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Mesenchymal stromal cells (MSCs), also called mesenchymal stem cells, migrate and function as stromal cells in tumor tissues.
The effects of MSCs on tumor growth are confroversial. 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 underlie 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 fumor cell proliferation in vifro were analyzed in a coculture model with B16-LacZ cells. Both co-
culture with MSCs and freatment with MSC-conditioned media led to enhanced growth of B16-LacZ cells, although the magni-
fude of growth stimulation in cocultured cells was greater than that of cells freated with conditioned media. Co-injection of B16-
LacZ cells and MSCs intfo 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 results. Consistent with a role for neo-
vascularization in MSC-mediated tumor growth, tumor vessel area was greater in fumors resulting from co-injection of B16-LacZ
cells or LLCs with MSCs than in tumors induced by injection of cancer cells alone. Co-injected MSCs directly supported the tumor
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 inflasnmatory protein-2 and vascular endothelial growth fac-
tor was increased in cocultures of MSCs and B16-LacZ cells compared with B16-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 attributable 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

Address correspondence and reprint requests to Yasuo Saijo, Department of Medical On-
cology. Hirosaki University Graduate School of Medicine, 5 Zaifumacho, Hirosaki 036-8562,
Japan. Phone: +81-172-39-5345; Fax: +81-172-39-5347; E-mail: yasosj@cc.hirosaki-u.ac.jp.
Submitted August 20, 2010, Accepted for publication March 10, 2011, Epub
(www.molmed.org) ahead of print March 11, 2011.

MOL MED 17(7-8)579-587, JULY-AUGUST 2011

(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 microenvi-
ronment. Several studies have
suggested that MSCs promote tumor
growth and the metastatic potential of
tumor cells (3,24). MSCs can differenti-
ate into fibroblasts, myofibroblasts or
pericyte-like cells and induce neoangio-
genesis, resulting in the promotion of
tumor growth in vivo (24,25). In con-
trast, few studies have indicated that
MSCs inhibit tumor growth (26). Several
studies have used human MSCs, as op-
posed to murine MSCs, to assess the ef-
fects 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 consists of mouse cells,
but the tumoral cells and MSCs are of
human origin. Thus, because of the
mixed lineages of these cells, the effects
of MSCs on tumor growth may be af-
fected by unknown interactions. 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 p-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 (cytomegalo-
virus immediate early enhancer/beta-
actin promoter-enhanced green fluores-
cent protein [CAG-EGFP]) mice were
purchased from Japan SLC (Hamamatsu,
Japan). For primary culture of MSCs
from green fluorescent protein (GFP)
mice, the bone marrow suspension was
cultured in DMEM + GlutaMAX with
10% FBS. When adherent cells reached
70-80% confluence, cells were harvested
and expanded. When a homogeneous
cell population was obtained, after 3 to 5
passages, these cells were used for subse-
quent experiments.

Analysis of MSC Cell Surface Markers
Cell surface antigens were analyzed by
flow cytometry in cultured murine
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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-
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 (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 Proliferation Assays

For proliferation assays using cocul-
tured cells, MSCs were seeded at 5.0 x
10° cells /well in 96-well plates in DMEM
containing 1% FBS (DMEM/1% FBS).
After 12 h, B16-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 uL 5-bromo-4-chloro-3-indolyl-p-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,
Menlo Park, CA, USA).

For proliferation assays performed in
the absence of direct contact between
MSCs and Bl6-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 puL 2 mg/mL X-Gal solu-



tion was combined with 15 uL of the cell
suspension. The absorbance at 595 nm of
the resulting solution was then measured
as described above.

To assess cell proliferation in the pres-
ence of conditioned media from MSCs,
media were collected from MSCs (2 x 10°
cells) cultured in 10 mL DMEM /1% FBS
in a culture dish (10 cm in diameter) for
48 h. The media were clarified by cen-
trifugation (1,000¢, 5 min), and the re-
sulting supernatant was used as condi-
tioned media. B16-LacZ cells were
seeded at a density of 5.0 x 10° cells /well
in 96-well plates and cultured in
DMEM/10% EBS for 12 h. Subsequently,
the media were replaced with either con-
ditioned media or DMEM /1% FBS. Next,
10 uL Alamar Blue assay solution
(Biosource International, Camarillo, CA,
USA) was added to the wells at 12-h
time points, and the plates were incu-
bated at 37°C. Fluorescence was mea-
sured using a Fluoroskan Ascent CF ap-
paratus (Labsystems, Helsinki, Finland)
with excitation set to 544 nm and emis-
sion set to 590 nm.

Analysis of In Vivo Tumor Growth

All animal experiments were reviewed
and approved by the Institutional Ani-
mal Care and Use Committee of Hirosaki
University.

All mice (n = 8 for each group) were
divided into groups that received subcu-
taneous injections of either (a) B16-LacZ
cells alone (5.0 x 10° cells), (b) B16-LacZ
cells (5.0 x 10° cells) with MSCs (1 x 10°
cells) at a 1:0.2 ratio, (c) B16-LacZ cells
(5.0 x 10° cells) with MSCs (5.0 x 10° cells)
at a 1:1 ratio, (d) B16-LacZ (5.0 x 10°
cells) with MSCs (2.5 x 10° cells) at a 1:5
ratio or (e) MSCs alone (2.5 x 10° cells).
All cell suspensions were delivered in a
final volume of 200 uL and injected sub-
cutaneously into the right side of the ab-
domen. LLC cells were transplanted in-
stead of B16-LacZ cells under identical
conditions. Beginning 5 d after cell injec-
tions, the tumor volume was calculated
every 2 d using the following formula:
tumor volume (mm?) = 0.52 x width
(mm)? x length (mm).
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Figure 1. Flow cytometric and morphological analysis of MSCs. (A) Mouse bone
marrow-derived MSCs established from cells obtained in C57BL/6 mice were stained with
antibodies directed against Sca-1, CD0, CD44, CD34 and CD45 and were analyzed by
flow cytometry. (B) Morphology of MSCs in culfure.

Immunohistochemistry of the Tumors

Bl6-LacZ tumors on day 21 were re-
moved, fixed in 10% buffered formalin for
24 h and then stained with hematoxylin
and eosin for histological examination.
For immunohistochemical staining for
Ki-67, sections were deparaffinized and
antigen retrieval was conducted using an
antigen retrieval solution (415211;
Nichirei, Tokyo Japan). After blocking of
endogenous peroxidase activity with a
peroxidase blocking reagent (S2001; Dako,
San Antonio, TX, USA), tissue sections
were incubated with rat antimouse Ki-67
(1:25; Dako) and the appropriate second-
ary antibody. Color development was per-
formed using the peroxidase substrate
3-amino-9-ethylcarbazole.

To characterize the effects of MSCs on
microvessel area in tumor tissues, tumors
were removed when the tumor size
reached around 1 cm” or at day 21.
Cryosections were fixed with 4%
paraformaldehyde and stained with rat
antimouse CD31 (1:100; BD Pharmingen).
Sections were then incubated with la-
beled polymer (N-Histofine Simple Stain
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Mouse MAX PO [Rat]; Nichirei, Tokyo,
Japan). Color development was per-
formed using 3-amino-9-ethylcarbazole.
Sections were counterstained with hema-
toxylin. Microvessel area in cryosections
from each tumor was quantified using 10
images from each of 10 different tumors
per group under 200x magnification.
Vessel area was measured using the Im-
age]J software (http://rsbweb.nih.gov/ij).

Immunofluorescence

On day 21, Bl6-LacZ tumors with
MSCs expressing GFP (GFP-MSCs) were
fixed with 4% paraformaldehyde and in-
creasing concentrations of sucrose buffer
(12%, 15% and 18%) over 12 h. Frozen
sections were blocked with Protein Block
Serum-Free (X0909; Dako) and were in-
cubated with rat antimouse CD31 (1:100;
BD Pharmingen) or rabbit antimouse
a smooth muscle actin (a-SMA, 1:50,
ab5694; Abcam, Cambridge, U.K.). Rat
IgG,, and rabbit IgG were used as iso-
type controls. Secondary antibodies used
were donkey antirat IgG-Alexa Fluor 594
(1:200; Invitrogen) or goat antirabbit IgG-
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Alexa Fluor 594 (1:200; Invitrogen), re-
spectively. To improve primary antibody
penetration, sections for a-SMA staining
were incubated in PBS/0.02% Triton
X-100 for 30 min at room temperature be-
fore primary antibody incubation. All
procedures were protected from light.
Sections were examined with a confocal
laser scanning microscope.

Analysis of Angiogenic Factor Levels
in Supernatants from B16-LacZ Cells
and MSCs

To measure the levels of angiogenic fac-
tors secreted by Bl6-LacZ cells and MSCs,
B16-LacZ cells alone (1.0 x 10° cells), MSCs
alone (1.0 x 10° cells) or both B16-LacZ
cells and MSCs (1.0 x 10° cells each) were
cultured for 24 h in 10 mL DMEM/10%
FBS media. The media were then collected
and clarified by centrifugation (1,000g,
5 min), and the resulting supernatants
were used for analysis. Concentrations of
vascular endothelial growth factor (VEGEF),
macrophage inflammatory protein-2
(MIP-2; functional homolog of human
interleukin [IL]-8), macrophage colony-
stimulating factor (M-CSF), leukemia in-
hibitory factor (LIF), IL-15, IL-18, basic fi-
broblast growth factor (bFGF), monokine
induced by interferon y (MIG) and platelet-
derived growth factor (PDGF) were deter-
mined with the Bio-Plex cytokine assay
(Bio-Rad, Hercules, CA, USA) using a
Luminex 200 (Luminex, Austin, TX, USA).

Statistical Analysis

Results are expressed as the mean +
standard deviation (SD). Comparisons
between groups were performed using a
two-tailed Student ¢ test. Linear regres-
sion curves were produced using the
Pearson correlation. P values <0.05 indi-
cated statistical significance.

RESULTS

In Vitro-Cultured Mesenchymal Cells
Express MSC Markers

Mouse bone marrow—derived MSC
cultures were established from bone
marrow cells isolated in C57BL/6 mice.
Phenotypically, MSCs were characterized
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Figure 2. Proliferatfion of B16-LacZ cells cocultured with mesenchymal stromal cells (MSCs).
(A) Standard curve correlating LacZ expression with cell numbers. B16-LacZ cells were
seeded on 96-well plates at different cell numbers. After 24 h, B-galactosidase protein lev-
els were analyzed in each well by measuring the absorbance at 595 nm using a micro-
plate reader, as described in Materials and Methods. (B) B16-LacZ cells were cultured with
MSCs at a 1:1 ratio. B-Galactosidase protein expression was measured af the indicated
fime points (n = §; **P < 0.01). (C) B16-LacZ cells were incubated with MSCs at different ro-
fios. B-Galactosidase protein expression was measured after 48 h (n = 8; **P < 0.01). OD

595, optimal density absorbance at 595 nm.

by being negative for expression of the
CD34 and CD45 hematopoietic cell
markers and positive for Sca-1, CD90
and CD44. Flow cytometric analysis re-
vealed that cultured MSCs were positive
for Sca-1, CD90 and low expression of
CD44, but negative for CD34 and CD45
(Figure 1A), as expected. The MSCs ex-
hibited a spindle-shaped morphology in
culture (Figure 1B) and have been re-
ported to differentiate into adipocytes
and osteocytes (28). These results were
consistent with previous reports and in-
dicated that the established cell line in-
deed consisted of MSCs (29).

Coculture with MSCs Promotes
Proliferation of B16-LacZ Cells In Vitro
We next analyzed whether MSCs could
promote proliferation of the murine mela-
noma cell line B16-LacZ in an in vitro co-

582 | SUZUKI ET AL. | MOL MED 17(7-8)579-587, JULY-AUGUST 2011

culture model. Initially, a linear regression
standard curve was generated to correlate
the number of B16-LacZ cells with ab-
sorbance at 595 nm (OD;,.). The assay
was selective for Bl6-LacZ cells, because
only this cell line expressed p-galactosi-
dase (Figure 2A). Results from this analy-
sis revealed that coculture of B16-LacZ
cells with MSCs led to a marked increase
in proliferation of B16-LacZ cells com-
pared with B16-LacZ cells cultured alone
(Figure 2B). After 48 h, the number of
cells grown under coculture conditions
was 3.6-fold greater than that of B16-LacZ
cells cultured alone. On the basis of these
results, we next analyzed the dose-
response effect of MSCs on B16-LacZ pro-
liferation (Figure 2C). These results
showed that proliferation of B16-LacZ
cells increased in accordance with the
number of MSCs present in the coculture.
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Figure 3. Effects of MSCs on B16-LacZ cell
proliferation in the albsence of direct con-
tact. (A) Bl16-LacZ cells and MSCs were cul-
tured together but were separated by a
bulkhead consisting of a cell disk. Ab-
sorbance af 595 nm was determined at the
indicafed fime points (n = 7; *P < 0.05; **P <
0.01). (B) B16-LacZ cells were cultured in
conditioned medium from MSCs. Cell prolif-
eration was measured using the Alamar
Blue assay as described in the Materials
and Methods (n =7; *P < 0.05; **P < 0.01).

MSCs Promote B16-LacZ Cell
Proliferation in the Absence of Direct
Contact

To determine whether direct contact
between B16-LacZ cells and MSCs is re-
quired for stimulation of Bl6-LacZ cell
proliferation, cell growth in the absence
of direct contact was investigated using
cell disks and conditioned medium. Al-
though the magnitude of stimulation of
cell proliferation cannot be directly
compared between cocultured cells and
cells cultured in the absence of direct
contact because of differences in growth
conditions, a 2.3-fold increase in prolif-
eration of B16-LacZ cells occurred in
the presence of MSCs cultured on cell
disks (P < 0.01; Figure 3A), and a 1.4-
fold increase occurred in the presence
of conditioned media (P < 0.01; Figure

LLC B16-LacZ

Tumor volume

Tumor cells : MSCs

"
HORICT o Bl16-LacZ + MSCs (1 : 5)
—{ Bl6-LacZ + MSCs (1: 1)
7.5x10°| —A Bl6-LacZ +MSCs (1 : 0.2)
—/\— Bl6-LacZ (alone)

—X— MSC (alone)
5.0x103

Tumor volume

25 %103

5.0x10°

25x10

Days

RESEARCH ARTICLE

C

1.0x10°1 —e— LLC+MSCs (1 : 5)
- LLC+MSCs(1:1)
7.5x 10° —A— LLC (alone)
—X— MSC (alone)

0

5 T 9 11 13

Figure 4. Analysis of tumors derived from xenografts of B16-LacZ cells or LLCs co-injected
with MSCs. (A) Representative photographs of B16-LacZ tumors and LLC tumors. (B) B16-
LacZ cells and MSCs were co-injected into the right side of the abdomen of C57BL/6
mice at aratio of 1:0.2, 1:1 or 1:5. Tumor volume was calculated at 2-day intervals (n = 7;
*P < 0.05 **P<0.01).(C) LLCs and MSCs were co-injected as described for B16-LacZ cells,
and fumor volume was calculated at 2-day intervals (n = 7; *P < 0.05, **P < 0.01).

3B) at 48 h. These values were slightly
lower than the 6.4-fold increase in pro-
liferation that occurred under condi-
tions of 60-h direct contact in cocultures
(see Figure 2B). To characterize the
mechanisms underlying these changes
in cell proliferation, we performed cell
cycle analysis using flow cytometry.
However, no obvious change in the cell
cycle distributions of the cancer cells
was apparent at the time points ana-
lyzed (data not shown).

MSCs Derived from Bone Marrow
Promote Tumor Growth In Vivo
B16-LacZ cells and LLC cells, a lung
carcinoma cell line, were used to assess
the effects of MSCs on tumor promo-
tion and growth in an in vivo model.
Mixtures containing each of these cell
types, along with MSCs, at ratios of
1:0.2, 1:1 and 1:5, were subcutaneously
injected into syngeneic C57BL/6 mice,
and tumor formation and growth were
assayed. At day 21 after tumor inocula-

tion, mice injected with B16-LacZ cells
and MSCs at 1:1 and 1:5 ratios exhibited
2.3-fold (P < 0.01) and 4.3-fold (P <
0.01) greater tumor volumes, respec-
tively, than mice injected with B16-LacZ
cells alone (Figure 4A, B). However,
tumor ratio of 1:0.2 did not increase
tumor size compared with B16-LacZ
cells alone (see Figure 4B). At day 13
after tumor inoculation, mice injected
with LLCs and MSCs at 1:1 and 1:5 ra-
tios exhibited 2.1-fold (P < 0.05) and
2.6-fold (P < 0.01) greater tumor vol-
umes, respectively, compared with mice
injected with LLCs alone (Figure 4A,
C). Injection of MSCs alone did not re-
sult in tumor formation. Mixtures of
B16-LacZ cells and another MSC cell
line, TSt-4, derived from fetal thymus
tissue, were also injected into C57BL/6
mice to assess the tumor growth effect
of MSCs from a different origin. How-
ever, we observed no stimulatory or in-
hibitory effect on B16-LacZ tumor
growth by TSt-4 MSCs at 1:1 and 1:5 ra-
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Figure 5. Analysis of B16-LacZ tumors in xenograft fumor models in the presence and ab-

sence of co-injected MSCs. (A) Photographs of tumors generated by injection of B16-LacZ

alone or by co-injection of B16-LacZ cells with MSCs. On day 21, fumors were stained with

hematoxylin and eosin, a Ki-67 antibody and a CD31 antibody. (B-D) Quantitative analyses

of tumor angiogenesis. When tumors reached approximately 1 cm?, they were removed,

fixed and stained with a CD31 antibody (B). Microvessel density in tumor cryosections was

analyzed by visualization of CD31 staining af 200x magnification. Microvessel density was
quantified using the ImageJ software (n = 10; *P < 0.05; **P < 0.01). (C) B16-LacZ. (D) LLC.
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tios (data not shown). To exclude the
possibility that increased tumor growth
was due to immunosuppression caused
by MSCs, Bl6-LacZ cells and/or MSCs
were subcutaneously injected into
BALB/c nude mice. Similar to the re-
sults described above for syngeneic
mice, co-injection of B16-LacZ cells and
MSCs caused a significant increase in
tumor volume compared with injection
of Bl6-LacZ cells alone in nude mice

(P < 0.05; data not shown).

MSCs Promote Tumor Growth In Vivo
by Increasing Angiogenesis

To investigate mechanisms of tumor
promotion by MSCs, we analyzed B16-
LacZ + MSC tumors on day 21 (Fig-
ure 5). Hematoxylin and eosin staining
revealed a massive necrotic area in B16-
LacZ alone tumors, but not in Bl6-LacZ +
MSC tumors (Figure 5A). In vivo analy-
sis of cell proliferation using Ki-67 label-
ing was compared between B16-LacZ
alone and B16-LacZ + MSC tumors (see
Figure 5A). Percentages of Ki-67—positive
cells in B16-LacZ alone tumors, B16-
LacZ + MSC tumors at a 1:1 ratio and
Bl6-LacZ + MSC tumors at a 1:5 ratio
were 44.3 +£5.1,49.1 £ 34 and 424 + 7.8,
respectively, and were not significantly
different. Thus, we hypothesized that
MSCs may promote tumor growth by
increasing angiogenesis. To assess
whether MSCs promote angiogenesis,
cryosections from tumors were stained
with an antibody directed against
CD31 to visualize blood vessels (see
Figure 5A). Blood vessels were richer in
Bl6-LacZ + MSC tumors (at ratios of 1:1
and 1:5) than in B16-LacZ alone tumors
on day 21.

For optimal quantitative analysis of
angiogenesis, we stained smaller tumors
(around 1 cm®) with CD31 antibody in-
stead of large tumors on day 21. Blood
vessel density was then analyzed by
quantification of CD31" areas. Results
from this analysis revealed that vessel
area was increased in mice co-injected
with B16-LacZ cells and MSCs (at ratios
of 1:1 and 1:5) compared with mice in-
jected with B16-LacZ cells alone (P <
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Figure 6. Presence and differentiation of MSCs in the tumors. (A) GFP-MSCs present and
randomly distriouted in the tumors on day 21 generated by co-injection of B16-LacZ cells
and GFP-expressing MSCs. (B) GFP-MSCs closely localized to fumor vessels coexpressed
the endothelial marker CD31, but did not coexpress the pericyte marker a-SMA.

0.01; Figure 5B, C). Similar results were
observed when LLCs were used in place
of B16-LacZ cells (P < 0.01). However, no
significant difference was observed in
mice co-injected with different ratios of
cancer cells to MSCs (1:1 and 1:5, respec-
tively; Figure 5B, D).

Differentiation of MSCs in the Tumors
To assess the role of MSCs in tumor
promotion, MSCs from GFP mice (GFP-

MSCs) were co-injected with Bl6-LacZ
cells at a ratio of 1:1 into mice. Although
GFP-MSCs presented in tumor tissues

on day 21 (Figure 6A), the number of
MSCs was quite low and MSCs were
randomly distributed in tumor tissues.
Some MSCs were closely presented at
vessel structures. To assess differentia-
tion and its association with tumor ves-
sels, tumor tissues were stained with a
CD31 antibody, as an endothelial
marker (Figure 6B), or an a-SMA anti-
body, as a pericyte marker. Confocal mi-
croscopy revealed that some MSCs that
were closely presented in the tumor
vasculature expressed CD31 but not
a-SMA.
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Figure 7. Expression of proangiogenic fac-
tors by MSCs. Secreted levels of LIE M-CSF,
MIP-2, VEGF (upper panel), IL-15, IL-18,
bFGF and PDGF (lower panel) were ana-
lyzed in media from B16-LacZ cells (1.0 x
10° cells/mL), MSCs (1.0 x 10° cells/mL) or
cocultures of B16-LacZ cells and MSCs
(1.0 x 10° cells/mL each). Concentrations
were analyzed using a Luminex 200 (n = 3;
**P<0.01).

MSCs Secrete Several Angiogenic
Cytokines

On the basis of the observation that
MSCs promoted angiogenesis in vivo,
we next assessed the levels of several
secreted proangiogenic factors in media
from MSCs and B16-LacZ cells. Levels
of VEGF, MIP-2, M-CSF, LIF, IL-15,
IL-18, bFGF, MIG and PDGF secreted
by Bl6-LacZ cells (1.0 x 10° cells) alone,
MSCs (1.0 x 10° cells) alone and cocul-
tures of B16-LacZ cells and MSCs (1.0 x
10° cells each) were analyzed. Results
from this analysis showed that MSCs
secreted higher levels of LIF, M-CSF,
MIP-2 and VEGF than tumor cells (Fig-
ure 7, upper panel). Both B16-LacZ cells
and MSCs secreted little IL-15, IL-18,
bFGF, MIG or PDGF (Figure 7, lower
panel).

DISCUSSION

In this study, we demonstrated that
MSCs promote tumor cell proliferation in
vitro and tumor growth in vivo. In both
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TUMOR PROMOTION BY MSCs

the presence and absence of direct con-
tact, MSCs stimulated proliferation of
B16-LacZ cells in vitro. Furthermore,
combined administration of MSCs and
tumor cells (B16-LacZ cells or LLCs) pro-
moted tumor growth by enhancing an-
giogenesis in syngeneic tumor models.
This enhanced neovascularization can
likely be attributed to direct support of
neovascularization by MSCs and to se-
cretion of angiogenic factors, including
VEGEF and others, by MSCs.

Our results suggest that both direct
cell—cell contact and soluble factors likely
play important roles in MSC-mediated
stimulation of tumor cell proliferation in
vitro, although we were not able to deter-
mine the molecules responsible for this
phenotype. To date, few in vitro studies
have assessed the effects of MSCs on
tumor cell proliferation, because of the
difficulty in distinguishing tumor cell
proliferation from that of MSCs under
coculture conditions. Sasser ef al. (30)
demonstrated that MSCs enhance prolif-
eration of human breast cancer cells
through the use of tumor cells that ex-
pressed stable red fluorescence. Similar
to our p-galactosidase-based system,
measurement of fluorescence intensity
could distinguish between proliferation
of fluorescent tumor cells and human
MSCs in cocultures (30). Results from
this study indicated that stimulation of
tumor cell proliferation by human MSCs
was solely due to secreted soluble fac-
tors, in contrast to our results suggesting
that both direct contact and soluble fac-
tors play a role in stimulating prolifera-
tion. Another study demonstrated that
treatment of pancreatic tumor cells with
conditioned media from cancer-associ-
ated stromal fibroblasts enhanced cell
proliferation in vitro; however, effects in
cocultures containing both fibroblasts
and tumor cells were not examined (4).
Secreted IL-6 from fibroblasts was re-
ported to enhance the rate of cancer cell
proliferation in a previous study (5).
Thus, IL-6 may represent one of the solu-
ble factors partially responsible for stim-
ulation of cell proliferation in B16-LacZ
cells. Although these studies demon-

strated MSC-mediated stimulation of
tumor cell proliferation in vitro, none of
them analyzed changes in the cell cycle.
We did not observe any change of cell
cycle distribution. This negative observa-
tion may have been because of using
non-synchronized cells. Nevertheless,
further investigation is needed to iden-
tify the precise molecules that mediate
this effect.

Subcutaneous co-injection of tumor
cells and MSCs resulted in more rapid
tumor growth in mice compared with in-
jection with tumor cells alone in assays
using either B16-LacZ or LLC cells. In-
creased tumor growth was independent
of the mouse strain background; indeed,
similar effects were observed in both
syngeneic mice and nude mice. The MSC
cell line TSt-4 derived from fetal thymus
tissue did not affect B16-LacZ tumors in
vivo. The reported effects of MSCs on
progression of primary tumors have
been both pro- and antitumorigenic, but
variability in these results, including
ours, could be attributable to differences
in the sources of the MSCs and the type
of tumor model used for analysis. For ex-
ample, intravenous injection of human
MSCs into Kaposi’s sarcoma-bearing
nude mice inhibited tumor growth (26).
MSCs also decreased proliferation of Ka-
posi’s sarcoma cells in vitro under condi-
tions of direct contact through inhibition
of Akt signaling. Human MSCs were
found to inhibit proliferation of a
leukemia cell line and a small cell-lung
cancer cell line in vitro, whereas tumor
cells grew significantly faster when co-
injected with MSCs into nonobese dia-
betic severe combined immunodeficient
mice compared with injection of tumor
cells alone (31). However, MSC-mediated
inhibitory effects have only been ob-
served in a few models, and most studies
reported protumorigenic effects, consis-
tent with our findings. Note also that im-
munosuppressive effects caused by
MSCs were shown to promote B16 tumor
growth in an allogeneic mouse model
(32). However, this was not the case in
our study, because we observed no dif-
ference in the effect of MSCs on tumor
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growth between nude and syngeneic
mice.

We observed neither a change in the
Ki-67 labeling index in the B16-LacZ +
MSC tumors nor a high number of MSCs
in the tumor tissues. These observations
suggest that tumor promotion by MSCs
was not due to stimulated tumor cell
growth or an increased number of MSCs.
We demonstrated that MSCs strongly
stimulate tumor angiogenesis, likely
through secretion of several angiogenic
factors. The effects of MSCs on the tumor
vasculature remain unclear and are likely
to be complex (33,34). We hypothesize
that MSCs exert paracrine effects on en-
dothelial cells via secreted growth factors
and cytokines, directly contributing to
blood vessel formation in the tumor mi-
croenvironment. MSCs secrete many
proangiogenic factors, including VEGF,
IL-6, transforming growth factor-p and
1L-8 (24,34-36), and secretion of these
proangiogenic factors was shown to be
significantly enhanced by treatment with
conditioned media from tumor cells (24).
However, we did not observe enhanced
secretion of these factors from MSCs as a
result of coculture with tumor cells, al-
though MSCs did secrete higher amounts
of proangiogenic factors than tumor
cells. VEGF expression in MSCs can be
enhanced by hypoxia, a common phe-
nomenon in tumor tissues (37). Together,
these data and our findings suggest that
MSCs play a key role in tumor
neovascularization.

Another contribution of MSCs to the
tumor vasculature occurs through the
support of vascular formation in tumor
tissues. In the present study, we at-
tempted to investigate the differentiation
state of MSCs after co-injection with
tumor cells using GFP-MSCs. Some
MSC:s closely presented to the tumor
vasculature and expressed the endothe-
lial cell marker CD31, but not the peri-
cyte marker a-SMA. Grafted MSCs were
shown to integrate into tumor vessel
walls and express pericyte markers, but
not endothelial markers, suggesting that
MSCs in tumor tissues differentiate into
pericytes and contribute to the tumor



vasculature (25). Although this report
was different from ours, these studies
suggest that MSCs directly support the
tumor vasculature by differentiating into
endothelial cells, pericytes or other types
of cells. Additionally, grafted MSCs were
reported to differentiate into tumor-
associated fibroblasts and to contribute
to tumor progression (38).

In conclusion, results from this study
demonstrate that MSCs stimulate tumor
cell proliferation in vitro and tumor
growth in vivo. Enhanced tumor growth
in syngeneic mouse models by MSCs
may be, in part, due to promotion of
tumor neovascularization by directly
supporting the tumor vasculature and
secreting proangiogenic factors. These re-
sults suggest that MSCs play an impor-
tant role in tumor progression.
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