Cancer Metastasis Rev (2010) 29:249–261
DOI 10.1007/s10555-010-9222-7

Bone marrow-derived mesenchymal stem cells
and the tumor microenvironment
Scott A. Bergfeld & Yves A. DeClerck

Published online: 22 April 2010
# Springer Science+Business Media, LLC 2010

Abstract Over the last decade, there has been a growing
interest in the role of mesenchymal stem cells (MSC) in
cancer progression. These cells have the potential to give
rise to a variety of mesenchymal cells like osteoblasts,
chondrocytes, adipocytes, fibroblasts, and muscle cells. In
contrast to their hematopoetic counterparts, MSC are not as
clearly defined, which makes the interpretation of their role
in cancer progression more complex. However, the nature
of the relationship between MSC and tumor cells appears
dual. Primary and metastatic tumors attract MSC in their
microenvironment where they become tumor-associated
fibroblasts, affect tumor cell survival and angiogenesis,
and have an immunomodulatory function, and vice versa in
the bone marrow MSC attract tumor cells and contribute to
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a microenvironment that promotes osteolysis, tumor
growth, survival, and drug resistance. Whether MSC are
pro- or anti-tumorigenic is a subject of controversial reports
that is in part explained by the complexity of their
interaction with tumor cells and the large range of cytokines
and growth factors they produce. The study of these
interactions is a fertile ground of investigation that—as
already demonstrated in the case of myeloma—should lead
to novel therapeutic approaches in cancer. In this article, the
biology and role of MSC in cancer is reviewed with a
primary focus on bone marrow-derived MSC.
Keywords Tumor microenvironment . Mesenchymal stem
cells . Bone marrow . Metastasis

1 Introduction
Mesenchymal stem cells (MSC) have been the subject of an
increased interest. Because of their ability to give rise to
bone, cartilage, fat, and muscle, their role in regenerative
medicine has been extensively studied and the fact that they
can be recruited at sites of inflammation and tissue repair
has prompted their potential use as tissue regenerative cells
and tools for gene delivery [1]. A major source of these
cells is the bone marrow where they represent, with
hematopoietic stem cells (HSC), the two stem cell
populations housed in this organ. The recent suggestion
that MSC can be recruited by tumors has triggered a series
of studies aimed at examining their potential role in cancer
progression. The relationship between MSC and tumor cells
is in fact dual. Primary and metastatic tumors actively
attract MSC from the bone marrow and other sites where
they become tumor-associated fibroblasts (TAF) and contribute to the tumor microenvironment; vice versa, MSC
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attract tumor cells in the bone marrow and when in contact
with tumor cells produce a variety of cytokines that affect
tumor cell growth and survival. Although we recognize that
MSC other than those from the bone marrow can play a
role in cancer progression, in this review article we have
focused on the relationship between bone marrow-derived
MSC (BMDMSC) and tumor cells.

2 What are mesenchymal stem cells?
MSC are typically characterized by their ability to
differentiate into a variety of mesenchymal cells, including
osteoblasts, chondrocytes, adipocytes, muscle cells, pericytes, reticular fibroblasts, and even neural cells. In the
bone marrow, they provide the microenvironmental regulation that controls HSC quiescence and proliferation [2-4].
MSC represent an extremely rare cell type within the bone
marrow, comprising 0.01% to 0.001% of all mononuclear
cells, compared to 1% for the HSC population [5, 6]. This
rarity has made the identification of the MSC niche within
the bone marrow difficult, although surface marker expression analysis suggests a perivascular location [7]. Whereas
the stem cell for hematopoietic lineage is well characterized, the phenotype of true stem cells responsible for the
multipotent stromal lineage remains ill defined. The term
“MSC” itself is a nebulous one, denoting not only the
pluripotent mesenchymal stem cell defined by Caplan [2]
but also stromal stem cells, multipotent stromal cells,
mesenchymal stromal cells, and multipotent adult progenitor cells (MAPC) [8]. The discovery of the presence of
MSC in tissues other than the bone marrow, such as the
dental pulp and adipose tissues, further impedes a clear
phenotypic definition [9]. MSC likely represent a heterogeneous cell population of multipotent and committed
progenitor cells.
Murine multipotent bone marrow MSC were originally
identified by Friedenstein on the basis of their adherence to
tissue culture plastic in vitro, their ability to form colonyforming unit-fibroblasts (CFU-F) in vivo, and their potential
for differentiation into adipocytic, osteocytic, chondrocytic,
and muscular lineages [10]. They were also shown to be
able to differentiate following implantation in vivo [11].
However, the relationship between these cells and Caplan’s
MSC, which represent the progenitor of all connective
lineages in bone marrow and elsewhere, is still undetermined. As such, these cells are more appropriately
designated “mesenchymal stromal cells” [12]. Since Friedenstein’s original findings, numerous other laboratories
have developed methods for the isolation of multipotent
mesenchymal cells from bone marrow utilizing different
culture conditions, such as the addition of various hormonal
supplements, the use of higher (> 10%) concentrations of
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horse and bovine serum, and of extracellular matrix (ECM)
proteins such as collagen and fibronectin. Depletion of
hematopoietic cell contaminants by elimination of nonadherent cells or by surface marker-based negative selection
is also routinely used to separate MSC from HSC [8, 13].
All these methods have allowed the reproducible expansion
of a heterogeneous mixture of spindle cells, star-shaped
cells, and large flattened cells that express cell surface
markers indicative of self-renewal and multipotency [1416]. The identification of subpopulations of MSC with
varying degrees of commitment to one or more stromal cell
types by specific antibodies is common during culture
expansion in vitro [17].
There is not a single cell surface marker that uniquely
characterizes MSC. Human and murine MSC are typically
negative for the hematopoietic markers CD34 and CD45,
although freshly isolated MSC often contain subpopulations of cells that express a low level of these markers [18,
19]. These CD34 and CD45 positive cell populations tend
to disappear after a few passages [20], suggesting that they
represent a contaminating population of hematopoietic cells
rather than a true in vivo MSC subtype. Human MSC
typically are positive for the surface markers CD44 (H cell
adhesion molecule [HCAM]), CD73 (5’-nucleotidase),
CD90 (Thy-1 surface antigen), CD105 (endoglin), CD106
(vascular cell adhesion molecule-1 [VCAM-1]), and STRO1[21]. Murine MSC share this expression pattern, with the
exception of STRO-1, but express the stem cell antigen-1
(Sca-1) [4]. Selection of “pure” MSC is usually based on a
combination of these markers, as their expression overlaps
with other cell types found in the bone marrow [22].
However, not all marrow stromal cells capable of multipotency will necessarily express all these markers in vivo.
Consequently, relatively pure MSC populations obtained by
panel sorting do not necessarily represent the total of all
multipotent stromal subtypes.
The identification of MSC in vivo is thus rendered
complicated by the lack of a specific surface marker or gene
expression profile that is exclusive to these cells [22]. The
trypsin-resistant antigen STRO-1 remains the best marker
despite its shared expression on endothelial progenitor
cells, as it has been found to enrich the CFU-F population
from bone marrow isolates by 100-fold [23]. Unfortunately,
the absence of STRO-1 expression in mice, combined with
its undetermined structural and functional characteristics,
limits the use of this marker in pre-clinical studies [24].
New surface markers with high differential expression on
MSC compared to other bone marrow cells have been
recently proposed, including low-affinity nerve growth
factor receptor (LNGFR/CD271) and integrin alpha-1
(CD49a), both of which have been used to purify a
relativity homogeneous population of multipotent cells
from bone marrow [17, 24-26].
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MSC and their subtypes have shown remarkable
plasticity in vitro, demonstrating their ability to generate
both mesenchymal and non-mesenchymal lineages of bone
marrow and peripheral tissues [27]. MSC share the
expression of a number of key genes with embryonic stem
cells (ESC), namely, the transcription factors OCT-4 and
SOX-2, which are involved in the maintenance of pluripotency [28]. At higher passages, the loss of OCT-4 and
SOX-2 expression in MSC correlates with a reduction in
self-renewal and multipotent function, confirming the
importance of these early genes in the regulation of MSC
phenotype [20]. Additionally, MSC are positive for the ESC
surface marker SSEA-4 [29]. Taken together, these findings
indicate that MSC or a subpopulation of these cells can be
maintained in a highly primitive state of differentiation in
culture.
The differentiation of MSC into lineage specific cells is
controlled by external factors in the environment, including
cell–cell and cell–ECM adhesion and cytokine, chemokine,
and growth factor availability [8, 30]. For example, the
chondrogenic potential of MSC is tightly regulated by cell
surface interactions [31], based on the high production of
cartilage proteoglycans seen in pellet-cultured MSC compared to monolayer culture. Maturing chondrocytes have
different ECM binding requirements than MSC, as they
downregulate integrin α5β1 (fibronectin receptor) during
differentiation [32]. A number of genes expressed upon
differentiation of MSC into mature cells of mesenchymal
bone marrow lineages (adipocyte, osteocyte, and chondrocyte) have been well characterized and provide insight into
the cellular and molecular processes governing MSC
phenotypic and functional differentiation. The transcription
factors RUNX-2 and OSTERIX control the differentiation
of osteoblasts and the formation of bone [9, 33]. These
genes, although expressed at basal levels in undifferentiated
MSC in culture, are also upregulated during in vitro
chondrogenesis of adipose-derived stromal cells [34]. The
differentiation of MSC into adipocytes is highly dependent
on the peroxisome proliferator-activated receptor gamma
(PPARγ) proteins, as well as the C/CAAT enhancer binding
proteins [35]. The selection of the osteoblastic or adipogenic differentiation pathway in cultured MSC is also
influenced by physical constraints. Densely packed cultures
favor differentiation into adipocytes, while lower cell
densities allow space for the larger osteoblastic cells [36].
Surprisingly, this plasticity of lineage is maintained in
mature osteoblasts, as they have been found to transdifferentiate into adipocytes in vitro. The age-related
accumulation of bone marrow adipocytes accompanied by
a loss of osteoblasts provides evidence for bone marrow
stromal transdifferentiation in vivo as well [37]. Cardiac
myogenesis of MSC is associated with increased expression
of transcription factors GATA-4 and Nkx2.5, while skeletal
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myogenesis is induced by the factors MyoD and myogenin
[38]. Smooth muscle differentiation can be induced via
mechanical strain, again highlighting the importance of cell
surface effects in regulating MSC phenotype [39]. Differentiation into pericytes requires α-smooth muscle actin
(SMA) polymerization which is controlled by Rhoassociated kinase (ROCK) and the myosin light chain that
become expressed in MSC as they differentiate into this cell
type. As expected, polymerization of α-SMA is also
important in smooth muscle differentiation of MSC [40].
A number of soluble mediators display powerful effects
on MSC proliferation and differentiation. Bone morphogenic proteins (BMP), which are members of the TGF-β
family, stimulate the differentiation of MSC into osteocytes,
chondrocytes, and adipocytes [41]. Selection of a particular
lineage is dependent on the receptor engaged, with BMP
receptor-IA and -IB inducing adipocyte or osteoblast
differentiation, respectively [42]. Additionally, BMP when
coupled with Wnt inhibit the proliferation of undifferentiated MSC [43]. In contrast, transforming growth factor
(TGF)-β1 stimulates the proliferation of MSC while
suppressing differentiation [44-46]. This inhibitory effect
on MSC differentiation seems restricted to later stages of
differentiation, as TGF-β1 contributes to early chondrogenesis as well as the expansion of immature osteoprogenitors [47, 48], although the opposite effects on these
osteogenic cells have been reported [49]. TGF-β activates
inhibitory Smads which suppress BMP signaling, providing
a molecular basis for the antagonistic effects of different
TGF-β family members [46]. The Wnt family of proteins
influence MSC phenotype through both canonical and noncanonical signaling pathways, but their effect seems
concentration dependent [50]. Canonical Wnt3a increases
proliferation of MSC [51], while non-canonical Wnt5a
suppresses proliferation [52], although high levels of
canonical Wnt may also have an inhibitory effect [53].
Similarly, canonical Wnt3a inhibits late-stage osteogenesis
but shows a stimulatory effect at high doses [51, 53].
Although canonical Wnt1 and Wnt3a suppress terminal
osteoblast differentiation, canonical Wnt does stimulate the
differentiation of preosteoblasts [54] and promotes the
effects of BMP-2 on alkaline phosphatase expression and
osteoblast mineralization [55]. Canonical Wnt4 signaling
enhances terminal chondrocyte differentiation, while noncanonical Wnt5a suppresses this effect [56]. Canonical
Wnt4 also inhibits early chondrocyte differentiation but
may act in concert with TGF-β to induce chondrogenesis
[57, 58]. Canonical Wnt are also important inducers of
myogenesis in MSC [59]. The cytokines interleukin (IL)-1
and tumor necrosis factor (TNF)-α provide another example of antagonistic control over MSC phenotype, as these
molecules suppress adipogenesis and enhance osteogenesis
through PPARγ inhibition [60]. Platelet-derived growth
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factor (PDGF) mediates the differentiation of MSC into
pericytes by activating through the receptors PDGFR-α,
ROCK, and the polymerization of α-SMA. In contrast,
PDGFR-β signaling inhibits ROCK and promotes α-SMA
depolymerization [40].
Several laboratories have demonstrated that MSC can
give rise to non-stromal cells in vitro, although the ability
of these cells to functionally integrate in vivo is questionable [61]. Verfaillie et al. described the isolation of a
subpopulation of bone marrow progenitors with greater
proliferative and multipotent capability than MSC, producing stromal lineages as well as endothelial cells (EC),
myocytes, and neuroectodermal cells in vitro [62]. These
cells were designated MAPC, and were later shown to
generate ectodermal, mesodermal, and endodermal lineages
in vivo [63]. It is possible that MAPC are in fact progenitors
for MSC, but full characterization of this subpopulation has
been hindered by difficulties in repeating the original
isolation and expansion [8]. Another laboratory has
generated functional neurons and skeletal muscle in vivo
by engraftment of MSC cultured as 3D spheroids [64]. As
these MSC spheres no longer express the pluripotency
markers OCT-4 and SOX-2, they likely represent a more
differentiated subtype of stromal progenitor.

3 Tumors recruit MSC to their microenvironment
MSC display homing and engraftment at injury sites in a
number of pathological conditions such as inflammation,
tissue repair and also neoplasia [65]. The innate tropism of
MSC for tumors has been confirmed by both in vitro and in
vivo migration assays. Ex vivo-expanded MSC are easily
tracked following intravenous (i.v.) injection in mice,
utilizing fluorescence, bioluminescence, positron emission,
and magnetic resonance-based reporter labeling [66-68].
Although the migration of endogenous BMDMSC to
tumors has not been firmly established, labeled MSC
engrafted in bone marrow of sublethally irradiated mice
have been shown to populate the stroma of distally
implanted tumors, where they become TAF and tumorassociated myofibroblasts [69, 70].
The mechanisms involved in the recruitment of MSC
into tumors exhibit significant overlap with the migration
and activation of inflammatory cells in tissue repair
processes. The angiogenic molecule vascular endothelial
cell growth factor (VEGF), which acts to recruit EC, can
induce the homing of MSC to tumor sites in murine glioma
models [71]. There is also a robust, dose dependent
migration response of MSC to tumor-produced TGF-ss1,
IL-8, and neurotropin (NT)-3, all of which also function as
chemoattractants for leukocytes and EC [72]. Other growth
factors with strong immunogenic properties can also recruit
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MSC into primary tumors, including epidermal growth
factor (EGF), hepatocyte growth factor (HGF), basic
fibroblast growth factor (bFGF), and PDGF [73, 74].
Additionally, a number of chemokines and their receptors
have been implicated in MSC homing, although their
contribution is not always clear. CCL 2 (MCP-1) has been
shown to recruit MSC [75], while CXCL12 stromal-derived
factor-1 (SDF-1) and its receptor CXCR4, which is
expressed by a small proportion of MSC, also play a role,
although conflicting results have been reported [74, 76-78].
Along with soluble growth factors and chemokines,
ECM proteases that are activated at injury sites contribute
to attracting MSC. Urokinase plasminogen activator (uPA)
and urokinase plasminogen activator receptor (uPAR),
which together activate plasminogen into plasmin and are
abundantly expressed by many solid tumors, elicit a
significant MSC migration compared to tumors with low
capability to activate plasminogen. The exact mechanism is
however unknown but may involve higher levels of IL-6,
IL-8, and MCP-1 expression in association with higher
levels of uPA and soluble uPAR [79]. Another protease,
matrix metalloproteinase (MMP)-1, seems to play a role in
MSC homing. MMP-1 mediates the cleavage of the Gprotein protease-activated receptor (PAR)-1 present on
MSC. Activation of PAR-1 stimulates MSC migration,
and blocking PAR-1 cleavage blocks their migration toward
human glioma cells [80]. It should be noted that there are
many other molecules at the surface of tumor cells that
could contribute to the ability of tumors to recruit MSC as
shown by the strong migration response of MSC to
membrane fractions of tumor extracts [74].

4 MSC and tumors: friends or foes?
Once they are incorporated into a tumor, MSC contribute
with other cells like myofibroblasts, endothelial cells,
pericytes, and inflammatory cells to create a microenvironment that evokes the environment of a chronic wound [81]
(Fig. 1). In vivo tracking of labeled MSC indicate that they
can differentiate into fibroblasts, pericytes, and myofibroblasts within the tumor mass [82] and can become TAF or
carcinoma-associated fibroblasts [83, 84]. These cells
display characteristics of myofibroblasts expressing αSMA and fibroblast activation markers like fibroblast
activating protein (FAP). They also express ECM proteins
associated with aggressiveness like tenascin-c and
thrombospondin-1 (TSP-1), ECM remodeling enzymes like
stromelysin-1, and growth factors like HGF, EGF, and IL-6.
BMDMSC exposed to tumor-conditioned media display
TAF markers, as do MSC co-injected subcutaneously with
tumor cells in mice. MSC are an important source of
inflammatory cytokines that affect tumor cells and immune
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Fig. 1 Interactions between
MSC and tumor cells in primary
tumors. Tumor cells secrete
growth factors and cytokines
that promote the homing of
MSC in primary tumors. MSC
have four main effects on tumor
cells: (1) They affect cell survival having a pro- or an antiapoptotic effect on tumor cells.
(2) They contribute to the tumor
vasculature by producing angiogenic factors and by contributing to the perivasculature as
they differentiate into pericytes.
(3) Through the production of
CCL5, MSC promote tumor cell
motility and metastasis to distant
organs. (4) They have an immunomodulatory role inhibiting
Th1 lymphocytes, dendritic
cells, B cells, and NK cells
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cells. Upon exposure to a pro-inflammatory peptide made of
37 leucine residues (LL-37), MSC secrete several cytokines
like IL-6, IL-10, CCL5 (RANTES), VEGF which promote
angiogenesis and growth of ovarian cancer cells [85].
The reported net effects of MSC and their derivatives on
the progression of primary tumors can be pro- as well as antitumorigenic and vary widely as a function of the source of
MSC and the tumor model used. MSC injected i.v. in Kaposi
sarcoma (KS)-bearing nude mice inhibit the growth of KS
cells and co-culture of MSC with KS cells reduces the
proliferation of KS cells in vitro. This effect is mediated by a
contact-dependent inhibition of Akt-signaling [86]. In
contrast, MSC injected i.v. in human osteosarcoma tumorbearing nude mice stimulate tumor growth and osteosarcoma
cell proliferation is increased in vitro in the presence of
MSC-conditioned media, suggesting a contact-independent
mechanism [76]. CCL5 appears to play a role as tumor cell
proliferation is stimulated by CCL5 treatment and inhibited
in the presence of an anti-CCL5 antibody [87]. BMDMSC
also stimulate the growth of human colon carcinoma in vivo
[88], as well as the formation of larger tumor foci in human
ovarian carcinoma-bearing nude mice [83]. In a 3D assay,
MSC increases the proliferation of ovarian carcinoma cells
through the production of IL-6, and conditioned media from
ovarian carcinoma cells increase the production of VEGF,
TGF-β, and IL-6 by MSC, pointing to a paracrine signaling
loop between MSC and tumor cells driving growth and
cytokine production [83]. Opposite proliferative effects in
MSC–tumor interactions have also been reported in syngeneic tumor models. In the 4 T1 mouse mammary tumor
model, tumor growth was not greater in mice that received
i.v. injections of MSC than in those that did not [89].
However, in A17 mesenchymal tumor cells derived from
spontaneous HER-2/neu transgenic tumors, a faster onset of

Immunomodulation

subcutaneous tumor development was reported when tumor
cells were co-injected with MSC [90].
The paradoxical effect of MSC in tumor growth is
currently poorly understood, as only a limited number of
studies have examined the mechanisms underlying the
interactions between MSC and tumor cells. These studies
however have pointed to a very diversified role of MSC
that includes a regulatory function on apoptosis and
angiogenesis and an immunomodulatory role.
Tumor-engrafted MSC and their derivatives influence
the apoptotic machinery of transformed cells, leading to
both cell death and survival responses depending on the
tumor model and in particular the source and differentiated
state of MSC. For example, MSC that have undergone
adipocytic differentiation protect acute promyelocytic leukemia cells from all-trans retinoic acid-induced apoptosis in
vitro [91]. Leptin produced by these differentiated MSC
was found to promote survival through activation of the
signal transduction activator of transcription (STAT)3 and
mitogen-activating protein kinase pathways in tumor cells.
Similarly, MSC protects neuroblastoma cells from H2O2induced oxidative stress by their capacity to produce and
activate antioxidant enzymes and to downregulate superoxide dismutase [92]. In contrast, MSC isolated from
umbilical cord blood or adipose tissue and injected i.v. in
human mammary carcinoma tumor-bearing mice stimulate
rather than inhibit apoptosis in tumor cells as demonstrated
by an increased cleavage of PARP-1 and caspase-3 [93].
Other studies examining the effect of MSC on tumor cell
apoptosis have pointed to their ability to upregulate p21 and
caspase-3 in murine hepatoma and lymphoma cells and rat
insulinoma cells [94].
The effect of MSC on the tumor vasculature is complex.
MSC can exert a paracrine activity on EC via secreted
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growth factors and cytokines and can directly contribute to
the formation of blood vessels. MSC secrete many
proangiogenic factors, including VEGF, angiopoietin, IL6, IL-8, TGF-β, PDGF, bFGF, and FGF-7 [73]. The
production of these factors by MSC is enhanced by tumor
cell-conditioned media as it promotes MSC differentiation
into TAF [83]. TGF-α, which is upregulated during tissue
repair and plays a key role in epithelial malignant
transformation, increases VEGF production in MSC by
activation of map kinase kinase (MEK) and phosphoinositol-3 kinase (PI3-K) [95, 96]. VEGF produced by
MSC induces the sprouting of human umbilical vein EC in
vitro and increases tumor vessel density in a human
pancreatic carcinoma xenograft model. This effect is
blocked by downregulating VEGF in MSC by siRNA prior
to their i.v. injection in tumor-bearing mice [97].
MSC also physically contribute to vasculogenesis. As
previously discussed, MSC can differentiate into pericytes
and mural cells around tumor blood vessels and thus
contribute to the formation of a mature vasculature in
tumors [98]. Whether MSC could also contribute to the
formation of the endothelium is however less clear. There is
some experimental evidence suggesting that MSC may
differentiate into EC as they form tubes in implanted
matrigel plugs in vivo and express EC markers in the
presence of angiogenic factors [99]. However, recent
studies of MSC exposed to VEGF indicate that only a very
few cells (0.01%) acquire endothelial markers in vitro and
none in vivo [97]. The effect of MSC on angiogenesis is
also not always stimulatory. Recent work indicates that,
while MSC will intercalate with endothelial cells in vitro,
forming stable gap–junctional complexes via connexin 43,
high levels of endothelium-engrafted MSC will lead to
breakdown of the capillary network [100]. Reactive oxygen
species produced by MSC also induce apoptosis in EC
following co-implantation in matrigel, and this effect can be
blocked by treatment with antioxidants. Similarly, direct
intratumoral injection of MSC in B16 melanoma tumors
has been shown to reduce vessel density and to increase
caspase-3 dependent apoptosis [100].
The immunomodulatory function of MSC is a third
element that influences tumor development [101]. In
general, the effect of MSC on the immune system is aimed
at promoting immunotolerance and tumor progression.
MSC display suppressive effects on both innate and
humoral immunity by inhibiting T cell proliferation [102,
103], dendritic cell maturation [104], and natural killer
(NK)- and B-cell activation [105], while simultaneously
increasing the production of regulatory T-cells (Treg) [9,
106]. In pre-clinical studies, co-injection of MSC allowed
B16 melanoma cells to grow in an allogeneic background,
avoiding a vigorous immune-rejection response [107]. In
vitro assays confirmed this effect to be mediated by a
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reduction in CD8+ T cell proliferation, combined with
increased generation of CD8+ Treg. Conversely, clinical
studies of cancer patients undergoing hematopoeitic stem
cell transplantation revealed that co-implantation of MSC,
intended to reduce graft-versus-host disease (GVHD), had
no effect on disease progression in either breast or
hematologic malignancies [108-110]. However, a more
recent study of post-chemotherapeutic co-transplantation
of HSC and MSC in patients with hematologic malignancies showed a greater rate of relapse in patients who
received both MSC and HSC, compared to those who
received only HSC [111].

5 MSC contribute to the establishment of distant
metastasis
Two potential roles for MSC in metastasis have been
recognized, their ability to colonize metastatic tumors and
their ability to promote the metastatic behavior of malignant
cells in the primary tumor. The migration of MSC toward
established lung metastatic lesions in murine models in vivo
has been documented by a number of modalities, such as
magnetic resonance imaging in mammary tumor-bearing
mice injected i.v. with iron-labeled MSC [112]. Interestingly, MSC exhibit differences in phenotypic potential
based on their localization to primary or secondary tumors
as, for example, in syngeneic subcutaneous and metastatic
mammary carcinomas, firefly luciferase-labeled MSC
exhibited osteoblastic differentiation after homing to lung
nodules but became adipocytic upon migration to subcutaneous tumor sites [89]. Whether MSC that home and
infiltrate metastatic lesions promote or inhibit tumor cell
growth has been the subject of conflicting reports in
primary tumors. For example, i.v. injection of MSC had
no effect on lung weight of mice bearing syngeneic
mammary carcinoma metastasis [89], and i.v. injection of
MSC derived from umbilical cord blood or adipose tissue
reduced the formation of metastatic lung modules in
mammary carcinoma-bearing mice [93].
Similarly, different effects of MSC in primary tumors on
their metastatic potential have been reported. Adipose and
cord blood-derived MSC reduce metastatic spread when coinjected with tumor cells subcutaneously. In contrast,
subcutaneously implanted human mammary carcinomas
co-injected with MSC acquire an increased metastatic
potential when compared to tumor cells alone [113]. The
pro-metastatic effect of MSC was found to be mediated by
the ability of MSC to secrete the promotility chemokine
CCL5 (RANTES) as the increase in metastasis observed
with co-injection of MSC was abolished when tumorbearing mice were treated with an anti-CCL5 antibody or
when CCL5 expression in MSC was suppressed by siRNA.
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Similar studies by other investigators demonstrated an
increase in the number of metastatic lesions in nude mice
bearing orthotopic osteosarcomas following i.v. injection of
MSC that was also CCL5 dependent [76].

6 MSC contribute to a pro-tumorigenic environment
in the bone marrow
Because the bone marrow is a major source of MSC, much
attention has been paid to their potential role in promoting
bone marrow and bone metastasis. These studies indicate
that, in the bone marrow, MSC play an important protumorigenic role by contributing to the formation of a
microenvironment that promotes osteolytic bone metastasis
and tumor cell proliferation and that provides tumor cells
with a sanctuary against cytotoxic drugs (Fig. 2). As they
differentiate into osteoblasts and form the osteoblastic
niche, BMDMSC produce chemoattractant proteins like
SDF-1 and MCP-1 that not only attract and retain HSC but
also are potent chemoattractants for circulating tumor cells
like B leukemia cells, breast cancer cells, or myeloma cells
[114-116].

When homed in the bone marrow, tumor cells interact
with MSC and their progeny through adhesion-dependent
and adhesion-independent mechanisms. Much of the
contributory role of MSC to progression in the bone
marrow has been initially learned from studies in multiple
myeloma [117]. In the case of this malignancy, the adherent
contact between myeloma cells and BMDMSC and their
progeny appears to be the dominant mechanism of
interaction. Human myeloma cell lines express a variety
of CAM like HCAM (CD44), VLA-4 (CD49/CD29),
ICAM-1(CD54), NCAM (CD56), VCAM-1 (a ligand for
α4β1 integrin), and LFA-3 (CD58) that promote their
adhesion to ECM proteins like fibronectin [118] and to
stromal cells [117, 119, 120]. Upon contact with myeloma
cells, MSC express growth factors and cytokines, like IL-6
which is a potent osteoclast-activating factor that contributes to osteolysis in myeloma [121]. Adhesion of myeloma
cells to fibronectin via VLA-4 or to stromal cells also
promotes the survival of tumor cells and their resistance to
cytotoxic drugs [122], a process that involves IL-6mediated STAT3 signaling [123] and is enhanced by
cyclo-oxygenase-2 (Cox-2)-mediated production of PGE2
[124]. Cell–cell contact between MSC and myeloma cells

Vascular niche

mi
Ho

VLA-4,HCAM
ICAM, NCAM
VCAM, LFA-3,
α4β1

io n

ng

PGE2, Gal-3BP

iffe
ren
tiat

n

IL-6

STAT3, PGE2

Ad i

Leptin

poc
yte
d

tio
er
en
tia
if f
st
d
la
O
st
eo
b

SDF-1,
MCP-1

Growth stimulation
Survival
Drug resistance

BMP, TGFβ1, IGF-1

Osteoclasts

Periosteal niche

Fig. 2 Interactions between MSC and tumor cells in the bone marrow.
As they differentiate into osteoblasts, MSC contribute to the periosteal
niche and secrete chemokines that promote the homing of tumor cells
in the bone marrow. Tumor cells (e.g., neuroblastoma) secrete soluble
factors like PGE2 and Gal-3BP that stimulate the production of
cytokines by MSC, including IL-6. Similarly, contact between tumor
cells (e.g., myeloma) and MSC via CAM stimulates cytokine

expression by MSC. IL-6 is a potent stimulator of osteoclasts but
also promotes tumor cell growth, survival, and resistance to
chemotherapeutic agents. The degradation on the bone matrix by
osteoclasts releases in the bone marrow microenvironment soluble
growth factors like BMP, TGFβ-1, and IGF-I that affect the
differentiation of MSC and their expression of cytokines and growth
factors
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via VCAM-1 and α4β1 integrin also enhances the osteoclastic gene activity of myeloma cells [121].
Adhesion-independent mechanisms of interaction between tumor cells and BMDMSC also play an important
role in bone and bone marrow metastasis. This is
exemplified by studies published in our laboratory on
human neuroblastoma, the second most common solid
tumor in children [125]. This cancer that originates from
cells derived of the neural crest frequently metastasizes to
the bone marrow (70.5%) and the bone (55.7%) [126]. As
in myeloma, the interaction between neuroblastoma cells
and MSC in the bone marrow microenvironment has a protumorigenic effect that is in part mediated by the production
of IL-6 by MSC [127]. However, in contrast to myeloma,
the stimulation of IL-6 expression in MSC does not require
cell–cell or cell–ECM adhesion but is mediated by soluble
factors produced by neuroblastoma cells. Among those are
PGE2 [128] and galectin-3 binding protein/Mac2, a 90-kDa
glycoprotein produced by neuroblastoma cells that interacts
with its binding partner, galectin-3, present in MSC [129].
Thus, in both myeloma and neuroblastoma, IL-6 appears
at the center of the interaction between tumor cells and
MSC in the bone marrow microenvironment acting as a
potent pro-tumorigenic factor. IL-6 has several protumorigenic activities in the bone marrow. It acts as a
potent activator of osteoclasts and thus stimulates osteolysis. As a consequence, growth factors bound to the bone
matrix like TGF-β, BMP, and IGF-1 are released and affect
tumor growth and MSC differentiation [130, 131]. IL-6 also
directly affects tumor cells. Many tumor cells do not
produce IL-6 but express the heterodimeric IL-6 receptor
(gp80 and gp130). Exposure of these tumor cells to IL-6 in
the bone marrow microenvironment activates ERK ½ and
STAT3 which stimulate cell proliferation and survival [132,
133]. IL-6 also promotes tumor cell survival by upregulating the expression of survival proteins like Bcl2, BclXL,
survivin, and x-linked inhibitor of apoptosis [132, 134] and
multidrug resistance-associated proteins including MDR
and MRP [135, 136] that confer to tumor cells resistance to
cytotoxic agents [137, 138]. Central to this effect of IL-6 is
STAT3, one of the major signaling pathways downstream
of the IL-6 receptor [132, 133, 138]. Thus, IL-6 produced
by MSC contributes to the formation of a microenvironment in the bone marrow that not only promotes tumor
growth but also provides tumor cells a sanctuary against the
cytotoxic effects of chemotherapeutics agents [122, 123].
Considering that MSC represent a very small percentage
of cells in the bone marrow, it is unclear whether they are in
sufficient number to have an impact on tumor cells in vivo.
A central question therefore is whether they maintain their
pro-tumorigenic function as they differentiate into osteoblasts, chondrocytes, adipocytes, or muscle cells. Although
this question has not been fully examined, some data
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suggest that it is the case. For example, adipocytes have a
pro-tumorigenic activity and contribute to drug resistance
[139]. Osteoblasts promote the engraftment of leukemic
cells in the bone marrow and protect them from
chemotherapy-induced apoptosis [139], as they produce
the soluble Wnt antagonist sFRP-1 that confers resistance
to daunomycin [140]. The effect of chondrocytes and
myoblasts in cancer progression in the bone marrow has
not been explored so far.

7 MSC in cancer therapy
Over the last decade, MSC derived from bone marrow or
other tissues like dental pulp have been considered for their
potential as a source of new tissue because of their ability to
generate cartilage, bone, muscle, and myocardium and for
their capacity to home to injured organs as well as to serve
as gene delivery tools. However, despite intensive research
by a large number of laboratories over the last several
years, their true potential in tissue repair remains unclear
[1]. Although animal data and some human data support a
beneficial effect in diseases like arthritis [141] or myocardial infarct [142], the mechanisms of their action in tissue
regeneration remains poorly understood.
Because MSC will also home to tumors and metastatic
sites, they have been considered as novel cell-based
delivery agents in cancer [143, 144]. The efficacy of
engineered MSC to systematically deliver pro-drug activating enzymes or cytokines with anti-cancer activity to the
site of primary tumors and at metastatic sites has been
recently tested in preclinical models. For example, the
systemic administration of MSC engineered to express
recombinant TRAIL in brain glioma-bearing mice has an
anti-tumor effect [145] and coinjection of human prostate
cancer cells with adipose tissue-derived MSC engineered to
express the suicide gene cytosine deaminase induces a
complete tumor regression upon treatment of mice with the
pro-drug 5 fluoro-cytosine [146]. Treatment of mice
implanted intracranially with U87 human glioma cells with
human BMDMSC engineered to produce interferon beta
inhibits tumor growth and increases survival [147]. To
translate these observations into human clinical trials will
however require convincing evidence that MSC effectively
colonize primary tumors and/or metastatic lesions in cancer
patients through non-invasive imaging techniques and that
their administration is safe. As we have previously
discussed, MSC are the source of many chemokines and
cytokines that can be anti- or pro-tumorigenic for tumor
cells and contribute to a state of immunotolerance. In view
of the potential pro-tumorigenic function of MSC in cancer
progression and a lack of clear understanding of the
underlying mechanisms, it remains prudent to hold clinical
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trials with these cells in cancer patients until their role is
better understood. The recent report that co-transplantation
of MSC with HSC in patients with hematological malignancies prevented GVHD but was associated with a higher
relapse rate supports the use of extreme caution before
large-scale clinical trials are performed [111]. In contrast,
clinical trials using agents targeting cytokines produced by
MSC in the tumor microenvironment or interfering with the
interaction between tumor cells and MSC should be a fertile
ground of investigation. Clinical trials in myeloma targeting
IL-6 for example have been initiated [148, 149].

8 Conclusions
It is clear that MSC and their progeny are not innocent
bystanders in the tumor microenvironment. They are
actively recruited by tumor cells and vice versa, they
contribute to attracting tumor cells to the bone marrow.
In tumors, they act as regulators of apoptosis, angiogenesis, and immune tolerance, and when in contact with
tumor cells they enhance proliferation, survival, and drug
resistance. Like tumor-associated macrophages, MSC can
be friend or foe of cancer cells, depending on their
origin, their degree of differentiation, and the type of
tumor cells they interact with. Our understanding of the
mechanisms that control the interaction between MSC
and tumor cells is still at an early stage although some
pathways, like the IL-6/STAT3 pathway, have been
shown to play a central role. To better understand these
mechanisms and in particular to examine how they are
affected as MSC differentiate into their progeny is a
critical area of future investigation that is needed to
better define their role in cancer progression and their
potential as therapeutic agents or targets.
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