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1. ABSTRACT 
 

Mesenchymal stem cells (MSC) are 
multipotent stem cells that hold promise for an 
expanding list of therapeutic uses, not only due to their 
ability to differentiate into all connective tissues 
including bone, fat and cartilage, but additionally due to 
their trophic and anti-inflammatory effects which 
contribute to healing and tissue regeneration. Ongoing 
research is starting to illuminate important aspects of the 
microenvironmental niche, which supports MSC self-
renewal. In this review, we summarize recent findings on 
cellular structures and molecular pathways that are 
involved in regulation of MSC self-renewal versus 
differentiation, and in retention of MSCs within the 
niche versus mobilization and recruitment to sites of 
injury. In addition, the contribution of MSCs to the 
structure and function of hematopoietic and cancerous 
niches is discussed.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
2. DEFINITION OF MESENCHYMAL STEM 
CELLS (MSC) 
 

MSCs  are  stromal-like  cells  that  are  
characterized  by  a   
CD105+/CD73+/CD90+/CD45−/CD34−/CD11b−/CD19−/ 
HLA-DR− cell surface signature (1); they are capable to 
differentiate into all connective cell types and tissues 
including bone, cartilage, muscle, ligament, tendon, 
stromal fibroblasts and adipocytes. MSCs contribute to 
the regeneration of injured tissue by this cell replacement 
mechanism and by the ability to secrete trophic factors 
(for reviews see: (2, 3)). 
 

The minimal set of standard conditions which 
defines MSCs by their cell surface signature as described 
above, their adherent nature and their ability to 
differentiate to osteoblasts, adipocytes and chondroblasts 
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in vitro, was established in 2006 (1) and has allowed a 
more uniform characterization of MSC. However, this 
definition stops short from fulfilling the criteria for 
describing a stem cell in the strict sense, i.e. the property 
that an individual stem cell is capable of self-renewal. It 
has been difficult to show the ability of MSC for self 
renewal and the clonality of MSCs, but this has been 
achieved recently (4-7), indicating the true stem cell 
nature of these cells, although it is safe to assume that 
MSC cultures consist of a mixture of bona fide stem 
cells and a much larger pool of progenitors (8), which 
cannot be distinguished predictively from each other 
with our current knowledge. 

 
Originally MSC were isolated from bone 

marrow as rare cells in the mononuclear cell fraction that 
adhere to tissue culture plastic (9). Since these cells do 
not express any unique, recognized cell surface marker 
which is specific only for MSC, this simple approach 
allowed much progress to be made, but by the same 
token this approach is undoubtedly one of the reasons for 
often contradictory results in this field of research, - and 
there is no doubt that different laboratories have isolated 
and characterized different cell populations. Prospective 
isolation procedures for MSC are still in the process of 
being optimized and standardized, but should eventually 
lead to a better defined cell population. As more 
standardization has been achieved lately by fulfillment 
of the minimal criteria described above, new complexity 
has arisen because MSC have been isolated from 
practically any tissue including bone marrow, trabecular 
bone, fat, synovium, vascular wall, dental pulp, muscle, 
kidney, lung, brain, pancreas, stomach, umbilical cord 
and placenta (5, 10-15). 

 
While MSC hold great promise for tissue 

repair, better characterization of the precise properties 
and nature of MSC is necessary to realize the full clinical 
potential of these cells. Their capacity to form various 
connective tissues is only one of the possible clinical 
applications of these cells. In many disease models MSC 
participate in tissue repair without differentiation into 
any specific mesenchymal lineage, but largely due to the 
production of numerous growth factors - such as bFGF, 
IGF-1, HGF, BMP1, TGF-beta and SCF - and 
angiogenic factors including VEGF. These factors 
inhibit ischemia induced apoptosis and contribute trophic 
support in the damaged tissue (16, 17). Furthermore the 
immune-suppressive functions of MSCs, which include 
the down-regulation of pro-inflammatory cytokines, T 
cell suppression and inhibition of NK cell and dendritic 
cell functions, contribute to the switch from a state of 
inflammation to a state of healing (18-20). For these 
reasons MSCs represent a promising new therapeutic 
approach in inflammatory, ischemic and auto-immune 
diseases, where recent clinical trial results look 
promising (21-25). However, there have also been failed 
clinical trials, sometimes due to poor study design, but 
also because the basic biology of MSCs is not 
adequately understood. The current rush to the clinic has 
at times dissipated limited resources on premature 
clinical trials, when more patience and a better 

understanding of the basic biology could have resulted in 
more informed and successful therapeutic interventions 
in the long run. In particular, very little is known about 
the local microenvironment under which MSCs maintain 
their stemness, function optimally and which allows 
them to retain their repair capacity throughout life. This 
microenvironment may not always be optimal leading to 
a gradual loss of MSCs over a life-time, and indeed it 
has been described that the frequency of MSC decreases 
with increased age (17, 26), perhaps one of the reasons 
for delayed recovery from tissue injury in old age. 

 
Insufficient knowledge about an optimal 

microenvironment for MSC also poses a problem during 
in vitro expansion of MSCs. While these cells can be 
easily cultured and extensively expanded, they gradually 
lose their potential to differentiate into all of the 
mesenchymal lineages over a number of passages and 
eventually become senescent, because the culture 
environment only partially replicates natural niche 
conditions. From all of the above it is clear that it is 
essential to obtain a better understanding of the niche for 
MSCs. 
 
3. DEFINITION OF THE STEM CELL NICHE  
 

The term “stem cell niche”, which was 
originally proposed by Schofield for the hematopoietic 
stem cell niche (27) refers to the microenvironment in 
which stem cells reside. This microenvironment consists 
of different cell types, ECM molecules and soluble 
factors regulating stem cell activities, and plays an 
important role for the self-renewal of stem cells, which 
will begin to differentiate outside this niche. The balance 
between self-renewal and differentiation is dependent on 
this stem cell niche.  
 
4. WHAT IS THE STEM CELL NICHE FOR MSC?  
 

As mentioned above MSC have been isolated 
from nearly any tissue in the body, and given the 
differences in microenvironment of various tissues, it is 
astounding that they retain their stem cell potential to 
differentiate into the various types of connective tissue 
under external influences that cannot be identical. So 
what milieu is shared in these different locations which 
can provide a similar MSC niche in all these 
surroundings? There is increasing evidence that MSC 
exist in a perivascular location and share a number of 
cell surface markers with pericytes (5, 28-32).  This does 
not mean that pericytes are MSC, but it suggests that 
pericytes are derived from MSCs. Such a perivascular 
location of MSCs would make a lot of sense for a cell 
type that is constantly recruited to areas of tissue injury, 
- although it does not exclude the possibility that there 
may be additional niches. A perivascular location seems 
ideal positioning for cells that contribute to tissue repair 
through the production of a variety of growth factors that 
work in a paracrine fashion. Such a perivascular location 
would also guarantee a similar niche for MSC in 
different organs, such that MSC self-renewal is enabled 
throughout the body. Nevertheless, the conditions would 
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Figure 1. Simplified depiction of the cross-talk between different signaling pathways important for MSC survival and self-
renewal. Integrin-mediated adhesion of MSCs to the ECM is necessary for sustained MSC survival. Outside-in integrin 
signaling leads to FAK and Src activation, which in turn result in activation of the Akt pathway and the ERK cascade, which 
provide survival and proliferation signals. It also leads to modulation of the small GTPases Rac, Rho and cdc42, which 
regulate cell motility. Following agonist stimulation, receptor tyrosine kinase receptors (RTKs) such as the EGF receptor and 
the FGF receptors dimerize and are autophosphorylated, which leads to the assembly of adapter molecules including Grb2 and 
Shc that serve as a scaffold for the assembly of downstream signaling molecules ultimately resulting in activation of the ERK 
and PI-3K/Akt cascade as well as in that of the small G-proteins Rac and Rho. There are additional activation pathways 
induced by RTK activation such as the JAK/Stat pathway, which has been omitted in the depiction. Activation of G-protein 
coupled receptors (GPCRs) - for instance by chemotactic factors - similarly leads to activation of ERK and PI-3K pathways. 
Although there are some variations depending on the specific G-protein intermediate, ERK and Akt activation are seen with all 
classes of heterotrimeric G-proteins. Many GPCR agonists can also transactivate RTKs, e.g. by metalloprotease-mediated 
cleavage of membrane-anchored pro-growth factors, which in turn activate their specific receptor. Finally mechanical stress 
can activate the same signaling cascades in an integrin and GPCR-dependent fashion. 

 
not be identical, since there are subtle differences 
between the endothelial cells of various vascular beds. 
Indeed it has been noted that MSC co-cultured with 
macrovascular endothelial cells acquire smooth muscle 
cell markers, while co-cultures with microvascular 
endothelial cells do not (33), which is consistent with the 
presence of myofibroblasts in the wall of large, but not 
of small vessels. Furthermore depending on the tissue of 
origin, MSC show a greater propensity to differentiate to 
cartilage and bone, if they are bone marrow derived and 
to differentiate to fat, if isolated from adipose tissue (34). 
Adipose tissue derived MSC also seem enriched for 
immune response genes (35). There are many additional 
examples that indicate the tendency of MSC of a specific 
tissue to preferentially differentiate into the type of 
connective tissue that is needed in a specific location, 
and local MSCs may serve as the first line of MSCs that 
contribute to tissue repair prior to MSC mobilization 
from more distant sites. Such a recruitment mechanism 
of local MSCs has been suggested for instance for MSCs 
in the renal capsule following ischemic kidney injury 
(36). 

 
Specific sites for the MSC niche have been 

suggested for some tissues. For instance it has been 

proposed that the connective sheath and the papilla of 
the hair follicle represent the anatomical niche for 
cutaneous MSC (37), and trabecular bone appears to be a 
site in which bone marrow MSCs are enriched (38, 39). 
It should be pointed out, however that these additional 
sites may not differ from the perivascular niche, which 
was described above, since capillary networks are 
universally present. Since a major function of the stem 
cell niche is to provide an optimal environment for the 
self-renewal of these cells, it is important to consider the 
parameters that play a role in the self-renewal of MSCs 
next.  
 
5. CONDITIONS THAT SUPPORT MSC SELF-
RENEWAL VERSUS DIFFERENTIATION 
 

In order to self renew, stem cells need to be 
protected from differentiation signals and from 
apoptosis, and the niche provides the adhesion 
molecules, soluble factors and conditions that allow this 
in a concerted fashion. These soluble factors and ECM 
components activate various kinase cascades including 
the ERK1/2 MAPK and the PI-3K pathways – as shown 
in schematic form in Figure  1. These pathways appear 
to be important for MSC self renewal, but the exact 
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conditions have not been defined yet. The strength, 
kinetics and cellular location of activation of these 
pathways all play a role as well as the temporal 
coordination between several pathways. For example 
EGF, which stimulates the EGFR1 on MSCs, strongly 
activates the MAP kinases ERK1/2 and Jnk1, the Stat3 
and PKC pathways and weakly stimulates the PI-3K 
pathway, and high concentrations of EGF induce 
osteogenic differentiation in MSCs (40). When the 
ERK1/2 pathway was inhibited under these conditions, 
adipogenic differentiation resulted instead (40). EGF and 
PDGF activate similar downstream signaling pathways, 
except that PDGF induces a stronger activation of the PI-
3K pathway, - but PDGF does not induce osteogenic 
differentiation of MSC (41). However, in the presence of 
a PI-3K inhibitor, PDGF causes osteogenic 
differentiation (41), suggesting that concomitant PI-3K 
stimulation prevents ERK1/2-dependent osteogenic 
differentiation. There are even examples, where the same 
growth factor can produce contradictory results: for 
instance, high concentrations of covalently tethered 
EGF, which restrict signaling to the cell surface, result in 
increased osteogenic differentiation of MSCs, while low 
concentrations of soluble EGF, which induce receptor 
internalization, are anti-osteogenic (42). A better 
understanding of the signaling mechanisms that retain 
MSCs in their undifferentiated state should help to 
improve the quality of in vitro expanded MSCs in the 
future. 

 
A number of cytokines and growth factors 

including bFGF, LIF, EGF/HB-EGF, HGF, PDGF, IL-6 
and Wnt (3a) have been implicated in MSC self-renewal 
(43-50) because of their demonstrated role in the self-
renewal of other stem cell types. Although self-renewal 
has not been tested in most cases where MSCs were 
stimulated with these factors, - mostly due to lack of an 
appropriate self-renewal assay for MSCs -, there is 
reasonable evidence that some of these factors inhibit 
osteogenic and adipogenic differentiation, but increase 
proliferation, which implies that they might support self-
renewal. This is for instance the case for bFGF (43), HB-
EGF (44), Wnt (3a) (46, 47) and HGF (48), which all 
activate multiple signaling pathways including MAP 
kinases, the PI-3K cascade, Smads, Stat3, calcium flux 
and small G proteins of the rho family. Such a plethora 
of activation pathways makes it difficult to understand 
the molecular determinants involved in MSC self 
renewal. It appears, however, that there is a coordinated 
activation – or inhibition - of several pathways that 
might be involved in the self renewal of MSCs in 
analogy with human embryonic stem cells (ESCs) in 
which both bFGF and activin/TGF-beta activation 
pathways are necessary to prevent differentiation. 
Indeed, the addition of a mixture of bFGF, TGF-beta and 
PDGF was sufficient to culture MSC for 5 passages in 
the absence of FCS (49), while retaining the potential of 
these cells to differentiate into osteoblasts, adipocytes 
and chondrocytes. This indicates again that the balanced 
action of several factors and their downstream signaling 
cascades is necessary to maintain undifferentiated 
MSCs. Also in analogy to ESCs some of these pathways 

inhibit differentiation into a specific progenitor, for 
instance HGF inhibits BMP-induced nuclear 
translocation of activated Smad 1, 5 and 8 thus 
preventing MSC differentiation to osteoblasts (48). 

 
The addition of bFGF to MSC cultures was 

more effective in supporting self-renewal in low density 
cultures (43), which suggests that soluble factors 
produced by MSCs contribute to differentiation and/or 
senescence of MSC if they are present in too high 
concentrations. It was recognized several years ago that 
propagation of MSC in low density cultures allows 
increased expansion (51), and several genes linked to 
cell motility are up-regulated in low density cultures 
(52). Such a density-dependent behavior appears useful, 
since MSC are rare cells in vivo, - but when they 
accumulate in an area of tissue injury, it would be 
beneficial for them to differentiate into the appropriate 
tissue rather than to self renew. 

 
Some factors that are produced by MSC are 

known to induce differentiation into a specific 
mesenchymal lineage. These factors include several 
BMPs (53, 54) and bFGF (49), which both play a role in 
osteogenic differentiation, and TGF-β, which is 
necessary for chondrogenic differentiation (49).  

 
Many of the angiogenic and trophic factors 

produced by MSCs support cells of the surrounding 
tissue as well as MSCs themselves: MSCs can produce 
VEGF, bFGF, PDGF, angiopoietin, CXCL8/IL-8 and 
other angiogenic factors (55), which all play a role in 
vasculogenesis, but MSC also respond to most of these 
factors themselves (56, 57), although VEGF appears to 
signal through the PDGFR in these cells (58). In fact 
such angiogenic and trophic effects on the surrounding 
cells appear to be responsible for much of the therapeutic 
effect of MSCs (16, 128-130). In addition many of the 
growth factors produced by MSC including bFGF, 
VEGF, PDGF, and TGF-beta are also chemotactic 
factors for these cells.  

 
MSCs may contribute significantly to their 

microenvironment through their own gene expression 
profile and through the production of factors that 
function in an autocrine or paracrine fashion, which 
would make them less dependent on a niche created by 
other cell types. Indeed MSC have been reported to 
express a large number of genes characteristic of stem 
cells in general even including pluripotency markers. 
There have been reports that they express Oct4, Nanog, 
Sox2, SSEA3, SSEA4, Rex1, c-myc, nucleostemin, 
Nodal, Sca1, Snail2, and others (59-66), although there 
is controversy about the expression of some of these 
factors. To some degree these contradictory findings 
may be due to differences in culture conditions such as 
cell origin, isolation method, passage number and media. 
For instance, Sca1 is expressed by murine, but not by 
human MSC (62). Although this pathway does not apply 
to humans, it is interesting in the mouse system, because 
aged Sca-/- mice develop osteoporosis due to decreased 
self-renewal of MSCs (62). This example also illustrates 
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that one has to be cautious about generalizing the lessons 
learned from mouse cells. As with ESCs, there appear to 
be important differences between the self-renewal and 
differentiation pathways of rodent and human MSC. For 
instance, BMPs play a central role in the osteogenic 
differentiation of rodent MSC (67-69). In contrast in 
human MSCs BMPs are insufficient to induce an 
osteogenic response, although these cells express 
functional BMP receptors (70). Similarly, classical Wnt 
signaling is essential for osteogenic differentiation in the 
mouse (71), but may have contrary effects in human 
MSCs (46). Specifically in the case of Oct4 caution is 
warranted for both species, however. The Oct4 gene is 
irreversibly silenced in somatic tissues, which makes it 
difficult to envision its reactivation in untransformed 
adult stem cells, and in several reports no precautions 
were taken to exclude false positive results including 
pseudogene expression (72). Nevertheless, this still 
leaves a plethora of stem cell genes in MSC that must be 
controlled in a way that will not lead to cancerous 
transformation. It is far from clear, how this is achieved, 
but MSC have been found safe in clinical applications 
(21, 25) and their delivery is not associated with tumor 
formation as is seen with ESC and induced pluripotent 
stem cells. Replicative senescence is certainly one 
mechanism by which this can be achieved, and 
replicative senescence occurs both during in vitro MSC 
expansion as well as over the life time of an individual 
(73), a fact which has to be taken into account, when 
autologous MSC transplantation is considered in elderly 
patients. 

 
 
6. THE EFFECT OF THE EXTRACELLULAR 
MATRIX (ECM) ON MSC 
 

The extracellular matrix including the growth 
factors and cytokines that associate with it, are an 
important component of the stem cell niche, and the 
survival of MSCs depends on their ability to adher to the 
ECM. When expanded in vitro, MSC gradually lose their 
ability to differentiate into the various mesenchymal cell 
types over a number of passages. However, when 
cultured on a basement membrane-like ECM, MSC 
retained their osteogenic, chondrogenic and adipogenic 
potential for a prolonged period of time compared to 
cells grown on tissue culture plastic (74). Similarly, 
MSC cultured on denatured collagen type I showed 
continued adipogenic and osteogenic differentiation 
potential (75), while culture on laminin-5 induced 
osteogenic differentiation of MSC even in the absence of 
specifically osteogenic medium (76).  

 
This effect of the ECM composition may be 

partially explained due to sequestration of endogenously 
produced growth factors, but the physical property of the 
substratum also plays an important role. For instance 
varying the elasticity of the matrix influenced MSC 
differentiation: rigid matrices – resembling the dense 
structure of bone - favored expression of osteogenic 
genes, while softer matrices – similar to the elasticity of 
striated muscle – induced muscle-specific genes (77). 

Substrate elasticity also had a major influence on the 
production of various soluble factors by MSC, with 
concentrations of IL-8 varying up to 90-fold depending 
on the rigidity of the substrate (78). Similarly, when 
chondrogenesis was assessed in cross-linked 
methacrylated hyaluronic acid hydrogels, the macromer 
density influenced MSC chondrogenesis: high density 
macromers resulted in increased chondrogenesis, but of 
inferior quality than seen with lower density gels (79). 

 
Mechanical strain is a further factor that 

influences MSCs: it improves osteogenic differentiation 
(80), and bone-like ECM synthesized in vitro is able to 
enhance osteoblastic differentiation of MSC in particular 
when combined with fluid shear stress exposure even in 
the absence of osteogenic medium (81).   

 
Since integrins function as adhesion receptors 

for ECM proteins, one would expect that their 
expression levels will influence the behavior of MSCs. 
Indeed early MSC progenitors, defined by their smaller 
size and expression of podocalyxin-like protein 
(PODXL), selectively express alpha4 and alpha6 
integrins, which are lost during culture (82). Freshly 
isolated MSC do not express the vitronectin receptor 
alphav beta5, but express low levels of the fibronectin 
receptor alpha5beta1 and the collagen receptors 
alpha1beta1, alpha2beta1 and alpha3beta1 (83). Upon 
culture alphavbeta5 is up-regulated. Furthermore, 
increased expression of alphavbeta5, and of alpha5beta1 is 
observed during chondrogenic differentiation (83), and 
up-regulation of alpha2beta1 (84) and alpha5beta1 (85) is 
necessary for osteogenic differentiation, while 
alpha5beta1 expression is down-regulated during 
adipogenic differentiation (86).  

 
Since one of the major signaling pathways of 

integrins activates FAK and downstream of it the Rho 
family of GTPases, it would be expected that this 
pathway may have effects on MSC biology, and recent 
results indicate that prolonged activation of this integrin 
signaling pathway supports osteogenic differentiation. It 
has long been known that the plating density affects 
osteogenic and adipogenic differentiation of MSC with 
preferential adipogenesis at high cell densities and 
improved osteogenesis at low cell densities (87), - a 
condition that favors increased Rho activation. When a 
micropatterning technique was used to control MSC cell 
shape and the degree of cell spreading, it was found that 
spread cells underwent osteogenesis, and unspread, 
round cells became adipocytes (88). Osteogenesis 
depended on RhoA/ROCK activity generating actin-
myosin tension as present in spread-out cells such that 
expression of constitutively active RhoA resulted in 
osteogenesis, while dominant negative RhoA expression 
caused adipogenesis (88). Activation of FAK, part of the 
same integrin activation pathway was also necessary for 
osteogenic differentiation (89). 

 
Modulation of integrin signaling pathways 

similarly plays a role in adipogenic differentiation. 
Overexpression of α5 integrin in preadipocytes 
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attenuated differentiation and caused increased Rac 
activity, and constitutively active Rac inhibited 
adipogenesis (86).  

From all this it is clear that cues from the ECM 
of a specific mesenchymal tissue play an essential role in 
the tissue-specific differentiation of MSCs, and although 
understanding of the basic biology involved in MSC 
differentiation still has many gaps, there is great interest 
and much active research in the development of three-
dimensional matrices and unconventional culturing 
methods to optimize MSCs for tissue repair purposes.   
 
7. MSC AND TISSUE DAMAGE 
 

MSCs serve as a pool of cells that is recruited 
to damaged tissue, whenever there is tissue injury. While 
MSCs do not seem to circulate in the vasculature under 
physiological conditions, it seems likely that they are 
released into the vasculature, when there is increased 
demand for these cells during any kind of tissue injury 
(90). But although MSC accumulate in damaged tissue 
to some degree (91), recruitment of circulating MSC is 
very inefficient, when compared to leukocyte 
extravasation (92). Furthermore, following i.v. delivery, 
MSC tend to lodge in the lungs, especially in mice. 
Although this appears to be at least partially because 
these cells are arrested in the primary vascular bed due to 
the small diameter of the murine microvasculature, - 
delivery of circulating MSC to damaged tissues is 
generally poor and better tissue delivery would greatly 
improve the tissue repair capacity of these cells. 

 
MSC are cells that are relatively resistant to injury by 
hypoxia (93, 94), irradiation (95, 96) and chemotherapy 
(97), which is not surprising for a cell type which is 
destined to repair tissue damage, and therefore has to 
survive under adverse conditions. MSCs seem to be 
resistant in general to certain apoptotic pathways perhaps 
due to very low expression of caspase 8 and caspase 9 
(98). In fact protein fragments for instance of EGF 
released from apoptotic endothelial cells, protect MSCs 
from apoptosis (99). While all of this documents that 
MSCs are capable to survive under adverse conditions, it 
is not clear, whether MSCs treated in such a way are still 
capable of self renewal. This issue has not been 
addressed in any of the reports showing the resistance to 
cell death in these cells. There clearly is a decline in the 
numbers of MSCs over a life-time (100), - and MSCs 
derived from older individuals are capable of fewer 
population doublings in vitro than those obtained from 
younger subjects (101), indicating that there is a limit to 
the regenerative potential of these cells.  
 

It seems highly likely that there is a similar 
niche retention/mobilization equilibrium going on with 
MSC as there is with HSC, except that the molecular 
players involved in this process are not yet defined in the 
case of MSCs. It will be important to identify which 
signals produced by injured tissue are sensed by MSCs 
that allow the release of MSCs from their niche, i.e. 
cause mobilization of MSCs, which subsequently allows 
their recruitment to the site of injury. 

In the absence of an inflammatory reaction, 
MSC do not circulate, and there remains some 
controversy, to what extent they can be released to the 
circulation, when there is tissue injury (102). It is not 
entirely clear what proportion of MSC attracted to an 
area of tissue damage is recruited from the circulation 
versus the surrounding tissue stroma, but in either 
scenario, MSC can be recruited by stimuli generated in 
injured tissues.  

 
Figure 2 summarizes how inflammatory 

mediators recruit first leukocytes, then MSCs to an area 
of tissue injury. Tissue damage causes up-
regulation/activation of endothelial cell adhesion 
molecules, the production of various chemokines and 
activation of the complement cascade leading to the 
production of C3a and C5a. Following leukocyte 
adhesion to the endothelium, these chemotactic factors 
cause the migration of leukocytes, - initially of 
neutrophils - across the endothelial barrier. This is later 
followed by the influx of monocytes. Various 
chemokines are released by the infiltrating neutrophils 
and monocyte/macrophages augmenting the 
inflammatory response. In particular, macrophages 
produce high concentrations of chemokines and of 
various growth factors including bFGF, VEGF, PDGF 
and TGF-beta. Various proteases derived from 
neutrophils, macrophages and endothelial cells further 
enhance the availability and activity of some of these 
factors for instance by releasing VEGF bound to the 
extracellular matrix and activating latent TGF-beta. A 
large number of factors produced under these 
circumstances show chemotactic activity for MSCs 
including bFGF (103), VEGF (104), PDGF (105), TGF-
beta (106), C3a (107), C5a (107), sphingosine-1-
phosphate (108), and various chemokines (for a review 
see (102)). While it is clear that MSC are recruited by 
chemokines, there is a lot of confusion currently about 
specific chemokines - with contradictory results coming 
from different laboratories (102, 109-116), which may at 
least partially be explained by different culture 
conditions. Especially, the role of SDF-1alpha/CXCL12 
is controversial in this respect. For instance, we find no 
chemotactic response towards SDF-1alpha and do not 
see any cell surface expression of its receptor, CXCR4 - 
in spite of detectable CXCR4 message by RT-PCR, - and 
most laboratories see cell surface CXCR4 expression at 
most on a very small fraction of cultured MSCs. 
However, MSCs produce SDF-1alpha constitutively, and 
it is possible that this results in desensitization and 
internalization of CXCR4 in an autocrine fashion, as 
intracellular, but not cell surface expression of CXCR4 
and other chemokine receptors has been described (117). 
This may also be the case for IL-8/CXCL8 and MIP-
1alpha /CCL3 for which there exist similarly disparate 
findings with some reports observing chemotaxis, while 
others do not. Both IL-8 and MIP-1α can be produced by 
MSC in concentrations that may be high enough to cause 
receptor desensitization. In all cases, however, cell 
surface expression of chemokine receptors was only seen 
in a fraction of cells ranging from 2% to 70% with large 
differences described by different laboratories. In 
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Figure 2. MSC recruitment to an area of tissue injury: Under normal physiological conditions MSCs reside in all tissues, often 
in a perivascular location (panel 1). Following tissue injury, adhesion molecules on endothelial cells are up-regulated, various 
chemokines and cytokines are produced and complement is activated leading to the production of C3a and C5a. In the first line 
of defense circulating neutrophils are chemo-attracted by these factors, primarily by chemokines such as IL-8 and by C5a, 
followed by monocytes in the second line of defense (panel 2). The attracted leukocytes release proteases, oxidants and various 
growth factors and chemokines, many of which are chemo-attractants for MSCs. Factors produced during tissue injury that 
recruit MSCs are shown in blue (panel 2). MSCs can be attracted by two routes: 1) directly from the surrounding interstitial 
space as depicted for one MSC, which is attracted from the left in panel 2 to the middle in panel 3, or 2) from the circulation 
through diapedesis through the endothelium (panel 4). MSCs produce a large number of trophic factors and anti-inflammatory 
factors shown in red that contribute to the resolution of inflammation and the healing process.  

 
contrast all MSC express cell surface receptors for C3a 
and C5a (107), suggesting that these anaphylatoxins may 
play an important role in the recruitment of MSC under 
pathological conditions.  

 
Loss of MSC niche retention mechanisms and 

subsequent MSC recruitment is expected to follow two 
routes: 1) recruitment of perivascular MSC from the 
nearby environment and 2) transendothelial migration of 
circulating MSC reminiscent of leukocyte diapedesis 
(see Figure 2). Recruitment of perivascular MSC appears 
relatively straightforward, since MSC express 
chemokine receptors and other receptors involved in cell 
migration, adhesion molecules including VLA-4 and 
VLA-5, - although at a lower expression level than seen 
in leukocytes (92) - , as well as MT-MMPs (118) and  
MMPs, in particular MMP2 (108, 119) that allow 
invasion of the surrounding matrix.  

 
Much less is known about the mechanisms that 

allow endothelial adhesion and transmigration of 
circulating MSCs. In most leukocytes the first step in 

this process consists of rolling mediated by the 
interaction of L-selectin and L-selectin receptors such as 
PSGL-1 and sialyl Lewisx with endothelial selectins.  It 
is not clear, how rolling proceeds in MSCs, since they 
express no L-selectin, PSGL-1 and sialyl Lewisx (117), 
although it is possible that they express an alternate 
saccharide, which is able to bind P-selectin (112). 
Limited rolling could be one of the reasons for the rather 
poor efficiency with which circulating MSCs are 
recruited by injured tissues, and engineering MSC to 
express such fucosylated selectin receptors seems to 
increase the ability of MSCs to adhere to selectins (92, 
120). Such engineering may be used to direct MSC into 
specific locations: For instance specialized bone marrow 
vessels express E-selectin constitutively, and following 
ex vivo glycan engineering of these cells, intravenously 
infused MSC infiltrated the bone marrow much more 
efficiently than control MSCs (92). 

 
The next step in the extravasation process, firm 

adherence to the endothelium is similarly not well 
defined in MSC, although these cells express moderate 



Mesenchymal stem cells, microenvironment 

2278 

levels of VLA-4, the ligand for endothelial VCAM, 
which is up-regulated in the presence of inflammatory 
cytokines including TNF-alpha and IL-4. Possible 
adhesion mediators are the variety of integrins expressed 
by MSCs as well as CD44, which is highly expressed by 
MSCs and which binds endothelial hyaluronic acid, a 
mechanism that has been previously described to 
participate in lymphocyte extravasation (121), and which 
has been shown recently to play a role in MSC 
extravasation (92).  

 
The third step, transmigration, is relatively 

well understood in vitro, where a plethora of chemotactic 
factors are chemotactic for MSCs as described above. 
However, the relative importance of various chemo-
attractants in the recruitment of MSCs in vivo is also not 
well understood. The complement split products C3a and 
C5a are interesting in this respect: C3a is produced by all 
three complement activation pathways (classical, 
alternative and lectin) and it is generated under all 
conditions of inflammation or ischemic tissue injury as 
well as in cancer. But while C3a receptors are expressed 
by various leukocyte populations, C3a is a weak 
inflammatory stimulus for two reasons: 1) C3a activates 
leukocytes only in a weak and transient fashion – even in 
vitro – and does not induce any leukocyte recruitment in 
vivo (122). This is in contrast to the prolonged and 
potent effect of C3a on MSCs (107), which so far has 
only been addressed in vitro. 2) C3a is inactivated by 
carboxypeptidase N (123) in plasma suggesting that C3a 
can only function as a chemo-attractant within the 
interstitial space in vivo. This could be a useful means of 
directing MSCs to a site of tissue injury by two means, 
1) the recruitment of local MSCs within the parenchyma 
of any injured tissue, and 2) the recruitment of MSCs 
that have arrested on the endothelium - due to chemo-
attraction by other mediators such as chemokines or C5a 
– from the vascular to the interstitial space. There is 
evidence that MSC which are injected i.v. are recruited 
to vascular beds in areas of tissue injury, but in contrast 
to leukocytes they do not transmigrate to the interstitium 
immediately, but seem to lodge on the luminal side of 
the microvasculature for some time, before they finally 
appear in the interstitium (124, 125). The molecular 
mechanisms of this process are still unknown, - and there 
are probably various possibilities, but C3a appears to be 
ideally suited in this scenario, which could attract MSCs 
that have adhered to the endothelium, but not leukocytes. 
Such a mechanism could be instrumental in converting 
an inflammatory reaction to one of healing. 

 
Sphingosine-1-phosphate, which is released by 

activated platelets and a strong chemo-attractant for 
MSCs is also interesting in this context: S1P1 receptor 
knockout mice were embryonically lethal due to a lack 
of vascular maturation caused by a deficiency of – MSC-
derived – vascular smooth muscle cells and pericytes 
(126), and indeed sphingosine-1-phosphate induces 
differentiation of MSC to smooth muscle cells (127) 
suggesting a mechanism by which thrombus formation – 
leading to S1P1 production - may change the 

microenvironment of MSCs such that these cells can 
contribute to reparative revascularization. 
 
8. CONTRIBUTION OF MSCS TO THE HSC 
NICHE  
 

Much about what we know about stem cell 
niches was pioneered for the hematopoietic stem cell 
(HSC) niche. The osteoblastic and endothelial 
compartments of the hematopoietic niche, as well as the 
neurotransmitter component, are discussed in great 
details in other reviews published in this issue. However 
it should be remembered, that there are no defined 
boundaries in bone marrow and that cells from different 
compartments of the hematopoietic microenvironment 
are located in close proximity to each other composing 
an integrated complex regulatory structure.   

 
MSCs contribute to the complex structure of 

the hematopoietic niche by two different means: 1) 
MSCs differentiate into osteoblasts whose role in HSC 
maintenance is well established (131); and 2) MSCs 
themselves can support HSC proliferation and self-
renewal. The latter will be discussed here in greater 
detail.  

 
In vitro studies demonstrated that MSCs induce 

proliferation and self-renewal of HSC by a beta-1-integrin-
dependent mechanism (132). In addition to improving 
conditions for HSC expansion, MSCs inhibit their 
differentiation and apoptosis (133). These in vitro findings 
were also supported by in vivo studies, which demonstrated 
that HSCs transplanted with MSCs engrafted more 
efficiently than HSCs alone (134). However, another group 
found that naive MSCs lack a stimulatory effect on HSC 
self-renewal in-vivo and that co-transplanted MSCs must 
be beta-catenin-activated (135). 

 
In addition, MSC serve as an abundant source 

of growth factors for a wide range of hematopoietic 
processes, which include GM-CSF, SCF, IL-1beta, IL-6, 
LIF and CXCL12/SDF-1 (136, 137). Direct involvement 
of MSCs in regulation of HSC fate is supported by gene 
screening studies which identified a set of genes 
expressed in MSCs specifically involved in the HSC 
niche including galectin-1, fibronectin-1, osteopontin, 
CXCL12, thrombospondin-1 and -2, TGF-beta 2, 
Angiopoietin-1, ILGFBP-4, FGF-7, SFRP-1 and -2, 
VCAM-1, and BMPR type 1a (138). The ability to 
produce Angiopoietin-1 (a pivotal molecule of the HSC 
"niche" involved in vascular remodeling) was also 
reported for sub-endothelial CD146+ MSCs, which are 
capable of transferring a hematopoietic 
microenvironment to heterotopic sites upon 
transplantation in vivo (139).  

 
MSCs do not only regulate the fate of HSCs, 

but there is cross-talk between HSCs and MSCs in which 
HSCs can regulate choices of MSCs. Specifically, HSC 
contribute adaptively to the niche in an autocrine 
fashion: Following stress, HSC-derived bone 
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Figure 3. Niches for HSCs and MSCs in bone marrow depicting the symbiotic relationship between HSC and MSC: 
Throughout ontogeny there is a close association between HSC and MSC (142). In the developed organism, HSC reside in 
their niche that is formed of osteoblasts as well as the sinusoidal vessel wall, which are also locations enriched for MSCs (5, 
171). The stromal components of bone marrow (stromal cells, osteoblasts and adipocytes) are all derived from MSC, while 
HSC give rise to all hematopoietic cells including monocyte-derived osteoclasts. Blood cells are densely packed in bone 
marrow, but are omitted from the depiction. Interaction between receptor ligand pairs expressed by HSC and osteoblasts 
include CXCR4/SDF-1, VLA-4/VCAM, CD44/HA, LFA-1/ICAM and others, but SDF-1, VCAM, CD44, HA and ICAM are 
similarly expressed by MSCs and endothelial cells (EC).  

 
morphogenic protein 2 (BMP-2) and BMP-6 improve 
osteogenic differentiation of MSC (140).  

 
The symbiotic relationship between HSC and 

bone marrow MSC is illustrated in Figure  3. The close 
association between HSC and MSC appears to exist 
throughout ontogeny: During embryonic development 
the temporal and spatial distribution pattern for HSC and 
MSC shows co-localization of MSCs to the major 
hematopoietic territories as these shift from the aorta-
gonad-mesonephron to the liver and finally to the bone 
marrow, suggesting that mesenchymal progenitors 
expand within these hematopoietic sites as development 
proceeds (141, 142). 

 
MSCs can also contribute to the formation of a 

pathological hematopoietic niche. In particular, MSCs 
isolated from bone marrow of multiple myeloma patients 
induced overgrowth of MOLP-6, a stromal cell-dependent 
myeloma cell line, whereas their capacity to differentiate 
into the osteoblastic lineage was impaired (143). 
Understanding the biology of the normal versus abnormal 
hematopoietic niche will identify novel therapeutic targets. 
This will be discussed in great details in the review by 
Kipps et al. in this issue.  

9. MSCS AND CANCER  
 

Since MSCs are specifically attracted by 
cancers (90, 144), they seem an ideal vehicle for the 
selective delivery of chemotherapeutics that are too toxic 
for systemic administration or that have too short a half-
life in the circulation. MSCs engineered to express 
cytotoxic cytokines have been successfully used in a 
number of tumor models (144-146). This strategy must 
be carefully approached, however (147, 148), because 
the  same properties of MSC that make them ideal for 
tissue repair including their ability to produce 
angiogenic, trophic and anti-inflammatory factors and 
their immune-suppressive properties combined with their 
tropism for tumors, may have dire consequences in the 
context of cancer. There is amounting evidence that 
MSC can contribute to cancer progression, metastasis 
and resistance to chemotherapy by providing a favorable 
microenvironment. 

 
Cancers are seen by some as wounds that never heal, and it 
is not surprising in this scenario that MSCs home to tumor 
sites as they would to any kind of tissue injury. Stromal 
cells, - primarily cancer associated fibroblasts (CAFs), 
which are derived from MSCs - – 
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Figure 4. MSCs and the cancer niche: Cancers produce 
many factors – shown in red – that are chemo-attractants 
for MSCs, since MSC express a large number of growth 
factor receptors (e.g. for bFGF, TGF-beta, PDGF, etc.) – 
shown as a membrane-spanning dimer - as well as G-
protein-coupled seven membrane spanning receptors for 
chemokines, C3a, C5a, etc., also depicted schematically in 
the plasma membrane of the MSC. In turn, MSCs recruited 
by these chemoattractants and growth factors produce a 
variety of factors that support cancer growth, because they 
are angiogenic, promote metastasis or are immuno-
suppressive. A limited selection of these factors is shown in 
blue. 

 
exploit the normal wound healing process to benefit the 
epithelial tumor cells, and there is paracrine crosstalk 
between tumor and stromal cells leading to the deposition of 
growth factors, cytokines and chemokines produced by the 
stroma cells that accelerate tumor growth (149-151).  

 
Recently evidence has been accumulating 

indicating that MSC are recruited to the stroma of 
developing carcinomas (150, 152, 153). These MSCs may 
be derived from bone marrow or from resident tissue and 
once they have engrafted into the stroma of tumors, they 
contribute to tumor progression and metastasis through the 
production of growth factors, cytokines and 
immunomodulatory mechanisms, which has been shown for 
breast cancer in particular (150, 154-156). MSC 
engraftment is further increased in cancers exposed to 
radiation (125). A number of pro-inflammatory peptides 
(RANTES/CCL5, MCP1/CCL2 and LL-37, which activates 
the formyl peptide receptor) have been recognized as factors 
that recruit MSC to breast and ovarian cancers (150, 157, 
158). However, this is still an understudied area of research, 
and understanding of the interplay between tumor cells and 
MSCs deserves more investigation. MSC recruited to 
carcinomas differentiate to CAFs (153), which are known to 
promote tumor growth (149), angiogenesis (159) and 
metastasis (150). CAFs, the major cellular component of the 
tumor stroma, have a more profound influence on the 
development and progression of carcinomas than was 
previously appreciated (149, 160-163), and a stroma-related 
gene signature predicts resistance to chemotherapy in breast 
cancer patients (164). This stromal effect can be direct or 
due to modulation of the tumor microenvironment, where 
MSCs create an immune-tolerant milieu (165).  

MSCs contribute to cancer cell survival and 
tumor resistance to chemotherapy by various means (166), 
which range from non-specific metabolic support (167) to 
specific protection from asparaginase cytotoxicity in acute 
lymphoblastic leukemia (ALL) (168).  

 
Nevertheless, there have also been reports that 

MSCs inhibit tumor growth (169, 170), although the 
mechanisms involved have not been elucidated. Clearly, 
more systematic and mechanistic studies are necessary to 
understand how MSC influence cancer growth and 
metastasis. 

 
The cancer promoting properties of MSCs do not 

exclude that MSCs could be used as site-directed delivery 
tools for cytotoxic agents in cancer, but it has to be pointed 
out that this is a risky approach, in which the ability of 
MSCs to contribute to the generation of the cancer cell 
niche and further disease progression should be considered. 
 
10. ACKNOWLEDGEMENT 
 
This work was supported by National Institutes of Health 
(grant R21HL094878 to I.U.S. and SKK, grants 
R21NS062428 and R43AI082759 to SKK), University 
of California TRDRP (grant 16RT-0134 to S.K.K) and 
Multiple Sclerosis Supporting Organization 
TPIMS/MSNRI 4061 to R.G.D. 
 
11. REFERENCES 
 
1. M Dominici., K Le Blanc, I Mueller, I Slaper-
Cortenbach, F Marini, D Krause, R Deans, A Keating, D 
Prockop, and E Horwitz: Minimal criteria for defining 
multipotent mesenchymal stromal cells. The International 
Society for Cellular Therapy position statement. 
Cytotherapy, 8, 2006. 8, 315-317 (2006) 
 
2. DG Phinney, DJ Prockop: Concise review: Mesenchymal 
stem/multi-potent stromal cells (MSCs): The state of 
transdifferentiation and modes of tissue repair - current views. 
Stem Cells, 25, 2896-2902 (2007) 
 
3. CM Kolf, E Cho, RS Tuan: Mesenchymal stromal cells. 
Biology of adult mesenchymal stem cells: regulation of niche, 
self-renewal and differentiation. Arthr Res Ther, 9, 204 (2007) 
 
4. JR Smith, R Pochampally, A Perry, SC Hsu, DJ Prockop: 
Isolation of a highly clonogenic and multipotential subfraction 
of adult stem cells from bone marrow stroma. Stem Cells, 22, 
823-831 (2004) 
 
5. M Crisan, S Yap, L Casteilla, CW Chen, M Corselli, TS 
Park, G Andriolo, B Sun, B, Zheng, L Zhang, C Norotte, PN 
Teng, J Traas, R Schugar, BM Deasy, S Badylak, HJ Buhring, 
JP Giacobino, L Lazzari, J Huard, B Péault: A perivascular 
origin for mesenchymal stem cells in multiple human organs. 
Cell Stem Cell, 11, 301-313 (2008) 
 
6. R Sarugaser, L Hanoun, A Keating, WL Stanford, JE 
Davies: Human mesenchymal stem cells self-renew and 



Mesenchymal stem cells, microenvironment 

2281 

differentiate according to a deterministic hierarchy. PLoS 
ONE, 4: e6498 (2009) 
 
7. P Charbord, E Livne, G Gross, T Häupl, N Neves, P Marie, 
P Bianco, C Jorgensen: Human bone marrow mesenchymal 
stem cells: A systematic reappraisal via the genostem 
eExperience. Stem Cell Rev Rep, 2010, Epub 
 
8. DG Phinney, Biochemical heterogeneity of mesenchymal 
stem cell populations: clues to their therapeutic efficacy. Cell 
Cycle, 6, 2884-2889 (2007) 
 
9. AJ Friedenstein, UF Deriglasova, NN Kulagina, AF 
Panasuk, SF Rudakowa, EA Luriá, IA Ruadkow: Precursors 
for fibroblasts in different populations of hematopoietic cells as 
detected by the in vitro colony assay method. Exp Hematol, 2, 
83-92 (1974) 
 
10. S Kern, H Eichler, J Stoeve, H Kluter, K Bieback: 
Comparative analysis of mesenchymal stem cells from 
bone marrow, umbilical cord blood, or adipose tissue. 
Stem Cells, 24, 1294-1301 (2006) 
 
11. Y Sakaguchi, I Sekiya, K Yagishita, T Muneta: 
Comparison of human stem cells derived from various 
mesenchymal tissues: Superiority of synovium as a cell 
source. Arthr Rheum, 52, 2521-2529 (2005) 
12. J Martin, K Helm, P Ruegg, M Varella-Garcia, E 
Burnham, S Majka: Adult lung side population cells have 
mesenchymal stem cell potential. Cytotherapy, 10, 140-
151 (2008) 
 
13. M Abedin, Y Tintut, LL Demer: Mesenchymal stem 
cells and the artery wall. Circ Res, 95, 671-676 (2004) 
 
14. L da Silva Meirelles, PC Chagastelles, NB Nardi: 
Mesenchymal stem cells reside in virtually all post-natal 
organs and tissues. J Cell Sci, 119, 2204-2213 (2006) 
 
15. K Bieback, S Kern, H Klüter, H Eichler: Critical 
parameters for the isolation of mesenchymal stem cells 
from umbilical cord blood. Stem Cells, 22, 625-634 
(2004) 
 
16. DJ Prockop: Stemness does not explain the repair of 
many tissues by mesenchymal stem/multipotent stromal 
cells (MSCs). Clin Pharmacol Ther, 82, 241-243 (2006) 
 
17. AI Caplan: Why are MSCs therapeutic? New data: 
new insight. J Pathol, 217, 318-324 (2009) 
 
18. Aggarwal S., and Pittenger M.F., Human 
mesenchymal stem cells modulate allogeneic immune 
cell responses. Blood, 105, 1815-1822 (2005) 
 
19. HK Salem, C Thiemermann: Mesenchymal stromal 
cells - current understanding and clinical status. Stem 
Cells, 28, 585-596 (2010) 
 
20. S Zhao, R Wehner, M Bornhauser, R Wassmuth, M 
Bachmann, M Schmitz: Immunomodulatory properties of 
mesenchymal stromal cells and their therapeutic 

consequences for immune-mediated disorders. Stem Cells 
Dev, 10, 607-614 (2010) 
 
21. JM Hare, JH Traverse, TD Henry, N Dib, RK Strumpf, 
SP Schulman, G, Gerstenblith, AN DeMaria, AE Denktas, 
RS Gammon, JB Hermiller, MA Reisman, GL Schaer, W 
Sherman: A randomized, double-blind, placebo-controlled, 
dose-escalation study of intravenous adult human 
mesenchymal stem cells (prochymal) after acute 
myocardial infarction. J Am Coll Cardiol, 54, 2277-2286 
(2009) 
 
22. GW Dryden, Overview of stem cell therapy for Crohn's 
disease. Exp Opin Biol Ther, 9, 841-847 (2009) 
 
23. PS Trivedi, NJ Tray, TD Nguyen, N Nigam, GI 
Gallicano: Mesenchymal stem cell therapy for treatment of 
cardiovascular disease: Helping people sooner or later. 
Stem Cells Dev, 2010 Epub. 
 
24. MJ Crop, CC Baan, SS Korevaar, JN Ijzermans, IP 
Alwayn, W Weimar, MJ Hoogduijn: Donor-derived 
mesenchymal stem cells suppress alloreactivity of kidney 
transplant patients. Transplantation, 87, 896-906 (2009) 
 
25. M Battiwalla, P Hematti: Mesenchymal stem cells in 
hematopoietic stem cell transplantation. Cytotherapy, 11, 
503-515 (2009) 
26. G Kasper, L Mao, S Geissler, A Draycheva, J Trippens, 
J Kühnisch, M Tschirschmann, K Kaspar, C Perka, GN 
Duda, J Klose: Insights into mesenchymal stem cell aging: 
involvement of antioxidant defense and actin cytoskeleton. 
Stem Cells, 27, 1288-1297 (2009) 
 
27. R Schofield: The stem cell system. Biomed 
Pharmacother, 37, 375-380 (1983) 
 
28. L da Silva Meirelles, AI Caplan, NB Nardi: In search of 
the in vivo identity of mesenchymal stem cells. Stem Cells, 
26, 2287-2299 (2008) 
 
29. DO Traktuev, S Merfeld-Clauss, J Li, M Kolonin, W 
Arap, R Pasqualini, BH Johnstone, KL March: A 
population of multipotent CD34-positive adipose stromal 
cells share pericyte and mesenchymal surface markers, 
reside in a periendothelial location, and stabilize 
endothelial networks. Circ Res, 102, 77-85 (2008) 
 
30.  D Bexell, S Gunnarsson, A Tormin, A Darabi, D 
Gisselsson, L Roybon, S Scheding J Bengzon: Bone 
marrow multipotent mesenchymal stroma cells act as 
pericyte-like migratory vehicles in experimental gliomas. 
Mol Ther, 17, 183-190 (2008) 
 
31. M De Palma, MA Venneri, R Galli, LS Sergi, LS Politi, 
M Sampaolesi, L Naldini, Tie2 identifies a hematopoietic 
lineage of proangiogenic monocytes required for tumor 
vessel formation and a mesenchymal population of pericyte 
progenitors. Cancer Cell, 8, 211-226 (2005) 
 
32. S Paquet-Fifield, H Schluter, A Li, T Aitken, P 
Gangatirkar, D Blashki, R Koelmeyer, N Pouliot, M 



Mesenchymal stem cells, microenvironment 

2282 

Palatsides, S Ellis, N Brouard, A Zannettino, N Saunders, 
N Thompson J Li, P Kaur: A role for pericytes as 
microenvironmental regulators of human skin tissue 
regeneration. J Clin Invest, 119, 2795-2806 (2009) 
 
33. TP Lozito, CK Kuo, JM., Taboas, RS Tuan: Human 
mesenchymal stem cells express vascular cell phenotypes 
upon interaction with endothelial cell matrix. J Cell 
Biochem, 107, 714-722 (2009) 
 
34. TM Liu, M Martina, DW Hutmacher, JHP Hui, EH 
Lee, B Lim, Identification of common pathways mediating 
differentiation of bone marrow- and adipose tissue-derived 
human mesenchymal stem cells into three mesenchymal 
lineages. Stem Cells, 25, 750-760 (2007) 
 
35. BJH Jansen, C Gilissen, H Roelofs, A Schaap-Oziemlak, 
JA Veltman , RAP Raymakers, JH Jansen, G Kogler, CG 
Figdor, R Torensma, GJ Adema G.J., Functional differences 
between mesenchymal stem cell populations are reflected by 
their transcriptome. Stem Cells Dev, 19, 481-490 (2010) 
 
36. HC Park, K Yasuda, MC Kuo, J Ni, BB Ratliff, PN 
Chander, MS Goligorsky: Renal capsule as a stem cell niche. 
Am J Physiol Renal Physiol, 2010 Epub. 
 
37. K Sellheyer, D Krahl: Cutaneous mesenchymal stem cells: 
status of current knowledge, implications for 
dermatopathology. J Cutan Pathol, 37, 624-634 (2009) 
 
38. F Sanchez-Guijo, J Blanco, G Cruz, S Muntion, M Gomez, 
S Carrancio, O Lopez-Villar, MV Barbado: Sanchez-Abarca 
L.I., Blanco B., Briñon J.G., and del Cañizo M.C., 
Multiparametric comparison of mesenchymal stromal cells 
obtained from trabecular bone by using a novel isolation 
method with those obtained by iliac crest aspiration from the 
same subjects. Cell Tiss Res, 336, 501-509 (2009) 
 
39. BJ Short, N Brouard, PJ Simmons: Prospective isolation of 
mesenchymal stem cells from mouse compact bone. Stem 
Cells Reg Med 482, 259-268 (2009) 
 
40. RK Jaiswal, N Jaiswal, SP Bruder , G Mbalaviele, DR 
Marshak, MF Pittenger M.F., Adult human mesenchymal stem 
cell differentiation to the osteogenic or adipogenic lineage is 
regulated by mitogen-activated protein kinase. J Biol Chem, 
275, 9645-9652 (2000) 
 
41. I Kratchmarova, B Blagoev, M Haack-Sorensen, M 
Kassem, M Mann: Mechanism of divergent growth factor 
effects in mesenchymal stem cell differentiation. Science, 308, 
1472-1477 (2005) 
 
42. MO Platt, AJ Roman, A Wells, DA Lauffenburger, LG and 
Griffith: Sustained epidermal growth factor receptor levels and 
activation by tethered ligand binding enhances osteogenic 
differentiation of multi-potent marrow stromal cells. J Cell 
Physiol, 221, 306-317 (2009) 
 
43. S Tsutsumi, A Shimazu, K Miyazaki, H Pan, C Koike, 
E Yoshida, K Takagishi, Y Kato: Retention of multilineage 
differentiation potential of mesenchymal cells during 

proliferation in response to FGF. Biochem Biophys Res 
Commun, 288, 413-419 (2001) 
 
44. M Krampera, A Pasini, A Rigo, MT Scupoli, |C 
Tecchio, G Malpeli, A Scarpa, F Dazzi, G Pizzolo, F 
Vinante: HB-EGF/HER-1 signaling in bone marrow 
mesenchymal stem cells: inducing cell expansion and 
reversibly preventing multilineage differentiation. Blood, 
106, 59-66, (2005) 
 
45. AZ Oskowitz, J Lu, P Penfornis, J Ylostalo, J McBride, 
EK Flemington, DJ Prockop R Pochampally: Human 
multipotent stromal cells from bone marrow and 
microRNA: Regulation of differentiation and leukemia 
inhibitory factor expression. Proc Natl Acad Sci, 105, 
18372-18377 (2008) 
 
46. GM Boland, G Perkin, DJ Hall, RS Tuan: Wnt 3a 
promotes proliferation and suppresses osteogenic 
differentiation of adult human mesenchymal stem cells. J 
Cell.Biochem, 93, 1210-1230 (2004) 
 
47. L Ling, V Nurcombe, SM Cool: Wnt signaling controls the 
fate of mesenchymal stem cells. Gene, 433, 1-7 (2009) 
 
48. T Standal, N Abildgaard, UM Fagerli, B Stordal, O 
Hjertner, M Borset, A Sundan: HGF inhibits BMP-induced 
osteoblastogenesis: possible implications for the bone disease 
of multiple myeloma. Blood, 109, 3024-3030 (2007) 
 
49. F Ng, S Boucher, S Koh, KSR Sastry, L Chase, U 
Lakshmipathy, C Choong, Z Yang, MC Vemuri, MS Rao, V 
Tanavde: PDGF, TGF-beta, and FGF signaling is important 
for differentiation and growth of mesenchymal stem cells 
(MSCs): transcriptional profiling can identify markers and 
signaling pathways important in differentiation of MSCs into 
adipogenic, chondrogenic, and osteogenic lineages. Blood, 
112, 295-307 (2008) 
 
50. KL Pricola, NZ Kuhn, H Haleem-Smith, Y Song, RS 
Tuan: Interleukin-6 maintains bone marrow-derived 
mesenchymal stem cell stemness by an ERK1/2-dependent 
mechanism. J Cell Biochem, 108, 577-588 (2009) 
 
51. I Sekiya, BL Larson, JR Smith, R Pochampally, JG Cui, 
DJ Prockop: Expansion of human adult stem cells from bone 
marrow stroma: Conditions that Maximize the Yields of Early 
Progenitors and Evaluate Their Quality. Stem Cells, 20, 530-
541 (2002) 
 
52. DJ Prockop: Repair of tissues by adult stem/progenitor 
cells (MSCs): Controversies, myths, and changing paradigms. 
Mol Ther, 17, 939-946 (2009) 
 
53. AM Osyczka, PS Leboy: Bone morphogenetic protein 
regulation of early osteoblast genes in human marrow stromal 
cells is mediated by extracellular signal-regulated kinase and 
phosphatidylinositol 3-kinase signaling. Endocrinol, 146, 
3428-3437 (2005) 
 
54. K Lavery, P Swain, D Falb, MH Alaoui-Ismaili: BMP-
2/4 and BMP-6/7 differentially utilize cell surface receptors 



Mesenchymal stem cells, microenvironment 

2283 

to induce osteoblastic differentiation of human bone 
marrow-derived mesenchymal stem cells. J Biol Chem, 
283, 20948-20958 (2008) 
 
55. PR Crisostomo, Y Wang, TA Markel, M Wang, T 
Lahm, DR Meldrum: Human mesenchymal stem cells 
stimulated by TNF-alpha, LPS, or hypoxia produce growth 
factors by an NFkappaB- but not JNK-dependent 
mechanism. Am J Physiol Cell Physiol, 294, C675-682 
(2008) 
 
56. H Mayer, H Bertram, W  Lindenmaier, T  Korff, H 
Weber, H Weich: Vascular endothelial growth factor 
(VEGF-A) expression in human mesenchymal stem cells: 
Autocrine and paracrine role on osteoblastic and 
endothelial differentiation. J Cell Biochem, 95, 827-839 
(2005) 
 
57. H Lin, A Shabbir, M Molnar, J Yang, S Marion, JM 
Canty, T Lee: Adenoviral expression of vascular 
endothelial growth factor splice variants differentially 
regulate bone marrow-derived mesenchymal stem cells. J 
Cell Physiol, 216, 458-468 (2008) 
 
58. SG Ball, CA Shuttleworth, CM Kielty: Mesenchymal 
stem cells and neovascularization: role of platelet-derived 
growth factor receptors. J Cell Mol Med, 2007. 11: p. 1012-
1030 (2007) 
 
59. T Tondreau, N Meuleman, A Delforge, M Dejeneffe, R 
Leroy, M Massy, C Mortier, D Bron, L Lagneaux: 
Mesenchymal stem cells derived from CD133-positive cells 
in mobilized peripheral blood and cord blood: Proliferation, 
Oct4 expression, and plasticity. Stem Cells, 23, 1105-1112 
(2005) 
 
60. SJ Greco, K Liu, P Rameshwar: Functional similarities 
among genes regulated by Oct4 in human mesenchymal 
and embryonic stem cells. Stem Cells, 25, 3143-3154 
(2007) 
 
61. PV Guillot, C Gotherstrom, J Chan, H Kurata, NM 
Fisk: Human first-trimester fetal MSC express pluripotency 
markers and grow faster and have longer telomeres than 
adult MSC. Stem Cells,  25, 646-654 (2007) 
 
62. M Bonyadi, SD Waldman, D Liu, JE Aubin, MD 
Grynpas, WL Stanford: Mesenchymal progenitor self-
renewal deficiency leads to age-dependent osteoporosis in 
Sca-1/Ly-6A null mice. Proc Natl Acad Sci. 100, 5840-
5845 (2003) 
 
63. EJ Gang, D Bosnakovski, CA Figueiredo, JW Visser, 
RCR Perlingeiro: SSEA-4 identifies mesenchymal stem 
cells from bone marrow. Blood, 109, 1743-1751 (2007) 
 
64. D Peroni, I Scambi, A Pasini, V Lisi, F Bifari, M 
Krampera, G Rigotti, A Sbarbati, M Galiè: Stem molecular 
signature of adipose-derived stromal cells. Exp Cell Res., 
314, 603-615 (2008) 
 

65. M Sobiesiak, K Sivasubramaniyan, C Hermann, C Tan, 
M Orgel, S Treml, F Cerabona, P deZwart, U Ochs, CA 
Müller, CE Gargett, H Kalbacher, HJ Bühring: The 
mesenchymal stem cell antigen MSCA-1 is identical to 
tissue non-specific alkaline phosphatase. Stem Cells Dev, 
19, 669-677 (2009) 
 
66. S Mareddy, N Dhaliwal, R Crawford, Y Xiao: Stem 
cell-related gene expression in clonal populations of 
mesenchymal stromal cells from bone marrow. Tiss Eng 
Part A, 16, 749-758 (2010) 
 
67. AH Reddi: Role of morphogenetic proteins in skeletal 
tissue engineering and regeneration. Nat Biotech, 16, 247-
252 (1998) 
 
68. D Noël, D Gazit, C Bouquet, F Apparailly, C Bony, P 
Plence, V Millet, G Turgeman, M Perricaudet, J Sany ., C 
Jorgensen: Short-term BMP-2 expression is sufficient for in 
vivo osteochondral differentiation of mesenchymal stem 
cells. Stem Cells, 22, 74-85 (2004) 
 
69. L Yu, M Han, M Yan, EC Le, J Lee, K Muneoka: BMP 
signaling induces digit regeneration in neonatal mice. 
Develop, 137, 551-559 (2010) 
70. AM Osyczka, DL Diefenderfer, G Bhargave, PS Leboy: 
Different effects of BMP-2 on marrow stromal cells from 
human and rat bone. Cells Tiss Org, 176, 109-119 (2004) 
 
71. CN Bennett, KA Longo, WS Wright, LJ Suva, TF 
Lane, KD Hankenson, OA MacDougald: Regulation of 
osteoblastogenesis and bone mass by Wnt10b. Proc Natl 
Acad Sci, 102, 3324-3329. (2005) 
 
72. CJ Lengner, GG Welstead, R Jaenisch: The 
pluripotency regulator Oct4: a role in somatic stem cells? 
Cell Cycle, 7, 725-728 (2008) 
 
73. Wagner W., Horn P., Castoldi M., Diehlmann A., Bork 
S., Saffrich R. Benes V., Blake J., Pfister S., Eckstein V., 
and Ho A.D., Aging and replicative senescence have 
related effects on human stem and progenitor cells. PLoS 
ONE, 2009. 4: p. e5846. 
 
74. T Matsubara, S Tsutsumi, H Pan, H Hiraoka, R Oda, M 
Nishimura, H Kawaguchi, K Nakamura, Y Kato: A new 
technique to expand human mesenchymal stem cells using 
basement membrane extracellular matrix. Biochem Biophys 
Res Commun, 313, 503-508 (2004) 
 
75. JR Mauney, V Volloch, DL Kaplan: Matrix-mediated 
retention of adipogenic differentiation potential by human 
adult bone marrow-derived mesenchymal stem cells during 
ex vivo expansion. Biomater,  26,  6167-6175 (2005) 
 
76. RF Klees, RM Salasznyk, K Kingsley, WA William, A 
Boskey, GE Plopper: Laminin-5 induces osteogenic gene 
expression in human mesenchymal stem cells through an 
ERK-dependent pathway. Mol Biol Cell, 16, 881-890 
(2005) 
 



Mesenchymal stem cells, microenvironment 

2284 

77. AJ Engler, S Sen, HL Sweeney, DE Discher: Matrix 
elasticity directs stem cell lineage specification. Cell, 126, 
677-689 (2006) 
 
78. FP Seib, M Prewitz, C Werner, M Bornhäuser: Matrix 
elasticity regulates the secretory profile of human bone 
marrow-derived multipotent mesenchymal stromal cells 
(MSCs). Biochem Biophys Res Commun, 389, 663-667 
(2009) 
 
79. IE Erickson, AH Huang, S Sengupta, S Kestle, JA 
Burdick, RL Mauck: Macromer density influences 
mesenchymal stem cell chondrogenesis and maturation in 
photocrosslinked hyaluronic acid hydrogels. Osteoarthr 
Cartilage, 17, 1639-1648 (2009) 
 
80. DF Ward, RM Salasznyk, RF Klees, J Backiel, P Agius, 
K Bennett, A Boskey, GE Plopper: Mechanical Strain 
Enhances Extracellular Matrix-Induced Gene Focusing and 
Promotes Osteogenic Differentiation of Human 
Mesenchymal Stem Cells Through an Extracellular-Related 
Kinase-Dependent Pathway. Stem Cells Dev, 16, 467-480 
(2007) 
 
81. N Datta, QP Pham, U Sharma, VI Sikavitsas, JA 
Jansen, AG Mikos: In vitro generated extracellular matrix 
and fluid shear stress synergistically enhance 3D 
osteoblastic differentiation. Proc Natl Acad Sci, 103, 2488-
2493 (2006) 
 
82. RH Lee, MJ Seo, AA Pulin, CA Gregory, J Ylostalo, 
DJ Prockop: The CD34-like protein PODXL and alpha6-
integrin (CD49f) identify early progenitor MSCs with 
increased clonogenicity and migration to infarcted heart in 
mice. Blood, 113, 816-826 (2009) 
 
83. UR Goessler, P Bugert, K Bieback, J Stern-Straeter, G 
Bran, H Sadick, K Hbrmann, F Riedel: In vitro analysis of 
integrin expression in stem cells from bone marrow and 
cord blood during chondrogenic differentiation. J Cell Mol 
Med, 13, 1175-1184 (2009) 
 
84. MM Martino, M Mochizuki, DA Rothenfluh, SA 
Rempel, JA Hubbell, TH Barker:, Controlling integrin 
specificity and stem cell differentiation in 2D and 3D 
environments through regulation of fibronectin domain 
stability. Biomaterials, 30, 1089-1097 (2009) 
 
85. R Olivares-Navarrete, P Raz, G Zhao, J Chen, M 
Wieland, DL Cochran, RA Chaudhri, A Ornoy, BD Boyan, 
Z Schwartz:  Integrin alpha2 beta1 plays a critical role in 
osteoblast response to micron-scale surface structure and 
surface energy of titanium substrates. Proc Natl Acad Sci, 
105, 15767-15772 (2008) 
 
86. J Liu, SM DeYoung, M Zhang, M Zhang, A Cheng, AR 
Saltiel: Changes in integrin expression during adipocyte 
differentiation. Cell Metab,  2, 165-177 (2005) 
 
87. MF Pittenger, AM Mackay, SC Beck, RK Jaiswal, R 
Douglas, JD Mosca, MA Moorman, DW Simonetti, S 

Craig, DR Marshak: Multilineage potential of adult human 
mesenchymal stem cells. Science, 284, 143-147 (1999) 
 
88. R McBeath, DM Pirone, CM Nelsonm, K Bhadriraju, 
CS Chen: Cell shape, cytoskeletal tension, and RhoA 
regulate stem cell lineage commitment. Dev Cell, 6, 483-
495 (2004) 
 
89. RM Salasznyk, RF Klees, A. Boskey, GE Plopper: 
Activation of FAK is necessary for the osteogenic 
differentiation of human mesenchymal stem cells on 
laminin-5. J Cell Biochem, 100, 499-514 (2007). 
 
90. E Spaeth, A Klopp, J Dembinski, M Andreeff, F 
Marini: Inflammation and tumor microenvironments: 
defining the migratory itinerary of mesenchymal stem cells. 
Gene Ther, 15, 730-738 (2008) 
 
91. S Kidd, E Spaeth,  JL Dembinski, M Dietrich, K 
Watson, A Klopp, VL Battula, M Weil, M Andreeff, FC 
Marini: Direct evidence of mesenchymal stem cell tropism 
for tumor and wounding microenvironments using in vivo 
bioluminescent imaging. Stem Cells, 27, 2614-2623 (2009) 
 
92. R Sackstein, JS Merzaban, DW Cain, NM Dagia, JA 
Spencer, CP Lin, R Wohlgemuth: Ex vivo glycan 
engineering of CD44 programs human multipotent 
mesenchymal stromal cell trafficking to bone. Nat Med, 14, 
181-187 (2008) 
 
93. Q Lin, YJ Lee, Z Yun: Differentiation arrest by 
hypoxia. J Biol Chem, 281, 30678-30683 (2006) 
 
94. LA Mylotte, AM Duffy, M Murphy, T O'Brien, A 
Samali, F Barry, E Szegezdi: Metabolic flexibility permits 
mesenchymal stem cell survival in an ischemic 
environment. Stem Cells, 26, 1325-1336 (2008) 
 
95. J Li, DLW Kwong, GCF Chan: The effects of various 
irradiation doses on the growth and differentiation of 
marrow-derived human mesenchymal stromal cells. Ped 
Transplant., 11, 379-387 (2007) 
 
96. S Morikawa, Y Mabuchi, Y Kubota, Y Nagai, K Niibe, 
E Hiratsu, S Suzuki, C Miyauchi-Hara, N Nagoshi, T 
Sunabori, S Shimmura, A Miyawaki, T Nakagawa, T Suda, 
H Okano, Y Matsuzaki: Prospective identification, 
isolation, and systemic transplantation of multipotent 
mesenchymal stem cells in murine bone marrow. J Exp 
Med, 206, 2483-2496 (2009) 
 
97. I Nifontova, D Svinareva, T Petrova, N Drize: 
Sensitivity of mesenchymal stem cells and their progeny 
to medicines used for the treatment of 
hematoproliferative diseases. Acta Haematol, 119, 98-
103 (2008) 
 
98. E Szegezdi, A O'Reilly, Y Davy, R Vawda, DL 
Taylor, M Murphy, A Samali, H Mehmet: Stem cells are 
resistant to TRAIL receptor-mediated apoptosis. J Cell 
Mol Med, 13, 4409-4414 (2008) 
 



Mesenchymal stem cells, microenvironment 

2285 

99. M Soulez, I Sirois, N Brassard, MA Raymond, F 
Nicodème, N Noiseux, Y Durocher, AV Phezhetsky, MJ 
Hébert: EGF and perlecan fragments produced by 
apoptotic endothelial cells co-ordinately activate 
Erk1/2-dependent anti-apoptotic pathways in 
mesenchymal stem cells. Stem Cells, 2010 Epub. 
 
100. A Stolzing, E Jones, D McGonagle, A Scutt: Age-
related changes in human bone marrow-derived 
mesenchymal stem cells: Consequences for cell 
therapies. Mech Age Develop, 2008. 129: p. 163-173 
(2008) 
 
101. K Stenderup, J Justesen, C Clausen, M Kassem: 
Aging is associated with decreased maximal life span 
and accelerated senescence of bone marrow stromal 
cells. Bone, 33, 919-926 (2003) 
 
102. JM Fox, G Chamberlain, BA Ashton, J Middleton: 
Recent advances into the understanding of mesenchymal 
stem cell trafficking. Brit J Haematol, 137, 491-502 
(2007). 
 
103. A Schmidt, D Ladage, T Schinkothe, U Klausmann, 
C Ulrichs, FJ Klinz, K Brixius, S Arnhold, B Desai B., U 
Mehlhorn, RHG Schwinger., P Staib, K Addicks W 
Bloch: Basic fibroblast growth factor controls migration 
in human mesenchymal stem cells. Stem Cells, 24, 1750-
1758 (2006) 
 
104. SG Ball, CA Shuttleworth, CM Kielty: Vascular 
endothelial growth factor can signal through platelet-
derived growth factor receptors. J Cell Biol, 2007. 177: 
p. 489-500, (2007) 
 
105. AL Ponte, E Marais, N Gallay, A Langonne, B 
Delorme, O Herault, P Charbord J Domenech: The in 
vitro migration capacity of human bone marrow 
mesenchymal stem cells: Comparison of chemokine and 
growth factor chemotactic activities. Stem Cells, 25, 
1737-1745 (2007) 
 
106. F Zhang, S Tsai, K Kato, D Yamanouchi, C Wang, 
S Rafii, B Liu KC Kent: Transforming growth factor-
beta1 promotes recruitment of bone marrow cells and 
bone marrow-derived mesenchymal stem cells through 
stimulation of MCP-1 production in vascular smooth 
muscle cells. J Biol Chem, 284, 17564-17574 (2009) 
 
107. IU Schraufstatter, RG DiScipio, M Zhao, SK 
Khaldoyanidi: C3a and C5a are chemotactic factors for 
human mesenchymal stem cells, which cause prolonged 
ERK1/2 phosphorylation. J Immunol, 182, 3827-3836 
(2009) 
 
108. M Meriane, S Duhamel, L Lejeune, J Galipeau, B 
Annabi: Cooperation of matrix metalloproteinases with 
the RhoA/rho Kinase and mitogen-activated protein 
kinase kinase-1/extracellular signal-regulated kinase 
signaling pathways is required for the sphingosine-1-
phosphate-induced mobilization of marrow-derived 
stromal cells. Stem Cells, 24, 2557-2565 (2006) 

109. M Honczarenko, Y Le, M Swierkowski, I Ghiran, AM 
Glodek LE Silberstein: Human bone marrow stromal cells 
express a distinct set of biologically functional chemokine 
receptors. Stem Cells, 24, 1030-1041 (2006) 
 
110. I Von Luttichau, M Notohamiprodjo, A 
Wechselberger, C Peters, A Henger, C Seliger, R 
Djafarzadeh, R Huss, PJ Nelson: Human adult CD34- 
progenitor cells functionally express the chemokine 
receptors CCR1, CCR4, CCR7, CXCR5, and CCR10 but 
not CXCR4. Stem Cells Dev, 14, 329-336 (2005) 
 
111. V Sordi, ML Malosio, F Marchesi, A Mercalli, R 
Melzi, T Giordano, N Belmonte, G Ferrari G, BE Leone, F 
Bertuzzi , G Zerbini, P Allavena, E Bonifacio, L Piemonti: 
Bone marrow mesenchymal stem cells express a restricted 
set of functionally active chemokine receptors capable of 
promoting migration to pancreatic islets. Blood, 106, 419-
427 (2005) 
 
112. B Ruster, S Gottig, RJ Ludwig, R Bistrian, S Muller, 
E Seifried, J Gille, R Henschler: Mesenchymal stem cells 
display coordinated rolling and adhesion behavior on 
endothelial cells. Blood, 108, 3938-3944 (2006) 
 
113. RF Wynn, CA Hart, C Corradi-Perini, L O'Neill, CA 
Evans, JE Wraith, LJ Fairbairn, I Bellantuono: A small 
proportion of mesenchymal stem cells strongly expresses 
functionally active CXCR4 receptor capable of promoting 
migration to bone marrow. Blood, 104, 2643-2645 (2004) 
 
114. S Stich, A Loch, I Leinhase, K Neumann, C Kaps, M 
Sittinger, J Ringe: Human periosteum-derived progenitor 
cells express distinct chemokine receptors and migrate 
upon stimulation with CCL2, CCL25, CXCL8, CXCL12, and 
CXCL13. Eur J Cell Biol, 87, 365-376 (2008) 
 
115. T Binger, S Stich, K Andreas, C Kaps, O Sezer, M 
Notter, M Sittinger, J Ringe: Migration potential and gene 
expression profile of human mesenchymal stem cells induced 
by CCL25. Exp Cell Res, 315, 1468-1479 (2009) 
 
116. J Ringe, S Strassburg, K Neumann, M Endres, M Notter, 
GR Burmester, C Kaps, M Sittinger: Towards in situ tissue 
repair: Human mesenchymal stem cells express chemokine 
receptors CXCR1, CXCR2 and CCR2, and migrate upon 
stimulation with CXCL8 but not CCL2. J Cell Biochem, 101, 
135-146 (2007) 
 
117. G Brooke, H Tong, JP Levesque, K Atkinson: Molecular 
trafficking mechanisms of multipotent mesenchymal stem cells 
derived from human bone marrow and placenta. Stem Cells 
Dev, 17, 929-940 (2008) 
 
118. CM Ghajar, S Kachgal, E Kniazeva, H Mori, SV Costes, 
SC George, AJ Putnam: Mesenchymal cells stimulate capillary 
morphogenesis via distinct proteolytic mechanisms. Exp Cell 
Res, 316: p. 813-825 (2010) 
 
119. T Tondreau, N Meuleman, B Stamatopoulos, C De 
Bruyn, A Delforge, M Dejeneffe, P Martiat, D Bron, L 
Lagneaux:, In vitro study of matrix metalloproteinase/tissue 



Mesenchymal stem cells, microenvironment 

2286 

inhibitor of metalloproteinase production by 
mesenchymal stromal cells in response to inflammatory 
cytokines: the role of their migration in injured tissues. 
Cytotherapy, 11, 559 – 569 (2009) 
 
120. D Sarkar, PK Vemula, GSL Teo, D Spelke, R 
Karnik, LY Wee, JM Karp: Chemical Engineering of 
Mesenchymal Stem Cells to Induce a Cell Rolling 
Response. Bioconj Chem, 19, 2105-2109 (2008) 
 
121. A Nandi, P Estess, MH Siegelman: Hyaluronan 
anchoring and regulation on the surface of vascular 
endothelial cells is mediated through the functionally 
active form of CD44. J Biol Chem, 275, 14939-14948 
(2000) 
 
122. RG DiScipio, PJ Daffern, MA Jagels, DH Broide, 
PA Sriramarao: A comparison of C3a and C5a-mediated 
stable adhesion of rolling eosinophils in postcapillary 
venules and transendothial migration in vitro and in vivo. 
J Immunol, 1999. 162: p. 1127-1136 (1999) 
 
123. VA Bokisch, HJ Muller-Eberhard: Anaphylatoxin 
inactivator of human plasma: its isolation and 
characterization as a carboxypeptidase. J Clin Invest, 49, 
2427-2436 (1970) 
 
124. C Toma, WR Wagner, S Bowry, A Schwartz, F 
Villanueva: Fate of culture-expanded mesenchymal stem 
cells in the microvasculature. In vivo observations of cell 
kinetics. Circ Res, 104, 398-402 (2008) 
 
125. AH Klopp, EL Spaeth, JL Dembinski, WA 
Woodward, A Munshi, RE Meyn, JD Cox, M Andreeff, 
FC Marini: Tumor irradiation increases the recruitment 
of circulating mesenchymal stem cells into the tumor 
microenvironment. Cancer Res, 67, 11687-11695 (2007) 
 
126. Y Liu, R Wada, T Yamashit, Y Mi, CX Deng, JP 
Hobson, HM Rosenfeldt, VE Nava, SS Chae, MJ Lee, C 
Liu, T Hla, S Spiegel, RL Proia: Edg-1, the G protein-
coupled receptor for sphingosine-1-phosphate, is 
essential for vascular maturation. J Clin Invest, 106, 951-
961 (2000) 
 
127. P Nincheri, P Luciani, R Squecco, C Donati, C 
Bernacchioni, L Borgognoni, G Luciani, S Benvenuti, F 
Francini, P Bruni: Sphingosine 1-phosphate induces 
differentiation of adipose tissue-derived mesenchymal 
stem cells towards smooth muscle cells. Cell Mol Life 
Sci, 66, 1741-1754 (2009) 
 
128. AI Caplan, JE Dennis: Mesenchymal stem cells as 
trophic mediators. J Cell Biochem, 2006. 98: p. 1076-
1084 (2006) 
 
129. SC Hung, RR Pochampally, SC Chen, SC Hsu, DJ 
Prockop: Angiogenic Effects of Human Multipotent 
Stromal Cell Conditioned Medium Activate the PI3K-
Akt Pathway in Hypoxic Endothelial Cells to Inhibit 
Apoptosis, Increase Survival, and Stimulate 
Angiogenesis. Stem Cells, 25, 2363-2370 (2007) 

130. L Chen, EE Tredget PYG Wu, Y Wu: Paracrine 
factors of mesenchymal stem cells recruit macrophages 
and endothelial lineage cells and enhance wound healing. 
PLoS ONE, 3, e1886 (2008) 
 
131. JY Wu, DT Scadden, HM Kronenberg: Role of the 
osteoblast lineage in the bone marrow hematopoietic niches. J 
Bone Min Res, 24, 759-764 (2009) 
 
132. S Gottschling, R Saffrich, A Seckinger, U Krause, K 
Horsch, K Miesala, AD Ho: Human mesenchymal stromal 
cells regulate initial self-renewing divisions of hematopoietic 
progenitor cells by a beta-integrin-dependent mechanism. Stem 
Cells, 25, 798-806 (2007) 
 
133. S Kadereit, LS Deeds, SE Haynesworth, ON Koc, MM 
Kozik, E Szekely, K Daum-Woods, GW Goetchius, P Fu, LA 
Welniak, WJ Murphy, MJ Laughlin: Expansion of LTC-ICs 
and maintenance of p21 and BCL-2 expression in cord blood 
CD34/CD38 early progenitors cultured over human MSCs as a 
feeder layer. Stem Cells, 20, 573-582 (2002) 
 
134. S Masuda, N Ageyama, H Shibata, Y Obara, T Ikeda, K 
Takeuchi, Y Ueda, K Ozawa, Y Hanazon: Cotransplantation 
with MSCs improves engraftment of HSCs after autologous 
intra-bone marrow transplantation in nonhuman primates. Exp 
Hematol, 37, 1250-1257 (2009) 
 
135. JY Ahn, G Park, JS Shim, JW Lee, IH Oh: Intramarrow 
injection of beta-catenin-activated, but not naive mesenchymal 
stromal cells stimulates self-renewal of hematopoietic stem 
cells in bone marrow. Exp Mol Med, 42, 122-131 (2010) 
 
136. RS Taichman: Blood and bone: two tissues whose fates 
are intertwined to create the hematopoietic stem-cell niche. 
Blood, 105, 2631-2639 (2005) 
 
137. CH Liu, SM Hwang: Cytokine interactions in 
mesenchymal stem cells from cord blood. Cytokine, 2, 270-
279 (2005) 
 
138. E Pedemonte, F Benvenuto, S Casazza, G Mancard, JR 
Oksenberg, A Uccelli, SE Baranzini: The molecular signature 
of therapeutic mesenchymal stem cells exposes the architecture 
of the hematopoietic stem cell niche synapse. BMC Genomics, 
8, 65 (2007) 
 
139. B Sacchetti, A Funari, S Michienzi, S Di Cesare, S 
Piersanti, I Saggio, E Tagliafico, S, Ferrari, PG Robey: 
Riminucci M., and Bianco P., Self-renewing osteoprogenitors 
in bone marrow sinusoids can organize a hematopoietic 
microenvironment. Cell, 131, 324-336 (2008) 
 
140. Y Jung, J Song, Y Shiozawa, J Wang, Z Wang, B 
Williams, A Havens, A Schneider, C Ge, RT Franceschi, LK 
McCauley, PH Krebsbach, RS Taichman: Hematopoietic stem 
cells regulate mesenchymal stromal cell induction into 
osteoblasts yhereby participating in the formation of the stem 
cell niche. Stem Cells, 26, 2042-2051 (2008) 
 
141. C Campagnoli, IAG Roberts, S Kumar, PR Bennett, I 
Bellantuono, NM Fisk: Identification of mesenchymal 



Mesenchymal stem cells, microenvironment 

2287 

stem/progenitor cells in human first-trimester fetal blood, liver, 
and bone marrow. Blood, 98, 2396-2402 (2001) 
 
142. SC Mendes, C Robin, E Dzierzak: Mesenchymal 
progenitor cells localize within hematopoietic sites throughout 
ontogeny. Development, 32, 1127-1136 (2005) 
 
143. J Corre, K Mahtouk, M Attal, M Gadelorge, A 
Huynh, S Fleury-Cappellesso, C Danho, P Laharrague, B 
Klein, T Reme, P Bourin: Bone marrow mesenchymal 
stem cells are abnormal in multiple myeloma. Leukemia, 
21, 1079-1088 (2007) 
 
144. M Studeny, FC Marini, RE Champlin, C Zompetta, 
IJ Fidler, M Andreeff: Bone marrow-derived 
mesenchymal stem cells as vehicles for interferon-beta 
delivery into tumors. Cancer Res, 62, 3603-3608 (2002) 
 
145. A Nakamizo, F Marini, T Amano, A Khan, M 
Studeny, J Gumin, J Chen, S Hentschel, G Vecil, J 
Dembinski, M Andreeff , FF Lang: Human bone 
marrow-derived mesenchymal stem cells in the treatment 
of gliomas. Cancer Res, 65, 3307-3318 (2005) 
 
146. LS Sasportas, R Kasmieh, H Wakimoto, S 
Hingtgen, JAJM van de Water, G Mohapatra, JL 
Figueiredo, RL Martuza, R Weissleder, K Shah: 
Assessment of therapeutic efficacy and fate of 
engineered human mesenchymal stem cells for cancer 
therapy. Proc Natl Acad Sci, 106, 4822-4827 (2009) 
147. PJ Mishra, JW Glod, D Banerjee: Mesenchymal 
stem cells: Flip side of the coin. Cancer Res, 69, 1255-
1258 (2009) 
 
148. G Lazennec, C Jorgensen: Concise review: Adult 
multipotent stromal cells and cancer: risk or benefit? 
Stem Cells, 26, 1387-1394 (2008) 
 
149. A Orimo, PB Gupta, DC Sgroi, F Arenzana-
Seisdedos, T Delaunay, R Naeem, VJ Carey, AL 
Richardson, RA Weinberg: Stromal fibroblasts present in 
invasive human breast carcinomas promote tumor growth 
and angiogenesis through elevated SDF-1/CXCL12 
secretion. Cell, 121, 335-344 (2005) 
 
150. AE Karnoub, AB Dash, AP Vo, A Sullivan, MW 
Brooks, GW Bell, AL Richardson, K Polyak, R Tubo, 
RA Weinberg: Mesenchymal stem cells within tumour 
stroma promote breast cancer metastasis. Nature, 449, 
557-563 (2007) 
 
151. M Galie, G Konstantinidou, D Peroni, I Scamb, C 
Marchini, V Lisi, M Krampera, P Magnani, F Merigo, M 
Montani, F Boschi, P Marzola, R Orru, P Farace, A 
Sbarbati, A Amici: Mesenchymal stem cells share 
molecular signature with mesenchymal tumor cells and 
favor early tumor growth in syngeneic mice. Oncogene, 
27, 2542-2551 (2007) 
 
152. KE Corcoran, KA Trzaska, H Fernandes, M Bryan, 
M Taborga, V Srinivas, K Packman, PS Patel, P 

Rameshwar: Mesenchymal stem cells in early entry of 
breast cancer into bone marrow. PLoS ONE, 3,. e2563 
(2008) 
 
153. PJ Mishra, PJ Mishra, R Humeniuk, DJ Medina, G 
Alexe, JP Mesirov, S Ganesan, JW Glod, D Banerjee: 
Carcinoma-associated fibroblast-like differentiation of 
human mesenchymal stem cells. Cancer Res, 68, 4331-
4339 (2008) 
 
154. EL Spaeth, JL Dembinski, AK Sasser, K Watson, A 
Klopp, B Hall, M Andreeff, F Marini: Mesenchymal stem cell 
transition to tumor-associated fibroblasts contributes to 
fibrovascular network expansion and tumor progression. PLoS 
ONE, 4, e4992 (2009) 
 
155. S Pinilla, E Alt, FGA Khalek, C Jotzu, F Muehlberg, C 
Beckmann, YH Song: Tissue resident stem cells produce 
CCL5 under the influence of cancer cells and thereby promote 
breast cancer cell invasion. Cancer Lett, 84, 80-85 (2009) 
 
156. FL Muehlberg, YH Song, A Krohn, SP Pinilla, LH Droll, 
X Leng, M Seidensticker, J Ricke, AM Altman, E Devarajan, 
W  Liu, RB Arlinghaus, EU Alt: Tissue-resident stem cells 
promote breast cancer growth and metastasis. Carcinogenesis, 
30, 589-597 (2009) 
 
157. RM Dwyer, SM Potter-Beirne, KA Harrington, AJ 
Lowery, E Hennessy, JM Murphy, FP Barry, T O'Brien, MJ 
Kerin: Monocyte chemotactic protein-1 secreted by primary 
breast tumors stimulates migration of mesenchymal stem cells. 
Clin Cancer Res, 13, 5020-5027 (2007) 
 
158. SB Coffelt, FC Marini, K Watson, KJ Zwezdaryk, JL 
Dembinski, HL LaMarca, SL Tomchuck, KH zu Bentrup, ES 
Danka , SL Henkle, AB Scandurro: The pro-inflammatory 
peptide LL-37 promotes ovarian tumor progression through 
recruitment of multipotent mesenchymal stromal cells. Proc 
Natl Acad Sci, 106, 3806-3811 (2009) 
 
159. X Guo, H Oshima, T Kitmura, MM Taketo, M Oshima: 
Stromal fibroblasts activated by tumor cells promote 
angiogenesis in mouse gastric cancer. J Biol Chem, 283, 
19864-19871 (2008) 
 
160. NA Bhowmick, EG Neilson, HL Moses: Stromal 
fibroblasts in cancer initiation and progression. Nature, 432, 
332-337 (2004) 
 
161. R Kalluri, M Zeisberg: Fibroblasts in cancer. Nat. 
Rev.Cancer, 6, 392-401 (2006) 
 
162. P Surowiak, D Murawa, V Materna, A Maciejczyk, M 
Pudelko, S Ciesla, JAN Breborowicz, P Murawa, M Zabel, M 
Dietel , H Lage: Occurence of stromal myofibroblasts in the 
invasive ductal breast cancer tissue is an unfavourable 
prognostic factor. Anticancer Res, 27, 2917-2924 (2007) 
 
163. G Finak, N Bertos, F Pepin, S Sadekova, M 
Souleimanova, H Zhao, H Chen, G Omeroglu, S 
Meterissian, A Omeroglu, M Hallett, M Park: Stromal 



Mesenchymal stem cells, microenvironment 

2288 

gene expression predicts clinical outcome in breast 
cancer. Nat Med, 4, 518-527 (2008) 
 
164. P Farmer, H Bonnefoi, P Anderle, D Cameron, P 
Wirapati, V Becette, S Andre, M Piccart, M Campone, E 
Brain, G MacGrogan, T Petit, J Jassem, F Bibeau, E 
Blot, J Bogaerts, M Aguet, J Bergh, R Iggo, M 
Delorenzi: A stroma-related gene signature predicts 
resistance to neoadjuvant chemotherapy in breast 
cancer. Nat Med, 15, 68-74 (2009) 
 
165. D Liao, Y Luo, D Markowitz, R Xiang, RA 
Reisfeld: Cancer associated fibroblasts promote tumor 
growth and metastasis by modulating the tumor immune 
microenvironment in a 4T1 murine breast cancer model. 
PLoS ONE, 4, e7965 (2009)  
 
166. AV Kurtova, K Balakrishnan, R Chen, W Ding, S 
Schnabl, MP Quiroga, M Sivina, WG Wierda, Z Estrov, 
MJ Keating, M Shehata, U Jager, V Gandhi, NE Kay, W 
Plunkett, JA Burger: Diverse marrow stromal cells 
protect CLL cells from spontaneous and drug-induced 
apoptosis: development of a reliable and reproducible 
system to assess stromal cell adhesion-mediated drug 
resistance. Blood, 114, 4441-4450, (2009) 
 
167. MI Koukourakis , A Giatromanolaki, AL Harris, E 
Sivridis: Comparison of metabolic pathways between 
cancer cells and stromal cells in colorectal carcinomas: a 
metabolic survival role for tumor-associated stroma. 
Cancer Res., 6, 632-637 (2006)  
 
168. Iwamoto S., Mihara K., Downing J.R., Pui C.H., and 
Campana D., Mesenchymal cells regulate the response of 
acute lymphoblastic leukemia cells to asparaginase. J Clin 
Invest, 2007. 117: p. 1049-1057. 
 
169. GJM Maestroni, E Hertens, P Galli: Factor (s) from 
nonmacrophage bone marrow stromal cells inhibit Lewis 
lung carcinoma and B16 melanoma growth in mice. Cell 
Mol Life Sci, 55, 663-667 (1999) 
 
170. LB Ohlsson , L Varas, C Kjellman, K Edvardsen, M 
Lindvall: Mesenchymal progenitor cell-mediated inhibition 
of tumor growth in vivo and in vitro in gelatin matrix. Exp 
Mol Pathol, 75, 248-255 (2003) 
 
171. F Sanchez-Guijo, J Blanco, G Cruz, S Muntion, M 
Gomez, S Carrancio, O Lopez-Villar, MV Barbado, LI 
Sanchez-Abarca , B Blanco, J Briñon, MC del Cañizo: 
Multiparametric comparison of mesenchymal stromal cells 
obtained from trabecular bone by using a novel isolation 
method with those obtained by iliac crest aspiration from 
the same subjects. Cell Tiss Res, 336, 501-507 (2009) 
 
Abbreviations: BMP-Bone Marrow Morphogenetic 
Protein, CAF-Carcinoma Associated Fibroblasts, ECM-
Extra-Cellular Matrix, EGF-Epidermal Growth Factor, 
ERK1/2-Extracellular Signal Regulated Kinase, ESC-
Embryonic Stem Cells, FGF-Fibroblast Growth Factor, 
HA-Hyaluronic Acid, HSC-Hematopoietic Stem Cells, 
iPC-Induced Pluripotent Stem Cells, LIF-Leukemia 

Inhibitory Factor, MAPK-Mitogen Activated Protein 
Kinase, MIP-Macrophage Inflammatory Protein, MSC-
Mesenchymal Stem Cell, MMP-Matrix degrading 
Metallo-Protease, PDGF-Platelet Derived Growth 
Factor, PKC-Protein Kinase C, PODXL- Podocalyxin-
like protein, SCF-Stem Cell Factor, SDF-Stromal cell 
Derived Factor, STAT-Signal Tranducers and Activators 
of Transcription, TGF-Transforming Growth Factor, 
VCAM-Vascular Cell Adhesion Molecule, VEGF-
Vascular Endothelial Growth Factor 
 
Key Words: Mesenchymal Stem Cells, 
Microenvironment, Self-Renewal, Differentiation, 
Review 
 
Send correspondence to: Ingrid U. Schraufstatter, Torrey 
Pines Institute for Molecular Studies, 3550 General Atomics 
Court San Diego, CA 92121, Tel. 858-597-3898, Fax 858-
597-3803, E-mail: ischraufstatter@tpims.org 
 
http://www.bioscience.org/current/vol16.htm 
 


