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Abstract It is becoming increasingly evident that stromal
cells such as macrophages, mast cells, adipocytes and
mesenchymal cells associated with tumors significantly
contribute to tumorigenesis. Some types of cancer indeed
profoundly rely on extrinsic signals afforded by infiltrating
or neighbouring cells for survival, proliferation and dissem-
ination. Tissue disruption that results from tumor growth
further activates tissue repair and inflammatory reactions that
significantly shape the nature of the developing tumors. Over
the past recent years, several studies have revealed that
mesenchymal stem cells (MSCs) are recruited to tumors and
play a particularly important role in the regulation of both
solid and haematological malignancies. The tumor-homing
properties of MSCs have further led to studies investigating
their therapeutic use as targeted delivery vehicles of gene
products. I hereafter discuss the role of MSCs in cancer.

Keywords Mesenchymal stem cells . MSC . Cancer .

Stromal cells . Stroma . Carcinoma-associated fibroblasts .

CAF. GvHD

Introduction

Mesenchymal stem cells (MSCs) are non-hematopoietic
precursor cells, mainly found in the bone marrow, which
contribute to the maintenance and regeneration of a variety
of connective tissues, such as bone, cartilage, adipose and

muscle. MSCs are identified based on their ability to
differentiate into mesenchymal lineage cells and to express
specific membrane-bound surface antigens [1]. Purification
of SSEA-4 expressing bone marrow cells can significantly
enrich for MSCs cultures devoid of hematopoietic cells [2].
SSEA-4 is an antigen of globo-series glycolipids previously
thought to be restricted to embryonic stem cells and some
neural ganglion cells. Human and mouse MSCs express
CD105 (endoglin), CD73 (ecto-5′-nucleotidase) and CD44
(hyaluronate receptor). MSCs are also routinely tested for
the absence of CD45 and CD31 expression, which are
markers for hematopoietic and endothelial cells, respectively.
MSCs are also characterized by their low levels of major
histocompatibility complex (MHC) class I molecules expres-
sion. Following IFN-γ treatment, MSCs upregulate MHC
class I and II molecules, process and present antigenic
peptides and can induce IL-2 production of antigen-specific
T cells [3, 4]. A unique feature of MSCs is their ability to
suppress immune responses, although the exact mechanisms
by which MSCs mediate their immunosuppression are not
fully understood [1]. An important question that remains
unanswered is whether endogenous MSCs behave similarly
as ex vivo expanded MSCs. The development of more
efficient in vivo tracking methods will be key in defining the
physiological functions of MSCs in health and disease.

MSC in Tissue Repair

Several studies have shown that MSCs possess the intrinsic
ability to home to injured tissues and actively participate in
tissue repair. TGF-β family members (TGF-β1/2/3, activins
and bone morphogenetic proteins) and Wnt signaling play
important roles in MSCs-mediated tissue repair [5, 6]. Wnt
activation is essential, for instance, for the differentiation of
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MSCs into osteoblasts. Accordingly, the secreted soluble
factor Dickkopf-1 (Dkk-1), which inhibits Wnt signalling,
also inhibits MSC-mediated osteogenesis [7]. It has been
reported that MSCs can repair injured tissue through
differentiation, cell fusion or by secreting cytokines and
growth factors [8]. In the context of myocardium regener-
ation for instance, it has been proposed that trophic factors
secreted by MSCs are mainly responsible for their
therapeutic effects after cardiac infarction [9]. The release
of trophic factors by MSCs has also been suggested to be
beneficial in experimental models of stroke [10].

MSCs in Solid Tumors

The microenvironment of a solid tumor closely resembles
the environment of an injured tissue. As such, tumor
growth is often associated with a variety of stromal cells
in a manner that closely ressembles wound healing and
tissue repair sites. Several studies have now demonstrated
that similar to injury sites, developing tumors recruit MSCs
through the release of endocrine and paracrine signals.
Although molecules such as CXCR4, CXCR12 and CCL2
have been implicated in the tissue-homing ability of MSCs
[11], the exact mechanism governing MSC migration—in
response to injury or oncogenesis—is still not fully
characterized. One of the difficulties in studying the
migratory properties of MSCs may come from the fact that
ex vivo cultured MSCs often loose expression of chemokine
receptors and responsiveness to chemokines. Indeed, early
passage MSCs, but not long-term cultured MSCs, have been
described to express a broad range of chemokine receptors,
including CCR1, CCR7, CCR9, CX3CL1, CXCR4, CXCR5
and CXCR6, and to migrate in response to CXCL12,
CXCL13, CXCL16, CCL19, CCL5 and CCL25 [12].

Several independent studies have now shown that MSCs
are recruited to tumors of breast carcinomas, colon
carcinomas, ovarian carcinomas, gliomas, melanomas and
Kaposi’s sarcomas [13–18]. In the context of Kaposi’s
sarcomas [18], MSCs appear to play an anti-tumoral role
via inhibition of the PI-3K/AKT pathway in an E-cadherin-
dependent manner. The anti-tumoral effects of endogenous
MSCs are still not clear and warrant further investigation.
Recently, Qiao L. et al. [19] demonstrated that human
MSCs could inhibit the proliferation and colony-forming
ability of human cancer cell lines, possibly through the
downregulation of anti-apoptotic Bcl-2. In human breast
cancer, human MSCs have been shown to migrate up to 11-
fold more towards conditioned media from cancer cells than
from non cancer cells [20]. Building upon these observa-
tions, Karnoub et al. [20] recently demonstrated that human
MSCs are particularly important to enhance the metastatic
ability of human tumors xenografts. Out of 4 human breast
cancer cell lines tested, namely MCF7/Ras, MDA-MB-231,

MDA-MB-435 and HMLER cells, all showed an increased
metastatic potential to the lungs when co-injected with ex
vivo expanded human MSCs. However, only one cell line,
MCF7/Ras, showed accelerated primary tumor growth
when co-injected with MSCs. Importantly, the co-injection
of tumor cells with other types of mesenchymal cells such
as BJ fibroblasts did not enhanced tumor growth or
metastasis. In a screen for cytokines, chemokines and
growth factors differentially expressed in co-cultures of
human breast cancer cells and MSCs, CCL5 (RANTES)
was revealed to be upregulated up to 60-fold in co-cultures
compared to monocultures. Using short hairpin RNA
technology, it was demonstrated that MSCs were the source
of CCL5 and that physical interactions between the two cell
types were required, i.e. MSCs needed to be “educated” by
the cancer cells by a mechanism yet to be identify. CCL5
can induce the recruitment of tumor-associated macro-
phages and endothelial cells. However, the enhanced ability
of breast cancer to metastasize in response to CCL5 was
rather shown to be due to an enhanced ability of the tumor
cells to colonize foreign microenvironments, possibly
through enhanced extravasation, although direct evidence
of this remains to be shown. Taken together, these studies
revealed that solid tumors of various cell origins can recruit
ex vivo expanded MSCs and, in the context of breast cancer
at least, tumor recruitment of MSCs facilitates metastatic
spread through the release of CCL5 by MSCs. However, a
better understanding of the biological pathways governing
the functions of endogenous MSCs (as opposed to ex vivo
expanded MSCs) is crucial if new therapeutic strategies
targeting tumor-stroma interactions are to be developed.

Mesenchymal fibroblasts within solid tumors are often
referred to as activated or carcinoma-associated fibroblast
(CAFs). Although, in most cases, the tissue origin of CAFs
is not well defined, the fact that CAFs share common
surface antigens and exhibit common functions with
MSCs suggest they may origin from bone marrow MSCs
[21]. In a model of human prostate cancer, it was recently
shown that production of TGF-β by CAFs increased
CXCR4 expression on initiated non-tumorigenic prostate
epithelial cells. Importantly, suppression of CXCR4
expression abrogated the subsequent tumorigenic potential
of prostate epithelial cells [22]. Hence, induced expression
of CXCR4 via TGF-β modified the response of prostate
epithelial, inducing epithelial cells to respond to stromal-
derived factor (SDF)-1—the ligand of CXCR4—produced
by MSCs. CAFs have also been described to play an
important role in the development of mammary carcinomas.
Orimo A. et al. [23] demonstrated that CAFs extracted from
human breast tumors promoted the growth of tumor cells
through the release of SDF-1, which was also in part
responsible for the recruitment of endothelial progenitor cells
and angiogenesis.
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The tumor-homing properties of MSCs have led to
studies investigating their potential as targeted delivery
vehicles for therapeutic genes. Michael Andreeff and is
team [14, 15] showed that intravenously injected human
MSCs gene-modified to secrete IFN-β preferentially
engrafted into xenografted tumors, thereby significantly
delaying tumor growth. We have shown that MSCs could
also be used in a syngeneic setting to deliver immunosti-
mulatory gene products such as interleukin-2 and induce
anti-cancer immune responses [24]. The selective engraft-
ment of MSCs to tumors may thus constitute a new
therapeutic avenue to target anti-tumor gene products to
the tumor microenvironment.

MSCs in Haematological Malignancies

MSCs have also been implicated in the pathology of several
forms of haematological malignancies. Myeloma bone
disease, which is known to be associated with an increased
production of bone-resorbing osteoclast-activating factors,
is also associated with an increase production of Dkk-1 that
inhibits MSCs differentiation [25]. Dkk-1 also predisposes
undifferentiated MSCs to enter cell division, as addition of
synthetic recombinant Dkk-1 peptides has been shown to
stimulate proliferation of undifferentiated MSCs [7]. In
patients with multiple myeloma, inhibition of MSCs
differentiation by Dkk-1 produced by myeloma cells is
associated with the development of osteolytic lesions.
MSCs cocultured with human myeloma cells were shown
to produce high levels of IL-6, stimulating the proliferation
of Dkk1-secreting myeloma cells, which in turn induced the
proliferation of MSCs and inhibited their differentiation
into osteogenic cells. Notably, blocking Dkk-1 with a
monoclonal antibody can significantly reduce the develop-
ment of osteolytic lesions and significantly inhibit the
growth multiple myeloma in mice [25]. Anti-Dkk-1
antibody therapy may thus constitute a novel therapeutic
approach in the treatment of multiple myeloma and
associated bone disease.

Recently, Mukherjee et al. [26] reported that the
proteasome inhibitor bortezomib, a first-in-class agent for
patients with relapsed and refractory myeloma, can induce
differentiation of MSCs into osteoblasts thereby preventing
bone disease. The studies demonstrated that low doses of
bortezomib increased osteoblastogenesis, bone formation
and mineralized trabecular bone in mice. The authors
suggested that bortezomib prevented proteasomal degrada-
tion of the runt-related transcription factor 2 (Runx-2),
which is a key transcription factor required for osteoblast
differentiation. Indeed, Runx-2 together with the transcrip-
tional modulator TAZ drives MSCs to differentiate into
osteoblasts [27]. Of note, in addition to its effect on MSCs,

Bortezomib has also been shown to inhibit ostoeclast
formation through blockade of NF-κB activity [28]. Thus,
recent studies suggested that pharmacologic manipulation
of MSCs by administration of anti-Dkk1 antibodies or by
administration of the proteasome inhibitor bortezomib
could be a useful strategy for conditions associated with
loss of bone function.

Through the production of SDF-1, bone marrow MSCs
have been suggested to mediated chemotaxis of CD34+
acute myelogenouse leukemia cells and to play an
important role in the homing of these cells to the bone
marrow microenvironment [29]. The preferential homing of
potential cancer stem cells in the bone marrow via
production of SDF-1 has been proposed as a mechanism of
chemoresistance in different haematological malignancies,
including myeloma, acute myelogenous leukemia, acute
lymphoblastic leukemia (ALL) and chronic lymphocytic
leukemia [30–32]. In the context of chronic myelogenous
leukemia (CML), the role of tumor-stroma interactions is
generally considered as low since the chimeric fusion protein
Bcr-Abl (resulting from the translocation of c-Abl gene on
chromosome 9 to the breakpoint region (Bcr) on chromo-
some 22) can inhibit SDF-1-induced migration of CML cells
[33]. Recently, Jin et al. [34] hypothesized that imatinib, a
tyrosine kinase inhibitor developed to specifically inhibit
Bcr-Abl, may restore SDF-1-induced migration of CML
cells and cause resistant CML cells to localize to bone
marrow microenvironment. They observed that imatinib
treatment significantly increased CXCR4 expression (the
receptor for SDF-1) on CML cells and increased their
migratory ability towards bone marrow MSCs. Importantly,
they demonstrated that CML cells co-cultured with MSCs
were significantly more resistant to imatinib, and that
addition of the CXCR4 antagonist AMD3465 restored the
sensitivity of CML cells to imatinib when co-cultured with
MSCs. Thus, therapeutic strategies aimed at blocking the
protective effects of bone marrow MSCs on CML cells via
the SDF-1/CXCR4 axis could benefit relapsing CML patients.

Recent studies by Iwamoto et al. [35] revealed that ALL
resistance to asparaginase therapy may rely on the
interaction between ALL cells and bone marrow MSCs.
Asparagine depletion in an essential component of ALL
treatment because the capacity of ALL cells to produce
their own asparagine is extremely low due to their low
expression levels of asparaginase synthetase (ASNS) [36].
Since bone marrow MSCs express high levels of ASNS and
that ALL cells grow in close association with MSCs, it was
hypothesized that MSCs might confer resistance to aspar-
aginase therapy. When ALL cells were co-cultured with
human MSCs, they were indeed significantly protected
against asparaginase cytotoxicity. Notably, the authors
observed patient-dependent variability in the levels of
ASNS in MSCs and subsequent resistance to asparaginase.
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Theses studies suggest that resistance to asparaginase may
be mediated by ASNS expression by MSCs rather than
endogenous ASNS expression in ALL cells. Thus, the
development of ASNS inhibitors to complement asparaginase
therapy should target both ALL cells and MSCs.

MSCs in Graft-versus-host Disease

One of the most fascinating properties of MSCs is their
ability to suppress immune responses, both in vitro and in
vivo. Soluble factors secreted by MSCs play a major role in
their immunosuppressive effects, including hepatocyte
growth factor, prostaglandin E2, TGF-β1, indoleamine
2,3-dioxygenase, nitric oxide and IL-10. Some studies
reported that contact-dependent mechanisms, such as
B7H1 interactions, might also be implicated in MSC-
mediated immune suppression. Although not fully charac-
terized, the immunosuppressive properties of MSCs affect
the function of a broad range of immune cells, including T
cells, B cells, NK cells and antigen-presenting cells [1]. Co-
transplantation of MSCs has been proposed for the
treatment of graft-versus-host disease (GVHD) and other
autoimmune diseases. In a landmark case study of severe
grade IV GVHD, LeBlanc and colleagues [37] reported that
administration of haploidentical human MSCs following
allogeneic stem cell transplantation completely reversed the
GVHD. One year following treatment, the patient was still
free of GVHD and had no minimal residual disease of his
leukemia in blood and bone marrow. Recently Ning et al.
[38] reported the results of the first randomized study on
the use of MSCs for the prevention of GvHD. The study is
significant in that it revealed that although MSCs co-
transplantation was efficient at preventing GvHD (one out
of ten versus eight of ten patients), it was also associated
with a greatly higher incidence of leukemia relapse (60%
versus 20%). The non-specific immune suppression in-
duced by MSCs may have accounted form simultaneous
inhibition of graft-versus-leukemia effect. However,
patients injected with MSCs did not display any differences
in infectious events, which would have been expected from
systemic immune suppression. It is therefore possible that
other mechanisms are responsible for the higher incidence
of leukemia relapse in the MSC-treated group. A possible
explanation could be that MSCs directly enhanced survival
of residual malignant cells through the release of exogenous
factors as described above.

MSCs as a Source of Cancer Stem Cells

In addition to their ability to incorporate tumors’ stromal
environment and to influence tumor growth, MSCs may
also constitute an important source of cancer stem cells.

Human MSCs have indeed been shown to spontaneously
transform following ex vivo culture [39]. In tissue cultures,
human and mouse MSCs are susceptible to spontaneous
mutations, including loss of p53 function. Recently, Li et al.
[40] examined age-related fibrosarcomas developing in
control-treated or MSC-injected mice and observed that
MSCs spontaneously form fibrosarcomas in mice as a result
of aging, possibly involving acquisition of p53 mutation.
Interestingly, immunohistopathological analyses of MSC-
derived tumors identified them as poorly differentiated
carcinomas, suggesting a mesenchymal-epithelial transition
[41]. This was corroborated by microarray and protein
expression analysis that showed that almost all mesenchy-
mal genes were severely repressed in MSC-derived tumors.
In support of a role for endogenous MSCs in the
development of spontaneous oncogenesis, Houghton et al.
[42] demonstrated that chronic infection with Helicobacter
pylori induced the recruitment of bone marrow-derived
cells (BMDCs) that developed into intraepithelial cancer.
This study revealed that epithelial cancers can arise from
BMDCs and suggested that MSCs were likely involved in
this process. Recently, Bernardo et al. [43] investigated the
susceptibility to transformation of human bone marrow-
derived MSCs at different in vitro time points. Using
genomic hybridization, karyotyping, subtelomeric fluorescent
in situ hybridization and telomerase activity, the authors failed
to observe malignant transformation in any of the ten human
MSCs preparations tested. This suggests that human MSCs
isolated from the bone marrow are not susceptible to cellular
transformation when cultured for less than 25 passages.

Conclusion

As I have discussed in this review, MSCs constitute a rare
population of adult stem cells mainly found in the bone
marrow that play an important role in a number of
malignant diseases. Recently, Karnoub et al. [20] demon-
strated that human MSCs were particularly potent at
enhancing the metastatic ability of human breast tumor
xenografts. Future studies focusing on resident MSCs will
be of great importance to validate observations made with
ex vivo expanded MSCs, which have been the sole basis of
our knowledge of MSCs biology. Notwithstanding this,
evidence strongly suggests MSC-tumor cells interactions
are crucial in the development of solid and haematological
malignancies. MSCs may further constitute a source of
cancer stem cells, as suggested by the observation that bone
marrow-derived cells are directly responsible for the
development of epithelial gastric cancers triggered by
chronic Helicobacter infections [42]. It will be of great
interest to further investigate the role of resident MSCs as a
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source of cancer stem cells in other types of malignancies.
Defining the role and function of resident MSCs will thus
be of great importance in our understanding of the biology
and function of adult stem cells and in the development of
therapeutic strategies aimed at exploiting or targeting adult
MSCs.
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