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ABSTRACT:
Mesenchymal stem or stromal cells (MSCs) are precursor cells that play important 

roles in tumorigenesis. MSCs are recruited to tumors from local and distant sources 
to form part of the tumor microenvironment. MSCs influence tumor progression 
by interacting with cancer cells, endothelial cells, immune cells, and cancer stem 
cells, in a context-dependent network. This review aims to synthesize this emerging 
yet controversial field to identify key questions regarding the mechanisms of MSC 
mobilization and survival in blood; homing to tumors, metastases, and premetastatic 
sites; spatiotemporal organization and differentiation; and interaction with immune 
cells and cancer stem cells. Understanding the fundamental biology underlying 
mesenchymal stem cell and tumor interactions has the potential to inform our 
knowledge of cancer initiation and progression as well as lead to novel therapeutics 
for cancer. Furthermore, knowledge of endogenous mechanisms can be used to 
“program” exogenous MSCs for targeted chemotherapeutic delivery to tumors and 
metastases. Emerging studies will provide crucial insight into the mechanisms of 
tumor interactions with the whole organism including MSCs.

1. INTRODUCTION

Early molecular genetic studies on tumors 
primarily focused on cell-autonomous mechanisms 
of tumor progression. For instance, both growth and 
invasion were understood in terms of intracellular 
signaling pathways, regulation of cell cycle progression, 
apoptosis, and cytoskeletal dynamics (1). However, 
it has become increasingly evident that tumor cells 
non-cell autonomously interact with both their local 
microenvironment and the entire organism (2). 

At the most basic level, tumor cells interact with 
their surroundings: the microenvironment or stroma 
composed of tumor promoting and opposing cells, soluble 
molecules, and extracellular matrix components (2). 
Tumor-associated cells include heterogeneous fibroblasts, 
neutrophils, macrophages, lymphocytes, endothelial cells, 
and nerve cells, among others. The extracellular matrix, 
in collaboration with soluble factors, provides signals for 
the modulation of cell cycle progression, apoptosis and 

migration of both tumors and associated stromal cells 
(3). Unlike the classical conception of a “disordered” 
tumor, these components form an intricate network of 
signaling and crosstalk, with subdivisions of processes 
and components (2).

Recent evidence indicates that non-hematopoietic 
stromal cells can originate from mesenchymal stem 
or stromal cells (MSCs), and MSCs themselves form a 
critical part of the tumor stroma. MSC are adult, non-
hematopoietic multipotent stem cells that can be isolated 
from fat and bone marrow, among other tissues. MSCs 
are traditionally characterized by their plastic adherence, 
tri-lineage differentiation to adipocytes, chrondrocytes, 
and osteoblasts, expression of characteristic surface 
marker proteins (e.g., CD44, CD90, and CD106) (4). 
Local tissue-resident MSCs are important players in 
tissue homeostasis that are activated to proliferate and 
differentiate during tissue remodeling and inflammation. 
Under normal conditions, they may be associated with the 
local vasculature or other cells types (5). In many cases, 
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however, MSCs are recruited from more distant organs to 
tumor and injury sites, including both the bone marrow  
(BM) and adipose tissue (6,7). 

In recent years, there has been considerable interest 
in the use of MSCs as trophic vehicles for delivery of 
drugs, proteins, and other therapeutic agents specifically 
to tumors due to their lack of immune rejection and natural 
and specific ability to home to and integrate into tumors. 
The excellent phenotypic stability of MSCs in cell culture 
has facilitated their application in these technologies. In 
addition, MSCs may be easily modified, both genetically 
and non-genetically, for drug delivery, enhanced and more 
specific homing, and single-cell niche visualization—all 
with minimal impact on the MSC phenotype (8).

Here, we evaluate the role of both endogenous and 
exogenous MSCs and in some cases, MSC-like cells, 
as critical players in tumor progression. By endogenous 
MSCs we refer to those MSCs that are recruited to 
cancers from within the body; in contrast, exogenous 
MSCs are those that are cultured ex vivo before delivery 
to an experimental subject or patient. We emphasize 
that the process of MSC mobilization into the systemic 
circulation, survival in the blood, recruitment to tumors, 
differentiation, and distribution within tumors critically 
regulates tumor progression. The pleiotropic effects 
of MSCs include roles in regulating cancer stem cells, 
tumor proliferation, migration, immune cell recruitment 
and function, and angiogenesis. Moreover, we find 
extensive evidence that MSCs can be used as potent and 
safe tumor tropic vehicles for genetically engineered and 
conventional drug delivery to tumors. Together, these 
examples emphasize that the basic biology of tumor-
associated cells can be engineered for both translation to 

the clinic and as experimental tools for investigation of 
regulatory interactions within the tumor. We hope that this 
article will both serve as a useful synthesis of the field 
as well as a source of intriguing open questions to be 
addressed in the future.

2. MSCS CONTRIBUTE TO THE TUMOR 
STROMA

As tumors recruit many untransformed cells during 
cancer progression, many researchers naturally explored 
the contribution of endogenous stem cells to cancers. A 
growing body of evidence suggests that MSCs derived 
from both local (e.g., adipose tissue) and distant (e.g., 
bone marrow) sources contribute to the tumor stroma 
(Figure 1; Supplementary Table 1 and references therein). 
In tumors arising in the bone marrow or in metastases to 
the bone marrow, tumor cells may exploit endogenous 
hematopoietic stem cell niches for survival or proliferation 
(9,10). MSCs themselves have been proposed to form a 
critical part of the hematopoietic stem cell (HSC) niche 
(11), and tumor cells may compete for the HSC niche 
(9). Also, endogenous MSC-like cells  (based on in vitro 
morphology and cell surface marker profiling) have 
been isolated from the bone marrow of chronic myeloid 
leukemia patients (12).

In addition to the bone marrow, MSCs are present 
in other tissues and may be recruited by tumor cells 
to form part of the microenvironment. Using ex vivo 
cultured MSCs as a model for endogenous local MSCs, 
several groups have shown important contributions of 
MSCs to the tumor stroma. For instance, in a rodent 
experimental glioma model, exogenous MSCs injected 

Figure 1: MSCs are recruited to tumors from local and distant (systemic) sources. Red arrows show regulatory interactions 
of tumor cells on MSC biology; dark blue arrows show cell movements and action of MSCs on tumor cells. (a) Although the precise 
mechanisms remain to be determined, local (tissue-resident) MSCs can be recruited to tumors via tumor-derived cytokines, chemokines, 
and growth factors. (b) In addition, MSCs can be derived from distant (systemic) sources, including the bone marrow, adipose tissue, and 
possibly other organs. The signals mediating MSC mobilization to blood, survival in blood, and the attraction of MSCs to tumors are not 
known.
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into the tumor were found to closely follow cancer 
invasive extensions and microsatellites (13), and human 
MSCs transplanted locally into the tumor were able to 
migrate to and survive in the cancer mass (14). These 
results suggest that molecular interactive cues might 
exist between glioma cells and MSCs (13). In addition, 
locally injected exogenous MSCs preferentially localized 
to experimental intraperitoneal tumors (15). Significantly, 
real time non-invasive data with exogenous luciferase-
expressing Human MSCs (hMSCs) indicated that hMSCs 
incorporate into tumors where they may contribute to the 
tumor microenvironment (15,16).

Endogenous MSC-like cells populate the uninjured 
skin and other organs, and contribute to wounded eye 
and skin epithelium, injury-induced arterial intimal 
hyperplasia, and ischemic myocardium (17–21). This 
raises the question of to what extent endogenous 
MSCs can integrate into tumors, which several studies 
have directly addressed. In several elegant studies, 
immunodeficient mice were sublethally irradiated 
and transplanted with green fluorescent protein (GFP) 
labeled bone marrow to label bone-marrow derived cells, 
including MSCs. It was found that bone marrow-derived 
myofibroblasts were present in pancreatic cancers and that 
the proportion of bone marrow-derived cells increased as 
the tumor progressed (22,23). Moreover, in a similar study 
using GFP-labeled bone marrow, about half of ovarian 
tumor stromal cells were derived from the bone marrow; 
in this case accounting for 20% of the myofibroblasts and 
pericytes and 70% of the fibroblasts. A sizeable proportion 
of stromal cells originated from MSCs and more than 75% 
of MSC-derived tumor stromal cells were fibroblast-like, 
while up to 10% were myofibroblasts (6). This observation 
extends to inflammatory models of gastric cancer, where 
20% of all cancer myofibroblasts were bone marrow 
derived (24). Interestingly, myofibroblast-like cells 
increased in number in the BM of tumor-containing versus 
tumor-free mice, with in vitro evidence suggesting that 
MSCs can give rise to myofibroblasts (24). Intriguingly, 
there is preliminary evidence of bone marrow contribution 
to the stroma of human tumors. Worthley et al. performed 
an analysis of tumor tissue specimens obtained from 
female allogenic bone marrow transplant patients that 
had received bone marrow from male donors and found 
myofibroblasts in gastrointestinal tumors that possessed 
Y-chromosomes (25). 

In addition to the bone marrow, local resident MSC-
like cells may also contribute to the tumor stroma. Using 
transplantation of GFP-positive bone marrow, Kidd et al 
found that approximately half of the tumor stromal cells 
were of non-bone marrow origin (6). In contrast, almost 
all endothelial cells and the majority of pericytes were 
derived from cells outside the bone marrow. Furthermore, 
transplantation of fluorescently labeled adipose tissue as 
a source of stromal cells adjacent to the tumor revealed 
a significant contribution of adipose-derived cells to the 

tumor stroma, particularly pericytes. Although the exact 
nature of the cells giving rise to tumor stromal elements 
is not clear, these results indicate that local and distant 
stromal sources may contribute to the tumor stroma 
and that their relative contributions to different stromal 
elements may differ (6). In support of this hypothesis, 
a recent study found that endogenous local MSC-like 
adipose stromal cells mobilize and engraft to the tumor 
in an obese mouse model of cancer, emphasizing the 
importance of systemic communication between organs 
and cancer progression (7). 

Intriguingly, tumor cells themselves could be a 
source of cells with MSC-like characteristics. Battula 
et al  (2010) demonstrated that immortalized human 
mammary epithelial cells induced to undergo epithelial-
mesenchymal transition  (EMT) in vitro by Twist, Snail, 
or transforming growth factor β (TGFβ) overexpression 
recapitulated many of the features of MSCs. Namely, 
they expressed MSC surface markers and gained the 
ability to differentiate to chrondrocytes, osteoblasts and 
adipocytes (26). This raises the interesting possibility that 
tumor cells may give rise to their own stroma through 
transdifferentiation. Interestingly, recent work showed 
differentiation of glioblastoma stem cells to pericytes 
(which may resemble MSCs), dependent on TGF-β (27).

Finally, numerous studies have demonstrated 
that ex vivo cultured “exogenous” MSCs (but not their 
differentiated progeny) efficiently home to tumors and 
metastases after intravenous injection (Supplementary 
Table 1 and references therein). In an uninjured mouse, 
exogenous intravenously-injected MSCs rapidly 
accumulate within lungs and are cleared to other organs 
such as the liver within days. Moreover, MSCs are not 
detectable in the mouse body after 7 days (16). This 
pattern of accumulation followed by clearance within 
days is markedly similar to that of non-reactive acrylic 
microspheres, suggesting that passive accumulation 
dominates the biodistribution of MSCs under normal 
physiological conditions (27). A significant body of work 
has firmly established that exogenously cultured MSCs are 
capable of selectively homing to and surviving in a variety 
of pre-established solid tumors (breast, colon, melanoma, 
and others) while being excluded from normal tissues. The 
evidence for this has been obtained using MSC-specific 
PCR, immunohistochemistry (IHC) (29–31) and non-
invasive, real-time bioluminescence imaging (16,32,33), 
nuclear magnetic resonance imaging (MRI) (34), positron 
emission tomography  (PET) (35), and radionuclide 
imaging (35). In addition to systemic targeting of large 
solid tumors, MSCs (but not differentiated fibroblasts) 
have been shown to home to and be retained in metastases 
and other small tumors, while not accumulating in normal 
tissues. This was demonstrated using methods including 
immunohistochemistry (29,36–38), and bioluminescence 
imaging (16,32) in cancers ranging from breast to prostate 
to melanomas. These studies have provided a model for 
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studying MSC homing to tumors and emphasized the 
possibility of using MSCs as drug delivery vehicles to 
tumors.

3. MECHANISMS OF MSC RECRUITMENT 
AND HOMING TO TUMORS

Mobilization from the bone marrow and other 
organs represents the first key step in MSC homing to 
tumors. There is evidence that endogenous MSCs can 
mobilize from the BM and other tissues to the  peripheral 
blood under both normoxia and hypoxia, inflammation, 
and injury conditions (18–20). Moreover, this process 
is tightly regulated, with endogenous MSC-like cells 
only being isolated and cultured from the blood of mice 
subjected to femoral artery injury, but not from the blood 
of uninjured mice (19). Similarly, CD29-positive MSC-
like cells could be isolated and cultured from blood of 
mice with burn-injured corneas, but not from uninjured 
mice (18). Although multiple studies have found that 
the bone marrow plays key roles in contributing to the 
tumor stroma (Supplementary Table 1 and references 
therein), major unresolved questions remain regarding the 
mobilization of MSCs from the bone marrow and homing 
to tumors (6,20,24).

Inflammatory cytokines have been suggested to 
mediate the mobilization of MSCs from their tissues of 

origin, as their concentration increases during injury and 
other disease processes, concomitant with an increase in 
circulating MSCs (18–20). In response to cornea burn 
injuries, it was found that the 11-amino acid neuropeptide, 
substance P, was elevated in the blood of injured animals 
and was sufficient to mobilize endogenous MSCs to the 
blood (18). In addition, other systemic signals may also 
be critical in mobilizing MSCs to blood. For example, BM 
MSC have been shown to respond to sympathetic nervous 
system (SNS) signals to regulate hematopoietic stem cells 
(11). Since SNS signals have been observed to influence 
tumor progression (39), the possibility of regulating MSC 
mobilization through the SNS in the context of tumors 
is an intriguing area of research that has not yet been 
explored. Despite some key observations, the initial key 
steps in MSC mobilization and intravasation into the blood 
stream remain largely unexplained.

Following mobilization from distant sources 
into the systemic vascular system, MSCs must then 
extravasate and engraft at tumors. Much work dedicated 
to understanding immune cell homing has established that 
the steps of interaction between cells in the circulation and 
endothelial cells  (ECs) include capture, rolling, activation, 
arrest, adhesion strengthening, crawling, transendothelial 
migration and establishment within target tissues. 
Selectins, selectin ligands, integrins-immunoglobulin 
superfamily receptors  (e.g., vascular cell adhesion 

Figure 2: The physical parameters and cell surface molecules of MSCs cooperate to induce active homing of MSCs 
to tumors. Endothelial cells are green; MSCs are blue; and tumor cells are pink. Although the mechanisms of MSC homing are poorly 
understood, they likely involve partially overlapping steps of deceleration in the blood flow (which may be partially physical – here 
depicted as bulging endothelial cells), rolling, adhesion, transmigration through the endothelium, and migration into surrounding tissues. 
The possible molecular determinants are indicated. The elucidation of the MSC homing mechanism to tumors will facilitate the development 
of drugs for inhibition of this process (endogenous MSCs), or for understanding how ex vivo cultured MSCs can be engineered to be used 
as effective and specific drug delivery vehicles.
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molecule-1 – VCAM-1), chemokines and their receptors, 
and other molecules are involved in this process (40). 
Despite controversy over the exact mechanism (Figure 2), 
there is strong evidence that MSCs have the capacity to 
home to sites of inflammation. Moreover, MSC adhesion 
to the endothelium is greatly enhanced by activation of 
the endothelium with pro-inflammatory cytokines such 
as tumor necrosis factor α (TNFα) (41). As many cancers 
induce significant inflammatory responses, this suggests 
a possible mechanism regulating the tropism of MSCs 
for solid tumors (42). Recent data with inhibitors to 
chemokine (C-X-C motif) ligand 12/stromal cell-derived 
factor 1 (CXCL12/SDF-1) receptor CXCR4 and TGFβ 
receptor suggest that endogenous MSC homing to tumors, 
differentiation to myofibroblasts, and/or survival require 
CXCR4 (24). In addition several studies have suggested 
that tumor-derived platelet-derived growth factor (PDGF), 
epidermal growth factor (EGF), vascular endothelial 
growth factor (VEGF), and interleukin-6 (IL-6) may be 
required for localization, integration and/or survival in 
tumors (43–45).

The role of cytokines and chemokines  in the 
context of MSCs has also been examined and found to 
induce survival and engraftment and promote enhanced 
slow crawling (46), adhesion (41,46), spreading on the 
endothelium (46), transmigration (46,47), and chemotaxis 
(48,49). A recent study compared the transmigration 
of MSCs, leukocytes, and cancer cells. In contrast to 
leukocytes, but similar to cancer cells, MSC transmigration 
does not involve lamellopodia or invadosomes, but instead 
involves “blebbing” of their membranes. Although the 

regulation and molecular mechanisms remain to be 
characterized, blebbing and VCAM-1 have been proposed 
to be important for establishing transmigration interactions 
with the endothelium (47). 

The BBB is a well-regulated barrier to cell 
trafficking to the brain that normally prevents 
extravasation of immune and other cells to the brain 
parenchyma (50). Interestingly, exogenous MSCs appear 
to be capable of crossing the blood-brain barrier (BBB) 
and contribute to experimental gliomas when administered 
via the carotid artery(13). At 1 hour following injection, 
MSCs were clustered near blood vessels, suggesting entry 
of the MSCs through the endothelial cells. By 3-4 days 
post injection, human MSCs were dispersed throughout 
the tumor, but were not present within normal adjacent 
and distant brain tissue. Similar results were obtained in a 
similar glioma model (31), and robust MSC transmigration 
of in vitro models of the BBB have been observed (51). 
As MSCs have been additionally utilized as therapeutics 
for a variety of central nervous system disorders, (47, 51) 
understanding the mechanisms by which they bypass the 
BBB has clear clinical implications for both cancer and 
other disorders.

It is likely that MSC homing to tumors involves 
interplay between active recruitment via chemokines and 
inflammatory processes and passive entrapment in the 
vasculature. Exogenously delivered MSCs are physically 
and molecularly non-specifically entrapped in sites with 
small blood vessels, including “filtering organs” like 
the lungs, liver, and spleen (52,53). Intriguingly, use of 
a vasodilator concomitant with injection of exogenous 

Figure 3: MSC differentiation within tumors. MSCs have been found to differentiate to (a) osteoblasts (red), adipocytes (yellow), 
or other cell types; (b) pericytes; (c) cancer stem cell niche cells; and (d) tumor associated fibroblasts. The precise function of each of these 
cell types remains to be determined. Each step may be targeted for inhibition by therapies, based on their function in promoting or inhibiting 
tumor progression or initiation.
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MSCs led to a markedly altered biodistribution of MSCs, 
with a significant decrease in entrapment in the lungs (52). 
Moreover, treatment of exogenous MSCs with an integrin 
α4 blocking antibody results in entrapment of significantly 
fewer cells in the lung following intravenous injection 
(54). Thus, we reason that the physical parameters 
of MSCs collaborate with molecular determinants to 
ultimately dictate homing and engraftment. Unraveling the 
relative contributions of molecular signals and physical 
parameters in MSC homing to tumors will reveal both new 
biology and novel targets for therapeutic intervention.

4. MSC ORGANIZATION AND 
DIFFERENTIATION WITHIN TUMORS 

Although MSC tropism for tumors is now relatively 
well established, their ultimate fate - incorporation into 
tumors, differentiation, communication with cancer cells, 
other stromal cells, and cancer stem cells - in the tumor 
remains unclear. We have summarized the key findings in 
literature regarding MSC organization and differentiation 
within tumors in Figure 3 and Supplementary Table 2. 
Briefly, MSCs incorporate into tumors as single cells 
and clumps that may be associated with both necrotic 
regions and the vasculature. MSCs have been found to 
contribute to multiple cellular components of the stroma, 
including fibroblasts, periendothelial cells, adipocytes, 
and osteoblasts, among others. In particular, MSC-derived 
cells localized to lung metastases underwent osteogenic 
differentiation, while MSCs localized to subcutaneous 
tumors adopted an adipogenic fate. These results indicate 

that the lung and subcutaneous locations of tumors 
may have different microenvironmental influences on 
tumor and MSC fate (32). Interestingly, changing the 
microenvironment with irradiation of subcutaneous 
tumors was sufficient to alter intravenously injected mouse 
MSC distribution within it. Whereas MSCs were mostly 
associated with blood vessels in non-irradiated tumors, 
irradiation caused MSCs to become more localized to 
the tumor parenchyma, which could have important 
implications for therapy that utilizes MSCs as delivery 
vehicles (33). Furthermore, recent studies have suggested 
that MSCs may form a part of the cancer stem cell (CSC) 
niche (Figure 3c). Specifically, it was found that human 
MSCs transplanted into the bone marrow can expand 
the  putative breast cancer CSC population via a cytokine 
loop involving IL6 and CXCL7 (45). Moreover, MSCs 
were able to home to the tumor, distribute throughout the 
stroma mostly as single cells, and closely associate with 
the putative CSCs. 

Tumor MSC organization or differentiation is 
a regulated event that depends on the tumor context 
(e.g., see Klopp et al., 2007 and Wang et al., 2009) 
(32,33). Mechanistically, MSC organization, survival, 
and differentiation depends in part on CXCR4, TGF-β, 
Wnt5a, IL-6 signaling, supplied by myofibroblasts, 
which serve as niche cells for MSCs in tumors. TGF-β 
induced the differentiation of MSCs to myofibroblasts, in 
a CXCR4-dependent manner. Myofibroblasts expressed 
bone morphogenic protein 4 (BMP4), Wnt5a, and IL-6, 
and MSCs expressed the BMP inhibitor Gremlin-1 when 
in close proximity to myofibroblasts. Also, expression 

Figure 4: MSC tumor progression promoting functions. (a) MSCs may promote tumor cell proliferation and inhibit cell death. (b) 
MSCs may promote angiogenesis within tumors. (c) MSCs may inhibit some immune functions, while promoting others. (d) MSCs may 
promote tumor metastasis, possibly at multiple steps  (from initial dissemination to formation of novel niches in distal tissues). (e) MSCs 
may regulate cancer stem cell self-renewal and differentiation.
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of the Wnt inhibitors DKK1 and Shh was dependent on 
co-culture of MSCs with myofibroblasts, suggesting a 
delicate signaling network between the two cell types 
(24). Understanding the functional relevance of MSCs in 
relationship to both their organization and differentiation 
will be essential for fully defining the roles of MSCs in 
cancer.

5. THE FUNCTION OF MSCS IN TUMORS

MSCs regulate the tumor phenotype by affecting the 
initiation and growth of tumors, angiogenesis, metastasis, 
immune system function and cancer stem cell function, 
in a context-dependent manner which we summarized in 
details in Figure 4 and Supplementary Table 3. In addition, 
endogenous bone marrow and adipose tissue-derived 
MSCs may directly contribute to the tumor stroma. As 
alluded to above, MSCs derived from the bone marrow 
may give rise to tumor myofibroblasts and promote the 
growth of gastric tumors (24). In addition, both adipose 
and bone marrow MSC sources may contribute to the 
tumor stroma, with the bone marrow contributing to 
the tumor-associated fibroblasts and adipose tissue 
contributing to the vascular and fibrovascular stroma (6).

MSCs are known to secrete a number of anti-
apoptotic and pro-proliferative cytokines and growth 
factors that may act directly on tumor cells (Da Silva 

Meirelles et al., 2008; Wu et al., 2010). For example, MSCs 
promote tumor chemotherapy resistance via secretion of 
omega-3 and oxo family fatty acids (55). Moreover, MSCs 
differentiate to tumor pericytes and MSC-secreted VEGF 
and other pro-angiogenenic molecules induce tumor 
angiogenesis (7,43). Also, tumor-distal or resident MSCs 
enhance cancer cell motility, extravasation to secondary 
sites (56), and possibly also intravasation to and survival 
in blood. Tumor associated fibroblast  (TAF) secreted 
CXCL-12  (SDF-1) was found to directly promote the 
growth of CXCR4 expressing tumors in vivo and in vitro 
(57). A large proportion of MSCs contribute to the TAF 
population, raising the possibility of MSC involvement in 
activation of this pathway (6). The exciting possibility that 
MSCs may contribute to the pre-metastatic niche remains 
to be explored (58). In addition, MSC-like cells contribute 
to the hematopoietic niche and thus may contribute to 
bone marrow metastases (59).

MSCs also interact with immune cells in tumors, 
inhibiting or promoting inflammation depending on the 
context. While MSCs may inhibit leukocyte proliferation 
in solid tumors (60), MSCs may promote proliferation of 
leukemia cells (12). MSCs decrease the proliferation and 
differentiation of B cells via prostaglandin E2 (PGE2). 
Moreover, MSCs suppress activation of helper T cells 
via PGE2, indoleamine 2,3-dioxygenase  (IDO), TGFβ, 
hepatocyte growth factor (HGF), nitric oxide (NO), and 

Figure 5: Combinatorial cancer therapy and detection using engineered exogenous MSCs.  (a) Cell surface chemistry using 
biotin-streptavidin conjugation or enzymatic modification can be used to attach multiple ligands  (yellow and green) on the MSC surface. 
Different combinations of these ligands can be used to combinatorally target MSCs to specific tissues in the body  (e.g., tumor). (b) Genetic 
engineering techniques may be used to express anti-tumorigenic molecules including interferons (IFN) and prodrug converting enzymes.  
(c) Drugs  (small orange circles) can be encapsulated in micro or nanoparticles  (large red circles), which in turn can be engulfed by MSCs. 
(d) Drug release from MSCs will cause tumor cell death. (e) Spatiotemporal micronenvironment sensing  (SMS): Tumor microenvironment 
, intercellular signaling, and tumor progression may be imaged via molecular probes such as surface-conjugated FRET aptamers.
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haem oxygenase 1, while the activation of cytotoxic T 
cells may be inhibited but regulatory T cells promoted by 
human leukocyte antigen G5 (HLA-G5) (61). Also, MSC-
derived IDO, PGE2, and TGFβ decrease the activation and 
killing activity of natural killer cells, while IL-6, IL-10, 
TGFβ, PGE2, HGF, and macrophage colony-stimulating 
factor (M-CSF) inhibit the differentiation and function of 
dendritic cells. IL-6 also negatively regulates neutrophils 
(62,63).

Also, MSCs form part of the cancer stem cell 
niche and modulate their function, at least in part via 
BMP, PGE2, and β-catenin signaling (45,64). Two recent 
reports suggested that human bone marrow (45)- or tumor-
derived (65) MSC-like cells  (with differentiation capacity, 
immunophenotype, and colony formation ability similar 
to MSCs) enhance the growth of tumors by positively 
regulating the proliferation and/or self-renewal of ALDH+ 
CSCs. In addition, MSCs increased the mammosphere 
formation capacity of tumor cell lines in vitro (65) and the 
proportion of ALDH+ CSC-like cells in vivo (45). Similar 
results were obtained by McLean et al, who demonstrated 
that MSC-like cells isolated from human tumors induce 
the growth of tumors and the self-renewal of putative 
CSCs at least in part via BMP secretion  (which has been 
previously shown to be involved in tumor progression) 
(65). In addition, Quante et al suggested that the MSC-
derived myofibroblasts create a niche for stem-cell like 
MSCs. Molecules involved in the niche were likely 
BMP4, Wnt5a, IL-6, Gremlin-1, DKK, and Shh. This 
raises the question of whether similar molecules may 
be involved in the maintenance of the CSC niche (24). 
Intriguingly, a recent paper from the Weinberg laboratory 
found that a delicate crosstalk between MSCs and cancer 
cells plays roles in both inducing CSCs and regulating the 
phenotype of tumor-associated MSCs (64). Specifically, 
they found that secretion of IL-1 by tumor cells induces 
PGE2 secretion by MSCs; PGE2, in combination with 
upregulation of cytokines by MSCs, leads to activation 
of β-catenin signaling in cancer cells and subsequent 
formation of CSCs. This paper not only emphasizes the 
plastic nature of CSCs, but also the dynamic interactions 
between CSCs and MSCs in cancer progression and 
maintenance.

Surprisingly, Khakoo et al found that Kaposi 
sarcoma tumors in mice are growth inhibited when 
in the presence of MSCs (34). It thus appears that 
MSC functional contribution to tumor progression is 
highly context dependent, with this inherent variation 
compounded by inconsistencies in MSC preparation. 
Indeed, differences may arise from differences in tumor 
models, MSC preparations, and timing and concentration 
of MSC administration (66). Carefully defining the roles 
of MSCs in regulating the initiation versus progression 
of tumors in the context of any experimental design 
will be essential for understanding the results of any 
experiments.  For example, some tumor cell lines growth 

in vivo is promoted by MSCs while others are not (within 
a single study). Also, another group observed that while 
high numbers of MSCs within tumors may promote 
tumor initiation, a low number of MSCs may have no 
or inhibitory effects, suggesting complex dosage effects 
in pro- and anti- initiation pathways which remain to be 
elucidated (67). In addition, Khakoo et al suggested a way 
in which tumor genetic context can influence the effect of 
MSCs on tumor progression. Inhibition of human Kaposi 
sarcoma cell growth was dependent on cell contact via 
E-cadherin and Akt inhibition (34). Thus, it would be of 
interest to conduct systematic loss and gain-of-function 
studies on endogenous MSCs and MSCs derived ex vivo, 
with different exogenous or endogenous tumor types 
(66). It is likely that tumor type, stage, and the genetic 
dependencies of the tumor all influence the exact roles of 
MSCs in regulating tumor progression or initiation.

Several studies suggest that MSCs promote tumor 
metastasis though secretion of SDF-1, CCL-5, and other 
chemokines. Tumor cells induced expression of CCL5  
(regulated and normal T cell expressed and secreted; 
RANTES) in MSCs, which in turn increased tumor 
migration and metastasis in a paracrine and/or endocrine 
manner (56). In support of this hypothesis, one group 
found that neuroblastoma tumor cells can migrate towards 
MSCs in vitro and that this response was dependent 
on SDF1-CXCR4 signaling (68). Moreover, MSC-
like cells have been proposed to contribute to the bone 
marrow hematopoietic niche and hence may promote the 
establishment of niches for metastatic cells (59). Thus, 
MSCs present in target tissues may induce migration of 
metastasizing tumor cells (5,59).

6. MSC USE IN CANCER THERAPY

In recent years, there has been considerable interest 
in the use of MSCs as trophic vehicles for delivery of 
drugs, proteins, and other therapeutic agents specifically 
to tumors. The advantage of using MSCs for drug delivery 
versus using other tumor-tropic cells such as macrophages 
include the immunoprivileged status of MSCs, homing 
abilities and intratumoral distribution, availability, 
genotypic and phenotypic stability, expandability, and 
proven safety record in clinical trials (69,70). Given the 
possibility of MSC regulation of tumor function it would 
be desirable to have viable drug-containing MSCs with 
stable functional properties until integration, distribution 
and drug release within tumors; however, once this has 
occurred, MSCs should die in order to avoid effects that 
facilitate tumor progression. The safe use of MSCs to 
treat cancer or non-cancer diseases in patients that have 
undiagnosed, early-stage cancer requires understanding the 
fate and functions of MSCs in vivo and their interactions 
with tumors. Figure 5 and Supplementary Table 4 
summarize the approaches in this field. To circumvent use 
of genetic engineering, incorporation of drug-laden nano/
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microparticles on the cell surface or intracellularly, has 
been done (Supplementary Table 4 and references therein).

7. CONCLUSIONS AND PERSPECTIVES

Endogenous and ex vivo cultured MSCs have been 
shown to specifically home to, integrate with, and survive 
in tumors. This property has successfully been used in 
experimental tumor therapies. Table 1 summarizes central 

questions remaining in the field and how they may be 
addressed with future work. Although we are beginning 
to understand how MSCs interact with tumors and how 
this can be exploited therapeutically, many questions and 
hurdles remain. 

Although both bone marrow, adipose, and local 
tissues are sources of tumor-associated MSCs, their 
relative contribution, kinetics, and regulation remain 
poorly understood. A solution is to label progeny of 

Table 1: Key Directions for Future Studies
Questions or problems Suggested solutions and approaches

MSC-cancer interactions
What distal tissues do MSCs mobilize from to contribute 
to tumors?

MSC labeling in different tissues (e.g., genetic via Cre 
recombinase) and tracking MSCs in tumors

What are the mechanisms of MSC mobilization to and 
survival in blood?

Identification of tumor-derived factors that mobilize MSCs 
from distal tissues
Two-photon intravital microscopy  (IVM) 
Function blocking
MSC survival and recovery assays in blood
MSC interaction with other blood cell types
In vivo and in vitro RNAi screening using labeled MSCs

What are the cell subtypes that MSCs differentiate to and 
what are the roles of these cells?

Detailed in vivo lineage characterization after MSC labeling  
(e.g., genetic via Cre recombinase); progeny isolation and 
characterization or in situ characterization
Depletion of MSC progeny via genetic, pharmacological, or 
other techniques; determine the effect on tumor progression

What are the mechanisms of MSC homing to, survival in, 
and organization  (differentiation and localization) within 
tumors and normal organs?

In vitro flow chamber
In vivo two-photon intravital microscopy  (IVM) and MSC-
surface aptamer sensors
Function blocking by antibodies, RNAi, or pharmacology
In vivo and in vitro screening using labeled MSCs

What are the mechanisms of MSC interaction with immune 
cells in cancers?

In vivo two-photon intravital microscopy (IVM) and MSC-
surface aptamer sensors
In vitro interaction studies of MSC with tumor and normal 
immune cells

What are the mechanisms of MSC interaction with cancer 
stem cells?

In vivo two-photon intravital microscopy (IVM) and MSC-
surface aptamer sensors
In vivo depletion of MSCs in tumors by genetic or 
pharmacological techniques, to determine effects on phenotype 
and proportion of cancer stem cells 
In vivo function blocking and proportion of cancer stem cells 
in tumors

MSC-based cancer therapeutics

Design of therapies targeting tumor microenvironment 
components

Use of knowledge of mechanisms of endogenous MSC 
homing, integration, and function in tumors to design therapies 
for blockade of tumor and metastatic progression

Localized drug delivery to tumors Use of non-genetically engineered MSCs for in vivo drug 
delivery  (engulfed microparticles)

Integration of biology and therapy

Combinatorial modification of MSCs for enhanced homing  
(surface SLeX), single-cell tumor microenvironment imaging  
(surface aptamers), and multiple drug delivery (microparticles)
Combinatorial therapy using MSCs and other therapies
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local and distant MSCs to follow their fate and dynamic 
behavior in the tumor. However, the absence of specific 
and reliable markers of MSCs has been a hurdle to the 
generation of reporter mice. Current studies have therefore 
been limited to the use of BMT from labeled mice. The 
development of MSC reporter mice would provide an 
elegant and revolutionary tool for investigation of MSCs 
in cancer.

To better understand the recruitment of MSCs to 
tumors, it will be important to study the mechanisms 
of MSC mobilization and survival in the circulation 
in response to systemic cancer stimuli. Unclear are 
the molecular cues that promote emigration from their 
endogenous niche and the mechanisms of how they 
migrate through the source tissue. High resolution two-
photon intravital microscopy (IVM) will be instrumental in 
these efforts. Also, survival of MSCs may be mediated by 
cell-autonomous and non-cell autonomous mechanisms, 
including contact with leukocytes or platelets (71). MSCs 
express several integrins and their ligands, instrumental 
in binding to selectins, and have been reported to directly 
interact with leukocytes (72) and platelets (73). However, 
a major limitation in understanding the recruitment 
of MSCs has been isolation of viable cells from the 
circulatory system. Thus, it will be critical to develop 
methods for capture and analysis of MSCs from blood. 
Immunoseparation, size separation, and microfluidics may 
be applied to the reliable isolation of circulating MSCs 
(74). 

MSCs can contribute to several elements of the 
tumor stroma. The advent of deep-tissue imaging will 
undoubtedly shed valuable light on how MSCs contribute 
to the cellular organization of tumors (75). In combination 
with in vitro and in vivo functional assays, these studies 
may elucidate contributions of MSCs to tumors and their 
molecular mechanisms. In addition, we expect that single-
cell based approaches will contribute significantly to 
the understanding of MSC-tumor organization. To fully 
understand the roles of MSCs in cancer, it will be critical 
to perform detailed lineage tracing studies of cells derived 
from exogenous or endogenous MSCs and the effect on 
the tumor when these progeny are selectively depleted. 
Because MSC function in tumors is context dependent, it 
will be critical to evaluate the cause of this dependency by 
performing RNAi, overexpression, or drug screening for 
tumor and MSC factors that cause MSCs to promote or 
inhibit tumor growth in different tumor types.

Furthermore, the mechanisms of MSC homing 
to (rolling, adhesion, transmigration), survival in, and 
organization (differentiation and localization) within 
tumors and normal organs remain to be investigated 
systematically. Specifically, the question of to what 
extent selective interactions of MSCs with tumor blood 
vessels versus other blood vessels contributes to homing 
remains open, and may be answered with advent of IVM 
(75). In addition, questions remain as to the ability of 

MSCs to home to pre-metastatic (58), micrometastatic 
and macrometastatic growing and dormant  (e.g., in the 
bone) niches (76). Indeed, many of these steps cannot 
be recapitulated with tail-vein injections of tumor cells 
and require more complex animal models. Moreover, the 
ability of MSCs to home to metastases other than in the 
lung and liver remains to be established. Understanding if 
and how MSCs cross the blood-brain barrier for treatment 
of brain metastases will be critical. Finally do MSCs home 
more efficiently to these metastases, are they preferentially 
retained there, and/or does the niche promote their 
proliferation or survival?  

Also, MSC spatiotemporally organize themselves 
in tumors, contributing to different microenvironments, 
and differentiating into various tumor stroma cells. The 
significance and the mechanisms of this organization are 
unclear. Previous approaches of understanding cell fate 
and environment have been limited by low spatial and/
or temporal resolution, required genetic modifications of 
cells, and/or could not detect multiple molecules. Today, 
high-resolution two-photon IVM (75), coupled with 
spatiotemporal FRET-based aptamer microenvironment 
sensors (SMS; (77); Figure 5) can be used. Such studies 
would allow probing the spatiotemporal localization 
of MSCs and measuring the status of critical signaling 
molecules or events. By coupling these approaches with 
gain and loss of function studies, it will be possible to 
directly study the interactions between MSCs and tumors 
in vivo.

In addition, MSCs have tremendous therapeutic 
potential due to their immunomodulation, tumor homing 
and integration capacity, and ability to carry tumoricidal 
agents. To exploit this for therapy, it is critical to further 
develop non-genetically engineered MSCs for localized 
drug delivery.  Moreover, MSC homing to tumors may 
be improved and fine-tuned using genetic, enzymatic, and 
chemical modification of the MSC surface. For example, 
preformed SLeX or P/L-selectin targeting aptamer 
moieties can be anchored to the MSC surface. These have 
been  shown to improve homing to inflamed endothelium 
both in vitro and in vivo (78–81).

An unexplored potential is use of MSCs in 
combinatorial therapies, such as incorporating MSC-
based therapies with traditional drug therapies, delivery of 
multiple drugs with one MSC preparation, or modification 
of both MSC homing and drug loading (Figure 5). As the 
regulation of cancer cell pathways and signaling by MSCs 
become better understood, it may be possible to target 
cancers through a combination of directed therapies and 
MSCs. Due to the tight association between cancer stem 
cells and MSCs, targeting the CSC population or niche 
with MSCs is also an interesting, unexplored direction.

Finally, therapies to modulate the mechanisms of 
endogenous MSC-tumor interaction have great potential. 
For example, therapies similar to those aimed at limiting 
leukocyte homing in inflammation, may also have utility 
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in attenuating MSC homing to tumors. For instance, 
since TNF-α induced adhesion of MSCs to endothelial 
cells, anti-inflammatory drugs such as parthenolide could 
decrease MSC accumulation in tumors (82). Clinically, the 
utility of blocking MSC homing to tumors will clearly be 
context and diagnosis-dependent. In the end, these studies 
will shape our understanding of how tumors integrate with 
and exploit the biology of the whole organism.

We strongly believe that understanding how 
both endogenous and exogenous MSCs interact with 
cancer cells, both in the context of cancer biology 
and therapeutics, will have enormous benefits in the 
future. Developing a solid mechanistic and biological 
understanding of MSCs in cancer will lead to not only 
improved MSC-based therapies, but open up new areas 
of research and unveil biology not previously appreciated.

ACKNOWLEDGEMENTS

This work is supported by the start-up fund from 
the Department of Pharmaceutical Sciences, Sue and Bill 
Gross Stem Cell Research Center and the Chao Family 
Comprehensive Cancer Center at UC Irvine, and NCI 
Cancer Center Support Grant 5P30CA062203-18. M.A.E 
is supported by a California Institute for Regenerative 
Medicine Training Grant (TG2-01152). We thank Luye 
Mu for help with preparing Figure 5

REFERENCES

1.  Talmadge JE, Fidler IJ. AACR centennial series: the 
biology of cancer metastasis: historical perspective. Cancer 
research. 2010;70:5649–69. 

2.  Hanahan D, Weinberg RA. Hallmarks of cancer: the next 
generation. Cell. 2011;144:646–74. 

3.  Hanahan D, Coussens LM. Accessories to the crime: 
functions of cells recruited to the tumor microenvironment. 
Cancer cell. 2012;21:309–22. 

4.  Dominici M, Le Blanc K, Mueller I, Slaper-Cortenbach 
I, Marini F, Krause D, et al. Minimal criteria for defining 
multipotent mesenchymal stromal cells. The International 
Society for Cellular Therapy position statement. 
Cytotherapy. 2006;8:315–7. 

5.  Da Silva Meirelles L, Caplan AI, Nardi NB. In search of 
the in vivo identity of mesenchymal stem cells. Stem cells 
(Dayton, Ohio). 2008;26:2287–99. 

6.  Kidd S, Spaeth E, Watson K, Burks J, Lu H, Klopp A, et 
al. Origins of the tumor microenvironment: quantitative 
assessment of adipose-derived and bone marrow-derived 
stroma. PloS one. 2012;7:e30563. 

7.  Zhang Y, Daquinag AC, Amaya-Manzanares F, Sirin O, 
Tseng C, Kolonin MG. Stromal progenitor cells from 
endogenous adipose tissue contribute to pericytes and 
adipocytes that populate the tumor microenvironment. 
Cancer research. 2012;72:5198–208. 

8.  Kang SK, Shin IS, Ko MS, Jo JY, Ra JC. Journey of 
mesenchymal stem cells for homing: strategies to enhance 
efficacy and safety of stem cell therapy. Stem cells 
international. 2012;2012:342968. 

9.  Sipkins DA, Wei X, Wu JW, Runnels JM, Côté D, Means 
TK, et al. In vivo imaging of specialized bone marrow 
endothelial microdomains for tumour engraftment. Nature. 
2005;435:969–73. 

10.  Raaijmakers MHGP, Mukherjee S, Guo S, Zhang S, 
Kobayashi T, Schoonmaker JA, et al. Bone progenitor 
dysfunction induces myelodysplasia and secondary 
leukaemia. Nature. 2010;464:852–7. 

11.  Méndez-Ferrer S, Michurina T V, Ferraro F, Mazloom 
AR, Macarthur BD, Lira SA, et al. Mesenchymal and 
haematopoietic stem cells form a unique bone marrow 
niche. Nature. 2010;466:829–34. 

12.  Xishan Z, Guangyu A, Yuguang S, Hongmei Z. The 
research on the immuno-modulatory defect of mesenchymal 
stem cell from Chronic Myeloid Leukemia patients. 
Journal of experimental & clinical cancer research : CR. 
2011;30:47. 

13.  Bexell D, Gunnarsson S, Tormin A, Darabi A, Gisselsson 
D, Roybon L, et al. Bone marrow multipotent mesenchymal 
stroma cells act as pericyte-like migratory vehicles in 
experimental gliomas. Molecular therapy : the journal of 
the American Society of Gene Therapy. 2009;17:183–90. 

14.  Sasportas LS, Kasmieh R, Wakimoto H, Hingtgen S, Van de 
Water JAJM, Mohapatra G, et al. Assessment of therapeutic 
efficacy and fate of engineered human mesenchymal stem 
cells for cancer therapy. Proc. Natl. Acad. Sci. U. S. A. 
2009;106:4822–7. 

15.  Mader EK, Maeyama Y, Lin Y, Butler GW, Russell HM, 
Galanis E, et al. Mesenchymal stem cell carriers protect 
oncolytic measles viruses from antibody neutralization in 
an orthotopic ovarian cancer therapy model. Clinical cancer 
research : an official journal of the American Association 
for Cancer Research. 2009;15:7246–55. 

16.  Kidd S, Spaeth E, Dembinski JL, Dietrich M, Watson K, 
Klopp A, et al. Direct evidence of mesenchymal stem cell 
tropism for tumor and wounding microenvironments using 
in vivo bioluminescent imaging. Stem cells (Dayton, Ohio). 
2009;27:2614–23. 

17.  Wu Y, Zhao RCH, Tredget EE. Concise review: bone 
marrow-derived stem/progenitor cells in cutaneous repair 
and regeneration. Stem cells (Dayton, Ohio). 2010;28:905–
15. 

18.  Hong HS, Lee J, Lee E, Kwon YS, Lee E, Ahn W, et al. A 
new role of substance P as an injury-inducible messenger 
for mobilization of CD29(+) stromal-like cells. Nature 
medicine. 2009;15:425–35. 

19.  Wang C-H, Cherng W-J, Yang N-I, Kuo L-T, Hsu C-M, 
Yeh H-I, et al. Late-outgrowth endothelial cells attenuate 
intimal hyperplasia contributed by mesenchymal stem cells 
after vascular injury. Arteriosclerosis, thrombosis, and 



Oncotarget 2013; 4: 651-664662www.impactjournals.com/oncotarget

vascular biology. 2008;28:54–60. 
20.  He Q, Wan C, Li G. Concise review: multipotent 

mesenchymal stromal cells in blood. Stem cells (Dayton, 
Ohio). 2007;25:69–77. 

21.  Fathke C, Wilson L, Hutter J, Kapoor V, Smith A, Hocking 
A, et al. Contribution of bone marrow-derived cells to skin: 
collagen deposition and wound repair. Stem cells (Dayton, 
Ohio). 2004;22:812–22. 

22.  Ishii G, Sangai T, Oda T, Aoyagi Y, Hasebe T, Kanomata 
N, et al. Bone-marrow-derived myofibroblasts contribute 
to the cancer-induced stromal reaction. Biochemical and 
biophysical research communications. 2003;309:232–40. 

23.  Direkze NC, Hodivala-Dilke K, Jeffery R, Hunt T, Poulsom 
R, Oukrif D, et al. Bone marrow contribution to tumor-
associated myofibroblasts and fibroblasts. Cancer research. 
2004;64:8492–5. 

24.  Quante M, Tu SP, Tomita H, Gonda T, Wang SSW, Takashi 
S, et al. Bone marrow-derived myofibroblasts contribute 
to the mesenchymal stem cell niche and promote tumor 
growth. Cancer cell. 2011;19:257–72. 

25.  Worthley DL, Ruszkiewicz A, Davies R, Moore S, Nivison-
Smith I, Bik To L, et al. Human gastrointestinal neoplasia-
associated myofibroblasts can develop from bone marrow-
derived cells following allogeneic stem cell transplantation. 
Stem cells (Dayton, Ohio). 2009;27:1463–8. 

26.  Battula VL, Evans KW, Hollier BG, Shi Y, Marini FC, 
Ayyanan A, et al. Epithelial-mesenchymal transition-
derived cells exhibit multilineage differentiation potential 
similar to mesenchymal stem cells. Stem cells (Dayton, 
Ohio). 2010;28:1435–45. 

27.  Cheng L, Huang Z, Zhou W, Wu Q, Donnola S, Liu JK, et 
al. Glioblastoma Stem Cells Generate Vascular Pericytes 
to Support Vessel Function and Tumor Growth. Cell. 
2013;153:139–52. 

28.  Sjöholm I, Edman P. Acrylic microspheres in vivo. 
I. Distribution and elimination of polyacrylamide 
microparticles after intravenous and intraperitoneal 
injection in mouse and rat. The Journal of pharmacology 
and experimental therapeutics. 1979;211:656–62. 

29.  Studeny M, Marini FC, Champlin RE, Zompetta C, Fidler 
IJ, Andreeff M. Bone marrow-derived mesenchymal stem 
cells as vehicles for interferon-beta delivery into tumors. 
Cancer research. 2002;62:3603–8. 

30.  Kucerova L, Matuskova M, Pastorakova A, Tyciakova 
S, Jakubikova J, Bohovic R, et al. Cytosine deaminase 
expressing human mesenchymal stem cells mediated 
tumour regression in melanoma bearing mice. The journal 
of gene medicine. 2008;10:1071–82. 

31.  Yong RL, Shinojima N, Fueyo J, Gumin J, Vecil 
GG, Marini FC, et al. Human bone marrow-derived 
mesenchymal stem cells for intravascular delivery of 
oncolytic adenovirus Delta24-RGD to human gliomas. 
Cancer research. 2009;69:8932–40. 

32.  Wang H, Cao F, De A, Cao Y, Contag C, Gambhir SS, 

et al. Trafficking mesenchymal stem cell engraftment and 
differentiation in tumor-bearing mice by bioluminescence 
imaging. Stem cells (Dayton, Ohio). 2009;27:1548–58. 

33.  Klopp AH, Spaeth EL, Dembinski JL, Woodward WA, 
Munshi A, Meyn RE, et al. Tumor irradiation increases the 
recruitment of circulating mesenchymal stem cells into the 
tumor microenvironment. Cancer research. 2007;67:11687–
95. 

34.  Khakoo AY, Pati S, Anderson SA, Reid W, Elshal MF, 
Rovira II, et al. Human mesenchymal stem cells exert potent 
antitumorigenic effects in a model of Kaposi’s sarcoma. 
The Journal of experimental medicine. 2006;203:1235–47. 

35.  Hung S-C, Deng W-P, Yang WK, Liu R-S, Lee C-C, Su 
T-C, et al. Mesenchymal stem cell targeting of microscopic 
tumors and tumor stroma development monitored by 
noninvasive in vivo positron emission tomography imaging. 
Clinical cancer research : an official journal of the American 
Association for Cancer Research. 2005;11:7749–56. 

36.  Studeny M, Marini FC, Dembinski JL, Zompetta C, 
Cabreira-Hansen M, Bekele BN, et al. Mesenchymal stem 
cells: potential precursors for tumor stroma and targeted-
delivery vehicles for anticancer agents. Journal of the 
National Cancer Institute. 2004;96:1593–603. 

37.  Ren C, Kumar S, Chanda D, Chen J, Mountz JD, 
Ponnazhagan S. Therapeutic potential of mesenchymal 
stem cells producing interferon-alpha in a mouse melanoma 
lung metastasis model. Stem cells (Dayton, Ohio). 
2008;26:2332–8. 

38.  Loebinger MR, Eddaoudi A, Davies D, Janes SM. 
Mesenchymal stem cell delivery of TRAIL can eliminate 
metastatic cancer. Cancer research. 2009;69:4134–42. 

39.  Sloan EK, Priceman SJ, Cox BF, Yu S, Pimentel MA, 
Tangkanangnukul V, et al. The sympathetic nervous system 
induces a metastatic switch in primary breast cancer. Cancer 
research. 2010;70:7042–52. 

40.  Ley K, Laudanna C, Cybulsky MI, Nourshargh S. Getting 
to the site of inflammation: the leukocyte adhesion cascade 
updated. Nature reviews. Immunology. 2007;7:678–89. 

41.  Segers VFM, Van Riet I, Andries LJ, Lemmens K, 
Demolder MJ, De Becker AJML, et al. Mesenchymal 
stem cell adhesion to cardiac microvascular endothelium: 
activators and mechanisms. American journal of physiology. 
Heart and circulatory physiology. 2006;290:H1370–7. 

42.  Coussens LM, Zitvogel L, Palucka AK. Neutralizing tumor-
promoting chronic inflammation: a magic bullet? Science 
(New York, N.Y.). 2013;339:286–91. 

43.  Beckermann BM, Kallifatidis G, Groth A, Frommhold D, 
Apel A, Mattern J, et al. VEGF expression by mesenchymal 
stem cells contributes to angiogenesis in pancreatic 
carcinoma. British journal of cancer. 2008;99:622–31. 

44.  Hata N, Shinojima N, Gumin J, Yong R, Marini F, Andreeff 
M, et al. Platelet-derived growth factor BB mediates the 
tropism of human mesenchymal stem cells for malignant 
gliomas. Neurosurgery. 2010;66:144–56; discussion 156–7. 



Oncotarget 2013; 4: 651-664663www.impactjournals.com/oncotarget

45.  Liu S, Ginestier C, Ou SJ, Clouthier SG, Patel SH, 
Monville F, et al. Breast cancer stem cells are regulated by 
mesenchymal stem cells through cytokine networks. Cancer 
research. 2011;71:614–24. 

46.  Chamberlain G, Smith H, Rainger GE, Middleton J. 
Mesenchymal stem cells exhibit firm adhesion, crawling, 
spreading and transmigration across aortic endothelial cells: 
effects of chemokines and shear. PloS one. 2011;6:e25663. 

47.  Teo GSL, Ankrum JA, Martinelli R, Boetto SE, Simms K, 
Sciuto TE, et al. Mesenchymal Stem Cells Transmigrate 
Between and Directly Through Tumor Necrosis Factor-
α-Activated Endothelial Cells Via Both Leukocyte-Like 
and Novel Mechanisms. Stem cells (Dayton, Ohio). 
2012;30:2472–86. 

48.  Ponte AL, Marais E, Gallay N, Langonné A, Delorme B, 
Hérault O, et al. The in vitro migration capacity of human 
bone marrow mesenchymal stem cells: comparison of 
chemokine and growth factor chemotactic activities. Stem 
cells (Dayton, Ohio). 2007;25:1737–45. 

49.  Honczarenko M, Le Y, Swierkowski M, Ghiran I, Glodek 
AM, Silberstein LE. Human bone marrow stromal cells 
express a distinct set of biologically functional chemokine 
receptors. Stem cells (Dayton, Ohio). 2006;24:1030–41. 

50.  Ballabh P, Braun A, Nedergaard M. The blood-brain 
barrier: an overview: structure, regulation, and clinical 
implications. Neurobiology of disease. 2004;16:1–13. 

51.  Matsushita T, Kibayashi T, Katayama T, Yamashita Y, 
Suzuki S, Kawamata J, et al. Mesenchymal stem cells 
transmigrate across brain microvascular endothelial cell 
monolayers through transiently formed inter-endothelial 
gaps. Neuroscience letters. 2011;502:41–5. 

52.  Gao J, Dennis JE, Muzic RF, Lundberg M, Caplan AI. 
The dynamic in vivo distribution of bone marrow-derived 
mesenchymal stem cells after infusion. Cells Tissues 
Organs. Karger Publishers; 2001;169:12–20. 

53.  Furlani D, Ugurlucan M, Ong L, Bieback K, Pittermann 
E, Westien I, et al. Is the intravascular administration 
of mesenchymal stem cells safe? Mesenchymal stem 
cells and intravital microscopy. Microvascular research. 
2009;77:370–6. 

54.  Fischer UM, Harting MT, Jimenez F, Monzon-Posadas 
WO, Xue H, Savitz SI, et al. Pulmonary passage is a major 
obstacle for intravenous stem cell delivery: the pulmonary 
first-pass effect. Stem cells and development. 2009;18:683–
92. 

55.  Roodhart JML, Daenen LGM, Stigter ECA, Prins H-J, 
Gerrits J, Houthuijzen JM, et al. Mesenchymal stem cells 
induce resistance to chemotherapy through the release of 
platinum-induced fatty acids. Cancer cell. 2011;20:370–83. 

56.  Karnoub AE, Dash AB, Vo AP, Sullivan A, Brooks 
MW, Bell GW, et al. Mesenchymal stem cells within 
tumour stroma promote breast cancer metastasis. Nature. 
2007;449:557–63. 

57.  Orimo A, Gupta PB, Sgroi DC, Arenzana-Seisdedos F, 

Delaunay T, Naeem R, et al. Stromal fibroblasts present 
in invasive human breast carcinomas promote tumor 
growth and angiogenesis through elevated SDF-1/CXCL12 
secretion. Cell. 2005;121:335–48. 

58.  Kaplan RN, Riba RD, Zacharoulis S, Bramley AH, Vincent 
L, Costa C, et al. VEGFR1-positive haematopoietic bone 
marrow progenitors initiate the pre-metastatic niche. 
Nature. 2005;438:820–7. 

59.  Mercier FE, Ragu C, Scadden DT. The bone marrow at 
the crossroads of blood and immunity. Nature reviews. 
Immunology. 2012;12:49–60. 

60.  Djouad F, Plence P, Bony C, Tropel P, Apparailly F, Sany 
J, et al. Immunosuppressive effect of mesenchymal stem 
cells favors tumor growth in allogeneic animals. Blood. 
2003;102:3837–44. 

61.  Ghannam S, Bouffi C, Djouad F, Jorgensen C, Noël 
D. Immunosuppression by mesenchymal stem cells: 
mechanisms and clinical applications. Stem cell research & 
therapy. 2010;1:2. 

62.  Nauta AJ, Fibbe WE. Immunomodulatory properties of 
mesenchymal stromal cells. Blood. 2007;110:3499–506. 

63.  Uccelli A, Moretta L, Pistoia V. Mesenchymal stem 
cells in health and disease. Nature reviews. Immunology. 
2008;8:726–36. 

64.  Li H-J, Reinhardt F, Herschman HR, Weinberg RA. Cancer-
stimulated mesenchymal stem cells create a carcinoma stem 
cell niche via prostaglandin E2 signaling. Cancer discovery. 
2012;2:840–55. 

65.  McLean K, Gong Y, Choi Y, Deng N, Yang K, Bai S, et 
al. Human ovarian carcinoma–associated mesenchymal 
stem cells regulate cancer stem cells and tumorigenesis 
via altered BMP production. The Journal of clinical 
investigation. 2011;121:3206–19. 

66.  Klopp AH, Gupta A, Spaeth E, Andreeff M, Marini F. 
Concise review: Dissecting a discrepancy in the literature: 
do mesenchymal stem cells support or suppress tumor 
growth? Stem cells (Dayton, Ohio). 2011;29:11–9. 

67.  Djouad F, Bony C, Apparailly F, Louis-Plence P, Jorgensen 
C, Noël D. Earlier onset of syngeneic tumors in the presence 
of mesenchymal stem cells. Transplantation. 2006;82:1060–
6. 

68.  Ma M, Ye JY, Deng R, Dee CM, Chan GC-F. Mesenchymal 
stromal cells may enhance metastasis of neuroblastoma 
via SDF-1/CXCR4 and SDF-1/CXCR7 signaling. Cancer 
letters. 2011;312:1–10. 

69.  Karp JM, Leng Teo GS. Mesenchymal stem cell homing: 
the devil is in the details. Cell stem cell. 2009;4:206–16. 

70.  Ankrum J, Karp JM. Mesenchymal stem cell therapy: Two 
steps forward, one step back. Trends in molecular medicine. 
2010;16:203–9. 

71.  Bacac M, Stamenkovic I. Metastatic cancer cell. Annual 
review of pathology. Annual Reviews; 2008;3:221–47. 

72.  Abdi R, Fiorina P, Adra CN, Atkinson M, Sayegh MH. 
Immunomodulation by mesenchymal stem cells: a 



Oncotarget 2013; 4: 651-664664www.impactjournals.com/oncotarget

potential therapeutic strategy for type 1 diabetes. Diabetes. 
2008;57:1759–67. 

73.  Langer HF, Stellos K, Steingen C, Froihofer A, Schönberger 
T, Krämer B, et al. Platelet derived bFGF mediates vascular 
integrative mechanisms of mesenchymal stem cells in vitro. 
Journal of molecular and cellular cardiology. 2009;47:315–
25. 

74.  Yu M, Stott S, Toner M, Maheswaran S, Haber DA. 
Circulating tumor cells: approaches to isolation and 
characterization. The Journal of cell biology. 2011;192:373–
82. 

75.  Jain RK, Munn LL, Fukumura D. Dissecting tumour 
pathophysiology using intravital microscopy. Nature 
reviews. Cancer. 2002;2:266–76. 

76.  Rice J. Metastasis: The rude awakening. Nature. 
2012;485:S55–7. 

77.  Zhao W, Schafer S, Choi J, Yamanaka YJ, Lombardi ML, 
Bose S, et al. Cell-surface sensors for real-time probing of 
cellular environments. Nature nanotechnology. 2011;6:524–
31. 

78.  Sarkar D, Vemula PK, Teo GSL, Spelke D, Karnik R, Wee 
LY, et al. Chemical engineering of mesenchymal stem cells 
to induce a cell rolling response. Bioconjugate chemistry. 
2008;19:2105–9. 

79.  Sarkar D, Spencer JA, Phillips JA, Zhao W, Schafer 
S, Spelke DP, et al. Engineered cell homing. Blood. 
2011;118:e184–91. 

80.  Zhao W, Loh W, Droujinine IA, Teo W, Kumar N, Schafer 
S, et al. Mimicking the inflammatory cell adhesion cascade 
by nucleic acid aptamer programmed cell-cell interactions. 
FASEB journal : official publication of the Federation 
of American Societies for Experimental Biology. 
2011;25:3045–56. 

81.  Sarkar D, Vemula PK, Zhao W, Gupta A, Karnik R, 
Karp JM. Engineered mesenchymal stem cells with self-
assembled vesicles for systemic cell targeting. Biomaterials. 
2010;31:5266–74. 

82.  Uchibori R, Tsukahara T, Mizuguchi H, Saga Y, Urabe M, 
Mizukami H, et al. NF-κB activity regulates mesenchymal 
stem cell accumulation at tumor sites. Cancer research. 
2012;73:364–72.


