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WHAT ARE MESENCHYMAL STEM CELLS?

Mesenchymal stem cells (MSCs) are multipotent cells that reside
mainly in the bone marrow and in adipose tissue. They are a
relatively easy accessible pool of stem cells that have the ability to
differentiate into various cell types like osteoblasts, chondrocytes,
fibroblasts and adipocytes. Mesenchymal stem cells are charac-
terised as plastic adherent cells that express the markers CD105,
CD90, CD73 and lack expression of markers CD45, CD34, CD14,
CD11b, CD79a or CD19 and HLA-DR (Reagan and Kaplan, 2011).
Well established functions of MSCs are suppression of immune
responses from cells of the innate and adaptive immunity, homing
to damaged tissues and stimulation of angiogenesis (Chen et al,
2006). The immune suppressive functions of MSCs are very broad
and include regulation via cytokine production, suppression of
cytotoxic T-cell functions, inhibition of dendritic cells differentia-
tion and increasing regulatory T cells (Chen et al, 2006). It is
because of these properties that many research groups are now
investigating whether the MSCs can be used in the treatment of
transplantation-related diseases like graft versus host disease,
autoimmune diseases and as targeted genetically engineered anti-
cancer vehicles (Chen et al, 2006; Kim et al, 2008; Le Blanc et al,
2008). Another well described function of MSCs is their ability to
migrate to damaged tissues. This unique feature combined with the
immune suppressive functions of MSCs has been successfully used
to treat myocardial infarction, spinal cord injury, bone injury,
damaged kidney and diabetes (Reagan and Kaplan, 2011). Many
cytokine and chemokine pathways like SDF-1a, TNF-a, MMP-2,
CXCR4, CXCR1, CXCR2 and CCL8 have been implicated in tissue
homing (Ringe et al, 2007; Song and Li, 2011). In addition to tissue
homing and immune suppression it is also evident that MSCs can
stimulate angiogenesis during ischaemia (Schlosser et al, 2012)

*Correspondence: Professor EE Voest; E-mail: E.E.Voest@umcutrecht.nl
Received 10 February 2012; revised 4 April 2012; accepted 20 April
2012; published online 17 May 2012

[t is becoming increasingly clear that the tumour microenvironment has a very important role in tumour progression and drug
resistance. Many different cell types within the tumour stroma have an effect on tumour progression either in a positive or in

a negative way. Mesenchymal stem cells (MSCs) are a distinct population of cells that have been linked with tumour growth.
Mesenchymal stem cells can home to tumours where they modulate the immune system and facilitate tumour growth, angiogenesis
and metastasis. Recent studies have shown that MSCs also have an important role in the resistance to various anti-cancer drugs.
This mini-review provides an overview of the functional properties of MSCs in tumour progression and drug resistance.
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and wound healing (Shome et al, 2012). Taken together MSCs fulfil
many important tasks under physiological conditions and their
unique functions have been successfully used in the treatment of
many diseases. However, they have been shown to also affect
tumour development.

THE CONTRIBUTION OF MSCS TO TUMOUR
PROGRESSION

Mesenchymal stem cells are, in addition to other cells in the
tumour microenvironment, increasingly identified as an important
population of cells that modulate tumour progression and drug
sensitivity. The broadly described physiological functions of MSCs
in immune suppression have also been linked with tumour
progression. It has been shown that in co-cultures of MSCs, breast
cancer cells and peripheral blood mononuclear cells MSCs were
able to shift the balance of Th1/Th2 cytokines in favour of Th2
cytokines resulting in the ability of the breast cancer cells to evade
the immune system (Patel et al, 2010). Mesenchymal stem cells can
migrate to damaged tissues and as the tumour microenvironment
closely resembles damaged tissue MSCs can also to home to
developing tumours and promote tumour growth (Loebinger et al,
2009). They exert their growth stimulating effects either via
paracrine secretion of growth factors and anti-apoptotic factors or
by differentiating into tumour-associated fibroblasts, which can
enhance tumour growth, metastasis formation and therapy
resistance (Hung et al, 2007; Mishra et al, 2008; Dawson et al,
2011) (see Figure 1 for an overview). Evidence for the role of MSCs
in metastasis comes from experiments in which non-metastatic
breast cancer cells were mixed with MSCs and subsequently
injected in mice. Mixing the tumour cells with MSCs increased
their potential to metastasise to distant organs compared with
mice injected with tumour cells alone. Additional experiments
showed that tumour cells induced CCL5 expression in MSCs which
in turn enhanced motility and invasion of the cancer cells
(Karnoub et al, 2007).
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Schematic overview of the role of MSCs in tumour progression and drug resistance. Mesenchymal stem cells can modulate various immune

responses allowing tumour cells to evade the immune system. Pathways involved in this process include activation of regulatory T cells, secretion of Th2
cytokines and TGF-f. Mesenchymal stem cells can also promote tumour growth by migrating to developing tumours (via SDF-1a/CXCR4 signalling, CXCL8
and MMP-2) and subsequent stimulation of proliferation, angiogenesis (via VEGF, IL-6, MCP-1 and HIF-lo signalling) and inhibition of apoptosis.
Mesenchymal stem cells have also been shown to enhance metastasis directly via CCL5 signalling and indirectly via differentiation into tumour-associated
fibroblasts (TAFs). Increasing evidence also shows that MSCs contribute to drug resistance via secretion of PIFAs, activation of SDF-10/CXCR4 signalling or

by forming a pool of cancer-initiating cells themselves.

In contrast, there are also reports that MSC can also inhibit
tumour growth in leukaemia (Ramasamy et al, 2007) and
hepatoma (Qiao et al, 2008) amongst others. Mechanistically,
these anti-tumour effects involve downregulation of Akt, beta-
catenin, Bcl-2, c-Myc, proliferating cell nuclear antigen and
survivin, leading to reduced proliferation, G1 arrest, suppression
of oncogenes and increased apoptosis.

These differences in pro- versus anti-tumour effects of MSCs can
in part be explained by the tumour types investigated, isolation
methods used to obtain the MSCs and numbers of MSCs used.
Furthermore, there is a clear difference between the function of
MSCs in vitro and in vivo as was shown for several tumour cell
lines including hematopoietic and non-hematopoietic tumour
cells. The MSCs exhibited anti-proliferative effects by causing a
Gl-arrest in vitro, however, in vivo injection of tumour cells
combined with MSCs led to faster tumour growth (Ramasamy
et al, 2007). These results clearly underscore the challenges ahead
of us in investigating how MSCs in one situation block tumour
growth and promote growth or metastasis in other situations. In
spite of the studies showing a pro-tumourigenic effect, several
groups have advocated the use of genetically engineered MSCs as a
vehicle to target tumour cells. This approach was successful in
models glioma amongst multiple other tumour types (Kim et al,
2008). In summary, MSC are pluripotent cells that, once arrived in
the tumour microenvironment, can secrete a variety of factors that
either positively or negatively influence tumour growth.

THE ROLE OF MSCS IN DRUG RESISTANCE

Resistance to therapy is one of the major obstacles in the treatment
of cancer. Drug resistance can arise within tumour cells because
of genetic changes causing for instance increased drug efflux
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(intrinsic resistance), or it can be the result of the tumour
microenvironment protecting tumour cells against treatment
(extrinsic resistance). The tumour microenvironment can promote
drug resistance in a passive way, by preventing penetration of
drugs into the tumour or in an active way by secreting protective
cytokines or changing gene transcription within the tumour cells
to override the cytotoxic effects of anti-cancer agents (Meads
et al, 2008). Evidence is now arising that MSCs also have an
important role in drug resistance. For a number of haematological
malignancies research indicates that MSCs can confer resistance
to treatment. Chronic myeloid leukaemia (CML) cells can be
protected from imatinib-induced cell death by co-culturing them
with MSCs. This protective mechanism was mediated by SDF-1u
secretion from the MSCs following activation of the CXCR4
pathway in CML cells leading to reduced caspase 3 activity.
Inhibition of CXCR4 restored the sensitivity to imatinib (Vianello
et al, 2010). Furthermore, it was shown that imatinib itself also
increased CXCR4 expression on CML cells, indicating that
treatment itself can prime tumour cells to such a state that they
are more susceptible to the protective effects of MSCs. This
increased CXCR4 expression also caused migration of leukaemic
cells to the bone marrow resulting in stroma-mediated senescence
and chemotherapy resistance (Jin et al, 2008). Mesenchymal stem
cells are also implicated in drug resistance of chronic lymphocytic
leukaemia (CLL). Balakrishnan et al (2010) reported that CLL cells
can become resistant to the novel drug forodesine. Forodesine
induces apoptosis in circulating CLL cells. However, it is unable to
effectively kill CLL cells present in the bone marrow where they
reside closely to MSCs and other bone marrow cells. Co-cultures
of MSCs and CLL cells showed decreased forodesine-induced
depletion of ATP and GTP and decreased apoptosis in the CLL
cells proving that MSCs are responsible for the reduced effective-
ness of the drug (Balakrishnan et al, 2010). Mesenchymal stem
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cells also have a role in drug resistance of acute lymphoblastic
leukaemia (ALL). Acute lymphoblastic leukaemia cells express low
levels of asparagine synthase (ASNS) and can therefore not supply
in their own needs of asparagine. Many patients therefore benefit
from asparaginase treatment leading to the depletion of asparagine
in the circulation, although resistance to treatment poses a
problem. As MSCs express high levels of ASNS and ALL cells
grow in close proximity to MSCs it was hypothesised that the MSCs
are able to confer resistance to asparaginase treatment by
supplying the ALL tumours with asparagine. Iwamoto et al
(2007) have showed the validity of this hypothesis by demonstrat-
ing that co-culturing MSCs with ALL cells decreased the
asparaginase-induced cytotoxicity.

Resistance against anti-cancer agents occurs not only in
haematological malignancies, MSCs have also been implicated in
resistance to chemotherapy of solid tumours. Head and neck
squamous cell carcinoma cell lines FaDu and HLaC 78 are more
resistant to paclitaxel treatment when co-cultured with bone
marrow-derived stem cells (BMSC). The use of a trans-well system
indicated that factors that give chemoresistance are secreted by the
BMSCs and that no direct cell-cell contact is needed (Scherzed
et al, 2011). Evidence also exists for a role of MSCs in ovarian
cancer therapy resistance. Intraperitoneal chemotherapy is an
effective strategy to treat patients with ovarian cancer. Recently,
studies have been conducted in which intraperitoneal chemother-
apy was combined with hyperthermia in ovarian cancer patients.
In contrast with the high success rate of this approach in colorectal
cancer, it proved unsuccessful for the treatment of ovarian cancer.
Lis et al (2011) demonstrated that tumour-associated MSCs are
able to protect ovarian cancer cells from the hyperthermia-induced
cell death via SDF-10/CXCR4 signalling.

Another mechanism by which MSCs can confer resistance to
chemotherapy is by their conversion to cancer-initiating cells or
cancer stem cells. Cancer stem cells have the capacity to initiate
tumour formation, metastasis and are believed to be highly resistant
to anti-cancer drugs and therefore responsible for recurrence. Teng
et al (2011) has recently shown that targeted methylation of the
promoters of two tumour suppressor genes RasFIA and HICI in
MSCs caused their transformation towards cancer-initiating cells and
enabled them to grow in an anchorage-independent manner, formed
tumours in nude mice and showed increased resistance to cisplatin
treatment. This sheds a new light on the role of MSCs in tumour
formation and will require further research if MSCs under
physiological conditions by this mechanism can also form a pool
of possible cancer-initiating cells. In addition to this the hypothesis
has been posed that MSCs can sustain a cancer stem cell niche
in vivo thereby sustaining malignancy and possibly also drug
resistance (Ramasamy et al, 2007).

MESENCHYMAL STEM CELLS CAN GENERATE
SYSTEMIC CHEMOTHERAPY RESISTANCE
INDEPENDENT OF THE TUMOUR
MICROENVIRONMENT

Recently, we have shown that MSCs can confer chemotherapy
resistance in solid tumours in mice. Injection of MSCs i.v. or s.c. at
a distant site from the tumour at the time of cisplatin treatment led
to complete resistance to the treatment. The ability to induce
resistance was unique to MSCs as differentiated progeny were not
able to induce resistance, indicating that this feature is lost in the
differentiation process. The resistance was mediated by the release
of two distinct platinum-induced fatty acids (PIFAs) in response to
the cisplatin. The PIFAs that were identified are 12-S-keto-5,8,
10-heptadecatrienoic acid (KHT) and 4,7,10,13-hexadecatetraenoic
acid (16:4(n — 3)). 12-S-keto-5,8,10-heptadecatrienoic acid is the
oxidised metabolite of 12-S-hydroxy-5,8,10-heptadecatrienoic acid
(12-S-HHT) which is a fatty acid that is formed as a by-product in
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the production of thromboxane A2 synthesis within the arachi-
donic acid (AA) pathway. Metabolism of AA leads to the
production of a series of active fatty acids derivatives also
known as eicosanoids including 12-S-HHT and KHT. Very little
is known about 16:4(n—3), it is an omega-3 fatty acid and
it has been described to be produced by some marine algae
(Ishihara et al, 2000). The PIFAs were able to induce resistance
against a broad spectrum of anti-cancer agents and were functional
in picomolar concentrations. Systemic treatment of tumour-
bearing mice with these PIFAs also showed resistance to
chemotherapy, indicating that the presence of the MSCs itself
was not needed. The production of these PIFAs was depended
on COX-1 and thromboxane synthase, as inhibitors for these
enzymes were able to block the formation of resistance (Roodhart
et al, 2011).

These novel findings show that MSCs can also generate a
systemic response to chemotherapy distant from the tumour,
rather than initiating a response only from within the tumour
microenvironment. Both ways can lead to resistance against
various anti-cancer agents. Our data show that the MSCs are
activated by platinum-containing therapeutics but protect against
a broad range of chemotherapeutics. These MSCs did not home to
the tumour or were part of the tumour microenvironment,
indicating that the host can also elicit a broader mechanism of
resistance reaching beyond the tumour microenvironment.
Furthermore, this novel role of MSCs in systemic therapy
resistance can possibly be placed in a bigger perspective where
MSCs are functioning as guarding cells of the body protecting it
from exogenous and cytotoxic agents, backfiring on us in the case
of anti-cancer treatment.

It is yet unknown why platinum-containing agents can activate
the MSCs. Mesenchymal stem cells express relatively high levels of
glutathione (GSH), which is needed to protect these long-lived cells
against toxic compounds and reactive oxygen species (Valle-Prieto
and Conget, 2010). One hypothesis is that increased cellular GSH
can cause a shift in the balance between AA and eicosapentaenoic
acid (EPA)-derived eicosanoids in favour of AA metabolism
(Rouzer et al, 1982). This could explain the increased production
of KHT as a downstream metabolite of AA but not the production
of 16:4(n —3), which is an omega-3 fatty acid and not formed
from AA. Arachidonic acid- and EPA-derived eicosanoids counter-
act in many ways each other’s functions. Arachidonic acid is pro-
inflammatory and EPA anti-inflammatory, and a multilevel
regulation maintains the balance between the production of these
eicosanoids (Whatley et al, 1990). It is therefore interesting that in
response to platinum-containing therapeutics MSCs produce both
fatty acids. Another hypothesis is that platinum-containing drugs
elicit some type of stress response leading to the uncoupling of the
balance between AA and EPA metabolism leading to the
production of both KHT and 16:4(n — 3). Hypothetically other
drugs can activate similar mechanisms in MSCs or other stem cells,
either proximal or distal to the tumour leading to activation of
systemic resistance-inducing pathways. Identifying these stress
signals warrants further studies.

CLINICAL RELEVANCE OF MSCS IN TUMOUR
PROGRESSION

Most studies use in vitro cultured MSCs or injected supraphysio-
logical concentrations of MSCs, making it difficult to draw
conclusions about endogenous levels of MSCs and their role in
tumour progression and therapy resistance. Furthermore, clinical
data on the role of MSCs in tumour progression is still lacking.
Results from Bian et al (2009) showed that patients suffering from
bone sarcoma have increased numbers of circulating MSCs
compared with healthy volunteers. However, within this study no
correlations were made between numbers of MSCs present in
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Table I MSCs promote or inhibit tumour progression via the following processes
Process/ In vitro
pathways vs in vivo Source of MSCs Organism/cell lines used Results Reference
Angiogenesis
VEGF, In vitro Human bone marrow (BM) HAEC Conditioned media from MSCs cultured under hypoxia- Hung et al,
HIF-To, derived and murine contained increased levels of IL-6, VEGF and MCP-1 2007
IL-6, MCP BM derived leading to increased tube formation of HAECs
Metastasis
CCLS In vivo Human BM derived Nude and NOD-SCID mice with Coimplantation of MSCs increase metastasis potential of Karnoub
MDA-231-MB tumours weakly metastatic tumour cells. Tumour cells induce et al, 2007
secretion of CCL5 from the MSCs leading to increased
metastasis
TAFs In vivo Murine BM derived FVB mice with LA-P2097 tumours ~ Coimplantation of MSCs with tumour cells caused Dawson

Immune modulation

Th2
cytokines,
TGF-f and
Treg cells

Tissue homing
SDF-1a/
CXCR4
and MMP-2

CXCRI
and CXCL8

Drug resistance
SDF-1a/
CXCR4

Decreased
apoptosis

Asparagine

SDF-1a/
CXCR4

Mechanism
unknown
PIFAs

Cancer-
initiating
cells

Proliferation
Gl arrest

Inhibition of
proliferation
TAFs

In vitro

In vitro
and in vivo

In vitro

In vitro
and in vivo

In vitro

In vitro

In vitro

In vitro

In vivo

In vitro
and in vivo

In vitro

and in vivo

In vitro

In vitro
and in vivo

Human BM derived

Rat BM derived

Human BM derived

Human BM derived

Human and murine
BM derived

Human BM derived

Tumour-associated MSCs

isolated from ascites

and BM-derived MSCs

(both human)
Human BM derived

Human and murine
BM derived

Human BM derived

Human BM derived

Human foetal dermal
derived
Human BM derived

and C57bl/6 mice with LLC tumours

Human blood-derived PBMCs,
MDA-231-MB, MCF7, T47D,
P815 and K562

In vivo model: NOD-SCID mice with
PC3 tumours or DUI45 tumours.

In vitro cell lines: MCF7, PC3,

DUI45 and RIF-1

Human MSCs in chemotaxis assay

In vivo model: NOD-SCID mice with
BV 173 tumours. In vitro cell lines:
BVI173 and primary CML cells

Primary CLL cells from patients
co-cultured with MSCs

Primary ALL cells from patients

SKOV3 and CaOV3 cell lines

FaDu and HLaC 78 cell lines

Balb/c mice with C26 tumours,
C57bl/6 mice with LLC tumours and
nude mice with MDA-231-MB
tumours

In vivo model: nude mice with
methylated or control MSCs. In vitro
cell lines: bone marrow-derived MSCs

In vivo model: NOD-SCID mice with
BV 173 tumours. In vitro cell lines:
BVI173, K562, KGla, Jurkat, UCHI0
and CC3

H7402 and HepG2

In vivo model: nude mice with MDA-
231-MB tumours. In vitro cell lines:
MDA-231-MB, PANC-| and U87

differentiation of MSCs into TAFs. The TAFs persisted in et al, 201 |
tumour stroma and increased metastasis formation

MSCs help breast cancer cells to evade the immune Patel et al,
system by shifting the balance of Th1/Th2 cytokines 2010
towards Th2 cytokines and by increasing the pool of

T-regulatory cells

Conditioned media from tumour cells-induced CXCR4  Song and Li,
expression in MSCs and reduced MMP-2 expression 2011
leading to migration of the MSCs towards the tumours

in vitro and in vivo

Migration of MSCs is mediated by CXCRI| and CXCL8 Ringe et dl,
signalling 2007

SDF-10/CXCR4 signalling between MSCs and CML cells  Jin et al,

induces resistance against imatinib in vitro. CML cells 2008;
repopulation in mice was increased when CML cells were Vianello
pretreated with MSCs and imatinib compared with et al, 2010
imatinib alone

MSCs protect CLL cells against forodesine-induced Balakrishnan

apoptosis via decreasing the ATP and GTP depletion et al, 2010
normally induced by forodesine
MSCs supply ALL cells with asparagine as a mechanism to  lwamoto

evade asparaginase treatment-induced cell death et al, 2007
MSCs protect ovarian cancer cells from hyperthermia-  Lis et dl,
induced cell death via SDF-10/CXCR4 signalling 2011

Head and neck squamous cell carcinoma cells co-cultured Scherzed

with MSCs are more resistant to paclitaxel treatment et al, 2011
MSCs can induce chemotherapy resistance via the Roodhart
secretion of platinum-induced fatty acids (PIFAs) et al, 2011

Targeted methylation of the promoter of RasF/A and Teng et al,
HICI transforms MSCs into cancer-initiating cells that 2011
grow anchorage independent, form tumours in mice and

exhibit cisplatin resistance

In vitro G1 arrest and decreased prolifation, in vivo Ramasamy
increased tumour growth et al, 2007

Decrease in beta-catenin, c-myc, Bcl-2, PCNA and survivin  Qiao et al,
leading to decreased proliferation and increased apoptosis 2008
conditioned media from tumour cells-induced Mishra et al,
differentiation of MSCs in TAFs. These TAFs promote 2008
tumour growth

Abbreviations: ALL=acute lymphoblastic leukaemia; ATP = adenosine-5'-triphosphate; CCL5 = chemokine (C-C motif) ligand 5; CLL = chronic lymphocytic leukaemia;
CML = Chronic myeloid leukaemia; CXCL; chemokine (C-X-C motif) ligand; CXCR = chemokine (C-X-C motif) receptor; GTP = guanosine-5'-triphosphate; HAEC = human
aortic endothelial cells; HIF-1o=hypoxia inducible factor | alpha; IL-6 =interleukin 6; MCP-1 =monocyte chemotactic protein |; MMP-2 =matrix metalloproteinase 2;
MSC = mesenchymal stem cell; NOD-SCID = non obese diabetic-severe combined immune deficient; PCNA = proliferating cell nuclear antigen; PIFA = platinum-induced fatty
acid; SDF-1o = stromal cell derived factor | alpha; TAF = tumour-associated fibroblast; VEGF = vascular endothelial growth factor.
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the blood and therapy response or prognosis (Bian et al, 2009).
The increased number of circulating MSCs in cancer patients
indicates that the presence of a tumour elicits a response causing
the MSCs to migrate into the circulation. Interestingly, the
presence of these MSCs in the circulation places them in a
position where they are easily exposed to relatively high concen-
trations of anti-cancer drugs like chemotherapy making it more
likely that these cells can become activated by the drugs and have
a significant role in therapy response. Our data showing that
circulating MSCs induce resistance to chemotherapy supports
this hypothesis. The relative contribution of resident MSCs in the
bone marrow or adipose tissue to drug resistance is yet unknown.
It is likely that the differences in the number of circulating MSCs
and their potential to respond to anti-cancer drugs between
patients determine therapy response rather than total numbers
of MSCs.

CONCLUSION

A remarkable characteristic of the role of MSCs in tumour
progression is its broad versatility and plasticity. Mesenchymal
stem cells have been implicated in promoting almost every
hallmark of cancer including angiogenesis, metastasis, anti-
apoptosis, pro-survival and evasion of immune system. Mesenchymal
stem cells can promote tumour growth and drug resistance
either via close contact with the tumour cells or via systemic
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