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Human mesenchymal stem cells (hMSCs) target osteosarcoma
and promote its growth and pulmonary metastasis
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a b s t r a c t

In an effort to study the interaction between MSCs and osteosarcoma, we established an
animal model of primary osteosarcoma in nude mice using Saos-2 cells. hMSCs, labeled
with adv-GFP, were injected through the caudal vein. We observed that exogenous hMSCs
targeted the osteosarcoma site and promoted its growth and pulmonary metastasis in vivo.
To elucidate the underlying mechanisms, we employed transwell, neutralization antibody
and MTT assays in vitro. hMSCs migrated toward the conditioned medium from Saos-2
cells, and SDF-1 was involved in this migration. Likewise, Saos-2 cells migrated toward
the conditioned medium from hMSCs and CCL5 played an important role in this migration.
Furthermore, proliferation of Saos-2 cells was enhanced by the conditioned medium from
hMSCs and CCL5 was at least partly responsible for this enhancement.

� 2009 Elsevier Ireland Ltd. All rights reserved.

1. Introduction

Osteosarcoma (OS), which is sometimes referred to as
osteogenic sarcoma, is the second most common primary
malignant bone tumor, exceeded in frequency only by
multiple myeloma. OS is characterized by high local
aggressiveness with a tendency to metastasize to the lung
and bone, and it accounts for approximately 15% of all pri-
mary bone tumours confirmed at biopsy [1]. Poor progno-
sis occurs in most patients due to lack of specific clinical
symptoms in early stages of the disease. More importantly,
more than half of patients treated by surgery alone develop
metastases within six months, and more than 80% develop
recurrent disease within two years of diagnosis without
adjuvant chemotherapy [2]. Approximately 95% of patients
who die of metastatic disease have metastasis in the lung
indicated by autopsy [3]. Although integrated multimodal
therapies have achieved great improvements in overall

survival, the mechanisms underlying the development,
progression, and metastasis of OS remain elusive. Thus,
currently these areas are of intense research interest.

The non-hematopoietic mesenchymal stem cells
(MSCs) in bone marrow were discovered by Friedenstein
[4], who described clonal, plastic adherent cells from bone
marrow capable of differentiating into osteoblasts, adipo-
cytes and chondrocytes. In addition, these cells are stro-
mal cells, which are structural components of bone
marrow that support ex vivo culture of hematopoesis by
providing extracellular matrix components, cytokines
and growth factors [5–8]. Therefore, MSCs have consider-
able therapeutic potential in several disease processes,
including cardiovascular disease [9], as well as in the
treatment of human malignancies [10–14]. Recently, the
relationship between MSCs and tumours has been high-
lighted by some interesting results. Hung et al. [15] dem-
onstrated that MSCs could target microscopic tumours,
subsequently proliferate and differentiate and then con-
tribute to formation of a significant portion of tumor stro-
ma in human colon cancer. Khakoo et al. [16] provided
evidence that hMSCs exerted potent antitumorigenic
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effects in a model of Kaposi’s sarcoma. The results from
an elegant study by Karnoub et al. [17] showed that mes-
enchymal stem cells within tumor stroma promoted
breast cancer metastasis. These observations indicate the
complexity of the relationship between MSCs and tu-
mours. And so far, there is little data on the relationship
between MSCs and OS.

Chemokines are small soluble molecules that are best
known for their potent abilities to induce cellular migra-
tion (for example, leukocytes in inflammation). Many
types of cancer cells express chemokines and chemokine
receptors [18]. In addition to inducing inflammatory cell
infiltration into the tumor, local chemokines may regu-
late tumor cell migration or metastasis [19,20]. The
CXC chemokine stromal cell-derived factor 1 (SDF-1 or
CXCL12) [21] is expressed on the surface of vascular
endothelial cells and is secreted by stromal cells from a
variety of tissues such as bone marrow, lung and liver
[22]. Its chemotactic effect is mediated by interaction
with the chemokine receptor 4 (CXCR4 or CD184). It
has been shown that endothelial cells expressing the
CXCR4 receptor are strongly chemoattracted by SDF-1
[23]. Likewise, recent studies have shown that local pro-
duction of the CC chemokine CCL5 (RANTES), a potent
chemotactic factor for inflammatory cells, is important
in the progression of breast cancer. A chemokine recep-
tor antagonist of the CCL5 receptors CCR5 and CCR1
was recently shown to inhibit experimental breast tumor
growth, further implicating CCL5 as an important mole-
cule in breast cancer [24].

In order to study the interaction between MSCs and OS,
we established an animal model of primary osteosarcoma
by injecting Saos-2 cells into the proximal tibia of nude
mice. After tumor formation, hMSCs labeled with green
fluorescent protein (GFP) were injected through the caudal
vein. Then, we monitored migration of exogenous hMSCs
to the OS site and tumor development and progression,
including growth and pulmonary metastasis in response
to exogenous hMSCs. Finally, we employed in vitro experi-
ments including transwell, MTT and neutralization anti-
body assays to investigate the possible mechanisms
responsible for the phenomena observed in vivo, focusing
on SDF-1 and CCL5.

2. Materials and methods

2.1. Cell cultures and adenovirus infection

The hMSCs were isolated and expanded using a modifi-
cation of methods as described previously [25,26]. The do-
nor was healthy without metabolic disease, inherited
illnesses, or other diseases that may affect the current
study. Cells were grown in complete Alpha Minimum
Essential Medium (a-MEM; GIBCO, Grand Island, NY,
USA) supplemented with 10% fetal bovine serum (FBS; Hy-
clone, Tauranga, New Zealand) and antibiotics (penicillin
100 U/ml, streptomycin 100 lg/ml; Hyclone, Logan, UT,
USA) in 37 �C humidified atmosphere with 5% CO2. Passage
3 hMSCs were incubated with adenovirus-GFP with 150
multiples of infection (MOI = 150) at 37 �C in 5% CO2 over-
night. Infected cells were continuously cultured in com-

plete a-MEM with 10% FBS after removal of infection
medium.

Human Saos-2 cells were purchased from Chinese Acad-
emy of Sciences (Shanghai) and grown in a-MEM (GIBCO,
Grand Island, NY, USA) supplemented with 10% FBS (Hy-
clone, Tauranga, New Zealand) and antibiotics (penicillin
100 U/ml, streptomycin 100 lg/ml; Hyclone, Logan, UT,
USA) in 37 �C humidified atmosphere with 5% CO2.

2.2. Tumor xenografts in nude mice

Study protocols involving mice were approved by the
Animal Ethics Committee of Shanghai Jiaotong University
School of Medicine. 33 Bacb/c male nude mice (four
weeks of age) were purchased from Chinese Academy
of Sciences (Shanghai), which were divided into three
groups: hMSCs group (n = 10), OS group (n = 11) and
OS + hMSCs (n = 12). Saos-2 cells, resuspended in ser-
um-free a-MEM to a final concentration of 2 � 108
cells/ml, were injected into the right proximal tibia of
nude mice at a dose of 1 � 107 per injection site [27].
Four weeks later, hMSCs of 2 � 107 cells/ml labeled with
adenovirus-GFP were injected through the caudal vein of
nude mice at a dose of 1 � 106 per mouse. After eight
weeks of hMSCs injection, mice were sacrificed by excess
pentobarbital. Lung, in situ tumor and blood for ALP
quantification assay [26] were harvested for further
analysis.

After injection of exogenous hMSCs through the caudal
vein, the volume of OS and weight of each mouse were mea-
sured at one-week intervals until sacrifice of animal. The
volume of tumor was calculated by using the following
equation as reported previously [27]: volume = 0.2618 �
L �W � (L + W). W was an average of the distance at the
proximal tibia at the level of the knee joint in the ante-
rior–posterior and medial–lateral planes. L was the distance
from the most distal extent of the distal tumor margin to the
proximal tumor margin.

2.3. Immunohistochemistry

Briefly, frozen sections were treated with 3% hydrogen
peroxide in methanol for 10 min to inactivate endogenous
peroxidases, then treated with primary antibody against
GFP (Invitrogen, A11122, USA), SDF-1 (Biovision 5388-
100, USA) or CCL5 (Peprotech Inc, Cat#: 500-P36, USA)
overnight at 4 �C. After rinsing with PBS, sections were
treated for 20 min with pre-diluted biotin-conjugated
broad-spectrum IgG secondary antibody (Zymed Laborato-
ries, South San Francisco, CA, USA), and then visualized
using streptavidin conjugated horseradish peroxidase pro-
vided with the Zymed Streptavidin–Biotin System Histo-
stain-SP Kit following instructions specified by the
manufacturer.

2.4. ELISA and neutralization antibody assay

To determine SDF-1 or CCL5 secretion in the condi-
tioned medium from Saos-2 cells or hMSCs, cells were pla-
ted in medium containing 10% FBS. The medium was
changed at day 3 and 5. After the cells reached confluence,
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the supernatants were collected according to the manufac-
turer’s instructions. The media were analyzed by SDF-1
ELISA kit (Raybio, ELH-SDF alpha-001, USA) and CCL5 ELISA
kit (Invitrogen, KHC1032, USA). To impede the activity of
SDF-1 or CCL5, SDF-1 neutralization antibody (Peprotech
Inc, 500-P87A, USA) or CCL5 neutralization antibody (Pep-
rotech Inc, 500-P36, USA) was added to the conditioned
medium from Saos-2 cells or hMSCs.

2.5. Transwell assay

The migration potential was evaluated using transwell
chambers (Corning, USA). The upper and lower cultures
were separated by 8-lm pore size polyvinylpyrroli-
done-free polycarbonate filters. Briefly, the lower com-
partment of the chamber was loaded with aliquots of
the conditioned medium with or without neutralization
antibody. 2 � 104 cells in 200 ll a-MEM/10% FBS were
put in the upper compartment. The chamber was cul-
tured in a humidified 37 �C with 5% CO2 incubator for
16 h. Then cells migrating from the upper compartment
were fixed with ethanol and stained with hematoxylin.
Each experiment was done in triplicate. Cells were

counted in five fields in each well by light microscopy.
And mean cell number of five fields in each well was
used as statistic.

2.6. MTT assay

The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazo-
lium bromide (MTT) assay was done according to the
manufacturer’s instructions (Sigma–Aldrich). Briefly,
1 � 103 Saos-2 cells were seeded in a 96-well plate in
150 ll conditioned medium from hMSCs with or without
neutralization antibody against CCL5. At each indicated
time point, MTT solution was added to each well and
plates were incubated for 3–4 h; subsequently, DMSO
(Sigma–Aldrich) was added to the wells for 5 min. The
plates were then read at 570 nm using an automated
plate reader (Perkin–Elmer).

2.7. Statistical analysis

The results were expressed as means ± S.D. Data were
analyzed using ANOVA and chi square tests. p-values less
than 0.05 were considered significant.

Fig. 1. In vivo migration of exogenous hMSCs to OS site. An animal model of primary OS was established in the proximal tibia of nude mice using Saos-2
cells. After tumor formation (�4 weeks), hMSCs labeled with adv-GFP were injected through caudal vein. 8 weeks later, the tumor was recovered and GFP
expression was cross-validated by both fluorescence microscope (A) and immunohistochemistry assay using antibody against GFP (B). The sections of
proximal tibia of nude mice only receiving hMSCs injection through caudal vein without OS tumor were used as control to compare OS + hMSCs sections.
Red arrows indicate GFP presence. (For interpretation of color mentioned in this figure legend the reader is referred to the web version of the article.)
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3. Results

3.1. In vivo migration of hMSCs to OS site

In order to study the relationship between MSCs and OS, we estab-
lished an animal model of primary osteosarcoma in proximal tibia of
nude mice using Saos-2, a cell line that is widely used in tumor re-
search. After tumor formation (�4 weeks), hMSCs labeled with GFP
were injected through the caudal vein. 8 weeks later, the tumor was
recovered and its frozen sections were inspected and photographed un-
der fluorescence microscopy to monitor GFP expression. The result
showed that obvious green fluorescence was observed within the tu-
mor site (Fig. 1A), which was supported by the result from the immu-
nohistochemistry experiment in which antibody against GFP was
hybridized to the same section (Fig. 1B). And green fluorescence was

not observed in proximal tibia of nude mice only receiving hMSCs
injection through the caudal vein without OS tumor (Fig. 1). Taken to-
gether, these observations implied that exogenous hMSCs had the abil-
ity to migrate to the OS site in vivo.

3.2. Possible mechanisms underlying the migration of exogenous hMSCs to
the OS site

We asked what mechanisms were responsible for our observation
that exogenous hMSCs injected through the caudal vein could migrate to-
ward the OS site in nude mice in vivo. To answer this question, we focused
on SDF-1, which is involved in tumor progression of breast, prostate, and
pancreatic cancer as well as in rhabdomyosarcoma and lymphoma
[20,28–30]. In the present study, in vivo expression of SDF-1 at the tumor
site of nude mice was shown by immunohistochemistry using antibody

Fig. 2. The involvement of SDF-1 in the migration of hMSCs towards the conditioned medium from Saos-2 cells. Immunohistochemistry assay using
antibody against SDF-1 to hybridize the section of OS was preformed to declare SDF-1 expression in vivo (A). And in vitro SDF-1 expression of the
conditioned medium from hMSCs was measured through ELISA (B). Transwell assay using hMSCs cells and the conditioned medium from Saos-2 cells (Saos-
2-CM) in combination with neutralization antibody against SDF-1 was employed (C and D). Each experiment was done in triplicate. Cells were counted in
five fields in each well by light microscopy. And mean cell number of five fields in each well was used as statistic. The results were expressed as mean ± S.D.
*p < 0.01.
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against SDF-1 (Fig. 2A). And in vitro expression of SDF-1 in the condi-
tioned medium from Saos-2 cells was measured by ELISA (Fig. 2B). To as-
sess the role of SDF-1 in hMSCs migration to OS site, we employed
transwell assay using hMSCs and the conditioned medium from Saos-2
cells in combination with neutralization antibody against SDF-1 in vitro.
The results from transwell assay showed that the migration of hMSCs
was promoted by the conditioned medium from Saos-2 cells. Addition
of neutralization antibody against SDF-1 to the conditioned medium of

Fig. 3. Development and progression of OS in vivo in response to exogenous hMSCs. Since injection of exogenous hMSCs through caudal vein, the volume of
OS (A) and the body weight of nude mice (D) were measured at 1-week interval until sacrifice of animal. The results were expressed as mean ± S.D. *p < 0.05;
#p > 0.05, OS + hMSCs vs. OS. After sacrifice of animal, X-ray photograph and histochemistry assay of tumor (B) without (a and b) or with (c and d)
exogenous hMSCs were performed. And the blood from nude mice in both OS and OS + hMSCs groups was recovered and the level of alkaline phosphatase
(ALP) in it was measured (C). The results were expressed as mean ± S.D. *p < 0.05. Red arrows indicate osteolytic lesions. Green arrows indicate OS cells. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Table 1
Pulmonary metastasis rate with or without exogenous hMSCs.

Group Total Pulmonary
metastasis

No
metastasis

Metastasis
rate (%)

p value

OS 11 3 8 27.27 p < 0.01
OS + hMSCs 12 11 1 91.67
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Saos-2 cells impaired this migration of hMSCs (Fig. 2C and 2D). These re-
sults suggested that the migration of hMSCs toward Saos-2 cells is depen-
dent (at least in part) on SDF-1 in the conditioned medium from Saos-2
cells and offered a possible explanation for hMSCs migration towards
OS site in vivo, that is, Saos-2 cells in proximal tibia of nude mice secreted
SDF-1 to recruit hMSCs towards OS site.

3.3. Development and progression of OS in vivo in response to exogenous
hMSCs

In addition to observing that exogenous hMSCs migrated to OS site
in vivo, we monitored the development and progression of OS in response
to exogenous hMSCs, including OS growth and pulmonary metastasis.

After injection of exogenous hMSCs through the caudal vein, the vol-
ume of OS was measured at one-week intervals until sacrifice of the ani-
mal. There was no change in tumor volume with or without exogenous
hMSCs injection during the first two weeks. However, enhanced tumor
volume was observed from week 3 to 8 after injection of hMSCs
(Fig. 3A). This observation was supported by both X-ray photography
and histochemistry assays of tumours at week 8 after injection of hMSCs,
which indicated more severe osteolytic lesions and periosteal reactions in
the proximal tibia and increased tumor size in response to exogenous
hMSCs relative to OS group (Fig. 3B). Furthermore, the level of ALP in
blood serum was measured at week 8 after injection of hMSCs to deter-
mine the progression of OS. Statistically significant enhancement of ALP
level was observed in response to exogenous hMSCs compared to OS

Fig. 4. Pulmonary metastasis of OS in response to exogenous hMSCs. An animal model of primary OS was established in the proximal tibia of nude mice
using Saos-2 cells. After tumor formation (�4 weeks), hMSCs labeled with adv-GFP were injected through caudal vein. 2 weeks later, lung sample of nude
mice was recovered and sections were inspected by both fluorescence microscope and immunohistochemistry assay using antibody against GFP (A). At
week 8 after hMSCs injection, lung samples of OS, hMSCs and OS + hMSCs groups were recovered and sections were inspected by both fluorescence
microscope (B) and immunohistochemistry assay using antibody against GFP (C). Red arrows indicate GFP expression. (For interpretation of color
mentioned in this figure legend the reader is referred to the web version of the article.)
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group (Fig. 3C). In addition, body weight of each animal was monitored at
one-week intervals after hMSCs injection. There was a more remarkable
decrease in body weight in OS + hMSCs group than OS group (Fig. 3D).

Interesting data were obtained from measurement of the pulmonary
metastasis rate of OS with or without exogenous hMSCs. There was a
remarkably higher rate of pulmonary metastasis in OS + hMSCs compared
to OS group (Table 1). Considering the accumulation of a large portion of
exogenous hMSCs injected through the caudal vein in the lung at week 2
after injection which preceded pulmonary metastasis of OS tumor
(Fig. 4A), we postulated that Saos-2 cells in the proximal tibia were driven
to undergo pulmonary metastasis by components that were secreted by
exogenous hMSCs accumulating in the lung. And pulmonary metastasis
of tumor was determined by histochemistry assay using sections of lung
sample (Figs. 4B and 4C).

Taken together, these observations implied that the development and
progression of OS, including tumor growth and pulmonary metastasis,
were promoted in response to exogenous hMSCs.

3.4. The possible mechanisms by which OS growth was promoted in response
to exogenous hMSCs

After observing the enhancement of OS growth in response to exoge-
nous hMSCs in vivo, we set out to study the mechanisms responsible for
this phenomenon. In fact, hMSCs migrating from caudal vein to the tumor
site and merging with tumor stroma, observed in the aforementioned sec-
tion, contributed the enhancement of OS growth. However, there was an-
other possibility that component(s) secreted by hMSCs promoted OS
growth. We focused our attention on CCL5 secreted by hMSCs, whose
in vitro expression was measured by ELISA (Fig. 6B). MTT assay was per-
formed using Saos-2 cells and the conditioned medium from hMSCs in
combination with neutralization antibody against CCL5 to assess its role
in the proliferation of Saos-2 cells in response to the conditioned medium
of hMSCs. As Fig. 5 indicates, the proliferation of Saos-2 cells was en-
hanced by the conditioned medium from hMSCs, and neutralization anti-
body against CCL5 eliminated this enhancement, suggesting that CCL5
secreted by hMSCs was responsible (at least in part) for the enhancement
of proliferation of Saos-2 cells by the conditioned medium from hMSCs.

3.5. The possible mechanisms responsible for pulmonary metastasis of OS in
response to hMSCs

Having observed that exogenous hMSCs enhanced the rate of pul-
monary metastasis of OS, we sought to elucidate the underlying mecha-
nisms responsible for it. Considering the accumulation of a large
portion of exogenous hMSCs injected through the caudal vein in the lung
which preceded pulmonary metastasis of OS tumor (Fig. 4A), we postu-
lated that Saos-2 cells in the proximal tibia were driven to undergo pul-
monary metastasis by components that were secreted by exogenous
hMSCs accumulating in the lung. To test this hypothesis, we employed
transwell assay using Saos-2 cells and the conditioned medium from
hMSCs in combination with neutralization antibody against CCL5. In vivo
expression of CCL5 of hMSCs injected through caudal vein and accumulat-
ing in lung of nude mice was demonstrated in immunohistochemistry as-
say using antibodies against CCL5 (Fig. 6A). And in vitro expression of
CCL5 in the conditioned medium from hMSCs was uncovered by ELISA
(Fig. 6B). The results from the transwell assay showed that the condi-
tioned medium from hMSCs promoted the migration of Saos-2 cells.
Addition of neutralization antibody against CCL5 to the conditioned med-
ium of hMSCs impeded this migration of Saos-2 cells (Fig. 6C and 6D).
These results suggested that CCL5 secreted by hMSCs played an important
role in the migration of Saos-2 cells toward the conditioned medium from
hMSCs.

4. Discussion

The aim of the current report was to study the interac-
tion between MSCs and OS. To achieve it, we established an
animal model of primary OS in nude mice using Saos-2
cells. After tumor formation hMSCs labeled with GFP were
injected through the caudal vein. The presence of GFP was
observed within the tumor site, suggesting that exogenous

hMSCs could migrate to OS. Enhanced tumor growth was
observed in response to the injection of hMSCs. Further-
more, there was a higher pulmonary metastasis rate in
OS + hMSCs group compared to OS group. We employed
transwell, neutralization antibody and MTT assays
in vitro. hMSCs migrated toward the conditioned medium
from Saos-2 cells, and SDF-1 secreted by Saos-2 cells was
involved in this migration of hMSCs. Likewise, Saos-2 cells
migrated toward the conditioned medium from hMSCs,
and CCL5 secreted by hMSCs played an important role in
this migration. Finally, the proliferation of Saos-2 cells
was enhanced by the conditioned medium from hMSCs,
and involved CCL5.

Using fluorescence microscopy and an immunohisto-
chemistry assay with antibody against GFP, we determined
that exogenous hMSCs injected through the caudal vein
could migrate towards the OS site located in the proximal
tibia. Cancer cells are known to produce various chemo-
kines that selectively attract and activate different cell
types. Chemokines are a superfamily of cytokine-like pro-
teins that are grouped into CXC and CC chemokines.
Through their interaction with G-protein-coupled receptor,
these secreted proteins induce cytoskeleton rearrange-
ment, firm adhesion to endothelial cells and directional
migration [21,31]. Recently, the interaction between the
chemokine receptor CXCR4 and its ligand, stromal cell-de-
rived factor 1 (SDF-1), has been found to play important
roles in tumorigenicity, proliferation, metastasis, and angi-
ogenesis in many cancers such as lung cancer, breast can-
cer, melanoma, glioblastoma, pancreatic cancer and
cholangiocarcinoma [32–37]. In the current study, we pro-
vided evidence that the migration of hMSCs was promoted
in response to the conditioned medium from Saos-2 cells.
More importantly, we found that SDF-1, which was se-
creted by Saos-2 cells, played an important role in this
migration of hMSCs.

Fig. 5. The involvement of CCL5 in the enhancement of proliferation of
Saos-2 cells stimulated by the condition medium from hMSCs. MTT assay
using Saos-2 cells in combination with a-MEM/BSA, a-MEM/CCL5, the
conditioned medium from hMSCs (hMSCs-CM), hMSCs-CM/anti-CCL5 or
a-MEM/non-specific IgG was performed and at indicated time point, the
absorbance of cell lysates at 570 nm was read. The results were expressed
as mean ± S.D. *p < 0.05; #p > 0.05.
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Fig. 6. The role of CCL5 in the migration of Saos-2 cells towards the conditioned medium from hMSCs. At week 2 after hMSCs injection through caudal vein,
lung of nude mice was recovered and fluorescence microscope and immunohistochemistry assay using antibody against CCL5 were preformed to exhibit
GFP and CCL5 expression in vivo (A). And in vitro CCL5 expression of the conditioned medium from hMSCs was measured through ELISA (B). Transwell assay
using Saos-2 cells and the conditioned medium from hMSCs (hMSCs-CM) in combination with neutralization antibody against CCL5 was employed (C and
D). Each experiment was done in triplicate. Cells were counted in five fields in each well by light microscopy. And mean cell number of five fields in each
well was used as statistic. The results were expressed as mean ± S.D. *p < 0.01.
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Tumor-targeting properties of stem cells have been re-
ported previously in a glioblastoma model [38] and in
studies of tumor angiogenesis by hematopoietic stem cells
[39]. Stem cells have been used as vehicles for gene ther-
apy of human colon cancer xenografts [14]. This phenom-
enon forms the basis for the paradigm of the ‘‘Trojan
Horse” approach, in which adult stem cells are used as
shuttle vectors for delivery of gene therapies into growing
tumours. If proven clinically effective, such an approach
may provide the means for treatment of metastatic tu-
mours in the future.

However, based on these observations alone, it would
be irresponsible and risky to assert that MSCs is an eligible
tool for treatment of tumours. So far we know little about
the interaction between MSCs and tumours. And the re-
sults of our report provided evidences that an intricate
interaction existed between hMSCs and OS.

On one hand, enhanced OS growth was observed in re-
sponse to the injection of hMSCs. We offer two possible
explanations for this result. Firstly, exogenous hMSCs en-
hanced OS growth by their migration from the caudal vein
to the tumor site and mergence with tumor stroma, which
was observed in the current report. It is known that MSCs
could produce various growth factors that stimulate angi-
ogenesis [40]. In response to these factors, endothelial pre-
cursors, including bone marrow-derived endothelial
progenitors [41] and hematopoietic stem cells [39], may
be recruited into the tumor neovascularization process.
So, it is possible that factors secreted by hMSCs which have
merged with OS might induce angiogenesis of OS, which
led to enhanced blood supply and growth of the tumor.
Secondly, the other explanation is that factors secreted
by exogenous hMSCs directly stimulate the growth of OS.
In the present report, we provided evidences that the pro-
liferation of Saos-2 cells was enhanced by the conditional
medium from hMSCs in vitro and that CCL5 secreted by
hMSCs was responsible for this phenomenon at least in
part. CCL5, originally identified as a product of activated
T cells, is capable of recruiting T cells to inflammatory sites
[42,43]. However, there is little data on the effect of CCL5
on proliferation of cancer cells. In agreement with the pres-
ent report, a study by Adler et al. [44] demonstrated that
tumours expressing low levels of CCL5 exhibited decreased
growth rates.

On the other hand, interesting results were obtained
involving the pulmonary metastasis rate in response to
exogenous hMSCs in this report. A remarkably higher rate
of OS pulmonary metastasis was observed in response to
exogenous hMSCs. The possible reason is that factors se-
creted by exogenous hMSCs induced Saos-2 cells to under-
go pulmonary metastasis in vivo. Indeed, remarkable
accumulation of exogenous hMSCs in the lung was ob-
served after a period of injection through the caudal vein.
Consistent with our result, a study by Kyriakou et al. [45]
demonstrated that exogenous hMSCs administered by vein
were readily detected in bone marrow, spleen, liver and
lungs at 20–24 h after infusion. In an effort to identify fac-
tors secreted by hMSCs that have the ability to chemoat-
tract Saos-2 cells, we focused on CCL5. The results from
in vitro assays showed that neutralization antibody against
CCL5 impaired the migration of Saos-2 cells to the condi-

tioned medium from hMSCs. The other possible reason is
that exogenous hMSCs that migrated to the tumor site
and merged with tumor stroma stimulated pulmonary
metastasis of OS. This hypothesis is supported by the study
from Karnoub et al. [17] that demonstrated that MSCs
within tumor stromal cells promote breast cancer
metastasis.

Taken together, we made a conclusion that exogenous
hMSCs targeted the OS site and promoted its growth and
pulmonary metastasis in vivo. We provided evidences that
SDF-1 and CCL5 played essential roles in the interaction
between hMSCs and OS.

Conflicts of interest statement

None declared.

Acknowledgments

This research was supported by a Grant (064307055)
from the Shanghai Science and Technology Development
Fund, the Program for New Century Excellent Talents in
University (NCET-06-0401) and Program for Shanghai
Key Laboratory of Orthopaedic Implant (08DZ2230330).

References

[1] M.D. Murphey, M.R. Robbin, G.A. McRae, D.J. Flemming, H.T. Temple,
M.J. Kransdorf, The many faces of osteosarcoma, Radiographics 17
(1997) 1205–1231.

[2] P.A. Meyers, R. Gorlick, Osteosarcoma, Pediatr. Clin. N. Am. 44 (1997)
973–989.

[3] M.P. Link, A.M. Goorin, A.W. Miser, A.A. Green, C.B. Pratt, J.B. Belasco,
J. Pritchard, J.S. Malpas, A.R. Baker, J.A. Kirkpatrick, et al., The effect of
adjuvant chemotherapy on relapse-free survival in patients with
osteosarcoma of the extremity, New. Engl J. Med. 314 (1986) 1600–
1606.

[4] A.J. Friedenstein, R.K. Chailakhyan, N.V. Latsinik, A.F. Panasyuk, I.V.
Keiliss-Borok, Stromal cells responsible for transferring the
microenvironment of the hemopoietic tissues, cloning in vitro and
retransplantation in vivo, Transplantation 17 (1974) 331–340.

[5] T.W. Austin, G.P. Solar, F.C. Ziegler, L. Liem, W. Matthews, A role for
the Wnt gene family in hematopoiesis: expansion of multilineage
progenitor cells, Blood 89 (1997) 3624–3635.

[6] T.M. Dexter, E. Spooncer, R. Schofield, B.I. Lord, P. Simmons,
Haemopoietic stem cells and the problem of self-renewal, Blood
Cells 10 (1984) 315–339.

[7] D.J. Van Den Berg, A.K. Sharma, E. Bruno, R. Hoffman, Role of
members of the Wnt gene family in human hematopoiesis, Blood 92
(1998) 3189–3202.

[8] K. Willert, J.D. Brown, E. Danenberg, A.W. Duncan, I.L. Weissman,
T. Reya, J.R. Yates 3rd, R. Nusse, Wnt proteins are lipid-modified
and can act as stem cell growth factors, Nature 423 (2003) 448–
452.

[9] M.F. Pittenger, B.J. Martin, Mesenchymal stem cells and their
potential as cardiac therapeutics, Circ. Res. 95 (2004) 9–20.

[10] M. Studeny, F.C. Marini, J.L. Dembinski, C. Zompetta, M. Cabreira-
Hansen, B.N. Bekele, R.E. Champlin, M. Andreeff, Mesenchymal stem
cells: potential precursors for tumor stroma and targeted-delivery
vehicles for anticancer agents, J. Natl. Cancer Inst. 96 (2004) 1593–
1603.

[11] A. Nakamizo, F. Marini, T. Amano, A. Khan, M. Studeny, J. Gumin, J.
Chen, S. Hentschel, G. Vecil, J. Dembinski, M. Andreeff, F.F. Lang,
Human bone marrow-derived mesenchymal stem cells in the
treatment of gliomas, Cancer Res. 65 (2005) 3307–3318.

[12] K. Nakamura, Y. Ito, Y. Kawano, K. Kurozumi, M. Kobune, H. Tsuda, A.
Bizen, O. Honmou, Y. Niitsu, H. Hamada, Antitumor effect of
genetically engineered mesenchymal stem cells in a rat glioma
model, Gene Ther. 11 (2004) 1155–1164.

[13] S. Komarova, Y. Kawakami, M.A. Stoff-Khalili, D.T. Curiel, L.
Pereboeva, Mesenchymal progenitor cells as cellular vehicles for

40 W. Xu et al. / Cancer Letters 281 (2009) 32–41



Author's personal copy

delivery of oncolytic adenoviruses, Mol. Cancer Ther. 5 (2006) 755–
766.

[14] M. Studeny, F.C. Marini, R.E. Champlin, C. Zompetta, I.J. Fidler, M.
Andreeff, Bone marrow-derived mesenchymal stem cells as vehicles
for interferon-beta delivery into tumors, Cancer Res. 62 (2002)
3603–3608.

[15] S.C. Hung, W.P. Deng, W.K. Yang, R.S. Liu, C.C. Lee, T.C. Su, R.J. Lin,
D.M. Yang, C.W. Chang, W.H. Chen, H.J. Wei, J.G. Gelovani,
Mesenchymal stem cell targeting of microscopic tumors and
tumor stroma development monitored by noninvasive in vivo
positron emission tomography imaging, Clin. Cancer Res. 11 (2005)
7749–7756.

[16] A.Y. Khakoo, S. Pati, S.A. Anderson, W. Reid, M.F. Elshal, Rovira II, A.T.
Nguyen, D. Malide, C.A. Combs, G. Hall, J. Zhang, M. Raffeld, T.B.
Rogers, W. Stetler-Stevenson, J.A. Frank, M. Reitz, T. Finkel, Human
mesenchymal stem cells exert potent antitumorigenic effects in a
model of Kaposi’s sarcoma, J. Exp. Med. 203 (2006) 1235–1247.

[17] A.E. Karnoub, A.B. Dash, A.P. Vo, A. Sullivan, M.W. Brooks, G.W. Bell,
A.L. Richardson, K. Polyak, R. Tubo, R.A. Weinberg, Mesenchymal
stem cells within tumour stroma promote breast cancer metastasis,
Nature 449 (2007) 557–563.

[18] L.M. Coussens, Z. Werb, Inflammation and cancer, Nature 420 (2002)
860–867.

[19] S. Manes, E. Mira, R. Colomer, S. Montero, L.M. Real, C. Gomez-
Mouton, S. Jimenez-Baranda, A. Garzon, R.A. Lacalle, K. Harshman, A.
Ruiz, A.C. Martinez, CCR5 expression influences the progression of
human breast cancer in a p53-dependent manner, J. Exp. Med. 198
(2003) 1381–1389.

[20] R.S. Taichman, C. Cooper, E.T. Keller, K.J. Pienta, N.S. Taichman, L.K.
McCauley, Use of the stromal cell-derived factor-1/CXCR4 pathway
in prostate cancer metastasis to bone, Cancer Res. 62 (2002) 1832–
1837.

[21] A. Zlotnik, O. Yoshie, Chemokines: a new classification system and
their role in immunity, Immunity 12 (2000) 121–127.

[22] C.C. Bleul, R.C. Fuhlbrigge, J.M. Casasnovas, A. Aiuti, T.A. Springer, A
highly efficacious lymphocyte chemoattractant stromal cell-derived
factor 1 (SDF-1), J. Exp. Med. 184 (1996) 1101–1109.

[23] S.K. Gupta, P.G. Lysko, K. Pillarisetti, E. Ohlstein, J.M. Stadel,
Chemokine receptors in human endothelial cells. Functional
expression of CXCR4 and its transcriptional regulation by
inflammatory cytokines, J. Biol. Chem. 273 (1998) 4282–4287.

[24] S.C. Robinson, K.A. Scott, J.L. Wilson, R.G. Thompson, A.E. Proudfoot,
F.R. Balkwill, A chemokine receptor antagonist inhibits experimental
breast tumor growth, Cancer Res. 63 (2003) 8360–8365.

[25] M.F. Pittenger, A.M. Mackay, S.C. Beck, R.K. Jaiswal, R. Douglas, J.D.
Mosca, M.A. Moorman, D.W. Simonetti, S. Craig, D.R. Marshak,
Multilineage potential of adult human mesenchymal stem cells,
Science 284 (1999) 143–147.

[26] D. Li, K. Dai, T. Tang, Effects of dextran on proliferation and
osteogenic differentiation of human bone marrow-derived
mesenchymal stromal cells, Cytotherapy 10 (2008) 587–596.

[27] H.H. Luu, Q. Kang, J.K. Park, W. Si, Q. Luo, W. Jiang, H. Yin, A.G.
Montag, M.A. Simon, T.D. Peabody, R.C. Haydon, C.W. Rinker-
Schaeffer, T.C. He, An orthotopic model of human osteosarcoma
growth and spontaneous pulmonary metastasis, Clin. Exp. Metastas.
22 (2005) 319–329.

[28] A. Corcione, L. Ottonello, G. Tortolina, P. Facchetti, I. Airoldi, R.
Guglielmino, P. Dadati, M. Truini, S. Sozzani, F. Dallegri, V. Pistoia,
Stromal cell-derived factor-1 as a chemoattractant for follicular
center lymphoma B cells, J. Natl. Cancer Inst. 92 (2000) 628–635.

[29] T. Koshiba, R. Hosotani, Y. Miyamoto, J. Ida, S. Tsuji, S. Nakajima, M.
Kawaguchi, H. Kobayashi, R. Doi, T. Hori, N. Fujii, M. Imamura,
Expression of stromal cell-derived factor 1 and CXCR4 ligand

receptor system in pancreatic cancer: a possible role for tumor
progression, Clin. Cancer Res. 6 (2000) 3530–3535.

[30] J. Libura, J. Drukala, M. Majka, O. Tomescu, J.M. Navenot, M. Kucia, L.
Marquez, S.C. Peiper, F.G. Barr, A. Janowska-Wieczorek, M.Z.
Ratajczak, CXCR4-SDF-1 signaling is active in rhabdomyosarcoma
cells and regulates locomotion, chemotaxis, and adhesion, Blood 100
(2002) 2597–2606.

[31] J.J. Campbell, J. Hedrick, A. Zlotnik, M.A. Siani, D.A. Thompson, E.C.
Butcher, Chemokines and the arrest of lymphocytes rolling under
flow conditions, Science 279 (1998) 381–384.

[32] R.E. Bachelder, M.A. Wendt, A.M. Mercurio, Vascular endothelial
growth factor promotes breast carcinoma invasion in an autocrine
manner by regulating the chemokine receptor CXCR4, Cancer Res. 62
(2002) 7203–7206.

[33] A.Z. Fernandis, A. Prasad, H. Band, R. Klosel, R.K. Ganju, Regulation of
CXCR4-mediated chemotaxis and chemoinvasion of breast cancer
cells, Oncogene 23 (2004) 157–167.

[34] T. Kijima, G. Maulik, P.C. Ma, E.V. Tibaldi, R.E. Turner, B. Rollins, M.
Sattler, B.E. Johnson, R. Salgia, Regulation of cellular proliferation,
cytoskeletal function, and signal transduction through CXCR4 and c-
Kit in small cell lung cancer cells, Cancer Res 62 (2002) 6304–6311.

[35] S. Ohira, K. Itatsu, M. Sasaki, K. Harada, Y. Sato, Y. Zen, A. Ishikawa, K.
Oda, T. Nagasaka, Y. Nimura, Y. Nakanuma, Local balance of
transforming growth factor-beta1 secreted from
cholangiocarcinoma cells and stromal-derived factor-1 secreted
from stromal fibroblasts is a factor involved in invasion of
cholangiocarcinoma, Pathol. Int. 56 (2006) 381–389.

[36] D. Saur, B. Seidler, G. Schneider, H. Algul, R. Beck, R. Senekowitsch-
Schmidtke, M. Schwaiger, R.M. Schmid, CXCR4 expression increases
liver and lung metastasis in a mouse model of pancreatic cancer,
Gastroenterology 129 (2005) 1237–1250.

[37] R.M. Strieter, Chemokines: not just leukocyte chemoattractants in
the promotion of cancer, Nat. Immunol. 2 (2001) 285–286.

[38] K.S. Aboody, A. Brown, N.G. Rainov, K.A. Bower, S. Liu, W. Yang, J.E.
Small, U. Herrlinger, V. Ourednik, P.M. Black, X.O. Breakefield, E.Y.
Snyder, Neural stem cells display extensive tropism for pathology in
adult brain: evidence from intracranial gliomas, Proc. Natl. Acad. Sci.
USA 97 (2000) 12846–12851.

[39] M. De Palma, M.A. Venneri, C. Roca, L. Naldini, Targeting exogenous
genes to tumor angiogenesis by transplantation of genetically
modified hematopoietic stem cells, Nat. Med. 9 (2003) 789–795.

[40] M. Relf, S. LeJeune, P.A. Scott, S. Fox, K. Smith, R. Leek, A.
Moghaddam, R. Whitehouse, R. Bicknell, A.L. Harris, Expression of
the angiogenic factors vascular endothelial cell growth factor, acidic
and basic fibroblast growth factor, tumor growth factor beta-1,
platelet-derived endothelial cell growth factor, placenta growth
factor, and pleiotrophin in human primary breast cancer and its
relation to angiogenesis, Cancer Res. 57 (1997) 963–969.

[41] M. Reyes, A. Dudek, B. Jahagirdar, L. Koodie, P.H. Marker, C.M.
Verfaillie, Origin of endothelial progenitors in human postnatal bone
marrow, J. Clin. Invest. 109 (2002) 337–346.

[42] A.E. John, A.A. Berlin, N.W. Lukacs, Respiratory syncytial virus-
induced CCL5/RANTES contributes to exacerbation of allergic airway
inflammation, Eur. J. Immunol. 33 (2003) 1677–1685.

[43] T.J. Schall, J. Jongstra, B.J. Dyer, J. Jorgensen, C. Clayberger, M.M.
Davis, A.M. Krensky, A human T cell-specific molecule is a member
of a new gene family, J. Immunol. 141 (1988) 1018–1025.

[44] E.P. Adler, C.A. Lemken, N.S. Katchen, R.A. Kurt, A dual role for tumor-
derived chemokine RANTES (CCL5), Immunol. Lett. 90 (2003) 187–194.

[45] C. Kyriakou, N. Rabin, A. Pizzey, A. Nathwani, K. Yong, Factors that
influence short-term homing of human bone marrow-derived
mesenchymal stem cells in a xenogeneic animal model,
Haematologica 93 (2008) 1457–1465.

W. Xu et al. / Cancer Letters 281 (2009) 32–41 41




