these interactions to tumour
growth through stromal formation and modulation of
cell proliferation. The mechanisms whereby tumour cells
can educate stem cells to modulate the microenvironment
to facilitate tumour growth could be targeted therapeu-
tically, and offer new opportunities for preventive or
therapeutic intervention for cancers.
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