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Mesenchymal stem cells promote tumor engraftment and
metastatic colonization in rat osteosarcoma model
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Abstract. Although mesenchymal stem cells (MSCs) are
considered to be the cells of origin for most sarcomas, the role
of MSC:s as a source of tumor stroma is not fully understood in
this tumor type. The current study investigated whether MSCs
affect the tumor growth and metastatic ability in rat osteosar-
coma model. Results from subcutaneous co-implantation of
rat osteosarcoma COS1NR cells, established in our laboratory,
with rat MSCs isolated from femur bone marrow showed that
the incidence of tumor formation and tumor growth rate was
higher until 5 weeks compared to COSINR cell inoculation
alone. However, no difference was observed in tumor growth
afterwards and in the number of metastatic nodules at 9 weeks
(0.75 vs. 1.2). Intravenous MSC injection at weeks 3 and 5
after subcutaneous inoculation of COSINR cells significantly
increased the number of lung nodules in the group with MSC
injection compared to the group without MSC injection (17.33
vs. 2.0), while no difference was observed in subcutaneous
tumor growth between those groups. Pathway analysis
from gene expression profile identified that genes involved
in focal adhesion, cytokine-cytokine receptor and extracel-
lular matrix-receptor pathways such as CAMs (ICAM and
VCAM)-integrins were highly expressed in MSCs, possibly
participating in the tumor progression of osteosarcoma.
These results suggest that MSCs could provide a source
of microenvironments for osteosarcoma cells, and might
enhance the ability of settlement and colonization which lead
to early onset of growth and metastasis, possibly through
their activated pathways interaction.
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Introduction

Historic landmark of tumor microenvironment research was
proposed as the ‘seed and soil” hypothesis by Stephen Paget
120 years ago (1), and the importance of the microenvironment
and stroma in the evolution and progression of solid tumors has
drawn renewed interest in recent years. A complex structure of
mixed cell types and tissues with endothelial cells, immune cells,
stromal cells and extracellular matrix is essential for the growth
and progression of solid tumors (2). Although all of these compo-
nents in the tumor are integral in carcinogenesis and metastasis,
the stroma is considered to be a ‘co-conspirator’ in the evolution
and progression of the disease (3). Among the stromal elements,
the progenitor cells of the stroma, the mesenchymal stem cells
(MSCs), have been receiving focused attention lately.

Mesenchymal stem cells (MSCs) are mainly derived from
bone marrow, non-hematopoietic precursor cells possessing
differentiation potential to skeletal mesodermal lineages such
as osteoblasts, chondrocytes and adipocytes as well as some
extra-mesodermal cell types including neural, pancreatic and
hepatocytic phenotypes with strong proliferative capacity
(4-6), and are of increasing interest as the future therapeutic
tool in regenerative medicine (7,8). MSCs also display
immune suppressive properties which could be the potentially
exploited for therapeutic treatment of auto-immune diseases
and the reduction of graft-versus host disease (9,10).

Besides these beneficial effects of MSCs, they show a poten-
tial unwanted effect on tumor growth and progression. MSCs
have been shown to have homing capacity to sites of inflamma-
tion and injury as well as homing to bone marrow (11,12), and
they can migrate across the endothelium in a similar manner
to leukocyte trafficking (13). Several studies have shown that
MSCs can be found preferentially migrating to tumors and even
to sites of metastasis (14,15). The interaction between MSCs and
tumor cells are not limited to homing, but also promote tumor
progression. Several reports suggested MSCs could contribute
to the growth and progression of some malignant tumors such
as melanoma, adenocarcinoma, and breast cancer (16-18)
through the modulation of immune system (9,16) and tumor
microenvironment with angiogenic induction (19,20) as well as
direct interaction with tumor cells. In this context, MSCs may
target microscopic tumors, and lead them to proliferation and
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differentiation with the tumor stroma formation (21). Various
adhesion molecules and chemokines including integrins and
CXCL12-CXCR4 axis are involved in MSCs migration and
tumor progression; however, the detailed mechanism by which
MSC:s interact with tumor cells remains unknown.

Sarcomas are relatively rare, and many types tend to occur
in childhood and adolescents with poor prognosis. Most of
sarcomas, probably not all, are considered to be originated from
mesenchymal stem/progenitor cells (22), and there have been
several reports indicating MSCs could transform some type of
sarcoma cells (23-25). However, there have been few reports
regarding the MSCs as tumor stroma in sarcoma tissues (26).

In the current study, we investigated the interaction between
MSCs and sarcoma cells whether MSCs might affect tumor
growth and metastatic ability using rat osteosarcoma model by
co-implantation and intravenous injection of MSCs. The results
indicated that MSCs may promote the settlement, i.e. increased
incidence of tumor formation and early growth of rat osteo-
sarcoma cells in the process of tumor development including
metastasis.

Materials and methods

Cell lines.Rat osteosarcoma cell line COSINR was established
from chemically-induced osteosarcoma in Fischer 344 rats by
4-hydroxy quinolone 1-oxide in our laboratory (27,28). Rat
mesenchymal stem cells (MSCs) were isolated from rat femur
bone marrow through the monolayer culture on a plastic dish
(29). COSINR cells are maintained in Dulbecco's minimum
essential medium with 10% fetal bovine serum, and MSCs are
maintained in Dulbecco's minimum essential medium with
15% fetal bovine serum in an atmosphere of 5% CO, at 37°C.

In vivo tumor formation in syngeneic rats.
Experiment I Cells (5x10°) of COSINR alone (Group 1), MSCs
alone (Group 2) and both cells combined (Group 3) in 100 x1 of
phosphate buffer saline (PBS) were inoculated into subcutaneous
tissue in the back of Fischer 344 rats. Each group consisted of 5
rats and evaluated for incidence of tumor formation; the growth
rate of tumor formed every week and formation of lung meta-
static nodules at 9 weeks. The size of tumors were calculated
by the formula of volume = 0.2618xLxWx (L+W) (30). The
number of lung metastatic nodules was counted macroscopically.
Samples from subcutaneous tumors and lung metastatic lesions
in each group were fixed in 3.7% formaldehyde neutral buffer
solution, and then processed routinely for histology, stained with
hematoxylin-eosin and examined under light microscopy.
Experiment II: Cells (5x10%) of COSINR were inoculated
subcutaneously as described in Experiment I. Subsequently, the
same number of MSCs in 100 ul of PBS were directly injected
into the circulation through the tail vein twice at weeks 3 and 5
(Group 1). The growth rates of subcutaneous tumors and the
lung metastatic nodule formation were evaluated as described
above, and compared to the control group without MSCs
injection (Group 2). Histological evaluation was also performed
as described above. All animals were housed in our facilities and
cared in accordance with the institutional laboratory animal care
guidelines.
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Cell migration assay. The migration potential was evaluated
using Cytoselect™ 96-Well Cell Invasion Assay (Cell Biolabs,
Inc.,San Diego, USA), which contains polycarbonate membrane
inserts (8 ym pore size) coated with a uniform layer of extra-
cellular matrix solution. Invasive cells are able to degrade the
matrix protein, and pass through the pores of the polycarbonate
membrane. The experiment was performed according to the
manufacturer's instructions. Briefly, 1x10° COSINR cells/well
in 100 u1 DMEM-10% FBS were seeded in the upper compart-
ment, and the lower compartment of the chamber was loaded
with the same number of MSCs with DMEM-10% FBS or
conditioned medium from cultured MSCs and DMEM-10%
FBS alone as a control. The chamber was cultured in 5% CO,
incubator for 24 h. The invaded cells were dissociated from the
membrane and subsequently detected with CyQuant GR Dye.

Gene expression profiling of COSINR and MSCs. To investi-
gate the difference of gene expression between osteosarcoma
cells and MSCs, the gene expression profiling were performed
by Agilent array analysis (Agilent Technologies, Boblingen,
Germany). Total RNA was isolated from both COSINR cells
and MSCs, and underwent quality assessment by Agilent 2100
Bioanalyzer. Total RNA (500 ng) was processed to Agilent
expression array analysis using Quick Amp Labeling Kit and
Gene Expression Hybridization Kit. Data analysis was carried
out using Agilent Feature Extraction software, analyzing path-
ways that possibly interact in osteosarcoma cells and MSCs.

Statistical analysis. Statistical analysis was performed with
Student's t-test using STATAS for tumor volume, lung meta-
static nodules and cell migration ability.

Results

Earlier onset of syngeneic tumor development after
co-implantation of osteosarcoma cells and MSCs. We inves-
tigated the effect of rat mesenchymal stem cells (MSCs) on
the behavior of tumor cells after implantation in syngeneic
Fischer 344 rats, comparing the growth of COSINR rat
osteosarcoma cells between co-implantation with and without
MSCs. COSINR cells co-implanted with MSCs developed
tumors in 100% of the animals by week 4, compared to week
6 when implanted alone, indicating earlier onset of tumor
growth occurred in the presence of MSCs (Table I). In parallel
to incidence, tumor growth was assessed by the measure of
the tumor volume and the lung metastatic nodule formation
was evaluated at week 9. There were no significant statistical
variation in tumor volume observed between the groups with
and without co-implantation of MSCs after 6 weeks (Fig. 1a,
52643.2+15369 vs. 38885.7+29530.9 mm* at 9 week, p=0.38).
There were no statistically significant differences observed
in the number of lung metastatic nodules between the groups
with and without co-implantation of MSCs (1.2+1.31 vs.
0.75+£0.96, p=0.61), neither were differences observed in
histological appearance between these groups (Fig. 1b and c).
Thus, co-implanted MSCs may topically promote the settle-
ment and earlier onset of tumor growth but may not affect the
kinetics of tumor growth and progression.
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Table 1. Onset incidence of tumor formation (%) after subcu-
taneous inoculation.

Weeks 0 1 2 3 4 5 6

Group1 (n=5) O 0 0 0 60 80 100
Group2 (n=5) O 0 0 0 0 0 0
Group3(m=5) 0 40 60 80 100 100 100

Group 1, COSINR (5x10° cells) alone; Group 2, MSC alone (5x10°
cells); Group 3, COSINR+MSC (5x10° cells each) in PBS inoculated
into subcutaneous tissue of F344 rats.
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Figure 1. (a) Growth curves of subcutaneous tumors in each group. Group 1,
COSINR (5x10° cells) alone; Group 2, MSC (5x10° cells) alone; Group 3,
COSINR+MSC (5x10° cells each). (b) Histological appearance of subcutaneous
tumors in Group 1 (H&E, x200). (c) Histological appearance of subcutaneous
tumors in Group 3 (H&E, x200).

Effect of intravenous injection of MSCs on metastatic poten-
tial in rat osteosarcoma model. Upon the effect of MSCs in
earlier onset of tumor development, we examined whether
circulated MSCs might have an impact on the development of
metastasis in rat osteosarcoma model. After tumor implanta-
tion subcutaneously, MSCs were administered intravenously
via the rat tail vein twice at weeks 3 and 5, then the growth
of tumor and the formation of lung metastatic nodules were
evaluated as described above at week 8. There were no statisti-
cally significant variation in tumor volume observed between
the groups with and without intravenous injection of MSCs
(Fig. 2a, 86149.9£50954.5 vs. 85462.5+46754.9 mm?, p=0.98),
neither were differences observed in histological appearance
between these groups (Fig. 2b and c). However, the number
of lung metastatic nodules was significantly increased in the
group with MSCs injection compared to the group without
MSCs (17.33+8.39 vs. 2.0+£2.0, p=0.03, Fig. 2d and e),
suggesting that the MSCs may promote tumor cell settlement
and onset of metastatic nodule formation.
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Figure 2. (a) Growth curves of subcutaneous tumors in each group. Group 1,
COSINR (5x10° cells) with intravenous injection of MSCs (5x10° cells) at
weeks 3 and 5 (n=5); Group 2, COSINR alone (5x10° cells) without MSCs
injection (n=5); (b) Histological appearance of subcutaneous tumors in Group 1
(H&E, x200) (c) Histological appearance of subcutaneous tumors in Group 2
(H&E, x200). (d) Histological appearance of lung specimen from Group 1
(H&E, x40). (e) Histological appearance of lung specimen from Group 2 (H&E,
x40). Black arrows indicate lung metastatic foci, significantly increased in
Group 1.

Effect of MSCs on migration of osteosarcoma cells in vitro. The
results from cell migration assay using transwell chamber showed
that the migration of COSINR osteosarcoma cells was promoted
by both conditioned medium from MSCs and co-culturing with
MSCs (Fig. 3). The differences between COSINR/DMEM-
10%FBS and COSINR/MSC medium or COSINR/MSC
co-culture were statistically significant (p=0.003 and p=0.002,
respectively). MSCs might secrete some factors which contribute
to the invasiveness of osteosarcoma cells at least in part of the
process of tumor growth and metastasis observed in the rat
in vivo model.

Pathway expression profiles in rat MSCs and osteosarcoma
cells. Under the consideration from the results of exogenous
MSCs enhancing the early onset of tumor growth and the rate
of lung metastasis in vivo, we performed pathway analysis by
gene expression profile to investigate the differences of gene
expression lacking in osteosarcoma cells and highly expressed
in MSCs, being possibly involved in tumor engraftment, migra-
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Figure 3. Evaluation of in vitro cell migration potential of rat osteosarcoma cells
by Cytoselect 96-Well Cell Invasion Assay. Migration potential was elevated
under presence of conditioned medium from cultured MSCs or co-culture of
MSCs.
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Figure 4. Gene expression profiling by Agilent array analysis comparing MSCs
and osteosarcoma COSINR cells. Red arrow indicates the cluster of genes,
including focal adhesion, cytokine-cytokine receptor and extracellular matrix-
receptor pathways, which were significantly up-regulated (thick red band) in
MSCs compared to COSINR.

tion and invasion. Results identified that genes involved in focal
adhesion, cytokine-cytokine receptor and extracellular matrix-
receptor pathways were highly significantly expressed in MSCs
compared to osteosarcoma cells (Fig. 4). Among these, CAMs
(ICAM and VCAM) were significantly overexpressed in MSCs
compared to osteosarcoma cells, while integrins, especially
B4 as well as al were strongly expressed in osteosarcoma
cells. CXCL12 and CXCR4 axis was elevated in MSCs, but
CXCR?7, another receptor for CXCLI12, was highly expressed
in osteosarcoma cells compared to MSCs. In addition, matrix
metalloproteinases (MMPs)-2 and 9 were elevated in MSCs
compared to osteosarcoma cells (Table II and Fig. 5). These
results might provide the clue how MSCs mediate the interac-
tion with osteosarcoma cells to accelerate their invasiveness
as well as adhesion and migration that possibly resulted in
increased metastatic incidence and tumor progression. Further
study will reveal the detailed mechanisms and role of MSCs
involvement in the tumor microenvironment of sarcomas.
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Table II. Agilent array gScale signal intensity.

Gene MSC COSINR
ICAM/CD54 50432.9 1091.1
VCAM/CD106 77204 .4 264.81
Integrin a-1 15110.2 14163.1
Integrin p-1 10724 .8 67372
Integrin p-4 2391.1 55232
CXCL12 104134 .4 156954
CXCR4 10006.1 174
CXCR?7 14879 4673.8
MMP-2 83605.6 546.0
MMP-9 5889.2 32137
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Figure 5. Fold changes of gScale signals for representative genes involved
in adhesion, cytokine-cytokine receptors and extracellular matrix pathways.
Integrin 4 (2.3-fold) and CXCR7 (3-fold) are highly expressed in osteo-
sarcoma cells compared to MSCs, while others are strongly expressed in
MSCs, especially CAMs, CXCL12 and MMPs.

Discussion

Substantial evidence has accumulated regarding the roles of
MSCs and MSC-derived tumor stromal cells such as cancer
associated fibroblasts (CAF), implicated in important aspects of
tumor biology such as tumor growth, angiogenesis, and metas-
tasis (31,32). The aim of the current study was to investigate the
role of MSCs in the growth and development of osteosarcoma
in a rat model.

The results demonstrated that the increased incidence of
tumor engraftment and enhanced earlier onset of growth were
observed in rats co-inoculated with MSCs-tumor cell mixture
compared to tumor cells alone, and intravenous injection of
MSCs significantly enhanced the incidence of pulmonary
metastasis. The incidence of tumor formation from inoculation
of MSCs and tumor cell mixture (5x10° each) was almost equal
to our previous result from inoculation of 1x107 of osteosarcoma
cells (data not shown), suggesting a very early effect of MSCs
on tumor engraftment in microenvironment of both subcutis
and lung tissues in our rat model. There are several possible
explanations for these results. Firstly, it is known that MSCs
are able to produce various growth factors that stimulate angio-
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genesis, and in response to these factors, endothelial precursors
may be recruited into tumor neovascularization process (33,34).
Therefore, it might be possible that factors secreted by MSCs
merged with osteosarcoma cells might induce angiogenesis,
which led to enhanced blood supply and growth of the tumor.
Secondly, factors secreted by exogenous MSCs may directly
stimulate the growth of tumor cells (35).

The possible reason for higher rate of pulmonary metastasis
could be that factors secreted by MSCs induced osteosarcoma
cells to ride on the route to pulmonary metastasis. The exo-
genous MSCs administered through caudal vein have been
demonstrated in bone marrow, spleen, liver and lungs at 20-24 h
after infusion, and this migration of MSCs occur spontaneously
departing from bone marrow in vivo (36). Infused exogenous
MSCs also preferentially homed to tumor sites and were involved
in the formation of tumor stroma (14). In addition, the number
of circulating MSCs was increased under some pathological
conditions such as muscle injuries and burns. This increased
number of circulating MSCs was also observed in patients with
breast cancer and bone sarcomas (37,38). Therefore, it would
be possible that migrating MSCs in the lung could merge with
metastatic tumor stroma and promote pulmonary metastasis
development (18). Further study regarding the kinetics of MSCs
in vivo such as fluorescence labeling will be required to eluci-
date the role of MSCs in the metastatic process.

Immunosuppressive properties of MSCs could be another
factor in part to promote the tumor developments. MSCs
have been shown to suppress the lymphocyte proliferative
response in a broad way regarding the types of stimulation and
of lymphocyte population (16,39). A number of mechanisms
have been reported for these effects, such as secretion of anti-
inflammatory factors (40), modulation of the function of major
immune cell population (41), cell cycle arrest in the GO/G1
phase on B lymphocyte (42), modulation of development and
function of cytotoxic T cells and dendritic cells (43,44), inhibi-
tion of interferon-y production by activated natural killer cells
(45). These mechanisms could be the clue to explain how tumor
cells evade the immune system. One hypothesis is that tumor
cells can harness MSCs that manipulate the immune system
through several ways described above, and eventually evade the
immune attack (3).

CAMs (ICAM and VCAM) and integrins have been shown to
be critical in tumor cell interaction with the microenvironment.
ICAM-1 has also been recognized as one of the mesenchymal
stem cell-associated markers and plays a role in cell-cell
interaction with biding to integrins (46). Integrins constitute
an important family of cell adhesion receptors responsible for
mediating interaction between cells and the extracellular matrix
47). To date, 25 integrin heterodimers have been identified to
regulate the key biological processes such as adhesion, signaling,
migration, proliferation, angiogenesis and metastasis (47).
Among these, a6p4, originally identified as a tumor-associated
antigen, has been shown to be particularly relevant in invasive
and metastatic carcinomas (48), and 4 integrin is implicated in
cancer progression, correlating with poor prognosis in osteosar-
coma (49). Since tumor cells are less likely to exist as a single cell
suspension in vivo, it has been shown that multicellular clusters
of tumor and stroma cells rather than single cells penetrated
the microvasculature (50). The current study suggests that
MSCs might participate in forming these clusters through
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their adhesion molecules interacting with the receptors on tumor
cells, and possibly assist the migration and invasion.

Chemokine and chemokine receptor interaction plays an
important role in tumor progression and development (51,51).
Many human cancers have a complex chemokine network
that influences the leukocyte infiltration, tumor cell growth,
survival, migration and angiogenesis. Thus, we focused on
chemokine pathways for the analysis of gene expression
profiles on Agilent array, in particular, the chemokine CXCL12
(SDF-1) and its receptor CXCR4 and CXCR7, which promote
growth of primary tumors and progression to metastasis in
several cancer types. The results showed that CXCL12/CXCR4
axis was highly expressed in MSCs compared to osteosarcoma
cells. However, another CXCL12 receptor, CXCR7 was highly
expressed in osteosarcoma cells rather than in MSCs. Several
reports indicated that CXCL12/CXCR7 axis promoted tumor
growth in vivo and enhanced experimental metastasis in breast
and lung cancer cells independently upon CXCL12/CXCR4
axis (53,54). Thus, the current results suggest that CXCL12/
CXCR?7 axis might be involved in osteosarcoma cell-MSCs
interaction rather than CXCL12/CXCR4 axis for tumor devel-
opment.

Additionally, increased tumor metastasis by injection of
MSCs was possibly achieved in part by elevating the basement
membrane degrading enzymes, MMP-2 and 9 in MSCs.

These results suggest that MSCs might compensate the
ability of osteosarcoma cells with their dominantly activated
pathways to support tumor development. Further investigation
on the details of chemokine interaction and involvement of
other molecules between osteosarcoma cells and MSCs will
be required in the future.

Recently, cancer stem cell hypothesis has emerged and
several reports described the presence of stem-like cells in
sarcomas as well, contributing to tumor progression such
as metastasis and drug resistance (55). Stem cells in normal
condition require the ‘niche’, a specialized physiological micro-
environment in which stem cells reside, playing a crucial role in
the maintenance of stem cell characteristics such as pluripotency
and self-renewal. The stem cell niche is composed of a group of
cells providing a physical anchoring site for stem cells with the
interaction of adhesion molecules between stem cells and niche
cells or extracellular matrices. Some functional environments,
namely ‘cancer stem cell niche’, a counterpart of normal stem
cell niche, may exist and support cancer stem cells like normal
stem cells (56). Although even the niche for MSCs is still
unclear and if MSCs are the cell-of-origin for sarcoma cells, the
niche for sarcoma stem cells, i.e. malignant transformed MSCs,
is far more unclear. MSCs could be candidates for a resource of
cancer/sarcoma stem cell niche, possibly playing an important
role in orchestrating the tumor microenvironment through
angiogenesis, modulation of both immune system and tumor
stromal architecture. Understanding the interaction between
MSCs and their niche will lead to understanding their counter-
part, the interaction between sarcoma stem cells and their niche,
and eventually to future treatment strategy targeting them or
their interaction.

In conclusion, the results from the current study indicate
that the administration of exogenous MSCs may promote tumor
engraftment and early onset of growth in vivo as well as metas-
tasis, possibly through the modulation of intercellular signaling
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pathways between tumor-tumor cells and tumor-stromal cells in
the tumor microenvironment. Further study will elucidate the
role of MSCs as a possible component of tumor microenviron-
ment or ‘cancer stem cell niche’ in sarcomas.
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