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Mesenchymal Stromal Cells Promote Tumor Growth through
the Enhancement of Neovascularization
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Mesenchymal stromal cells (MSCs), also called mesenchymal stem cells, migrate and function as stromal cells in fumor fissues.
The effects of MSCs on tumor growth are confroversidl. In this study, we showed that MSCs increase proliferation of tumor cells in
vitro and promote tumor growth in vivo. We also further analyzed the mechanisms that undetlie these effects. For use in in vifro
and in vivo experiments, we established a bone marrow-derived mesenchymal stromal cell line from cells isolated in C57BL/6
mice. Effects of murine MSCs on tumor cell proliferation in vitro were analyzed in a cocutture model with B16-LacZ celis. Both co-
culture with MSCs and treatment with MSC-conditioned media led fo enhanced growth of Bl6-LacZ cells, although the magni-
tude of growth stimulation in cocultured celis was greater than that of cells treated with conditioned media. Co-injection of Bi6-
LacZ cells and MSCs into syngeneic mice led to increased tumor size compared with injection of B16-LacZ cells alone. identical
experiments using Lewis lung carcinoma (LLC) cells instead of B16-LacZ cells yielded similar resulfs. Consistent with a role for neo-
vascularization in MSC-mediated tumor growth, tumor vessel area was greater in tumors resulting from co-injection of Bl6-LacZ
cells or LLCs with MSCs than Iin tumors induced by injection of cancer cells alone. Co-injected MSCs directly supported the fumor
vasculature by localizing close to vascular walls and by expressing an endothelial marker. Furthermore, secretion of leukemia in-
hibitory factor, macrophage colony-stimulating factor, macrophage inflammatory protein-2 and vascular endothelial growth fac-
tor was increased in cocultures of MSCs and 816-LacZ cells compared with Bl6-LacZ cells alone. Together, these results indicate
that MSCs promote tumor growth both in vifro and in vivo and suggest that fumor promotion in vivo may be atiributable in part

to enhanced angiogenesis.
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INTRODUCTION

Growth of solid tumors requires for-
mation of the tumor stroma, which sup-
plies oxygen and nutrients to tumor cells
(1). The tumor stroma is composed of ex-
tracellular matrix and various mesenchy-
mal cell types, including macrophages,
endothelial cells, lymphocytes, pericytes,
fibroblasts and myofibroblasts (2). These
stromal cells communicate with tumor
cells both through direct contact and

through paracrine signaling mechanisms,
mediated by secretion of soluble factors,
including cytokines, chemokines and
growth factors (3-7). Interactions be-
tween tumor cells and stromal cells regu-
late tumor growth, invasion, metastasis
and angiogenesis (3-7). Among stromal
cells, tumor-associated fibroblasts have
been shown to be associated with in-
creases in tumor growth and metastatic
potential, leading to a poor prognosis
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(8,9). Tumor-associated fibroblasts and
myofibroblasts originate from multiple
sources and range from migratory neigh-
boring cells to distant invading cells (10).
Data from human tumors and mouse
tumor models suggest that at least a por-
tion of the stromal cells are derived from
the bone marrow (11-13).

Mesenchymal stromal cells (MSCs),
also called mesenchymal stem cells, are
pluripotent progenitor cells that have the
capability to differentiate into chondro-
cytes, adipocytes and osteoblasts, among
other types of cells (14). Although MSCs
primarily reside in the bone marrow (15),
they are also found in adipose tissue, in
the lungs and in many other organs,
where they are involved in maintenance
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and regeneration of connective tissues
(16). MSCs are known to migrate to tis-
sues as a result of inflammation or injury,
where they contribute to regeneration of
the damaged tissues (17). For these rea-
sons, MSCs have considerable therapeu-
tic potential in tissue regeneration (18,19).

Recent results from both animal mod-
els and human tumors have suggested
that MSCs also migrate to tumor tissues,
where they incorporate into the tumor
stroma (20,21). This tropism of MSCs for
tumors is reportedly due to the presence
of soluble factors secreted by tumor cells,
similar to inflammatory responses
{22,23). These findings have led to in-
creased interest in understanding the ef-
fects of MSCs in the tumor microenviron-
ment. Several studies have suggested
that MSCs promote tumor growth and
the metastatic potential of tumor cells
(3,24). MSCs can differentiate into fibro-
blasts, myofibroblasts or pericyte-like
cells and induce neoangiogenesis, result-
ing in the promotion of tumor growth in
vivo (24,25). In contrast, few studies have
indicated that MSCs inhibit tumor
growth (26). Several studies have used
human MSCs, as opposed to murine
MSCs, to assess the effects of this cell
type on tumor growth in mouse models
because of the ease of expansion of
human MSCs (3,24). In these tumor
xenograft models, the tumor stroma con-
sists of mouse cells, but the tumoral cells
and MSCs are of human origin. Thus, be-
cause of the mixed lineages of these cells,
the effects of MSCs on tumor growth
may be affected by unknown interac-
tions. On the basis of these previous
studies, we elected to use only murine
cells throughout the present study for
the purpose of clearly interpreting the
resulting findings.

In this study, we developed a quantita-
tive assay for tumor growth in vitro
using coculture models with MSCs and
B16 melanoma cells expressing LacZ
(B16-LacZ). We demonstrated that both
direct contact with MSCs and release of
soluble factors from MSCs promote B16-
LacZ cancer cell proliferation in vitro.
Furthermore, our results suggest that co-

injection of MSCs with B16-LacZ cells
promotes tumor formation in mice
through enhanced angiogenesis, induced
by secretion of proangiogenic factors
from MSCs.

MATERIALS AND METHODS

Cell Culture and Animals

B16-LacZ, a mouse melanoma cell line
expressing B-galactosidase, and TSt-4, a
mouse MSC cell line derived from fetal
thymus tissue (27), were obtained from
the RIKEN BioResource Center (Tsukuba,
Japan). B16-LacZ cells were cultured in
Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% fetal
bovine serum (FBS; DMEM /10% FBS).
Lewis lung carcinoma (LLC) cells were
obtained from the Cell Resource Center
for Biomedical Research, Tohoku Univer-
sity (Sendai, Japan). LLC cells were prop-
agated in RPMI-1640 containing 10% FBS.
A mouse bone marrow—derived mes-
enchymal cell line (MSC) was established
from bone marrow cells isolated from
C57BL/6 mice, as described previously
(28). MSCs were cultured in DMEM low
glucose 1x medium (DMEM + Gluta-
MAX; Invitrogen, San Diego, CA, USA)
containing 10% FBS (Invitrogen). Female
C57BL/6 mice, 6-8 wks of age, were pur-
chased from Japan Charles River (Atsugi,
Japan). Female C57BL/6-Tg (CAG-EGFP)

gen, San Diego, CA, USA), antimouse
CD44 (Pgp-1/Ly-24; eBioscience, San
Diego, CA, USA), antimouse CD34
(Beckman Coulter, Fullerton, CA, USA),

antimouse CD45 Q6 (leukocyte common <

antigen) (Beckman Coulter) and anti-
mouse CD90 (Thy-1; Beckman Coulter).
Nonspecific fluorescence was assessed
by incubation of cells with isotype-
matched rat monoclonal antibodies (BD
Pharmingen). Data were analyzed by col-
lecting 20,000 events on a Cell Lab
Quanta SC (Beckman Coulter).

in Vitro Cell Proliferafion Assays

For proliferation assays using cocul-
tured cells, MSCs were seeded at 5.0 x
103 cells/well in 96-well plates in DMEM
containing 1% FBS (DMEM/1% FBS).
After 12 h, Bl6-LacZ cells were added
(5.0 x 10% cells /well) to cultured MSCs.
After an additional 24 h, cells were fixed
by incubation in phosphate-buffered
saline (PBS) containing 5.4% formalde-
hyde and 0.8% glutaraldehyde at 12-h
time points. After two washes with PBS,
100 pL 5-bromo-4-chloro-3-indolyl-f-D-
galactopyranoside (X-Gal) solution
(2 mg/mL} was added to each well. Cells
were then incubated at 37°C in a humidi-
fied atmosphere containing 5% CO, in
the dark for 12 h. Absorbance at 595 nm
was measured using an E-Max precision
microplate reader (Molecular Devices,

Q1 mice were purchased from Japan SLC - Menlo Park, CA, USA).

(Hamamatsu, Japan). For primary cul-
ture of MSCs from GFPQ2 mice, the
bone marrow suspension was cultured in
DMEM + GlutaMAX with 10% FBS.
When adherent cells reached 70-80%
confluence, cells were harvested and ex-
panded. When a homogeneous cell pop-
ulation was obtained, after 3 to 5 pas-
sages, these cells were used for
subsequent experiments.

Analysis of MSC Cell Surface Markers
Cell surface antigens were analyzed by
flow cytometry in cultured murine
MSCs. Briefly, 1 x 10° cells were incu-
bated with the following fluorescence-
conjugated rat monoclonal antibodies:
antimouse Sca-1 (Ly-6A/E; BD Pharmin-
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For proliferation assays performed in

-<— the absence of direct contact between

MSCs and Bl16-LacZ cells, MSCs were
seeded at a density of 5.0 x 10* cells/well
in 24-well plates in DMEM/1% FBS.
After a 12-h incubation, wells were cov-
ered with Cell Disks (Sumitomo Bakelite,
Tokyo, Japan) that serve as a bulkhead,
and B16-LacZ cells (5.0 x 10* cells /well)
were added to the cell disks. After an ad-
ditional 48 h, cells were lysed by the ad-
dition of lysis buffer (0.5% Triton X-100,
2 mol/L NaCl in PBS) at 12-h time
points, and 100 pL 2 mg/mL X-Gal solu-
tion was combined with 15 pL of the cell
suspension. The absorbance at 595 nm of
the resulting solution was then measured
as described above.



