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General introduction

Introduction
Mesenchymal stromal cells (MSC) were originally identified by Friedenstein et al in the 

sixties as the bone marrow stromal cells supporting hematopoietic stem- and progenitor 

cells (HSPC) (1). Pittenger (2) and Prockop (3) rediscovered MSC in the nineties. They 

reported that MSC have the capacity to differentiate into several mesenchymal lineages 

(2;3). The renewed interest in MSC coincided with the first derivation of pluripotent human 

embryonic stem cells (ES cells) (4) and the discovery of these potent stem cells raised hope 

for clinical applications of both MSC and ES cells. To date, numerous studies have focused 

on the plasticity of ES cells and MSC, with the ultimate goal to develop clinically applicable 

stem cell based solutions to degenerative diseases or to large scale tissue damage. Due to 

safety and ethical concerns, only one clinical trial for ES cells has been approved to date. 

Although the evidence for stemness of MSC is still lacking and the official name of MSC has 

even been changed from mesenchymal stem cell to multipotent mesenchymal stromal cell 

(5), MSC have already been evaluated in numerous clinical trials for treatment of multiple 

diseases. 

Currently, extensive expansion (3-6 weeks) is required to obtain enough cells for 

transplantation. The efficacy of these MSC-based therapies at least partially depends on 

migration and specific homing of MSC towards the site where they are needed. However, 

culture-expanded MSC have almost completely lost their engraftment potential. Thus 

understanding MSC migration will offer perspectives to modulate the expansion protocols to 

obtain cells that maintain migration and homing capacities.

This introduction highlights MSC biology, current clinical applications, MSC migration, 

as well as the role of MSC in the bone marrow microenvironment, where they support 

hematopoiesis. 

Mesenchymal stromal cells
Mesenchymal stromal cells (MSC) were first isolated from bone marrow. They represent a 

very heterogeneous cell population in which some cells have stem cell-like properties. These 

cells have a high proliferative potential, generating colonies when plated in tissue culture 

at low density. These colonies are the so-called colony forming unit-fibroblast (CFU-F) (6). 

Another hallmark of MSC is their ability to differentiate into several mesenchymal cell types, 

such as osteoblasts, chondrocytes and adipocytes (2;3;7) (Figure 1). 

MSC represent a rare population in the bone marrow. The frequency in human BM has been 

estimated at 0.001-0.01% of the total nucleated cells (7). MSC frequency seems to decline 
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with age, from 1/10000 nucleated bone marrow cells in a newborn to about 1/1000000 

nucleated marrow cells in a 80-year-old person (7). Besides BM, also other tissues contain 

MSC. They can be obtained from almost every post-natal organ (8;9) including adipose 

tissue (10;11), the periosteum (12), brain (13), liver (8), skeletal muscle (13), hair follicles 

(14), peripheral blood (15), umbilical cord blood (16); and Wharton’s Jelly (17) as well as fetal 

tissues (18-20).

Because no unique marker identifies MSC, the International Society of Cellular Therapy 

has postulated a definition for ex vivo expanded MSC to be used in clinical studies, based on 

three main characteristics: 1) their adhesion to plastic 2) their expression of a specific set 

of membrane molecules CD105, CD90, and CD73 together with lack of expression of the 

hematopoietic markers CD14, CD34 and CD45 and HLA-DR 3) trilineage differentiation into 

osteoblasts, adipocytes and chondrocytes in vitro (21). Recently, a new set of MSC markers 

has been identified (CD140b, CD146, CD271, CD340, and CD349) (22-25) that enable 

prospective isolation of MSC and enrichment of CFU-F from human BM. The frequency of 

CFU-F in these enriched fractions is approximately 1/50 (22;23;25). It is currently unknown 

whether prospectively isolated MSC have different biologic properties, neither is it known 

whether culture-expansion of MSC from BM mononuclear cells selects for outgrowth of a 

certain population. For most clinical applications, MSC are cultured from BM mononuclear 

cells without any selection. 

Mesenchymal stromal cell derivation and differentiation  Figure 1
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Clinical application of MSC 
MSC do not only have regenerative potential, they are also potent suppressors of the immune 

response. MSC can inhibit differentiation and maturation of monocytes towards dendritic 

cells. In addition, they can suppress the proliferation of T-cells, B-cells and NK-cells 

(reviewed in (26)). Both the immune-suppressive capacity and the regenerative potential 

of MSC have raised clinical interest in these cells. Although BM-derived MSC are currently 

the most frequently used source for a wide range of therapeutic applications, (reviewed 

in (27;28)) also adipose tissue-derived MSC are regarded a safe and suitable cell type for 

therapy (29-31). To date, no significant adverse events have been reported in these trials (32). 

Transplanted MSC have been applied in bone tissue engineering strategies to reduce clinical 

symptoms of osteogenesis imperfecta (33) and large bone defects (34), in regenerative 

treatments to further stimulate repair of pancreatic islets (35), and the infarcted myocardium 

(36-38). Furthermore MSC have been used in several small trials for immunomodulatory 

treatments of autoimmune diseases including Crohns disease (39;40) and diabetes mellitus 

(41). However, feasibility for these applications has not been demonstrated yet.

The application of MSC in hematopoietic stem cell transplantation (SCT) is far ahead of 

other indications, reviewed in (27;28;42). Currently, the two main potential applications of 

MSC in SCT are 1) prevention and/or treatment of graft-versus-host disease (GvHD) and 2) 

enhancement of engraftment. 

Ad 1) Severe acute GvHD after allogeneic SCT is associated with high morbidity and 

mortality (43), particularly in corticosteroid resistant patients. Because of the immune 

modulatory effect of MSC in vivo and in vitro, use of ex vivo expanded MSC can be applied for 

treatment of GvHD. The first study showed rapid improvement of GvHD after treatment with 

allogeneic BM-derived MSC (44). Other studies confirmed that infusion of ex vivo expanded 

adipose or bone marrow derived-MSC can alleviate GvHD. Also third-party mesenchymal 

stem cells (derived from unrelated HLA-mismatched donors) were as effective as HLA-

identical or haplo-identical cells to treat GvHD (45). This finding has practical implications 

and suggests that third-party cells can be prepared and stored frozen to be used for GVHD 

therapy. Following these initial findings, treatment of GvHD with MSC has been widely 

applied in clinical trials, in which Dutch medical centers participate as well. 

Ad 2) Since MSC provide support for primitive hematopoietic progenitor cells in vivo, it 

was postulated that they might enhance engraftment after SCT. Indeed, simultaneous 

intravenous injection of donor MSC and HSC was found to accelerate recovery of 

hematopoiesis after myeloablative therapy in animal models (46;47). This effect is further 

enhanced by intrabone injections of MSC, suggesting that homing of MSC to the bone 

marrow is relevant (48;49). Koc et al were the first to show rapid hematopoietic engraftment 

after co-infusion of autologous peripheral blood stem cells and autologous expanded 

BM-derived MSC in patients (50). Thereafter, MSC-derived from the HSC donor have been 

investigated for their ability to enhance hematopoietic recovery in allogeneic SCT (51-55), 



13Chapter 1 Introduction 

and co-transplantation of third party MSC was studied as well (56). The beneficial effects on 

hematopoietic recovery in these studies were highly variable and they only indicate that MSC 

could enhance hematopoietic engraftment. To establish this indication, larger randomized 

trials are required. 

Large doses of MSC, varying from 0.4 x 10^6 /kg till 10 x 10^6 /kg body weight (45;55), are 

currently required for successful clinical application. Although transplantation of these 

large doses of MSC in clinical trials seems to be beneficial to the patients, the engraftment 

potential of MSC in vivo is limited. For example, 23 months after co-transplantation of HSC 

and MSC, 100% donor chimerism was observed for hematopoietic cells in blood and bone 

marrow whereas the MSC remain of host origin (57). This does not exclude the possibility 

that transient MSC engraftment may exert favorable effects through the secretion of 

cytokines or other paracrine factors, which engage and recruit recipient cells in productive 

tissue repair (28). This may be the so-called ‘hit and run’ effect. However, the observation 

that intrabone injections of the MSC (48;49) further enhances hematopoietic recovery 

suggests that most therapeutic applications can be improved if more MSC reach the target 

site. In murine models, MSC seem to preferentially home to damaged tissue (58), although 

the observed frequency of engraftment is highly variable depending on the conditioning 

regimen and the route of administration but the overall consensus points to limited homing 

efficiency (0.00023%-0.00030%) of expanded MSC (reviewed in (59)). 

Chemokines, cytokines and growth factors related with MSC 
migration
It is assumed that common mechanisms of cell migration also apply to MSC migration 

(reviewed in (59)). Studies on leukocyte (60;61) and HSC (62;63) migration have provided 

insight into common mechanisms of migration. Chemokines, cytokines and growth 

factors released upon injury provide migratory cues for cells. They induce upregulation of 

selectins and activation of integrins on the cell surface, enabling cells to interact with the 

endothelium. Cells subsequently adhere and transmigrate across the endothelial layer into 

tissues. 

MSC express a wide variety of chemokine- and growth factor receptors; amongst others 

CXCR4 (64-66), platelet-derived growth factor (PDGF) receptors alpha and beta (67), and 

the hepatocyte growth factor (HGF) receptor cMet (68). In vitro migration studies have 

demonstrated that several chemokines and growth factors are chemotactic stimuli for 

MSC, including stromal derived factor-1α (SDF-1α) (69;70), PDGF (71;72), HGF (68) and 

basic fibroblast growth factor (bFGF) (73). These stimuli induce migration of MSC derived 

from various adult and fetal tissues (67;74-76), however comparing the various studies is 

hard because cell culture protocols and the migration assays vary. Therefore, is still unclear 

whether MSC derived from a certain tissue has superior migratory capacity compared to 

other tissues. MSC were reported to migrate across endothelial cell monolayers (77;78) and 
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through the underlying extracellular matrix (79;80), which are pivotal capacities since in 

most clinical trials MSC are administered intravenously. However, in multiple studies it has 

been shown that only a small fraction of MSC shows strong in vitro migratory characteristics 

(58;67;74). To understand why only a small proportion of all culture-expanded MSC are 

able to migrate, the characteristics of migratory MSC have to be studied. These data will be 

important to explore strategies to improve directed migration of MSC. 

MSC have shown to possess the ability to migrate to sites of inflammation and injury 

for example in an animal model of cerebral ischemia (81). In a model of multiple organ 

failure, Chapel et al. showed that tagged MSC homed to numerous tissues with localization 

correlating to the severity and site of injury (82). The homing efficiency of infused MSC has 

been reported to be greatly influenced by the variety of protocols currently used for isolation 

and culture-expansion of MSC. Studies by Rombouts and Ploemacher (83) demonstrated 

that primary, uncultured BM-derived MSC were able to effectively home in irradiated mice, 

whereas cultured MSC had lost this homing capacity already after 24 hours of culture. 

Furthermore, culturing of MSC has been associated with a decrease in expression of 

adhesion molecules, the loss of chemokine receptors and a subsequent lack of chemotactic 

response (64;70). 

It has been reported that a very small number of MSC consistently circulate in the blood. This 

circulating pool was found increased under hypoxic conditions (84), in case of major injury 

(37;85), or large skin burns (86), suggesting that in vivo, MSC can be mobilized and can 

migrate to places where they are needed. However, contrasting reports exist on the presence 

of MSC in (mobilized) peripheral blood and the success rate of identifying any circulating 

MSC is low (reviewed in (87)). 

Strategies to enhance migration and homing of MSC
Various approaches to modify MSC or to enhance expression of surface markers of MSC have 

been explored to enhance MSC migration. Sackstein et al showed that modification of CD44 

with an E-selectin binding motif increased specific homing of MSC to the bone marrow (88). 

Many groups have focused on the CXCR4-SDF-1α axis, as this pathway is dominant in 

trafficking of cells to bone marrow and functional CXCR4 expression is required for MSC to 

migrate towards SDF-1α (66). Transfection or transduction of MSC with CXCR4 resulted in 

increased migration towards SDF-1α in vitro (69;89;90) and towards infarcted myocardium 

in rats, whereas hardly any migration was observed to normal myocardium (90). 

Cytokine pretreatment has been shown to enhance homing of HSC (91) and this approach 

has been explored in MSC as well. Short term stimulation of MSC with Flt-3 ligand, 

SCF, IL-6, HGF an IL-3 increased surface expression of CXCR4. Correspondingly, in vitro 

migration and long term engraftment in mice were increased (92). Pre-incubation of MSC 
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with TNF-α, but not IFNγ, also resulted in upregulation of chemokine receptors (93;94) 

and increased chemokine mediated migration (67;93;94). TNF-α did not affect growth 

factor induced chemotaxis (67). Pro-inflammatory cytokines also increased the production 

of matrix metalloproteinases in MSC, thereby increasing the ability of stimulated MSC to 

migrate through the extracellular matrix. SDF-1α pre-treatment did not influence matrix 

metalloproteinase expression or cell invasion (79). 

As oxygen levels in body tissues are lower than those under standard cell culture conditions 

(95), Hung et al. explored the hypothesis that culturing MSC under hypoxic conditions 

increases homing capacity (96). Exposure of MSC to hypoxic conditions as short as one 

day increased expression of homing receptors CX3CR1 (96), CXCR4 (96), and CXCR7 (97) 

and activates AKT and c-MET-signaling (98). When transplanted into chick embryos or 

in a murine ischemic hind limb model, homing of hypoxia exposed cells was increased 

compared to cells cultured at normoxia (96;98). Thus short-term exposure to hypoxia may 

provide an opportunity to enhance MSC homing. 

MSC in the bone marrow niche
The bone marrow is the main site of adult hematopoiesis. Hematopoietic stem cells 

(HSC) are on top of a hierarchical chain of cells that progressively mature towards all fully 

differentiated blood cell types. To precisely balance between self renewal and differentiation, 

HSC require tightly regulated signals from their microenvironment. The current consensus 

is that the most primitive HSC localize to the endosteal niche, whereas more frequently 

cycling short term HSC are predominantly localized in the vascular niche (99-101). MSC 

can support hematopoiesis through production of soluble factors such as SDF-1α, stem 

cell factor, granulocyte monocyte stimulating factor and IL-6 and though expression of 

membrane bound molecules like Jagged (102-105). In murine bone marrow, MSC are marked 

by the neuronal marker Nestin, and transplanted HSC home to close proximity of Nestin 

positive cells. Deletion of Nestin positive MSC from the niche resulted in mobilization of 

HSC into the peripheral blood (106). Mutations in the stromal compartment of the niche 

can ultimately result in the development of myelodysplastic syndrome and secondary 

acute myeloid leukemia (107), underlining the crucial role for MSC in the bone marrow 

microenvironment. 

Wnt signaling 
Wnts are a large family of secreted lipid-modified glycol-proteins that are expressed in a 

variety of tissues. Wnt signaling is crucial for human and animal embryonic development, 

and defects in the pathway are associated with tumorigenesis (108). 

Wnt proteins bind a receptor complex consisting of a Frizzled (FZD) receptor and the LDL 

receptor-related proteins LRP5 or LRP6 (109) or alternatively to the recently described Wnt 
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receptors Ryk (110-112) and Ror2 (113-115). The canonical Wnt pathway leads to stabilization 

of beta-catenin, which accumulates and translocates to the nucleus where it activates target 

gene expression. Wnt-signaling through non-canonical pathways is largely beta-catenin 

independent and it induces the release of Ca2+, and the phosphorylation of jun N-terminal-

kinase (JNK) or members of the Src-family kinases (Reviewed in(109)). Currently Wnt1, 

Wnt2, Wnt3 and Wnt3a, Wnt8a and Wnt8b, Wnt10a and Wnt10b are considered canonical 

Wnts. Wnt4, Wnt5a and Wnt5b, Wnt6, Wnt7a and Wnt7b, Wnt 11 and Wnt16 are regarded as 

non-canonical Wnts (reviewed in(109;116)). Wnt-signaling can be inhibited at various levels. 

Members of the Dickkopf (DKK) family occupy FZD receptors and thereby prevent binding 

of Wnt-ligands. Soluble factors such as secreted frizzled related proteins (SFRP) or Wnt 

inhibitory factors (WIF) are believed to interfere with the secreted Wnt-proteins to prevent 

signaling (reviewed in (117)), although there are reports showing that several isoforms of 

these factors may in fact promote Wnt-signaling (reviewed in(118)). 

Cultured MSC express a wide variety of Wnt-proteins including Wnt2, Wnt4, Wnt5a, Wnt11 

and Wnt16 and Frizzled receptors 2, 3, 4, 5 and 6 (119). Wnt-signaling is essential for MSC 

proliferation and multilineage differentiation. The Wnt-inhibitor DKK1 is required to allow 

MSC to re-enter the cell cycle (120) and exogenous administration of Wnt3a promotes MSC 

proliferation through activation of cyclin D1 and Myc (121). Upon induction of osteogenic 

differentiation in vitro, the Wnt-expression profile of MSC changes. Wnt11, FZD6, SFRP2, 

SFRP3 and Ror2 are upregulated, while Wnt9a and FZD7 are downregulated (121). Opposing 

roles have been reported for Wnt3a and Wnt5a in osteogenic differentiation. Wnt3a seems 

to suppress osteogenesis, whereas Wnt5a promotes this process and Wnt-5a induced 

osteogenesis can be partially inhibited by Wnt3a (122). Wnt-signaling also influences 

differentiation of MSC towards chondrocytes and adipocytes. Canonical signaling is known 

to block adipogenesis, while an interplay between canonical and non-canonical Wnt-

signaling dictates chondrogenesis (reviewed in (116)).

In vitro and in vivo experiments have demonstrated that Wnt-signaling in stromal cells is 

important for hematopoietic support. Stabilization of beta-catenin in murine stroma was 

found to be required for the maintenance of HSC during in vitro culture (123;124). Not 

much is known about Wnt-signaling in native MSC, but mouse experiments point out that 

niche derived Wnt-signaling is crucial for hematopoiesis. Inhibition of Wnt signaling in the 

bone marrow niche by the expression of Dickkopf-1 (Dkk1), in the BM microenvironment, 

results in premature loss of HSC self-renewal activity (125). Similarly, maintenance of 

HSC is impaired by secreted frizzled-related protein 1 (SFRP1), another inhibitor of the 

canonical Wnt-pathway (126). Taken together, these studies demonstrate that a balanced 

interplay between the HSC and the stromal compartment is required for the maintenance of 

hematopoiesis. 
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Scope of this thesis

The aim of the work presented in this thesis was to increase the efficiency of culture-

expanded mesenchymal stromal cell (MSC) migration with respect to cellular therapies and 

to identify and study the properties of primary mesenchymal stromal cell populations in fetal 

and adult bone marrow.

Previous studies have shown that culture-expanded MSC have migratory capacities, but 

the experiments are hard to compare due to cell culture and assay variability. In Chapter 2, 

we have compared the migratory capacity of culture-expanded MSC derived from multiple 

tissues; adult adipose tissue, adult bone marrow, fetal bone marrow and fetal lung, all 

cultured and assayed under similar circumstances. In addition, we studied whether 

migratory MSC can be discriminated from non-migratory MSC by cell surface marker 

expression and we evaluated the involvement of the cell cycle in MSC migration.

The expanded MSC population only contains a minor fraction with migratory characteristics. 

To enhance migration of the entire MSC population, it is crucial to target the genes or 

signaling pathways that are involved in MSC migration. To identify these genes, we 

performed a micro-array-based gene expression analysis of migratory and non-migratory 

FBMSC (Chapter 3). We have identified twelve genes that are important for MSC migration. 

We studied the two most prominent genes, the nuclear orphan receptors Nur77 and Nurr1, 

in more detail. In this chapter we explored the role of Nur77 and Nurr1 in MSC migration, 

cytokine production and immune modulation.

Because the culture-expanded MSC currently applied in clinical trials represent a very 

heterogenous cell population and it is unknown which bone marrow resident cells are 

responsible for the initiation of the MSC cultures, we characterized different primary MSC 

populations in human bone marrow during human development and aging (Chapter 4). We 

designed a six-colour flow cytometry panel to sort the putative MSC subpopulations, based 

on the expression of two novel MSC markers CD271 (nerve growth factor receptor) and 

CD146 (Melanoma cell adhesion molecule); the classical MSC markers CD90 (Thy-1) and 

CD105 (Endoglin); and the absence of the hematopoietic markers CD34 and CD45. 

MSC are a crucial constituent of the hematopoietic niche and Wnts produced by the niche 

are important for hematopoiesis. Expanded MSC express multiple Wnt proteins, but it 

is unknown whether the Wnt-signature of cultured cells is representative for the native 

MSC in bone marrow. In Chapter 5 we describe and compare the Wnt-signaling profile of 

the MSC subpopulations directly after sorting from human adult bone marrow and after 

culturing. In addition, we evaluated the hematopoietic support provided by the different 

MSC populations.
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Bone marrow composition changes during development and aging. MSC are present in fetal 

bone marrow before the hematopoietic stem cells migrate and home to this site of definitive 

adult hematopoiesis. This suggests that fetal and adult bone marrow-derived MSC have 

different biological functions. In Chapter 6 we describe the gene expression profile of these 

MSC sources and we have focused on the different balance of Wnt (target)-gene expression 

observed between adult and fetal MSC.

Finally, in Chapter 7, all results described in this thesis are summarized, discussed and 

placed in perspective of the current knowledge.
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Summary 

Mesenchymal stromal cells (MSC) are potential cells for cellular therapies, in which 

recruitment and migration of MSC towards injured tissue is crucial. Our data show that 

culture-expanded MSC from fetal lung and bone marrow, adult bone marrow and adipose 

tissue contain a small percentage of migrating cells in vitro, but the optimal stimulus 

was different. Overall, fetal lung-MSC had the highest migratory capacity. As fetal bone 

marrow-MSC had lower migratory potential than fetal lung-MSC, the tissue of origin may 

determine migratory capacity of MSC. No additive effect in migration towards combined 

stimuli was observed, which suggests only one migratory MSC fraction. Interestingly, actin 

rearrangement and increased paxillin phosphorylation were observed in most MSC upon 

SDF-1α or PDGF-BB stimulation, indicating that this mechanism involved in responding 

to migratory cues is not restricted to migratory MSC. The migratory MSC maintained 

differentiation and migration potential, and contained significantly less cells in S- and G2/

M-phase than their non-migrating counterpart. 

In conclusion, our results suggest that MSC from various sources have different migratory 

capacities, depending on the tissue of origin. Similar to haematopoietic stem cells, cell cycle 

contributes to MSC migration, which offers perspectives for modulation of MSC to enhance 

efficacy of future cellular therapies. 
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Introduction

Mesenchymal stromal cells (MSC) consist of a heterogeneous cell population that can be 

obtained from many adult (1) and fetal tissues (2-4). The MSC population is characterized 

by plastic adherence, cell surface marker expression and multilineage differentiation into 

osteoblasts, adipocytes and chondrocytes in vitro (5). 

Due to their multilineage differentiation and immunosuppressive capacities (6;7), MSC are 

increasingly being considered a potential cell source for regenerative medicine and immune 

therapies (8;9). When injected into irradiated mice, MSC seem to preferentially home to 

damaged tissue (10), although the observed frequency of engraftment was very low and 

many MSC were found trapped in the lungs after intravenous injection. Nevertheless, in pre-

clinical and clinical settings, transplanted MSC have been shown to improve haematopoietic 

stem cell (HSC) engraftment (11;12), reduce clinical symptoms of osteogenesis imperfecta 

(13) and graft-versus-host disease (14) and further stimulate repair of pancreatic islets (15) 

and the infarcted myocardium (16;17). The migration of MSC towards the site where they are 

required is crucial for most applications. 

Many studies on leukocyte (18;19) and HSC (20;21) migration have provided insight into 

common mechanisms of migration. Chemokines, cytokines and growth factors released 

upon injury provide migratory cues for cells. They induce upregulation of selectins 

and integrins on the cell surface, enabling cells to interact with the endothelium. Cells 

subsequently adhere and transmigrate across the endothelial layer into tissues. The homing 

efficiency of expanded MSC in vivo is very low (10), and therefore high cell number are 

needed. Better insight in the migratory mechanisms in MSC is important in order to provide 

strategies for future, more efficient therapies. 

The migratory capacity of bone marrow-derived MSC has been previously studied (22;23). 

Stromal cell-derived factor-1α (SDF-1α) (24;25), platelet-derived growth factor (PDGF-BB) 

(26;27), hepatocyte growth factor (HGF) (28) and basic fibroblast growth factor (bFGF) 

(29) have been reported as migratory stimuli for these cells. For MSC derived from adipose 

tissue, SDF-1α has also been described as a potent chemokine (30). However, comparing 

the various studies on MSC migration is difficult because the MSC are often cultured under 

different conditions and the set up of migration assays varies. Moreover, the properties of the 

migratory cell fraction(s) and the underlying mechanism involved in MSC migration remain 

unclear. 

This study evaluated the migratory potential of MSC derived from adult bone marrow, 

adult adipose tissue, fetal lung and fetal bone marrow, whilst performing the cell culture 

and migration experiments under identical conditions. In addition, the migratory MSC 

population and the molecular mechanism of migration were investigated. As ongoing 

clinical trials have indicated that large cell numbers need to be transplanted, the studies 
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mentioned above and the experiments described in the current paper were performed using 

culture expanded MSC. Our results indicate that MSC derived from various tissues contain 

a cell fraction that is able to migrate, although the optimal stimulus and the percentage of 

migrating cells varied. The migratory MSC were observed to maintain differentiation and 

migration potential and they contained fewer cells in S- and G2/M-phase of the cell cycle as 

compared to non-migrating counterparts. 
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Materials and methods

Isolation and culture of MSC
Fetal lung and fetal bone were obtained after informed consent from legally terminated 

second trimester pregnancies. The protocol for collecting fetal tissues for research purposes 

was approved by the medical ethical review board of the Academic Medical Centre (AMC)  

(MEC: 03/038). Fetal lung MSC (FLMSC) were derived from magnetic bead selected CD34+ 

fetal lung cells, which were subsequently cultured in M199 containing 10% FCS, Penicillin 

streptomycin, ECGF and heparin as described by Noort et al (12). To obtain fetal bone 

marrow MSC (FBMSC), fetal bones were flushed with IMDM (Lonza, Verviers, Belgium) 

containing 10% FCS (Bodinco, Alkmaar, The Netherlands) and 1% penicillin-streptomycin 

(Gibco, Paisley, UK). The remaining erythrocytes in the cell suspension were lysed using 

NH
4
Cl for 10 minutes on ice. Subsequently, cells were rinsed in PBS. 1.6 x 106 cells were 

seeded per well in 6 well dishes in M199 (Gibco) supplemented with 10% FCS, 1% penicillin-

streptomycin, 20 µg/ml ECGF (Roche diagnostics, Indianapolis, IN) and 8 IU/ml heparin 

(Leo Pharma, Breda, The Netherlands). The obtained cells were considered to be FBMSC. 

Adipose tissue derived MSC (ASC) were a kind gift from Dr. FJ. van Milligen and were derived 

as previously described (31). Briefly, adipose tissue obtained from healthy donors was 

enzymatically digested. The obtained cell suspension was neutralized by DMEM containing 

glucose and FBS and then centrifuged. The cell pellet was resuspended in PBS and subjected 

to Ficoll density centrifugation. The cell containing interface was harvested. 1x 105 cells/cm2 

were seeded in Dulbecco’s Modified Eagle medium (DMEM) containing 10% FBS, penicillin 

streptomycin and L-glutamine (31).

Adult bone marrow MSC (BMSC) were isolated from bone marrow aspirates obtained after 

informed consent from the sternum of patients undergoing cardiac surgery, according to the 

protocol for collecting bone marrow for research purposes approved by the medical ethical 

review board of the AMC (MEC:04/042#04.17.370). Briefly, MSC were isolated by density 

gradient centrifugation (Ficoll-paque, 1.077 g/ml, GE Health care Bio-Sciences AB, Uppsala, 

Sweden). 5 x 106 cells were seeded per well in a 6 well dish in M199 containing 10% FCS, 1% 

penicillin-streptomycin, 20 µg/ml ECGF and 8 IU/ml heparin.

After 48 hours, the non-adherent cells were removed. The remaining cells were cultured for 

an additional 12 days or until reaching 80-90% confluency.

Upon reaching 80-90% confluency after initial plating, MSC derived from all sources were 

replated and further cultured under identical conditions in T80 tissue culture flasks at an 

initial density of 2500 cells/cm2. For all experiments, 80-90% confluent passage 4 to passage 

8 MSC were used.
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Flow cytometry
All sources of MSC were characterized for surface expression of various receptors by flow 

cytometry. Cells were rinsed trypsinized, washed and resuspended in PBS containing 0.2% 

bovine serum albumine (BSA) prior to incubation (20 minutes at RT) with the following 

monoclonal antibodies. Antibodies purchased from BD, San Jose CA: CD73 (clone AD2), 

CD90 (clone 5E10), CD45 (clone HI30), CD14 (clone M5E2), CD68 (clone Y1/82A), CD44 

(clone G44-26), CD49e (clone VC5), CD54 (clone HA58), CD106 (clone 51-10C9), CD146 

(clone 8G12), CXCR4 (clone 12G5). Purchased from Sanquin, Amsterdam, The Netherlands: 

CD3 (clone CLB-T3/2), CD19 (clone CLB-B4/1), CD31 (clone CLB-HEC/75), CD38 (clone 

CLB-1D5), CD11a (clone CLB-LFA-1/2), CD11b (clone CLB-mon-gran/1), CD18 (clone CLB-

LFA-1/1), CD49b (clone 10G11), CD49f (clone GoH3). Antibodies from other companies: 

CD271 (clone ME20.4-1.H4, Miltenyi Biotec, Gladbach, Germany), CD105 (clone SN6, 

Ancell, Bayport MN), CD34 (clone 581, IQ-products, Groningen, The Netherlands), CD29 

(clone P4C10, Chemicon), CD49d (clone 44H6, Imgen, ITK diagnostics, Uithoorn, The 

Netherlands), CD166 (clone 3A6, RDI, Concord MA), CXCR7 (Clone 358426, R&D systems), 

Santa Cruz biotechnology; PDGFRα (Clone 16A1) and PDGRβ (Clone P-20). Secondary 

antibodies; Goat anti mouse IgG (Dako), goat anti rabbit IgG (Invitrogen molecular probes). 

As a negative control, cells were labeled with isotype controls IgG1, IgG2, IgG2a monoclonal 

antibodies (Sanquin, BD). A minimum of 10.000 events was recorded, using a FACS LSR II 

flow cytometer (BD). 

Differentiation experiments
To study the multilineage differentiation capacity, MSC were cultured under conditions 

promoting differentiation towards osteoblasts or adipocytes as previously described (12). 

For differentiation experiments, MSC were plated in a 24 well dish at a plating density of 2.5 

x 104 cells/cm2 in α-minimal essential medium (α-MEM - Gibco). For osteogenic induction, 

the α-MEM was supplemented with 10% FCS and penicillin-streptomycin to which ascorbic 

acid (50 μg/ml, Sigma, St Louis, MI) and dexamethasone (10-7 M, Sigma) were added. From 

day 7 onwards, β-glycero-phosphate (5 mM, Sigma) was added. Cultures were incubated in a 

humidified atmosphere of 5% CO
2
 at 37˚C. Medium was replaced every 4th and 7th day of the 

week. For induction of adipogenesis, indomethacine (50 μM, MP Biomedicals, Solon, OH), 

IBMX (0.5 mM, Sigma) and insulin (1.6 µM, Sigma) were used. 

At day 21, the cells induced towards osteogenic differentiation were stained for alkaline 

phosphatase and calcium deposition. Cells were incubated with a substrate solution (0.2 

mg/ml α-naphthyl-1-phosphate (Sigma), 3 mg/ml sodium borate, 0.3 mg/ml magnesium 

sulphate and 0.8 mg/ml fast blue RR acid (Sigma)) for 15 minutes, resulting in the formation 

of an insoluble purple reaction product. To detect calcium deposition, cells were fixed 

with 3.7% formaldehyde (Merck, Darmstadt, Germany) for 10 minutes, and stained with 

2% Alizarin Red S (ICN Biomedicals, Aurora, OH) and 0.1 NH
4
OH [pH 5.4] for 1 minute. 

Mineralization was indicated by the presence of red depositions. 
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To demonstrate the presence of adipocytes, expanded cells were fixed as described above. 

Cytoplasmic inclusions of neutral lipids were stained with Oil-Red-O (3 mg Oil-Red-O/ml 

60% isopropanol, Sigma) for 10 minutes.

In vitro migration experiments
Migration experiments were performed using 12 µm pore size Transwell plates (Corning 

Costar, Cambridge, MA). The upper side of the insert was coated overnight at 37°C with 

fibronectin (20 µg/ml, Sigma) or collagen I (50 µg/ml, BD Biosciences) in PBS. 100.000 cells 

were seeded into the upper compartment in 500 µl IMDM supplemented with 0.25% BSA, 

and the stimuli were added to the lower compartment in 1.5 ml IMDM with 0.25% BSA. 

Optimal concentrations for migration were determined. Stimuli evaluated were; SDF-1α (600 

ng/ml, Strathmann/R&D systems/Peprotech), bFGF (100 ng/ml, R&D systems, Minneapolis 

MN), PDGF-BB (5 ng/ml, R&D systems) and HGF (40 ng/ml, R&D systems /Peprotech, 

Rocky Hill, NJ). Checkerboard migration assays were performed by adding stimuli or 

combinations of stimuli in both upper and lower compartment. Treatment of cells and 

concentrations of stimuli as described above. 

After 4h incubation at 37°C, the cells in the upper compartment were removed with a cotton 

swap. Subsequently, the inserts were carefully rinsed twice in PBS prior to fixation in 3.7% 

formaldehyde and further stained with Hoechst 33258 (1:500 dilution, Invitrogen). The 

Transwell filter membranes were cut out and mounted onto glass slides using Vectashield 

(Vector Laboratories, Burlingame, CA). The total number of migrating cells per view field 

was counted using fluorescence microscopy by counting nuclei. Data were expressed as 

the percentage of migrating cells related to the total number of cells loaded into the upper 

compartment. 

Immunofluorescent microscopy
Ten thousandF MSC were seeded on fibronectin-coated coverslips and cultured for two days. 

Subsequently, cells were put in serum free IMDM supplemented with 0.25% BSA. MSC were 

treated with SDF-1α or growth factors as indicated or left untreated. The cells were fixed 

for 10 minutes on ice, then permeabilized using 0.2% Triton-X-100 (Sigma) and stained for 

paxillin (Clone 165/Paxillin, BD) and phospho-paxillin (pY31, Rabbit polyclonal, Sigma), 

followed by incubated with Alexa 488 phalloidin (Invitrogen Molecular Probes, 1 IU/ml) 

for F-actin staining, goat-anti-mouse Alexa 633 (Invitrogen Molecular probes, 20 μg/ml) 

and goat-anti-rabbit Alexa 568 (Invitrogen Molecular probes, 20 μg/ml). Subsequently, the 

cells were stained with Hoechst. Coverslips were then mounted using Mowiol (Sigma). 

Immunofluorescent staining was detected using a LSM 510 META confocal microscope 

(Zeiss, Jena, Germany) using a 40x oil-objective. Images were captured by ZEN 2007 

confocal software (Zeiss).
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Cell lysis and Western blot 
MSC were seeded in 6 well culture dishes at a density of 2500 cells/cm2 and grown up to 

80-90% confluency. Subsequently, cells were serum starved for 30 minutes and treated with 

SDF-1α, PDGF-BB or FCS as indicated or left untreated. Next, MSC were lysed in 250 µl 

NP40 buffer (50 mM TRIS, 100 mM NaCl, 10 mM MgCl
2
, 1% NP-40, 10% Glycerol, PH 7.4, 

containing protease and phosphatase inhibitors) for 10 minutes on ice. Lysates were clarified 

by centrifugation at 14000 rpm at 4˚C for 10 minutes. The supernatant was aspirated and 

further analyzed by Western blot. 

For Western blotting, protein samples were separated by electrophoresis using a 10% 

SDS-polyacrylamide gel and transferred onto polyvinylidene (PVDF) membranes (Bio-Rad 

Laboratories, Hercules, CA). Membranes were incubated with antibodies for paxillin (Mouse 

monoclonal, Clone 165/Paxillin) and phospho-paxillin (pY31, Rabbit polyclonal, Sigma; 

pY118, mouse monoclonal, BD Transduction laboratories) 1 hour in TBST (Tris-buffered 

saline, Tween 20) containing either 5% BSA (Sigma) for antibodies to detect phosphorylated 

proteins or 5% nonfat dry milk for others, followed by 45 minutes incubation with 

horseradish peroxidase-conjugated goat-anti-mouse (Pierce, 1:7000) or goat-anti-rabbit 

(Dako, 1:5000) secondary antibodies. Immunoreactive bands were revealed using an 

enhanced chemiluminescence kit (ECL, Pierce). 

Cell cycle analysis
MSC were seeded in T80 tissue culture flasks at an initial density of 2500 cells/cm2. Upon 

reaching 80-90% confluency, MSC were trypsinized and 100.000 cells were used for cell cycle 

analysis. The remaining MSC were allowed to migrate as described above. After migration, 

migrating and non-migrating MSC were harvested for cell cycle analysis. MSC were fixed in 

70% ethanol on ice and subsequently incubated with Ki67 FITC (Clone MIB-1, Dako) for 30 

mins at 4°C in PBS containing 0.1% Triton-X-100. Thereafter, the MSC were incubated for 

15 mins at 37°C with labeling reagent containing PI (1µg/ml) or Hoechst 33258 (1µg/ml), 

RNase A (Sigma) and 0.1% Triton-X-100. A minimum of 10.000 cells was analysed by flow 

cytometry as described above and further analyzed using Modfit LT 3.0 software (Verity 

Software House, Topsham, ME). Ratios were calculated for each cell cycle phase from the 

percentage of cells in a certain phase in migrating MSC divided by the percentage of cells in 

the same phase in non-migrating MSC.

Statistical analysis
Statistical significance was determined by Man-Whitney U Test, using SPSS 15.0 (SPSS Inc, 

Chicago, IL), except for cell cycle data which were analyzed by One-Sample Kolmogorov-

Smirnov Test. Results were considered to be significant when p≤0.05.
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Results

Characterisation of MSC
MSC obtained from fetal lung (FLMSC), fetal bone marrow (FBMSC), adult bone marrow 

(BMSC) and adipose tissue (ASC) all had a spindle shaped morphology, expressed the 

marker combination CD73, CD90 and CD105, and lacked expression of hematopoietic 

markers CD34 and CD45 (Supplementary Figure 1a). All MSC sources also lacked 

expression of other hematopoietic markers (data not shown) in agreement with the 

definition of the ISCT (5). Osteoblast and adipocyte differentiation was successfully induced 

in all MSC described. Based on morphology, FLMSC and FBMSC seemed to be less efficient 

in adipogenic differentiation (Supplementary Figure 1b). 

MSC derived from various tissues require extracellular matrix 
proteins for migration
In order to determine optimal conditions for in vitro migration experiments, FLMSC, BMSC- 

and ASC were allowed to migrate over 12 µm Transwell membranes coated with fibronectin, 

MSC derived from various tissues require ECM proteins for migration.      Figure 1 

MSC were allowed to migrate for 4 hours towards SDF-1α (600 ng/ml), PDGF-BB (5 ng/ml), HGF (40 ng/ml), and bFGF 
(100 ng/ml). Medium alone and FCS (20% in medium) served as negative and positive controls respectively. Bars 
represent the percentage (mean ± SD) of migrated MSC related to the cell number loaded in the upper compartment. 
*, p≤0.05. Abbreviations: ASC, adipose tissue-derived MSC; BMSC, adult bone marrow-derived MSC; FBMSC: fetal 
bone marrow-derived MSC; FLMSC, fetal lung-derived MSC; FCS, fetal calf serum; bFGF, basic fibroblast growth factor; 
HGF, hepatocyte growth factor; PDGF-BB, platelet derived growth factor-BB; SDF-1α, stromal derived factor-1α. 
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collagen I, or left untreated. Hardly any migration was observed for all MSC sources across 

bare filters, but coating with fibronectin or collagen significantly increased the percentage of 

spontaneous migration and SDF-1α-induced migration (Figure 1). 

These data indicate that MSC originating from three different tissues all require extracellular 

matrix proteins for in vitro migration, which is in agreement with previous observations by 

others (22;32). Coating with fibronectin was used to study the migration dynamics of MSC in 

more detail. 

The expression of integrins, required for binding to extracellular matrix proteins, was 

evaluated. None of the MSC sources expressed CD11a, CD11b or CD18 (data not shown), 

while homogenous expression of CD29 and CD49e (VLA-5) was detected for all MSC (table 

1). Expression of CD49b (VLA-2), CD49d (VLA-4) and CD49f (VLA-6) was also detected in all 

sources. Overall, a higher expression of these integrins was observed in fetal-derived MSC 

(table 1). FBMSC had a significantly higher expression of CD49b and CD49d than BMSC. 

CD49b was significantly higher expressed on FLMSC as compared to BMSC and ASC. FLMSC 

also expressed CD49f to a significantly higher level than FBMSC, BMSC and ASC (table 1).

Migratory capacity of MSC derived from various tissues towards 
different stimuli
To examine whether MSC originating from different tissues display similar migratory 

behaviour as compared to the extensively studied BMSC, the different MSC were allowed 

to migrate towards SDF-1α, PDGF-BB, HGF, bFGF or FCS. As demonstrated in Figure 2, 

FLMSC showed a significant enhanced migratory capacity towards SDF-1α when compared 

with BMSC and ASC, whereas ASC showed an increased migratory capacity towards FCS 

Table 1                       Integrin expression on MSC

ASC (n=4) BMSC (n=6) FBMSC (n=3) FLMSC (n=4)

CD49b 22.1±18.8 15.8±6.3 54.9±17.8a 94.8±2.6b

CD49d 22.9±24.4 4.3±2.0 29.8±2.9a 21.6±15.8

CD49e 99.8±0.1 99.9±0.1 100±0 99.7±0.2

CD49f 8.4±11.5 14.6±14.9 15.8±5.2 40.8±5.2c

The data represent the percentage (mean ± SD) of positive cells for the indicated integrin, determined by flow 
cytometry. 
a significant differences were observed between FBMSC and BMSC, p≤0.05
b significant difference was observed between FLMSC, and ASC, BMSC, p≤0.05
c significant differences were observed between FLMSC and ASC, BMSC and FBMSC, p≤0.05
Abbreviations: ASC, adipose tissue-derived MSC; BMSC, adult bone marrow-derived MSC; FBMSC, fetal bone marrow-
derived MSC; FLMSC, fetal lung-derived MSC
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compared with FLMSC and BMSC. These data show that MSC originating from all tissues are 

able to migrate, although the percentage of migrating cells and the optimal stimulus differs 

among MSC sources. Overall, FLMSC showed the highest response to the given stimuli 

(Figure 2). To determine whether this enhanced migratory capacity was due to its fetal 

origin, the migratory capacity of adult and fetal bone marrow-derived MSC was compared. 

No significant differences in migratory potential were observed between adult and fetal 

BMSC towards any of the stimuli, whereas FLMSC had a significantly increased migratory 

potential when compared with FBMSC in four out of five stimuli evaluated (Figure 2): SDF-

1α, PDGF-BB, HGF and bFGF. These observations suggest that the migratory potential of 

various MSC is determined by the tissue of origin rather than the maturity of the tissue they 

have been derived from. The differences in migratory potential of MSC from various tissues 

could not be explained by chemokine- or growth factor receptor expression. Although slight 

differences were observed in surface expression of CXCR4, CXCR7, PDGFRα and PDGFRβ, 

high intracellular expression of these receptors was detected in all MSC (Supplementary 

table I). 

Migratory capacity of MSC derived from various tissues towards different stimuli.                                Figure 2

MSC were allowed to migrate for 4 hours towards SDF-1α (600 ng/ml), PDGF-BB (5 ng/ml), HGF (40 ng/ml), and bFGF 
(100 ng/ml). Medium alone and FCS (20% in medium) served as negative and positive controls respectively. Bars 
represent the percentage (mean ± SD) of migrated MSC related to the cell number loaded in the upper compartment. 
*, p≤0.05. Abbreviations: ASC, adipose tissue-derived MSC; BMSC, adult bone marrow-derived MSC; FBMSC: fetal 
bone marrow-derived MSC; FLMSC, fetal lung-derived MSC; FCS, fetal calf serum; bFGF, basic fibroblast growth factor; 
HGF, hepatocyte growth factor; PDGF-BB, platelet derived growth factor-BB; SDF-1α, stromal derived factor-1α. 
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No additive effect in migration of FLMSC towards SDF-1α, PDGF-BB 
and FCS 
As it was observed that only a small percentage of the cultured MSC were able to migrate 

towards the various stimuli, a checkerboard migration experiment was set up to elucidate 

whether an additive effect could be observed in migration of MSC towards a combination of 

stimuli. The experiments were performed using FLMSC because they possessed the highest 

migratory capacity. Optimal concentrations of stimuli were used. As depicted in Figure 

3, no additive effect was observed between SDF-1α, PDGF-BB and FCS in migration of 

FLMSC, when both stimuli were put together in the lower compartment of the Transwell. 

Interestingly, the presence of SDF-1α in the upper compartment partly inhibited migration 

towards PDGF-BB in the lower compartment and PDGF-BB in the upper compartment partly 

blocked migration towards SDF-1α  in the lower compartment (not significant).  Together, 

these data suggest that one subset of MSC is able to migrate towards various stimuli. 

Figure 3    No additive effect in migration of FLMSC towards SDF-1α and PDGF-BB

FLMSC were allowed to migrate in a checkerboard assay for 4 hours towards SDF-1α, PDGF-BB and FCS or a 
combination of stimuli. Medium alone or stimuli in the upper compartment only served as negative controls, FCS as 
positive control. Bars represent the percentage (mean ± SD) of migrated MSC related to the cell number loaded in the 
upper compartment. No synergistic effect was observed in the percentage of migrating FLMSC between SDF-1α, PDGF-
BB and FCS. 
Abbreviations: FCS, fetal calf serum; PDGF-BB, platelet derived growth factor-BB; SDF-1α, stromal derived factor-1α.
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Actin rearrangement and enhanced paxillin phosphorylation in 
stimulated MSC 
As only a small percentage of expanded MSC was able to migrate, it was evaluated whether 

only these cells were able to rearrange the actin cytoskeleton and focal adhesions in 

response to migratory cues, which is required to enable cell migration (33;34). Strikingly, 

morphological changes and altered F-actin distribution were observed in the majority (80%) 

of the BMSC after stimulation with PDGF-BB and SDF-1α  (Figure 4a). MSC formed top 

ruffles after 5 minutes (Figure 4a). After 30 minutes, lateral membrane ruffles were observed 

(Figure 4a). Paxillin is a focal adhesion-associated adapter protein, and its phosphorylation 

at tyrosine residues Y31 and Y118 is associated with focal adhesion turn over and migration 

(35;36). After stimulation with FCS and SDF-1α for 60 minutes, increased levels of 

phosphorylated paxillin were observed at the periphery of the cells (Figure 4b). In addition, 

the effects of FCS and SDF-1α on the phosphorylation levels of paxillin on the total cell 

population were studied using Western blot. These data show that FCS and to a lesser extent 

SDF-1α increased paxillin phosphorylation (Figure 4c). Also PDGF-BB increased paxillin 

phosphorylation. Similar results were obtained for FLMSC and ASC and were confirmed 

by pY118 staining (data not shown). These data indicate that, as in other cells, paxillin 

phosphorylation is enhanced upon stimulation with various migratory cues in MSC. 

Migratory MSC maintain differentiation and migratory capacity
In order to study the characteristics of the migratory MSC in more detail, MSC were 

trypsinized from the Transwell membranes after migration and put in culture as described. 

Migratory and non-migratory MSC were observed to maintain their proliferation capacity 

and when seeded in osteogenic or adipogenic supporting medium two weeks after 

migration, migrating and non-migrating MSC originating from all sources were still able to 

differentiate (Figure 5a). As a control, MSC from the same passage that were not used for 

migration experiments were differentiated simultaneously. No variations in differentiation 

potential could be observed between migrating, non-migrating and the cultured MSC subset 

in any of the sources. 

To evaluate whether the migratory MSC also maintained their migratory capacity, the 

migrating- and non-migrating MSC obtained from the first migration run were cultured for 

two weeks before being allowed to migrate again towards a gradient of SDF-1α for 4 hours. 

FLMSC that had migrated towards SDF-1α in the first experiment had a significant increased 

migratory potential (p≤0.009) in the second experiment compared to FLMSC that did not 

migrate in the first run (Figure 5b). This indicates that the heterogeneous population of 

expanded MSC contains a subset of cells with a higher intrinsic migratory capacity. 

To define these MSC, which would enable enriching for migratory MSC, surface expression 

of the following markers was evaluated: CD44, CD49b, CD49d, CD49f, CD54, CD73, CD106, 
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(A) PDGF-BB and SDF-1α induced morphological changes in the actin cytoskeleton of BMSC. The upper panel 
depicts cell morphology after 5 minutes stimulation with control serum free medium (left), PDGF-BB (middle) or 
SDF-1α (right). PDGF-BB and SDF-1α stimulation induced top ruffle formation (arrowheads). The lower panel depicts 
cell morphology after 30 minutes stimulation with control medium (left), PDGF-BB (middle) or SDF-1α (right), 
showing lateral membrane ruffles (arrowheads). Green: F-Actin, blue: Nuclei. Of the three independent experiments 
performed, one representative experiment is shown. (B) Changes in paxillin and phosphorylated paxillin distribution 
upon stimulation of BMSC with serum free medium (top panel), SDF-1α (middle) or 20% FCS (lower panel) for 60 
minutes. After stimulation with FCS or SDF-1α, increased phosphorylated paxillin was observed at the cell membrane 
(arrowheads). Green: paxillin, red: phosphorylated paxillin. Of the two independent experiments performed, one 
representative experiment is shown.

Figure 4a,4b  Actin rearrangement and paxillin phosphorylation in MSC. 
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CD146, CD166, CD271, CXCR4, CXCR7 and PDGFRα and PDGFRβ. None of these markers 

was exclusively, neither differentially expressed on migratory MSC (data not shown). 

The migratory MSC fraction contains less cells in S- and G2/M-phase
Cell cycle has been identified to influence homing and repopulation of HSC (37) and S- and 

G2/M-phase were found to negatively influence these processes. Thus it was evaluated 

whether the distribution of the phases of the cell cycle in migratory FBMSC was different 

from the distribution in non-migrating FBMSC. Immediately after migration, cell cycle 

analysis was performed for both fractions (Figure 6a). Ratios of migrating versus non-

migrating MSC were calculated for each cell cycle phase (Figure 6b). It was observed that 

migrating MSC contained significantly less cells in S- (0.81±0.13, p<0.028) and G2/M-

phase (0.75±0.13, p<0.031; Figure 6b). Expression of the Ki67 antigen, which enables 

discrimination between G0- and G1-phase, revealed a trend of more cells in G1-phase in 

migratory MSC (1.34±0.50) as compared to non-migratory MSC, however this did not 

reach significance (data not shown). These data show that cell cycle is also involved MSC 

migration and that as in HSC, S- and G2/M-phase negatively influences migration. 

Western blot analysis of paxillin phosphorylation                        Figure 4c

(C) . The upper panels depict phospho-paxillin levels after stimulation: control (left panel, left lane), pervanadate 
(positive control, left panel right lane); control- (right panel, left lane), FCS- (right panel, middle lane) or SDF-1α 
treatment (right panel, right lane) for 60 minutes. Enhanced paxillin phosphorylation was observed after stimulation 
with FCS and SDF-1α for 60 minutes. The middle and lower panels show total paxillin levels and an actin loading 
control for the indicated treatments respectively. Note that the loading control for total paxillin after FCS stimulation is 
diffuse, due to high phosphorylation levels. 
Abbreviations: FCS, fetal calf serum; PDGF-BB, platelet derived growth factor-BB; SDF-1α, stromal derived factor-1α; 
CTRL, control medium; PV, pervanadate.



42 Characterization of human mesenchymal stromal cell heterogeneity   

Figure 5  Functional analysis of the migratory subpopulation.

 (A) After SDF-1α-induced migration, the migratory and non-migratory subpopulations were collected and 
subsequently cultured for two weeks, prior to being allowed to migrate towards SDF-1α again. Bars represent the 
percentage (mean ± SD) of migrated MSC related to the cell number loaded in the upper compartment. *, p≤0.05. 
(B) After migration, MSC maintained differentiation potential towards adipocytes detected by oil-red-O staining, and 
osteoblasts, detected by alizarine red and alkaline phosphatase stainings, in vitro. No differences in differentiation 
potential were observed between the migratory- the non-migratory- and the cultured control population. 
Representative experiment shown. 
Abbreviations: ASC, adipose tissue-derived MSC; FLMSC, fetal lung-derived MSC; SDF-1α, stromal derived factor-1α.
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Cell cycle analysis of migrating and non-migrating MSC Table             Figure 6

After SDF-1α-induced migration, migrating and non-migrating FBMSC were collected and fixed immediately for cell 
cycle analysis. (A) Histograms represent the mean fluorescence of the migrating MSC (left panel) and non-migrating 
MSC (right panel). Percentages per cell cycle phase were analysed using Modfit. One representative experiment shown.
(B) Ratios (± SD) of migrating versus non-migrating MSC were calculated for each cell cycle phase from four 
independent experiments. Migrating MSC contain significantly less cells in S- and G2/M-phase as compared to non-
migrating MSC. * p≤0.05.
Abbreviations: Dip: diploid; FBMSC, fetal bone marrow-derived MSC; PI: propidium iodide.
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Discussion

Due to their multilineage differentiation potential, MSC are considered promising cells for 

tissue engineering and cellular therapies. For successful treatment, MSC have to migrate 

towards the site of injury, from which migratory cues such as growth factors and chemokines 

are released. Factors involved in migration of adult BMSC have been studied before (23-

29). However, MSC can be derived from various fetal (2-4) and adult tissues (1). It is known 

from previous studies, that HSC derived from various origins possess different migratory 

capacities (20;38;39). Therefore, we have compared the in vitro migratory capacity of the well 

studied adult BMSC to those of MSC derived from fetal lung, fetal bone marrow and adult 

adipose tissue, all kept under identical conditions. 

Similar to BMSC, in all other MSC source evaluated, only a small percentage of the MSC 

population was able to migrate towards the stimuli provided, although the percentage of 

migrating cells and the optimal stimulus differed between MSC sources. FLMSC had the 

highest migratory potential towards all specific stimuli as compared to the other sources 

tested. This is most probably not due to the fact that they are derived from fetal tissue, 

because FBMSC had a similar migratory capacity when compared with BMSC. These data 

suggest that migratory capacity of culture expanded MSC varies with the tissue of origin 

rather than the maturity of this tissue. The observation that MSC of various origin display 

differential responsiveness to growth factors and chemokines in vitro, also suggests that 

these MSC are possibly attracted by different chemokines and/or growth factor combinations 

released upon injury in vivo and this may be due to conservation of niche-induced 

characteristics. Similar suggestions have been made by others on differences between 

MSC sources in terms of colony frequency, differentiation and gene expression (1;40-42). 

As all MSC expressed the chemokine or growth factor receptors involved at similar levels, 

both at the cell membrane and intracellular, this could not explain differences in migratory 

potential. The large intracellular receptor pools indicate that MSC derived from all sources 

should be able to rapidly alter surface expression in response to stimuli, however the process 

of receptor cycling/trafficking may differ between MSC. 

In vitro and in vivo experiments have demonstrated that only subpopulation(s) of culture 

expanded MSC are capable of specific homing (10;23). It was not clear whether one or 

multiple migratory subpopulations exist. Our experiments suggest that there is one 

migratory subpopulation because no additional effect was observed when PDGF-BB and 

SDF-1α  were both present in the lower compartment of the Transwell compartment. It 

is possible that suboptimal concentrations of the stimuli would in act in concert, while 

maximal levels would not do so. 

As only few MSC were able to migrate, it was evaluated whether actin polymerization 

and focal adhesion formation over in response to migratory cues, required to enable cell 

migration (33;34) was restricted these cells. In contrast, the majority of the MSC show actin 
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membrane ruffles in response to SDF-1α or PDGF-BB. Similar observations were made 

whilst studying the focal adhesion protein paxillin, which has a role in the turnover of focal 

adhesions formed during migration (43;44). Paxillin has multiple phosphorylation sites 

that regulate its function (43;45). Enhanced phosphorylation at residues Y31 and Y118 is 

related to increased focal adhesion turn over and migration (35;46). To our knowledge, this 

study showed for the first time that stimulation of MSC with migratory cues such as SDF-1α 

and PDGF-BB increases paxillin Y31 phosphorylation and induces its redistribution to the 

cell periphery, indicating that also in MSC, phosphorylation at this residue is related to 

focal adhesion turn over and migration. FCS increased pY31 paxillin to a higher extent than 

SDF-1α, possibly due to the multiple growth factors and chemokines, including SDF-1α, 

present in FCS. Therefore, phosphorylation could be induced by several pathways, while 

SDF-1α only signals through its receptor CXCR4 (47;48). Paxillin has been related to MSC 

differentiation (49;50) and redistribution of total paxillin was observed upon stimulation 

with the chemoattractant sphingosine-1-phosphate (51), but a role for phospho-paxillin was 

not described previously. Phosphorylation at pY31 and actin polymerization were detected 

in the majority of the MSC, while migration only occurred in a small percentage of MSC, 

indicating that functionality of the machinery involved in the initial response to migratory 

cues is not restricted to the migratory MSC subset. Future studies will reveal whether 

differential phosphorylation of other paxillin residues in migratory and non-migratory MSC 

causes different paxillin mediated signaling in these cells (43;45). 

Studies on the characteristics of the migratory MSC in vitro revealed that they maintained 

proliferation and differentiation capacity after migration. Moreover, in secondary migration 

experiments, the migratory subpopulation maintained its migratory capacity and this was 

significantly higher compared to MSC that did not migrate in the first run. The migration 

percentages in the second migration run were lower than in the first migration run, 

which has been described for HSC as well (21). It remains to be established whether the 

migratory subset also has an enhanced migratory capacity in vivo and whether these cells 

contribute to a better recovery after injury. To be able to enrich for the migratory MSC from 

the heterogeneous MSC population, markers that distinguish migratory MSC from the 

non-migratory MSC are required, but none of the markers evaluated in the current study 

were exclusively or differentially expressed on migratory MSC. These results, together with 

observations that many MSC are able to respond to migratory cues, lead to the hypothesis 

that migratory MSC are not a specific subpopulation that can be identified by surface marker 

expression, but are in a different intracellular state, which enables these cells to translate the 

initial response to migratory cues into migratory behaviour. 

A better understanding of the (molecular) mechanisms involved in MSC migration will 

enable modulation of MSC to enhance their homing efficiency (52). Cell cycle has been 

linked to migration and homing in HSC (37;53). HSC in S- and G2/M phase loose homing 

and engraftment capacity (37), and SDF-1/CXCR4 is involved in regulating HSC quiescence 

and cycling (54). Interestingly, mobilized HSC were predominantly in G0/G1-phase of the 
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cell cycle (55). Here we showed that the cell cycle also contributes to MSC migratory 

potential. There is a trend of more cells in G1-phase and significantly less cells S- and G2/M-

phase in migrating MSC as compared to their non-migrating counterparts. Experiments on 

modulating the cell cycle in MSC should therefore be considered to enhance in vitro and in 

vivo migration of MSC. Indeed, when we increased the proportion of FBMSC in G1-phase 

(34.8±9.4%) by harvesting cells at 50-70% confluency (n=3), as compared to 4.9±1.9% in 

G1-phase in cells harvested at 80-90% confluency (n=5), both spontaneous and SDF-1α 

induced migration was significantly higher (spontaneous 13.6±1.1% vs 7.2±0.5%, p<0.025, 

SDF-induced 20.3±1.2% vs 12.0±0.7%, p<0.025). 

In conclusion, our results suggest that ex-vivo expanded MSC derived from various adult and 

fetal tissues have different migratory capacity towards growth factor and chemokine stimuli, 

which is likely to be related to the tissue of origin rather than the developmental stage of 

this tissue. Migratory MSC not only maintain differentiation and migration capacity, but 

also contain fewer cells in S- and G2/M phase, which shows a relation between cell cycle and 

MSC migration. Identification and modification of processes that favour MSC migration will 

make a significant contribution to increasing efficacy of future cellular therapies. 
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Supplementary data
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Supplementary Figure 1A Characterization of MSC

(A) Flow cytometric analysis of MSC derived from various tissues. All MSC were positive for CD73, CD90 and CD105 
but lacked expression of CD34 or CD45. The isotype is depicted in red, markers depicted in green. Representative 
experiment shown. 

Abbreviations: ASC, adipose tissue-derived MSC; BMSC, adult bone marrow-derived MSC; FBMSC, fetal bone marrow-
derived MSC; FLMSC, fetal lung- derived MSC
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 Characterization of MSC               Supplementary Figure 1B

(B) MSC derived from various tissues were able to differentiate into adipocytes, detected by oil-red-O staining, and 
osteoblasts, as indicated by alizarine red and alkaline phosphatase stainings, in vitro.

 Abbreviations: ASC, adipose tissue-derived MSC; BMSC, adult bone marrow-derived MSC; FBMSC, fetal bone marrow-
derived MSC; FLMSC, fetal lung- derived MSC
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Supplementary Table 1  Chemokine- and growth factor receptor expression on MSC

ASC (n=3) BMSC (n=3) FBMSC (n=4) FLMSC (n=3)

CXCR4 surface 753±251 1141±1020 1986±429 488±311

CXCR4intracellular 12728±4105 11647±9212 25901±8899 27606±17705

CXCR7 surface 504±186 1647±1999 921±187 983±894

CXCR7 intracellular 804±315 1650±1742 941±294 1724±25

PDGFRα surface* 1004±64 5733±5330 3071±2230 5201±3211

PDGFRβ surface 16±72 510±646 278±331 1253±510

PDGFRβ intracellular 9826±2770 13249±13507 8843±1785 19075±7699

Data expressed as MFI (mean ± SD, corrected for the isotype control) of the total population of MSC for the indicated 
receptor
*100% surface expression
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Abstract

Detailed understanding of mesenchymal stromal cells (MSC) migration is imperative for 

future cellular therapies. To identify genes involved in the process of MSC migration, we 

generated gene expression profiles of migrating and non-migrating Fetal Bone Marrow 

MSC (FBMSC). Only twelve genes showed differential expression in migrating versus non-

migrating FBMSC. The nuclear receptors Nur77 and Nurr1 showed the highest expression in 

migratory MSC. Nur77 and Nurr1 are members of NR4A nuclear orphan receptor family, and 

we found that their expression is rapidly increased upon exposure of FBMSC to the migratory 

stimuli stromal-derived factor-1α (SDF-1α) and platelet-derived growth factor-BB. Lentiviral 

expression of Nur77 or Nurr1 resulted in enhanced migration of FBMSC towards SDF-1α 
compared to mock transduced FBMSC. Analysis of the cell cycle, known to be involved 

in MSC migration, revealed that expression of Nur77 and Nurr1 decreases the proportion 

of cells in S-phase compared to control cells. Furthermore, gain of function experiments 

showed increased hepatocyte growth factor expression and IL-6 and IL-8 production in 

MSC. Despite the altered cytokine profile, FBMSC expressing Nur77 or Nurr1 maintained 

the capacity to inhibit T-cell proliferation in a mixed lymphocyte reaction. Our results 

demonstrate that Nur77 and Nurr1 promote FBMSC migration. Modulation of Nur77 and 

Nurr1 activity may therefore offer perspectives to enhance the migratory potential of FBMSC 

which may specifically regulate the local immune response.
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Introduction

Mesenchymal stromal cells (MSC) are a key component of new cellular therapies, due to 

their multilineage differentiation potential and immunosuppressive capacities (1). MSC can 

be derived from various adult and fetal tissues (2-4). Since no specific markers are available 

to exclusively isolate MSC from tissues, MSC are currently defined as plastic adherent cells 

that are capable of in vitro differentiation towards osteoblasts, chondrocytes and adipocytes 

(5). In addition, they express CD105, CD73, CD90 but do not express hematopoietic markers 

(5).

MSC have been successfully used in clinical trials to treat osteogenesis imperfecta (6) 

and graft-versus-host disease (7) and many other clinical applications are currently 

explored. For current clinical trials, tissue culture-based expansion of MSC is required to 

obtain a sufficient number of cells to allow successful transplantation. This cell culture 

step decreases the homing capacity of MSC (8). Correspondingly, in animal studies the 

majority of the culture-expanded MSC do not engraft and disappear within a few days after 

intravenous transplantation (9;10). Therefore, it is suggested that the benefits of MSC 

transplantation are not only caused by locally engrafted cells but also by systemic effects of 

secreted factors. 

It is often assumed that common mechanisms of cell migration also apply to MSC 

migration. Previous studies have identified chemotactic stimuli for MSC, such as stromal 

derived factor-1α (SDF-1α) (11;12), platelet-derived growth factor (PDGF) (13), hepatocyte 

growth factor (HGF) (14) and basic fibroblast growth factor (bFGF) (15). These stimuli 

induce migration of MSC derived from various adult and fetal tissues (16-18). In addition, 

MSC have the capacity to migrate across endothelial monolayers (19), an important feature 

since MSC are administered intravenously in most clinical trials. However, we and others 

observed that only a small fraction of MSC shows efficient migration (9;16;20). Thus, it is 

important to elucidate why only a small proportion of all culture-expanded MSC is able to 

migrate and whether these migratory cells can be discriminated from non-migratory MSC 

in terms of function and phenotypic markers. In search for differences between migratory 

and non- migratory MSC, we reported that the molecular machinery involved in migration 

was functional in both groups. In addition, migratory and non-migratory cells could not be 

distinguished by cell surface markers such as integrins, adhesion molecules or chemokine 

and growth factor receptors (16). Interestingly, we found that the cell cycle correlated with 

MSC migration. Similar to human hematopoietic stem cells (HSC), MSC in S- and G2/M-

phase showed reduced migration compared to MSC in G1-phase (16;21). 

In the current study, we report on a search for novel factors that regulate MSC migration. 

We performed a micro-array-based gene expression analysis of migratory and non-

migratory FBMSC and identified two genes involved in FBMSC biology, which are 

significantly increased in migratory FBMSC compared to non-migratory cells; Nur77 and 
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Nurr1. Overexpression of these nuclear receptors increased migration towards SDF-1α 
and enhanced cytokine production, while the immunosuppressive capacities of MSC were 

maintained. 
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Materials and Methods

Isolation and culture of MSC
Fetal bone derived from four individual donors was obtained after informed consent from 

legally terminated second trimester pregnancies. The protocol for collecting fetal tissues 

for research purposes was approved by the medical ethical review board of the AMC (MEC: 
03/038). To obtain fetal bone marrow MSC (FBMSC), fetal bones were flushed with IMDM 

(Lonza, Verviers, Belgium) containing 10% FCS (Bodinco, Alkmaar, The Netherlands), 50U/

mL penicillin and 50µg/mL streptomycin (Gibco, Paisley, UK). The remaining erythrocytes 

were lysed using NH
4
Cl for 10 minutes on ice. Subsequently, cells were rinsed in PBS. 1.6 

x 106 cells were seeded per well in 6 well dishes in M199 (Gibco) supplemented with 10% 

FCS, penicillin (50 IU/mL), streptomycin (50 µg/mL), 20 µg/mL ECGF (Roche Diagnostics, 

Indianapolis, IN) and 8 IU/mL heparin (Leo Pharma, Breda, The Netherlands), hereafter 

referred to as M199c. The obtained cells were considered to be FBMSC. Upon reaching 80% 

confluency after initial plating, FBMSC were replated and further cultured in T80 tissue 

culture flasks at an initial density of 2500 cells/cm2. For all experiments, 80% confluent 

passage 3-5 FBMSC were used.

Flow cytometry
MSC were characterized for surface expression by flow cytometry. Cells were rinsed, 

trypsinized, washed and resuspended in PBS containing 0.2% BSA prior to incubation (20 

minutes at RT) with the following monoclonal antibodies. Antibodies purchased from BD, 

San Jose CA: CD73 (clone AD2), CD90 (clone 5E10), CD45 (clone HI30). Antibodies from 

other companies: CD105 (clone SN6, Ancell, Bayport MN), CD34 (clone 581, IQ-products, 

Groningen, The Netherlands). As a negative control, cells were labeled with IgG1 isotype 

controls (monoclonal antibodies; Sanquin, BD). A minimum of 10.000 events was recorded, 

using a FACS LSR II flow cytometer (BD). 

Differentiation experiments
To study the multilineage differentiation capacity, MSC were cultured under conditions that 

promote differentiation towards osteoblasts or adipocytes as previously described (22). MSC 

were plated in a 24 well dish at a plating density of 2.5 x 104 cells/cm2 in α-MEM (Gibco). 

For osteogenic induction, α-MEM was supplemented with 10% FCS and penicillin (50 

IU/ml), streptomycin (50 µg/ml) to which ascorbic acid (50 μg/mL, Sigma, St Louis, MI) and 

dexamethasone (10-7 M, Sigma) were added. From day 7 onwards, β-glycero-phosphate (5 

mM, Sigma) was added. Cultures were incubated in a humidified atmosphere of 5% CO
2
 at 

37˚C. Medium was replaced every 4th and 7th day of the week. For induction of adipogenesis, 

indomethacine (50 μM, MP Biomedicals, Solon, OH), IBMX (0.5 mM, Sigma) and insulin 

(1.6 µM, Sigma) were used. 
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At day 21, the cells induced towards osteogenic differentiation were stained for alkaline 

phosphatase and calcium deposition. Cells were incubated with a substrate solution (0.2 

mg/ml α-naphthyl-1-phosphate (Sigma), 3 mg/mL sodium borate, 0.3 mg/ml magnesium 

sulphate and 0.8 mg/mL fast blue RR acid (Sigma) for 15 minutes, resulting in the formation 

of an insoluble purple reaction product. To detect calcium deposition, cells were fixed 

with 3.7% formaldehyde (Merck, Darmstadt, Germany) for 10 minutes, and stained 

with 2% Alizarin Red S (ICN Biomedicals, Aurora, OH) and 0.1 NH
4
OH [pH 5.4] for 1 

minute. Mineralization was indicated by the presence of red depositions. To demonstrate 

the presence of adipocytes, expanded cells were fixed as described above. Cytoplasmic 

inclusions of neutral lipids were stained with Oil-Red-O (3 mg Oil-Red-O/ml 60% 

isopropanol, Sigma) for 10 minutes.

In vitro migration experiments
Migration experiments for collecting migratory and non-migratory MSC towards SDF-1α 

(600 ng/ml, Peprotech, Rocky Hill, NJ) were performed using 12 µm pore size Transwell 

plates (Corning Costar, Cambridge, MA). Optimal SDF-1α concentration for migration was 

determined previously (16). The apical compartment was coated overnight with fibronectin 

(20 µg/mL, Sigma) in PBS. 100.000 cells were seeded into the apical compartment in 500 

µL IMDM supplemented with 0.25% BSA (Sigma), and the stimulus was added to the 

basolateral compartment in 1.5 mL IMDM with 0.25% BSA. Cells were allowed to migrate for 

four hours. 

For collection of migratory cells for RNA extraction and subsequent micro array analysis, 

21 Transwell inserts were used. To obtain a pure migratory fraction, non-migratory MSC 

were removed from the apical side of the membrane using a cotton swap. After removing 

the non-migratory MSC, the inserts were carefully rinsed in PBS twice before trypsinizing 

the migratory MSC from the membrane. The cells were collected in en eppendorf tube and 

lysed in RLT buffer (Qiagen, Venlo, The Netherlands) supplemented with β-mercaptoethanol 

according to the manufacturers instructions. Non-migratory MSC were collected from three 

Transwell inserts. To collect a pure non-migratory FBMSC fraction, migratory MSC on the 

basolateral compartment of the Transwell membrane were reoved with a cotton swap. The 

filters were rinsed in PBS and non-migratory cells were collected by Trypsin detachment, 

collected and lysed as described. 

To evaluate the percentage of migratory cells, 4 inserts (2 negative controls and 2 SDF-1α 
stimulated wells) were fixed in 3.7% formaldehyde and further stained with Hoechst 33258 

(1:500 dilution, Invitrogen, Breda, The Netherlands). The Transwell filter membranes were 

mounted onto glass slides using Mowiol (Sigma). The total number of migrating cells per 

view field was qualified by counting nuclei using fluorescence microscopy. 23 view fields 

per filter were counted. Unless stated otherwise, data were expressed as the percentage of 

migrating cells related to the total number of cells loaded into the upper compartment.
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RNA extraction and micro array analysis
RNA was extracted using a RNeasy mini kit (Qiagen) according to the manufacturers 

instructions and RNA integrity was analyzed on a Agilent 2100 bioanalyzer (Agilent 

Technologies, Inc, Waldbronn, Germany) using the Agilent RNA 6000 Non Assay protocol. 

300ng RNA was hybridized to an Affymetrix Human Exon 1.0 ST array (Affymetrix Inc, Santa 

Clara, CA). Hybridized assays were scanned with a GeneChip scanner 3000 7G (Affymetrix). 

Affymetrix CEL-files were imported into Partek® (Partek® Genomic Suite software, version 

6.4 Copyright © 2008 Partek Inc., St. Louis, MO, USA) where only core probe sets were 

extracted and normalized using the RMA algorithm with GC background correction. Core 

transcript summaries were calculated using the mean intensities of the corresponding 

probe sets, representing the quantitative expression levels of all genes. The correspondence 

of the replicate samples was confirmed using Principle Component Analysis (PCA) and 

Pearson correlation analysis. We performed an analysis of variance (ANOVA) on the log2 

probe intensities, representing the gene expression intensities, of 6 samples (migratory and 

non-migratory FBMSC derived from three independent donors) and did a post-hoc analysis 

to compare migratory and non-migratory samples. Data are deposited in Gene Expression 

Omnibus under the accession number GSE24892 (http://www.ncbi.nlm.nih.gov/projects/

geo/query/acc.cgi?acc=GSE24892)

 cDNA synthesis and RQ-PCR
A maximum of 1 µg total RNA was used for cDNA synthesis using random hexamers (25 

µmol/L, Gibco-BRL life technologies, Breda, The Netherlands). RQ-PCRs were performed 

on a StepOne Plus (Applied Biosystems, Nieuwerkerk a/d IJssel, The Netherlands) using 

Sybrgreen dye for detection (Sybrgreen mastermix, Applied Biosystems). Primer sequences 

are listed in Supplementary table 1. ABL was used for normalization [normalized threshold 

cycle (∆Ct) = Ct
gene

-Ct
ABL

. Fold changes were normalized to the control sample in each 

experiment: 2-(∆Ct sample-∆Ct value control).

Production of lentiviral particles
Lentiviral vectors for knock down and overexpression of Nur77 and Nurr1 have been 

described previously (23). Briefly, 293T cells were cultured in DMEM (25 mM HEPES, Gibco) 

containing 10% FCS, penicillin (50 IU/mL), streptomycin (50 µg/mL), L-Glutamine (2 mM, 

Gibco) and transfected with pMDL-pRRE, pVSV-G and pRSV-REV and Nur77 or Nurr1 using 

the Calcium Phosphate method. Viral particles containing supernatant was harvested at 

day one and two after transfection. After ultracentrifugation, viral titers were determined 

as described by Sastry et al (24). Briefly, serial dilutions of concentrated virus were used for 

transduction of 293T cells. 24 hours after transduction, total genomic DNA was isolated 

using a DNeasy Blood and Tissue Kit (Qiagen) according to the manufacturer’s instructions. 

The number of inserted vector copies was determined by RQ-PCR, using the vector DNA 
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for the standard curve. FW primer 5’ CTGCAGCAGCAGAACAATTTG 3’, RV primer 

5’CCCCAGACTGTGAGTTGCAA 3’.

Transduction of MSC
100.000 MSC per well were plated in a fibronectin coated 6-well plate and allowed to adhere 

for 24 hours. For transduction, medium was replaced by IMDM+0.25% BSA containing viral 

particles (MOI 100 and 600 for overexpression and knock-down respectively). After over 

night exposure to the virus, the medium was replaced with M199c and the cells were cultured 

for another 24hrs. Transduction efficiency was evaluated by RQ-PCR.

Cell cycle analysis
Three days after transduction, MSC were plated at 10.000 cells/cm2 and harvested for 

cell cycle analysis after 24 hours. Cells were trypsinized and fixed in 4% PFA at RT or in 

70% EtOH on ice and subsequently permeabilized in 0.1 % Triton-X-100. MSC were then 

incubated with Ki67 (Clone MIB-1, Dako, Glostrup, Denmark) for 30 mins at 4°C in PBS 

containing 0.1% Triton-X-100. Finally, both overexpression and knock-down MSC were 

incubated for 15 mins at 37°C with labeling reagent containing Hoechst 33258 (1 µg/mL), 

RNase A (Sigma) and 0.1 % Triton-X-100. A minimum of 10.000 cells was analysed by flow 

cytometry as described above and further analyzed using Modfit LT 3.0 software (Verity 

Software House, Topsham, ME). Ratios were calculated for each cell cycle phase from the 

percentage of cells in a certain phase in migrating MSC divided by the percentage of cells in 

the same phase in non-migrating MSC.

Cytokine treatment of MSC and quantification of cytokines in culture 
supernatant
Three days after transduction, MSC were plated at a density of 15.000 cells/cm2 in 24-well 

plates (Nunc) in M199c. After 24hrs, medium was refreshed and cells were stimulated 

with TNFα (1000 U/mL, Peprotech) or IFNγ (1000 U/mL, Peprotech) or left untreated. 

Conditioned medium and RNA samples were collected 6 and 24 hrs after stimulation. 

Expression levels of TGFβ1, HGF and IDO were determined by RQ-PCR as described above. 

Protein levels of IL-6, IL-8 and IL-10 were measured by ELISA using the PeliKine compact 

ELISA (Sanquin Reagents, Amsterdam, The Netherlands) 

Immunofluorescent microscopy
Three days after transduction, 10.000 transduced or control MSC were seeded on fibronectin-

coated coverslips and were allowed to adhere for 24 hrs. The cells were fixed for 10 minutes 

on ice, then permeabilized using 0.2% Triton-X-100 (Sigma) and stained with anti-Nur77 

(M210, Rabbit polyclonal, Santa Cruz Biotechnologies, Santa Cruz, CA) or anti-Nurr1 (N20, 
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Rabbit polyclonal, Santa Cruz), followed by secondary goat-anti-rabbit Alexa 568 (20 μg/ml), 

Alexa 488 phalloidin and Dapi (All: Invitrogen Molecular Probes, Leiden, The Netherlands). 

Coverslips were then mounted using Mowiol (Sigma). Immunofluorescent staining was 

detected using a LSM 510 META confocal microscope (Zeiss, Jena, Germany) using a 40x oil-

objective. Images were captured by ZEN 2007 confocal software (Zeiss).

Co-cultures MSC and PBMC
Immunosuppressive capacity of MSC was tested in a co-culture of MSC and peripheral 

blood mononuclear cells (PBMC). MSC from three individual donors were plated in graded 

doses in a 96-well flat-bottom plate in DMEM-Glutamax-I (Invitrogen) containing 50 U/mL 

penicillin, 50 U/mL streptomycin (Lonza, Verviers, Belgium) and 10% FBS (Greiner bio-one). 

Cells were allowed to adhere overnight. PBMC (1.0 x 105/well) from one donor were added 

to the MSC and stimulated with human T-activator CD3/CD28 dynabeads (Invitrogen Dynal 

AS, Oslo, Norway) in a bead:cell ratio 1:5. After 5 days of co-culture, cells were pulsed with 

[3H]thymidine (0.5 uCi/well) and incubated for 16 h at 37°C. The cultures were harvested 

on a glass fiber filter and thymidine incorporation was measured with a liquid scintillation 

counter (Wallac, Turku, Finland). Data were expressed as median counts per minute of 

triplicate co-cultures. 

Statistical analysis
Statistical significance was determined by Man-Whitney U Test, using SPSS 15.0 (SPSS Inc, 

Chicago, IL), except for cell cycle data which were analyzed by One-Sample Kolmogorov-

Smirnov Test. Results were considered significant when p≤0.05.
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Results

Characterisation of FBMSC
The FBMSC isolated from all four donors had a spindle shaped morphology and 

differentiated towards osteoblasts and adipocytes upon induction of differentiation 

(Supplementary figure 1). In addition, these FBMSC expressed CD73, CD90 and CD105, and 

did not express the hematopoietic markers CD34, CD45 (Supplementary table 2), CD11b, 

CD14, CD19 and HLA-DR (data not shown). Thus, based on these currently accepted criteria, 

these cells were designated as MSC. 

Gene expression profiling of migratory MSC
Transwell migration experiments were performed to separate migratory from non-migratory 

FBMSC fractions prior to transcriptome analysis using Affymetrix Human Exon 1.0 ST 

arrays. Whereas 5.4±0.6 % (n=4) of the cells showed spontaneous migration, SDF-1α 

stimulated migration of 11.2±0.2 % (n=4) of the cells (Supplementary figure 2). These 

data are in agreement with our previous results (16).RNA was isolated from FBMSC that 

did or did not show a chemotactic response towards SDF-1α and this RNA was hybridized 

to Affymetrix Human Exon 1.0 ST array. We performed an analysis of variance (ANOVA) on 

the log2 probe intensities (representing the gene expression intensities) of 6 samples from 

three FBMSC donors and did a post-hoc analysis to compare migratory and non-migratory 

samples. Only twelve genes were differentially expressed with statistical significance 

(p<0.05) with a minimum fold change of 1.6 between migratory and non-migratory MSC 

(Table 1). The nuclear orphan receptors NR4A1 (Nur77/TR3) and NR4A2 (Nurr1/NOT), 

Table 1  Differentially expressed genes migrating vs non-migrating MSC

Symbol// Gene name NCBI Accession number Fold change (± SEM) 

NR4A1 // nuclear receptor subfamily 4, group A, member 1 NM_002135 2,3 ± 0.48

NR4A2 // nuclear receptor subfamily 4, group A, member 2 NM_006186 2,3 ± 0.67

OBP2B // odorant binding protein 2B NM_014581 2,0 ± 0.14

GADD45B // growth arrest and DNA-damage-inducible, beta NM_015675 1,9 ± 0.25

ZNF808 // zinc finger protein 808 NM_001039886 1,7 ± 0.23

CYR61 // cysteine-rich, angiogenic inducer, 61 NM_001554 1,7 ± 0.32

KIAA1274 // KIAA1274 --- 1,7 ± 0.28

OR4D1 // olfactory receptor, family 4, subfamily D, member 1 NM_012374 1,6 ± 0.26

SMAD7 // SMAD family member 7 NM_005904 1,6 ± 0.33

HIST1H4B // histone cluster 1, H4b --- -1.6 ± 0.18

BDH2 // 3-hydroxybutyrate dehydrogenase, type 2 BC037277 -1.6 ± 0.26

HIST1H2AK // histone cluster 1, H2ak NM_003510 -1.6 ± 0.30

n=3, SEM: Standard Error of the Mean
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hereafter referred to as Nur77 and Nurr1 respectively, were the only two genes that were 

increased by more than two fold in migratory FBMSC as compared to non-migratory FBMSC. 

The array data were successfully confirmed by RQ-PCR on the samples used for the micro 

array as well as on samples obtained from independent migration experiments (Figure 1).

Nur77 and Nurr1 are members of the NR4A subfamily of nuclear orphan receptors that 

comprises three members. They are believed to function as ligand-independent early 

response genes that are involved in proliferation, apoptosis and inflammation (Reviewed 

in (25;26). The third member of the NR4A family, NOR-1 (NR4A3) was not differentially 

expressed between migratory and non-migratory FBMSC (Figure 1). 

SDF-1α and PDGF-BB induce Nur77 and Nurr1 mRNA expression in 
FBMSC
Gene expression of all three NR4A family members is enhanced in response to various 

growth factors, chemokines and cytokines in, amongst others, vascular smooth muscle cells 

(27), endothelial cells (28) and macrophages (23;29). To study whether exposure to SDF-1α 

increases Nur77 and Nurr1 expression in MSC, FBMSC were exposed to 600 ng/ml SDF-1α 
for different time-periods. A maximum increase in Nur77 (4.4 fold) and Nurr1 (4.9 fold) 

expression was observed already after two hours (Figure 2A-B). This effect was transient, as 

expression of both Nur77 and Nurr1 declined to control levels after 8 hrs. To test whether 

this induction was specific for SDF-1α, FBMSC were also exposed to platelet-derived growth 

factor-BB (PDGF-BB), which is a growth factor that is a potent chemoattractant for MSC 

(13;30). Similar to SDF-1α, exposure to PDGF-BB induced mRNA expression of Nur77 with a 

maximum around 2 hrs (Figure 2C), while Nurr1 was induced to a lesser extent (Figure 2D). 

Micro array confirmation by RQ-PCR       Figure 1

The increased expression of Nur77 and Nurr1 in migratory FBMSC compared to non-migratory MSC was confirmed 
by RQ-PCR for Nur77 (left) and Nurr1 (middle). Bars depict the fold increase (mean ± SD, n=3) of migratory FBMSC 
normalized to non-migratory FBMSC. The third family member Nor1 (right) was confirmed not differentially expressed. 
* p≤ 0.05
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Overexpression of Nur77 and Nurr1 enhances MSC migration
Subsequently, FBMSC were transduced with lentivirus to induce overexpression of Nur77 

and Nurr1. Cells were analysed 72 hrs after viral transduction. In Nur77-or Nurr1-transduced 

FBMSC, immunofluorescent staining was observed predominantly in the nucleus as 

expected (Supplementary figure 3A). Overexpression was also validated by RQ-PCR 

(Supplementary figure 3B). As Nur77 and Nurr1 expression under basal conditions is very 

low (7±0.9 Ct lower than ABL), transduction results in very high expression of these genes. 

Lentiviral transduction did not influence the classical MSC phenotype (Supplementary table 

2). Nur77 and Nurr1 expression was increased upon induction of differentiation towards 

osteoblasts or adipocytes (Nur77 16 fold, Nurr1 3 fold) in wild type and mock-transduced 

MSC. This elevated expression persisted during the complete differentiation period (data not 

shown). In agreement with these findings, the differentiation capacity of FBMSC towards 

osteoblasts or adipocyte upon induction of differentiation was not affected (Supplementary 

figure 1). Importantly, overexpression of Nur77 or Nurr1 did not induce spontaneous 

Figure 2  SDF-1α and PDGF-BB exposure induces Nur77 and Nurr1 expression in FBMSC     

Figure 2: . (A-B): A rapid significant induction (p< 0.05) of Nur77 (A) and Nurr1 (B) was observed after SDF-1α (600 
ng/ml) stimulation for 0.5 hours and persisted for 4 hours. (C-D) PDGF-BB (5 ng/ml) significantly induced expression 
(p<0.05) of Nur77(C) and to a lesser extent Nurr1 (D) from 0.5 to 4 hours. Bars represent the fold increase (mean ± SD) 
of stimulated FBMSC normalized to unstimulated cells at indicated points. Basal expression of Nur77 and Nurr1 are 
similar and it is approximately128 fold lower than ABL (data not shown). SDF-1α, stromal cell-derived factor 1α; PDGF-
BB, platelet-derived growth factor BB.
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differentiation (Supplementary figure 1). Nur77 induces apoptosis in T-cells (31) and other 

cell types (32;33), however, overexpression of Nur77 or Nurr1 did not induce apoptosis in 

FBMSC (data not shown). 

Because expression levels of Nur77 and Nurr1 were increased in migratory MSC, we tested 

for a causal relationship by determining whether overexpression of Nur77 or Nurr1 in 

FBMSC results in enhanced migration towards SDF-1α. Importantly, overexpression of 

Nur77 or Nurr1 did not influence expression of CXCR4, the receptor for SDF-1α. Three 

days after transduction, Nur77, Nurr1 or mock-transduced FBMSC were allowed to migrate 

towards SDF-1α for four hours in a Transwell-based chemotaxis assay. As depicted in Figure 

3, expression of Nur77 and Nurr1 significantly increased chemotaxis as compared to mock-

transduced FBMSC (Nur77 mean 297% ± 186 relative to mock, p≤ 0.014, n=4; Nurr1 mean 

227% ± 79, p≤ 0.014, n=4).

Nur77 and Nurr1 are involved in FBMSC cell cycle regulation
We previously showed that migration of MSC depends on cell cycle status. Cells in S- 

and G2/M-phase have a reduced migratory capacity (16). Nur77 and Nurr1 are known to 

be involved in cell cycle regulation of endothelial cells (28;34) and smooth muscle cells 

(35). We therefore studied the role of Nur77 and Nurr1 in cell cycle regulation of FBMSC. 

Three days after lentiviral transduction, mock-, Nur77- or Nurr1-transduced FBMSC were 

seeded at identical cell densities in fibronectin-coated 6-well plates. The next day, cells 

 Overexpression of Nur77 and Nurr1 increases specific FBMSC migration       Figure 3

Mock-, Nur77- and Nurr1- transduced FBMSC were allowed to migrate for 4hrs towards 600 ng/ml SDF-1α or control 
medium. The percentage of migratory cells was evaluated by fluorescence microscopy. The bars represent the 
percentage (mean ± SD) specific migration (% SDF-induced migration- % spontaneous migration) relative to mock-
transduced FBMSC. SDF-1α, stromal cell-derived factor 1α. * p≤ 0.05. 
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were harvested for cell cycle analysis by flow cytometry. Overexpression of Nur77 or Nurr1 

significantly reduced the proportion of cells in S-phase from 19.7% to 8.9% and 7.3% 

respectively (a reduction of 38±10% (p<0.04, n=4) and 33±17% (p<0.039, n=4)) (Figure 

4A). The percentage of cells in G0/G1 was concomitantly increased (Figure 4A). The altered 

Figure 4 Nur77 and Nurr1 regulate cell cycle progression in FBMSC

 Three days after transduction, FBMSC were seeded at identical densities. The next day, cell cycle distribution was 
measured by flow cytometry. (A) Overexpression of Nur77 (middle) or Nurr1 (right) decreased the percentage in 
S-phase of the cell cycle compared to Mock-transduced FBMSC (left). Histograms represent the mean fluorescence 
of indicated FBMSC groups (representative experiment shown). (B): Complementary to overexpression, reduction of 
Nur77 (middle) or Nurr1 (left) expression increased the percentages in S- and G2/M-phase compared to short-hairpin 
control-transduced FBMSC (left) (representative experiment shown). 
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cell cycle distribution in Nur77 and Nurr1 transduced cells suggest decreased proliferation 

in these groups. Although cell numbers were increased in all treatment groups three days 

after transduction, fewer cells were harvestd from Nur77 (fold increase in three days 1.5 ± 

0.6, n=4) and Nurr1 (1.4 ± 0.6, n=4) transduced groups compared to Mock (1.8 ± 0.7, n=4) 

or non-transduced cells (1.9 ± 0.8, n=4). Because overexpression of Nur77 or Nurr1 did 

not increase apoptosis (data not shown), the decreased cell numbers in Nur77 and Nurr1 

transduced cells are most likely due to decreased proliferation. ShRNA-based reduction of 

Nur77 and Nurr1 expression was achieved by lentiviral transduction. Transduction efficiency 

determined by flow cytometry was 90-100% (data not shown) and this reduced expression 

of Nurr77 with 2.2±0.3 fold and Nurr1 11±8 fold (Supplementary figure 3C). Unfortunately, 

we were not able with the currently available antibodies to detect endogenous Nur77/Nurr1 

protein expression in these cells. The specificity of our shRNA sequences has, however, been 

tested extensively both at mRNA and at protein level (36). In agreement with the decreased 

percentage of cells in S-phase observed in cells that overexpress Nur77 and Nurr1, loss 

of their expression by shRNA transduction induced an increase in the fraction of cells in 

S-phase from 16% in shCTRL-transduced cells to 24% (shNur77) or 25% (shNurr1), an 

increase of 37±11% p<0.036, n=3 and 45±12%, p<0.03, n=3) (Figure 4B). Correspondingly, 

the percentage of cells in G2/M-phase was also increased (percentage increase G2/M 76±3% 

p<0.021, n=3 (Nur77); 72±3%, p<0.021, n=3 (Nurr1)) and the fraction of cells in G0/G1-

phased was decreased (Figure 4B). 

These data show that Nur77 and Nurr1 are involved in cell cycle regulation in MSC. 

Moreover, our findings that high expression levels lead to decreased proliferation and 

increased chemotaxis are in full agreement with our earlier results (16) showing that 

decreased proliferation correlates positively with increased migration (16).

Nur77 and Nurr1 increase cytokine and growth factor production 
MSC secrete a wide variety of cytokines, chemokines and growth factors (37) that contribute 

to MSC-mediated immune suppression (38;39). Interleukin (IL)-6, IL-8, IL-10, hepatocyte 

growth factor (HGF), transforming growth factor (TGF)β1 and indoleamine-2,3-dioxygenase 

(IDO) secreted by MSC are key factors in suppressing T-cell proliferation and monocyte 

differentiation (1;40). Overexpression of NR4A family members in macrophages resulted 

in an anti-inflammatory secretory profile (23). Thus, we studied whether Nur77 and Nurr1 

affect cytokine and growth factor release in FBMSC under basal and tumor necrosis factor 

(TNF)-α- or interferon (IFN)γ-stimulated conditions. 

Expression of Nur77 and Nurr1 leads to significantly increased secretion of IL-6 and IL-8  

protein and an increase in mRNA for HGF in otherwise unstimulated cells (Figure 5A).  

IL-10 protein was not detected (data not shown). IL-6 and IL-8 protein levels were  

enhanced by TNF-α, whereas HGF expression was increased by IFNγ. Under all conditions, 

 Nur77 and Nurr1 expression resulted in a statistically 
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Figure 5 Increased cytokine production in Nur77 and Nurr1 transduced FBMSC does not influence T-cell proliferation 
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significant, further increase in IL-6, IL-8 release and HGF mRNA levels (Figure 5B). TGFβ1 

mRNA expression was not influenced by overexpression of Nur77 or Nurr1, nor by TNF-α 

or IFNγ stimulation (Figure 5A-B). Expression of IDO, important for inhibition of T-cell 

proliferation (41), was strongly induced by IFNγ exposure as described previously (42). 

IFN-γ induced IDO expression was not changed in case of Nur77 or Nurr1 gain of function 

(Figure 5A-B). In contrast to overexpression, reduction of Nur77 or Nurr1 expression did 

not consistently reduce the production of IL-6 and IL-8 or expression of HGF, TGFβ1 or 

IDO (data not shown). This may be expected as expression of Nur77 and Nurr1 is low under 

homeostatic conditions and expression is rapidly induced upon stimulation of a wide range 

of cytokines. These data show that upon increase of Nur77 or Nurr1 expression, production 

of IL-6 and IL-8 and expression of HGF in FBMSC is enhanced, however expression of Nur77 

or Nurr1 is not required for production of these cytokines. 

(A): Four days after transduction, IL-6 and IL-8 protein secreted in supernatant of unstimulated FBMSC cultures were 
measured by ELISA after 24 hours incubation and mRNA levels of HGF, TGFβ1 and IDO were analyzed by RQ-PCR. Basal 
protein levels of IL-6 and IL-8 and HGF mRNA expression were significantly increased in Nur77- or Nurr1-transduced 
FBMSC compared to Mock-transduced FBMSC. Data (mean ±SD) normalized to unstimulated mock-transduced MSC. 

(B): Transduced FBMSC were stimulated with TNF-α, IFNγ for 24 hours or left untreated. Again the highest levels of IL-6 
and IL-8 protein and HGF mRNA were observed in Nur77 and Nurr1 tranduced FBMSC. Data (mean ±SD) normalized to 
unstimulated mock transduced MSC. 

(C-D): Transduced FBMSC were co-cultured with CD3/CD28 bead-activated PBMC. FBMSC with enhanced expression 
of Nur77 (C) or Nurr1 (D) have at least a similar capacity to inhibit T-cell proliferation compared to Mock-transduced 
FBMSC. Beads were added to PBMC as negative control, CCPM count 49.157. Data represent pooled data (mean ±SD) 
of three individual FBMSC donors co-cultured with the same allogeneic PBMC. IL-6: interleukin-6; IL-8: interleukin-8; 
HGF: hepatocyte growth factor; TGFβ1: transforming growth factor-β1; IDO: Indoleamine-2,3-dioxygenase; TNF-α: 
tumor necrosis factor-α; IFNγ: Interferon-γ. PBMC: peripheral blood mononuclear cells; CCPM: radioactivity counts per 
minute. * p≤ 0.05. 

Increased cytokine production in Nur77 and Nurr1 transduced FBMSC does not influence T-cell proliferation     Figure 5
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Overexpression of Nur77 or Nurr1 does not affect immune 
suppression by FBMSC 
In a final series of experiments, we tested whether increased expression of Nur77 and Nurr1, 

which results in increased migration and cytokine production by MSC (Figure 3 and Figure 

5), alters the capacity of FBMSC to inhibit T-cell proliferation. FBMSC from three individual 

donors were co-cultured with CD3/CD28 bead-activated peripheral blood mononuclear cells 

(PBMC) from one donor. Similar to mock-transduced FBMSC, Nur77- and Nurr1-transduced 

cells were able to inhibit T-cell proliferation as determined by 3H-thymidine incorporation 

(Figure 5C-D). Only at a very high ratio (1:3) of PBMC versus FBMSC, Nurr1-transduced 

FBMSC showed a significantly decreased capacity to inhibit T-cell proliferation (n=3, 

p<0.030, Figure 5D) compared to the mock-transduced cells. 

Thus the altered cytokine profile in FBMSC caused by overexpression of Nur77 or Nurr1 does 

not impair MSC-mediated suppression of T-cell proliferation. 
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Discussion

MSC are interesting candidates for cellular therapy due to their multilineage differentiation 

potential and immunosuppressive capacities. Culture expansion of MSC is required to obtain 

the required quantity for clinical application; however culture-expansion impairs the homing 

capacity of MSC to the bone marrow (8). Thus, insight into the process of MSC migration 

and targeting is imperative for improving cellular therapies. In the present study, we 

identified the nuclear receptors Nur77 and Nurr1 as two genes regulating FBMSC migration 

and cytokine production. 

In our transcriptome analysis of migratory and non-migratory MSC, only twelve genes were 

differentially expressed. This set did not include cell surface markers that enable selection 

for a migratory subset, nor did it include previously reported genes associated with enhanced 

MSC migration such as CD49f and PODXL (43). The transcription factors Nur77 and Nurr1 

gave the most specific expression in migratory cells. Nur77 and Nurr1 are members of the 

NR4A subfamily of nuclear orphan receptors that function as ligand-independent early 

response genes involved in proliferation, apoptosis and inflammation. NR4A members 

are thought to act as constitutively active transcription factors that bind the promoter of 

target genes on consensus NBRE sites. Only a few direct target genes have been identified 

to date (Reviewed in (25;26). Gene expression of NR4A members is induced by various 

growth factors and cytokines in a variety of cell types (23;27-29). Transcriptional activation 

of NR4A nuclear receptors is most likely dependent on the expression level of the receptors 

themselves and on posttranslational control (Reviewed in (25;26)). Expression of Nur77 

has not been described in MSC before, whereas increased expression of Nurr1 was observed 

in adult BMSC exposed to SDF-1α (44) or CXCL7 (45). In these two studies, no functional 

experiments on Nurr1 were performed. The findings in adult BMSC are in good agreement 

with our data obtained with FBMSC, in which exposure to SDF-1α  or PDGF-BB alone rapidly 

induced an increase in expression of Nur77 and Nurr1. 

Since we found Nur77 and Nurr1 to be upregulated in migratory MSC, a lentiviral expression 

approach was used to study the contribution of these proteins to FBMSC migration. Indeed, 

expression of Nur77 or Nurr1 in FBMSC significantly increased migration compared to 

mock-transduced cells. These observations correspond well to impaired migration observed 

in dopaminergic neurons from Nurr1-null mice (46) and the reduced migration observed 

after reduction of Nurr1 expression in endothelial cells (28) and tumor cell lines (47). 

Furthermore, Nur77 was described to be amongst the 17 genes associated with primary solid 

tumor metastasis (48). No previous study has reported that overexpression of Nur77 can 

enhance cell migration. 

Although the mechanism by which Nur77 and Nurr1 enhance cell migration is unknown, 

these proteins could favor MSC migration by modulating the cell cycle. In endothelial cells, 

proliferation is decreased either when Nur77 is highly expressed (34) or Nurr1 expression 
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is low (28). In vascular smooth muscle cells, Nur77 decreases proliferation (35). Recently, 

Sirin et al demonstrated that Nurr1 overexpression drives HSC to quiescence (49). Thus 

involvement of Nur77 and Nurr1 in cell cycle regulation is well established, promoting or 

inhibitory effects may be cell type dependent. 

Our data show that in FBMSC, Nur77 and Nurr1 decrease the proportion of cells in S-phase, 

whereas a loss of expression promotes cell cycle progression. The observations that Nur77 

and Nurr1 promote MSC migration and decrease proliferation are in agreement with our 

previous finding that MSC in S- and G2/M-phase of the cell cycle are less prone to migrate 

(16).

Several studies revealed that the NR4A can inhibit the NFkB pathway and as such regulate 

cytokine synthesis (23;50;51). The interaction between NFkB and NR4A may be a common 

mechanism, as this was reported in macrophages (23;29), synoviocytes (50), microglia and 

asterocytes (51).

As Nur77 and Nurr1 enhance FBMSC migration and regulate inflammatory cytokine 

production in macrophages (23;52), it was important to test if Nur77 and Nurr1 expression 

in FBMSC would promote the immune modulatory capacities of these cells. Therefore, we 

studied the effect of Nur77 and Nurr1 on cytokine and growth factor production in FBMSC 

under basal and inflammatory conditions. In both conditions, Nur77 and Nurr1 increased 

IL-6 and IL-8 production and HGF mRNA expression, showing that also in FBMSC, Nur77 

and Nurr1 promote the production of certain cytokines. A strong increase of IL-8 production 

by Nurr1 with a synergistic effect of TNF-α was also found in synoviocytes (50). 

Based on the increased levels of HGF, IL-6 and IL-8 it cannot be predicted which effect Nur77 

and Nurr1 would exert on MSC-mediated immune suppression. Increased production of 

HGF may result in stronger immune suppression by FBMSC overexpressing Nur77 or Nurr1 

(38). Elevated levels of IL-6 are associated with both pro- and anti-inflammatory processes 

such as neutrophil and leukocyte infiltration (53) or inhibition of monocyte maturation 

and differentiation by MSC (54), while IL-8 enhances inflammation by inducing neutrophil 

chemotaxis (55). Our co-culture experiments of transduced MSC with PBMC showed that 

Nur77 or Nurr1 transduced FBMSC were able to efficiently inhibit T-cell proliferation similar 

to control cells at low ratios of MSC vs PBMC. Only at a non-physiological ratio, inhibition of 

T-cell proliferation by Nurr1 transduced FMBSC was significantly reduced. 

In summary, we have identified two genes, Nur77 and Nurr1, that promote migration of 

FBMSC. In addition, Nur77 and Nurr1 expression increases MSC cytokine production, while 

these MSC retained the capacity to inhibit T-cell proliferation. Because expression of Nur77 

and Nurr1 can be induced by various growth factors and cytokines, studies on cytokine pre-

treatment for optimal transient upregulation of Nur77 and Nurr1 in MSC will contribute to 

enhancing MSC migration in a pre-clinical and clinical setting. In conclusion, modulation of 
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Nur77 and Nurr1 expression in MSC therefore offers perspectives to endow migratory MSC 

with the capacity to specifically regulate the local immune response. 
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82 Characterization of human mesenchymal stromal cell heterogeneity   

Supplementary Figure 1 Adipocyte and osteoblast differentiation

 Adipocyte or osteoblasts differentiation was induced in non-transduced FBMSC (top panels) and after transduction 
with Mock-, Nur77- or Nur77-containing lentivirus (representative donor shown, scale bar 200 µm). Overexpression of 
Nur77 or Nurr1 did not impair the differentiation potential of FBMSC. 
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SDF-1α-induced chemotaxis in FBMSC Supplementary Figure 2

To confirm SDF-1α-induced chemotaxis in the experiments from which cells were collected for gene expression 
profiling, four Transwell wells were evaluated to quantify the percentage of SDF-1α induced migration. Wild type 
FBMSC were allowed to migrate for 4 hours towards SDF-1α (600 ng/ml). Medium alone served as a negative control. 
The number of migratory cells was counted by fluorescence microscopy. Bars represent the percentage (mean ± SD) of 
migrated MSC related to the cell number loaded in the upper compartment (n=4). *, p≤0.05.
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Supplementary Figure 3 Validation of Nur77 and Nurr1 overexpression or knock-down. 

A

B

C
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(A)Transduced MSC were seeded on fibronectin-coated glass slides, fixed and stained for Nur77 or Nurr1 (red), F-actin 
by Phalloidin (green), and nuclei (blue). Clear nuclear localization of Nur77 or Nurr1 protein was observed in case of 
overexpression Nur77- (middle) or Nurr1- transduced FBMSC (right) respectively, while this was absent in Mock-
transduced FBMSC (left). Scale bar 50 µm. Please note that the anti-Nurr1 antibody gives more background than the 
anti-Nur77 antibody. 

(B): Quantification of Nur77 or Nurr1 overexpression by RQ-PCR. Data (mean ± SD) was normalized to Mock 
transduced FBMSC. Overexpression of Nur77 (left) did not increase expression of Nurr1 in the same cells and vice versa.

(C): Quantification of Nur77 and Nurr1 knock-down by RQ-PCR. Data (mean ± SD) was normalized to short-hairpin 
control transduced FBMSC. As basal expression of Nur77 and Nurr1 is low, the efficiency of lentiviral knock-down of 
Nur77 and Nurr1 is limited, whereas significant overexpression is easily achieved.

Primer sequences  Supplementary table 1

Gene name Sequence forward primer 5’-3’ Sequence reverse primer 5’-3

ABL TGGAGATAACACTCTAAGCATAACTAAAGGT TGGAGATAACACTCTAAGCATAACTAAAGGT

CYR61 CAGCTCCACCGCTCTGAAG TTCCCCGTTTTGGTAGATTCTG

GFP AGCAAAGACCCCAACGAGAA GGCGGCGGTCACGAA

HGF CCTCCTGCTCCCCATCG TAGGGTAGTCTTTGCTGATTTTTTGA

HIST1H4B GATAACATCCAAGGCATCACCA ACCCCACCACGCCTAGC

IDO1 ACCATATTGATGAAGAAGTGGGC TGAACATCCAGTCATTATAAAAATCAGG

NR4A1(NUR77) AGGGCTGCAAGGGCTTCT CCTTGTTAGCCAGGCAGATGTA

NR4A2(NURR1) GCCCCCGGTGAGTCTGAT GATAGTCAGGGTTCGCCTGG

NR4A3 (NOR1) GTCAAGATTTCATCCCATACATGC GAAGGGCTATATTGGGCTTGG

SMAD7 CCCGATGGATTTTCTCAAACC CCCTGTTTCAGCGGAGGA

TGFβ1 AAGTGGACATCAACGGGTTC CGTGGAGCTGAAGCAATAG

MSC phenotype on transduced MSC Supplementary table 2

NT Mock Nur77 Nurr1

CD73 (%) 98.4 ± 0.8 98.2 ± 2.5 97.0 ± 2.8 97.4 ± 2.0

CD90 (%) 97.4 ± 0.9 96.9 ± 2.3 97.5 ± 0.4 97.2 ± 0.4

CD105 (%) 94.7 ± 1.1 95.5 ± 0.7 95.6 ± 1.5 96.6 ± 0.9

CD45 (%) 3.1 ± 0.7 1.3 ± 1.4 2.2 ± 1.4 2.5 ± 0.8

CD34 (%) 2.0 ± 1.7 2.8 ± 0.3 2.1 ± 1.1 2.4 ± 1.2

Data expressed as percentage positive cells (mean ± SD, corrected for the isotype control from three individual donors) 
of the total population of MSC for the indicated group
NT: non transduced cells

Validation of Nur77 and Nurr1 overexpression or knock-down  Legend Supplementary Figure 3
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Abstract 

Life-long hematopoiesis depends on the support by mesenchymal stromal cells (MSC) 

within the bone marrow (BM). Therefore, changes in the BM hematopoietic compartment 

that occur during development and aging are expected to correlate with changes in the 

stromal cell microenvironment. MSC are a heterogeneous cell population and various 

subtypes may have different functions. In accordance with others, we show that CD271 and 

CD146 define distinct CFU-F containing MSC subpopulations. In addition, analysis of 94 

BM samples revealed that the distribution of CD271brightCD146- and CD271brightCD146+ MSC 

significantly correlates with donor age. The main subset in adult BM was CD271brightCD146-, 

whereas the CD271brightCD146+ population was dominant in pediatric and fetal BM. A third 

subpopulation of CD271-CD146+ MSC contained CFU-F in fetal BM only. In conclusion, 

MSC subset distribution changes during development and aging. This suggests that MSC 

comprise a dynamic system, in which the subpopulations may have different functions 

during human life.

Introduction

Mesenchymal stromal cells (MSC) cultured from adult and fetal tissues constitute a 

heterogeneous cell population. Although a panel of markers, including CD105 and 

CD90, was introduced to define cultured MSC (1), the cells initiating the culture remain 

unidentified. Recently, CD271 (2-4) and CD146 (5;6) were described for prospective isolation 

of MSC that are functionally defined by colony forming unit-fibroblast (CFU-F) formation. 

Combination of these new markers revealed that two different MSC subsets are present in 

adult BM; CD271+CD146-/lo and CD271+CD146+. (7) These subsets had a similar capacity to 

differentiate in vitro and to support hematopoiesis in vivo, but their localization in human 

BM was different. CD271+/CD146-lo cells were bone-lining, while CD271+CD146+ had a 

perivascular localization. (7) So far, it remained unclear whether the distribution of these 

populations changes during development and aging, two phenomena known to influence 

BM cellular composition. (8-10) Here, we report that the distribution of MSC subsets 

characterized by CD271 and CD146 correlates with donor age. CD271+CD146- cells were most 

common in adults, whereas CD271+CD146+ cells are dominant in children. In addition, in 

fetal BM CD271-CD146+ cells represent a third MSC subset containing CFU-F. 
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Design and methods

BM was aspirated from 63 adults (mean age 64 (19-86), including healthy donors (n=3), 

patients undergoing cardiac surgery (n=43) or suspected of proliferative hematological 

disease (n=17)), from 26 pediatric patients (mean age 5 (0-16) with malignancies (solid 

n=14, hematological n=12) in clinical remission). Fetal bones (n=6) were obtained from 

legally terminated pregnancies (15-20 weeks gestation). Informed consent was obtained for 

all samples according to protocol approved the Medical Research Ethics Committee of the 

AMC and the Erasmus MC. 

Mononuclear cells (MNC) were isolated by Ficoll density gradient centrifugation (GE Health 

care Bio-Sciences AB, Uppsala, Sweden) and erythrocyte lysis using NH
4
Cl. Fetal bones were 

flushed with IMDM (Lonza, Verviers, Belgium) containing 10% FCS (Bodinco, Alkmaar, The 

Netherlands) and 1% penicillin-streptomycin and erythrocytes were lysed. 

MNC were analyzed for expression of MSC and hematopoietic markers: CD34 (clone 

8G12), CD73 (AD2), CD90 (5E10), CD45 (HI30), CD140b (PDGFRβ, 28D4), CD146 (P1H12), 

CXCR4 (12G5), (all from BD, San Jose CA), CD36 (CLB-IVC7, Sanquin, Amsterdam, 

The Netherlands), CD271 (ME20.4-1.H4), MSCA1 (W8B2) (Miltenyi Biotec, Gladbach, 

Germany), CXCR7 (358426), NG2 (LHM-2) (R&D systems, Abingdon, UK), CD56 (C5.9), 

CD235a (JC159) (Dako Cambridgeshire, UK), CD105 (SN6, Ancell, Bayport MN), isotype 

matched controls (Sanquin, BD). At least 1.000.000 events were recorded using a LSR II flow 

cytometer (BD). For six-color sorting (FACS Aria, BD), MNC were incubated with antibodies 

against CD45, CD34, CD271, CD146, CD105, CD90.

For CFU-F assays 500 sorted cells/cm2 were plated in M199 (Gibco) containing 10% FCS, 

1% penicillin-streptomycin, 20µg/ml Endothelial Cell Growth factor (Roche Diagnostics, 

Indianapolis, IN) and 8 IU/ml heparin (Leo Pharma, Breda, The Netherlands). For CFU-F 

with total MNC, 20.000-80.000 adult or pediatric cells/cm2 or 2.500-20.000 fetal cells/

cm2 were plated. For depletion experiments, 80.000 cells/cm2 were seeded. CFU-F were 

enumerated after 14 days. 

RNA was isolated using Trizol (Invitrogen, Breda, The Netherlands) and cDNA 

was synthesized using a sensiscript RT-kit (Qiagen, Venlo, The Netherlands). 

Primer- and probe-sequences Nestin (5’>3’): F-GCTGCGGGCTACTGAAAAGT, R-

TCTGTAGGCCCTGTTTCTCCTG, Probe AGCTGGCTGTGGAGGCCCTGG. ABL sequences 

were published previously. (11)

Adipogenic and osteogenic differentiation was performed as previously described (12). 

Images were taken on a Leica DC300 microscope (IM500 software, 20x magnification, Leica, 

Wetzlar, Germany). Chondrocyte differentiation was performed using NH ChondroDiff 

medium (Miltenyi) according to the manufacturers instructions. Chondrocytes were detected 
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by aggrecan staining (MAB19310, Millipore, Amsterdam, The Netherlands) and imaged 

on a LSM 510 META confocal microscope (Zeiss, Jena, Germany; ZEN 2007 software, 10x 

magnification).

Statistical significance was determined by Wilcoxon signed ranks test and Spearman 

correlation, using SPSS 15.0 (SPSS Inc, Chicago, IL). Results were considered significant if 

p≤0.05.



91Chapter 4 Primary MSC subset distribution is age related 

   

Results and discussion

We employed the differential distribution of CD271 and CD146 to analyze MSC subsets 

in human BM at distinct phases during development and aging. We first analyzed the 

distribution of MSC populations in the CD45-/dimCD34- cells in adult BM (n=64, mean age 

61 (19-82)), and identified three subpopulations: CD271brightCD146-, CD271brightCD146+ and 

CD271-CD146+ (Figure 1A-B). Only the CD271+ populations contained CFU-F, an indication 

for functional MSC, with a tendency towards more CFU-F in CD271brightCD146+ cells (ns 

p<0.072, Figure 1C). CFU-F were absent in CD271-CD146- and CD271-CD146+ fractions, 

except for one sample (Figure 1C), in accordance with Tormin et al.(7) Previous studies never 

excluded the possibility that other populations may contain MSC that require support from 

BM cells for CFU-F formation. Therefore we performed depletion experiments. Depletion of 

CD271-CD146+ did not reduce CFU-F from the remaining BM cells, while CFU-F were absent 

in CD271bright depleted MNC cells. (Figure 1D-E). Thus CFU-F are only present in CD271bright 

cells and clonogenic MSC do not depend on support from BM-derived cells. 

CD271bright subpopulations fulfill the criteria set by the ISCT. (1) The expanded CD271bright 

subsets showed trilineage differentiation potential in vitro (Figure 1F) and maintained 

expression of MSC markers CD73, CD90 and CD105 (data not shown). Next, the expression 

of recently described MSC markers, such as Nestin (13), CD140b (PDGFRβ) (3), CD56 

(2) and MSCA-1 (2) was analyzed. High levels of Nestin mRNA were detected in both 

CD271brightCD146- and CD271brightCD146+ cells. Expression was lost upon culture-expansion 

(Figure 1G). Both subsets contained CD56- and CD140b-positive subpopulations. Uniform 

expression was observed for MSCA-1 and chemokine receptors CXCR4 and CXCR7, however 

only 15-40% of the cells expressed CXCR4 and CXCR7 above the threshold set at maximum 

background fluorescence (Figure 1H).

Cellular composition of BM changes during development (9) and aging.(8;10;14) The 

frequency of CFU-F declines with age (8), but it is unknown whether the distribution of 

defined MSC subsets is related to donor age. Compiling all adult BM samples, the largest 

subpopulation that co-expressed CD90 and CD105 was CD271brightCD146- (Figure 2A; 

n=64, 55.9±24.3%; 0.011±0.001% of nucleated cells), whereas CD271brightCD146+ and 

CD271-CD146+ populations accounted for 32.9±21.7% (0.007±0.001%) and 11.1±16.8% 

(0.003±0.001%) respectively (Figure 2A). 

However, when separating samples from younger adults (19-55yrs; i.e. the eligible age for 

stem cell donors (www.europdonor.nl)) and elderly adults donors (>55 yrs), it was observed 

that CD271brightCD146- and CD271brightCD146+ occurred at similar frequency in younger adults 

and that the CD271brightCD146+ fraction was significantly reduced in elderly adults (Figure 

2B-C). This suggests that CD146 expression on CD271bright cells decreases with increasing 

age, which is illustrated by representative donor samples of distinct ages (Figure 2D-G). 
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To further investigate the age-related distribution of MSC subsets, we studied pediatric 

and fetal BM. In contrast to adult samples, CD271brightCD146+CD90+CD105+ cells were 

dominant in pediatric BM (Figure 3A-B; n=26, 67.74±21.6%; 0.0115±0.003% MNC count). 

This fraction also contained most of the CFU-F (n=3, Figure 3C). The CD271brightCD146- 

CD90+CD105+ (0.0005±0.001% from MNC) and CD271-CD146+ CD90+CD105+ 

(0.0005±0.0001%) populations represented 25 and 6% of the MSC, respectively. 

Figure 1 Characterization of MSC subsets in adult BM

(A,B) Representative figures showing the gating strategies to eliminate hematopoietic cells from BM mononuclear cells 
(MNC)(A), and selection of CD271 and/or CD146 positive cells from BM CD45-CD34- cells, including co-expression of 
CD90 and CD105 in each quadrant of the first panel (B). The CD271-CD146- cells predominantly contained nucleated 
erythrocytes, defined by co-staining for CD36 and CD235a (not shown). 

(C) CFU-F content in 5000 CD271brightCD146-, CD271brightCD146+ and CD271-CD146+ sorted BM MNC (n=8). 

(D) Gating strategy for the depletion of CD271 and/or CD146 positive fractions from BM MNC by FACS without 
eliminating hematopoietic cells. 

(E) CFU-F content in 2x106 depleted cells or cells that only passed through the sorter. Left panel depicts one 
representative experiment, while the percentage of CFU-F is averaged in the right panel (mean ± SD, n=3). The 
coloured boxes below the bars indicate which fraction is depleted. * p<0.05, ** p<0.01 

(F) Cultured CD271brightCD146- and CD271brightCD146+ MSC were differentiated towards adipocytes (left panel, scale bar 
200µm), osteoblasts (right panel, scale bar 200µm) and chondrocytes (right panel, scale bar 500µm, inset: isotype 
control, red: aggrecan, blue: dapi). Images were taken on a Leica DC300 microscope, magnification 20x; chondrocyte 
images were made using a Zeiss LSM 510 META confocal microscope, magnification 10x. 

(G) Nestin mRNA expression detected by RQ-PCR in uncultured CD271brightCD146-, CD271brightCD146+ relative to cultured 
unfractionated MSC. (mean ± SD, n=2) 

(H)  Co-expression (% of all cells) of indicated markers on uncultured CD271brightCD146- or CD271brightCD146+ MSC 
detected by flow cytometry (mean ± SD, n=3).
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Characterization of MSC subsets in adult BM Figure 1
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In fetal cells, a relatively large subpopulation of CD271-CD146+ cells co-expressed CD105 and 

CD90. They accounted for 35.5±8.8% (Figure 3D-E, n=6, 0.107±0.004% from MNC) of all 

MSC. Interestingly, fetal CD271-CD146+ cells contained CFU-F (Figure 3F). CD271brightCD146+ 

cells represented 60.8±8.2% (0.1739±0.025%) and formed CFU-F as well (Figure 3D,F). 

CD271brightCD146- cells were nearly absent (0.0115% ±0.004%) and they did not contain 

CFU-F (Figure 3D-F). These data show that fetal BM contains a third MSC subset identified 

as CD271-CD146+CD105+CD90+ that is distinct from their adult counterparts by their capacity 

to form CFU-F. In addition, these results indicate that CFU-F content and the distribution of 

MSC subsets differs between adult, pediatric and fetal BM.

The proportion of CD271brightCD146- cells in BM was significantly correlated to donor age 

(n=94, R2=0.39, p<0.0001, Figure 3G). Complementary, distribution of CD271brightCD146+ 

cells was inversely correlated (n=94, R2=0.38, p<0.0001, Figure 3H). Therefore, the 

previously reported age-related decrease in BM CFU-F (8;15;16) may now be explained 

by the loss of CD271brightCD146+ cells that tend to generate more CFU-F. The aspiration 

site may influence CFU-F content and stromal cell phenotype. (17) In our study, BM from 

cardiac patients was sternum-derived; fetal femurs were flushed, whereas BM from other 

patients was acquired from the iliac crest. Excluding cardiac patients and fetal samples, 

thereby correcting for aspiration site related effects, did not affect the age-related correlation 

(n=45, age 0-82; CD271brightCD146- cells, R2=0.16, p<0.015; CD271brightCD146+ cells, R2=0.31, 

p<0.0001).

In conclusion, we showed for the first time that the distribution of defined MSC subsets 

significantly correlates with donor age, and we identified a novel MSC subset that only 

generates CFU-F in fetal BM. Tormin et al reported that CD271+CD146-/lo and CD271+CD146+ 

respectively localize to endosteal or perivascular niches in vivo (7), while we report an donor 

age related distribution. This suggests that the relative size of specialized BM niches is 

dynamic, and that distinct phases in life require different MSC subtypes. The increase of 

CD271brightCD146- MSC in aged BM may therefore correspond to the increase in long-term 

HSC in aged murine BM. (18;19) These quiescent HSC are predominantly localized in the 

endosteal niche, where the human CD271+CD146-/lo reside as well.(7) Although the ontogeny 

and the relationship between the subsets remain unclear, MSC seem to comprise a dynamic 

system during human life, in which the subpopulations could have different functions 

during bone marrow development, homeostasis and regeneration.
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Relative increase of CD271brightCD146- MSC in adult BM with increasing age  Figure 2

(A) Relative frequency of CD271brightCD146-, CD271brightCD146+ and CD271-CD146+ cells in the CD45-CD34-
CD105+CD90+ BM population that expresses CD271 and/or CD146 (mean ± SEM, n=63).. *** p<0.0001 

(B, C) Relative frequency of the same subsets defined in A specified for 19-55 year old donors (mean ± SEM, n=15) and 
donors older than 55 years (mean ± SEM, n=48) *** p<0.0001 

(D-G) CD271 and CD146 expression in the CD45-CD34- BM population of representative BM donors with increasing 
age. Red dots represent the cells that co-express CD90 and CD105. 
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(A) Gating strategy to analyze CD271 and/or CD146 positive cells from pediatric BM CD45-CD34- cells. Each quadrant 
of the left panel was subsequently analyzed for co-expression of CD90 and CD105. Importantly, CD90 and CD105 co-
expressing cells are now only observed in CD271brightCD146+ cells. 

(B) Distribution of CD271brightCD146-, CD271brightCD146+ and CD271-CD146+ cells in the CD45-CD34-
CD105+CD90+ population of pediatric BM. (mean ± SD, n=26). *** p<0.0001 

(C) 5000 CD271brightCD146-, CD271brightCD146+ and CD271-CD146+ were sorted from BM MNC, and CFU-F content 
per fraction was evaluated (n=3). 

(D) Gating strategy to analyze CD271 and/or CD146 positive cells in fetal BM CD45-CD34- cells. Each quadrant of the 
left panel was subsequently analyzed for co-expression of CD90 and CD105. CD90 and CD105 co-expressing cells are 
observed in CD271brightCD146+ and CD271-CD146+ cells. 

(E) Distribution of CD271brightCD146-, CD271brightCD146+ and CD271-CD146+ cells in fetal CD45-CD34-
CD105+CD90+ BM (mean ± SD, n=6). * p<0.05 *** p<0.0001 

(F) CFU-F content in 5000 CD271brightCD146-, CD271brightCD146+ or CD271-CD146+ sorted BM MNC (n=6). Fetal 
CD271-CD146+ cells now contain CFU-F, in contrast to adult and pediatric BM. 

(G-H) The percentage of CD271brightCD146- (G) or CD271brightCD146+ (H) relative to the sum of all CD271+ and/or 
CD146+ cells that co-expressed CD105 and CD90 per donor was plotted versus donor age. The variation in distribution 
between donors was explained by donor age for 39% (p<0.0001) and 38% (p<0.0001) for CD271brightCD146- cells and 
CD271brightCD146+ cells respectively. 

Figure 3  MSC subsets are differentially distributed in pediatric and fetal BM
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MSC subsets are differentially distributed in pediatric and fetal BM Figure 3
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Abstract

The crucial role for mesenchymal stromal cells (MSC) and Wnt-signaling in the 

hematopoietic stem cell niche is well established. However, all data on Wnt-signaling in 

MSC is obtained from heterogeneous populations of ex-vivo expanded MSC.  In the current 

study we therefore aimed to generate and compare the Wnt-signature of well defined primary 

MSC subsets directly after sorting and conventionally culture expanded MSC. To this end we 

sorted CD271brightCD146- and CD271brightCD146+ cells from human adult bone marrow (BM), 

from which we recently showed to contain all assayable colony forming units-fibroblasts and 

compared them with cultured MSC from the same donors.

Wnt-related gene expression appeared to be clearly distinct in the two sorted uncultured 

MSC subsets compared to cultured MSC derived from unsorted BM mononuclear cells 

(MNC). Expression of CCND1, WISP1 and WNT5B was strongly increased and WNT5A was 

even only detected in the unsorted cultured MSC, whereas WNT3A was exclusively expressed 

by sorted uncultured CD271brightCD146- and CD271brightCD146+ cells, which furthermore 

expressed higher levels of JUN, LEF1 and WIF1. The differences in Wnt (target)-gene 

expression between CD271brightCD146- and CD271brightCD146+ cells were more subtle. The 

Wnt-receptors LRP6 and FZD7 were significantly higher expressed in CD271brightCD146+ cells, 

and a trend towards increased expression in the same subset was observed for CTNNB1, 

WNT11 and MYC. 

Upon culturing of the sorted subsets for one passage, the differences in Wnt-related gene 

expression between the subsets was lost and the expanded sorted cells had acquired an 

almost similar Wnt-signature as the MSC cultured from BM MNC cells. Despite the loss of 

a distinct Wnt-signature, co-culture experiments combining the sorted MSC subsets with 

human hematopoietic stem and progenitor cells show a trend towards enhanced long-term 

hematopoietic support in CD271brightCD146- compared to CD271brightCD146+cells. 

In conclusion, we demonstrate for the first time that primary sorted uncultured MSC 

subsets have a distinct Wnt-signature compared to cultured unsorted MSC and display 

differences in hematopoietic support. As it was recently shown that CD271brightCD146- and 

CD271brightCD146+ MSC localize to separate niches in vivo, the different Wnt-signature 

may be a reflection of the distinct micro-environments. Cell culture for only one passage 

dramatically changed the Wnt-signature of the sorted MSC subsets, indicating that Wnt-

signaling in cultured MSC do not resemble the Wnt-signature in their tissue resident 

counterparts. 
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Introduction

Isolation of clinically relevant mesenchymal stromal cells (MSC) largely depends on their 

capacity to adhere to tissue culture plastic. Non-adherent cells are removed after a few 

days and the remaining rapidly expanding cells are considered to be MSC (1;2). Using this 

approach, the characteristics and the phenotype of the tissue resident cells that gave rise 

to the cultures remain unidentified. Recent studies have made significant progress on the 

identification of clonogenic tissue resident MSC populations (3-9). These studies point out 

that these cells are still very heterogeneous. 

Murine bone marrow-derived MSC, defined by the capacity to form the colony forming 

unit-fibroblast (CFU-F), are enriched in Nestin+ cells (7) or the PDGFRa+Sca-1+CD45-TER119- 

fraction (8). Clonal analysis revealed that single cells in these fractions had trilineage 

differentiation capacity (7;8). In the human system, sorting for the nerve growth factor 

receptor CD271bright cells resulted in enrichment for clonogenic MSC. (5). These CD271bright 

cells could be further divided into CD56 (N-CAM) positive and negative fractions, both 

containing CFU-F (4;10). Other groups reported that melanoma cell adhesion molecule 

CD146+ cells from human bone marrow (9) and other human tissues (6) are enriched for 

CFU-F. We and others recently described that CD271 and CD146 are co-expressed on a subset 

of putative MSC (11;12), thereby further subdividing the native MSC population in human 

bone marrow into CD271brightCD146- and CD271brightCD146+ cells. These cells co-expressed 

conventional MSC markers CD105 (endoglin) and CD90 (Thy-1) as well as Nestin (1;11;12). 

CD56 was heterogeneously expressed in both populations (11). It is important to note 

however, that although these approaches lead to enrichment for CFU-F, the frequency of 

CFU-F in these populations is still low. Approximately 1 in 50 sorted cells is a clonogenic cell 

(4;5;9).

Enrichment for distinct MSC subsets offers perspectives to unravel if the progeny of different 

clonogenic MSC populations have distinct characteristics with respect to multilineage 

differentiation (13;14), to suppression of differentiation, maturation and proliferation of 

various types of immune cells (15) and to the capacity to provide hematopoietic support (16). 

Mouse models have demonstrated the relevance of primary murine and human MSC for 

hematopoiesis. Upon co-transplantation with hematopoietic stem cells (HSC), primary 

murine PDGFRa+Sca-1+CD45-TER119- MSC were able to support hematopoiesis (8). In a 

Nestin-GFP reporter model, Mendez-Ferrer et al demonstrated that HSC localized next 

to or in close proximity of Nestin-GFP cells under homeostatic circumstances and upon 

transplantation, they also homed next to Nestin+ cells (7). Finally depletion of Nestin cells 

resulted in a lack of retention of HSC in the bone marrow, indicating that Nestin+ MSC are 

a crucial component of the HSC niche (7). Also CD146+ cells from human bone marrow 

are shown to be of crucial importance for hematopoiesis, as these cells can generate a 

complete ectopic hematopoietic niche in mice (9). In addition, MSC subpopulations in 
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human bone marrow were found to localize to different niches in vivo, CD271brightCD146- 

were found to be bone lining, whereas the CD271brightCD146+ cells had a perivascular 

localization (12). According to the current hypothesis on HSC niches (17), these data suggest 

that CD271brightCD146- share their niche with the most primitive HSC that are believed to 

reside in the osteoblastic niche, while the perivascularly localized CD271brightCD146+ cells 

may be in contact with the short-term HSC in the vascular niche. This may be indicative 

for a distinct role in hematopoietic support for these two subsets. It has been shown by in 

vivo studies that Wnt-signaling in MSC plays a crucial role in their hematopoietic support. 

Imbalanced Wnt-signaling by targeting the expression of Wnt-inhibitors Dickkopf-1 (DKK1) 

or secreted frizzled related protein-1 (SFRP1) in stromal cells leads to an impaired capacity 

to reconstitute the bone marrow in serial transplantations (18;19). So far, the Wnt-signature 

of MSC has only been studied in ex-vivo cultured MSC, expanded from a heterogeneous 

population of MSC, whereas it is known that that many characteristics of MSC might change 

upon culturing (20-22).

In the current study, we aimed to generate and compare Wnt-signaling profiles of 

defined MSC subpopulations directly sorted from bone marrow and compared these to 

conventionally cultured MSC derived from unsorted bone marrow mononuclear cells. We 

demonstrate that the Wnt-expression profile from directly sorted MSC subpopulations is very 

distinct from conventionally cultured MSC. In addition, several Wnt genes are differentially 

expressed between the two adult MSC subpopulations. Upon culturing the subsets for 

one passage, they started to resemble the signature of MSC cultured from unsorted bone 

marrow. Finally, we reveal that CD271brightCD146- MSC cultured for one passage have an 

enhanced capacity to maintain cord blood-derived hematopoietic stem and progenitor cells 

(HSPC) in vitro compared to CD271brightCD146+ cells. This difference in HSPC supportive 

capacity was lost during culture expansion, indicating that MSC loose native characteristics 

during ex-vivo culturing. 
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Materials and Methods 

Bone marrow processing
Adult bone marrow was aspirated from patients undergoing cardiac surgery (n=6) or from 

remains of autologous BM transplants from Non-Hodgkin lymphoma patients in remission 

(n=4) after informed consent. The study was approved by the Medical Research Ethics 

Committee of the AMC (MEC:04/042#04.17.370). Mononuclear cells (MNC) were isolated 

by density gradient centrifugation (Ficoll-paque, 1.077 g/ml, GE Health care Bio-Sciences 

AB, Uppsala, Sweden). Remaining erythrocytes were lysed using NH
4
Cl for 10 minutes on 

ice. 

Umbilical cord blood-derived CD34+ hematopoietic stem and progenitor cells (HSPC) 

were selected by magnetic cell sorting (Miltenyi Biotec) according to the manufacturer’s 

instructions within 48 hours after delivery and informed consent. Purity of the samples was 

determined by flow cytometry. The purity of all samples exceeded 90%. 

Flow cytometry and cell sorting
BM MNC were analysed for expression of putative MSC and hematopoietic markers. 

Purchased from BD, San Jose CA: CD34 (clone 8G12), CD73 (AD2), CD90 (5E10), CD45 

(HI30), CD146 (P1H12). Purchased from other companies: CD271 (ME20.4-1.H4, Miltenyi 

Biotec, Gladbach, Germany), CD105 (SN6, Ancell, Bayport MN). As negative controls, cells 

were labeled with appropriate monoclonal isotype controls (BD or Sanquin, Amsterdam 

The Netherlands). A minimum of 1.000.000 events was recorded using a FACS LSR II flow 

cytometer (BD). For six-color cell sorting (FACS Aria, BD), MNC were incubated with 

antibodies directed against CD45, CD34, CD271, CD146, CD105 and CD90.

CD34+ cells were stained for CD34 (8G12, BD), CD38 (HB7, BD), CD13 (WM15, BD), 

CD33 (WM53, BD), CD36 (CLB-IVC7, Sanquin), CD14 (M5E2, BD), CD41 (5B12, Dako, 

Cambridgeshire, UK), CD45 (H130, BD), CD235a (JC159, Dako). Flow count Fluorospheres 

(Beckman Coulter, Woerden, The Netherlands) were included for enumeration of the 

hematopoietic cells. 

MSC cultures
5000 sorted CD271+/CD146- or CD271+CD146+ cells were put in 6-well dishes in M199 

medium (Gibco) containing 10% FCS, penicillin (50 IU/mL) and streptomycin (50 µg/mL), 

20 µg/mL ECGF (Roche Diagnostics, Indianapolis, IN) and 8 IU/mL heparin (Leo Pharma, 

Breda, The Netherlands), hereafter referred to as M199c, to study CFU-F formation. CFU-F 

assays using MNC were performed in T25 tissue culture flasks at densities of 2, 1 and 

0.5x106 MNC. 



106 Characterization of human mesenchymal stromal cell heterogeneity   

For long term cultures, MSC were passaged upon reaching 80% confluency and replated at 

2500 cells/cm2 until reaching the third passage.

RNA extraction, cDNA synthesis and RQ-PCR
RNA from a minimum of 1000 sorted CD271+/CD146-, CD271+CD146+ or CD271-CD146+ 

cells was isolated using Trizol (Invitrogen, Breda, The Netherlands). A maximum of 1 µg 

total RNA was used for cDNA synthesis using random hexamers (25 µmol/L, Gibco-BRL 

life technologies, Breda, The Netherlands). RQ-PCRs were performed on a StepOne Plus 

(Applied Biosystems, Nieuwerkerk a/d IJssel, The Netherlands) using Sybrgreen dye for 

detection (Sybrgreen mastermix, Applied Biosystems. 

For analysis of Wnt (target)-gene expression directly after sorting, RNA was amplified using 

a RT2 nano preamp cDNA synthesis kit (SAbiosciences, Qiagen, Venlo, The Netherlands). 

For cultured MSC subsets, a maximum of 1 µg RNA was used for cDNA synthesis using 

a RT2 first strand cDNA kit (SAbiosciences). In the experiment in which uncultured MSC 

were compared to cultured MSC, also the RNA of the cultured cells was amplified. WNT-

PCR arrays (SAbiosciences) were performed according to the manufacturers instructions. 

RQ-PCRs were performed on a StepOne Plus (Applied Biosystems, Nieuwerkerk a/d IJssel, 

The Netherlands) and the data were expressed as DCt-values or normalized to the mean 

expression of a set of house keeping genes by the 2^-∆Ct method. The house keeping genes 

were beta-2-microglobulin (B2M), hypoxanthine phosphoribosyltransferase 1 (HPRT1), 

ribosomal protein L13a (RPL13A), Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) 

and beta-actin (ACTB). Hierarchical clustering was performed using PCRarray software 

(www.SAbiosciences.com). Genes were considered differentially expressed between the MSC 

subsets when a minimal fold change of 3 was observed in all three donors.

Hematopoietic supportive stromal co-cultures 
Cultured CD271brightCD146-, CD271+CD146+ or unsorted MSC were seeded in 24-well plates 

at a density of 5000 cells/cm2 in M199c and irradiated at 12 Gy upon reaching confluency. 

5000 umbilical cord blood-derived CD34+ cells were co-cultured with confluent MSC layers 

using Myelocult (H5100, Stem Cell Technologies Inc, Grenoble, France) supplemented with 

10-6M hydrocortisone (Sigma, Zwijndrecht, The Netherlands) at 37°C and 5%CO
2
. Half of 

the medium was refreshed weekly. After 2, 4 and 6 weeks of co-culture, cells were harvested, 

counted, analyzed by flow cytometry and plated in colony assays.

Hematopoietic colony formation
Colony forming unit (CFU) assays with CB-CD34 assays were performed at day 0, after 2, 4 

and 6 weeks of co-culture. Freshly isolated CD34+ cells and cells co-cultured with stromal 

cells were plated in methylcellulose medium (Methocult H4434, Stem Cell Technologies) 
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in serial dilutions in 24-well plates at 37°C and 5% CO
2
. Hematopoietic colonies were 

enumerated after 12 days. 

Statistical analysis 
Statistical significance was determined by paired samples t-test, using SPSS 15.0 (SPSS Inc, 

Chicago, IL). Results were considered to be significant when p≤0.05.
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Results

Differential Wnt (target) gene expression in uncultured and cultured 
MSC subsets
CD271brightCD146-, CD271brightCD146+ and CD271-CD146+ fractions were sorted from adult 

bone marrow (BM) as described in Figure 1. RNA from uncultured sorted CD271brightCD146-, 

CD271brightCD146+, CD271-CD146+ and unsorted cultured MSC derived from the BM MNC 

was isolated and Wnt (target)-gene expression was analyzed by RQ-PCR. Hierarchical 

clustering of the uncultured MSC subsets versus unsorted cultured MSC derived from the 

BM mononuclear cell fraction (MNC) was performed based on the obtained Wnt-signaling 

profiles. This analysis revealed that CD271brightCD146- and CD271brightCD146+, which contain 

all CFU-F in the BM (11), are clustered apart from unsorted, cultured MSC and CD271-CD146+ 

cells that were previously shown to not contain CFU-F (Figure 2A). The mean ∆Ct of all 

genes evaluated in the assay are listed in Table 1. Gene expression of 15 genes discriminated 

uncultured MSC from cultured unsorted MSC. (Figure 2B-C and Table 1). Four genes were 

most prominent in conventionally cultured MSC: CCND1, WISP1, WNT5A and WNT5B 

(Figure 2B and Table 1). In contrast, eleven genes seem to be expressed at higher levels in 

Figure 1  Gating strategy for sorting MSC subsets from human bone marrow

(A) Representative figures showing the gating strategies to eliminate hematopoietic cells from BM mononuclear cells  
 (MNC). 
(B) Selection of CD271 and/or CD146 positive cells from BM CD45-CD34- cells, including co-expression of CD90 and  
 CD105 in each quadrant of the first panel (B).
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uncultured CD271brightCD146- and CD271brightCD146+, amongst others JUN, LEF1, WIF1 and 

WNT3A (Figure 2C and Table 1). Most striking was the difference in Wnt-expression. The 

canonical WNT3a was only detected in directly sorted cells, whereas the non-canonical 

WNT5a was only expressed by ex-vivo cultured cells. Even though donor variation was 

considerable and we only included a limited number or donors, these data indicate that the 

Wnt-signature of the directly sorted MSC subsets from human bone marrow is distinct from 

unsorted cultured MSC.

Subtle differences in Wnt-signature between CD271brightCD146+ and 
CD271brightCD146- cells
The differences in Wnt (target)-gene expression between CD271brightCD146- and 

CD271brightCD146+ cells were more subtle and hierarchical clustering analysis did not 

exclusively cluster the CD271brightCD146- and CD271brightCD146+ cells into distinct groups, 

most likely due to donor variation (Figure 2A). CD271brightCD146+ cells expressed more Wnt 

(target) genes than CD271brightCD146- cells, 21 genes were not detected in these cells while 

they were expressed by the CD271brightCD146+ subset (Table 1), although this difference 

might be partly due to the low cDNA input in the PCR-array. Because the donor variation 

was substantial and we only analyzed three donors, only FZD7 (p≤ 0.021) and LRP6 (p≤ 

0.002) were found significantly higher expressed in CD271brightCD146+ cells compared to 

CD271brightCD146- counterparts (Figure 2D, Table 1). A trend towards increased expression in 

CD271brightCD146+ cells was observed for the Wnt-target gene MYC (p≤ 0.097), CTNNB1 (p≤ 

0.112), Wnt-protein Wnt11 (p≤ 0.120) and EP300 (p≤ 0.129), while DKK1 (p≤ 0.091) showed 

a tendency to be expressed at higher levels in CD271brightCD146-cells (Table 1, Figure 2D). 

These data suggest that the two MSC subsets directly sorted from human bone marrow have 

a distinct Wnt-signaling profile.

Differences in Wnt-signature between primary subsets are lost after 
culturing for one passage
We next investigated whether the differences in Wnt-target gene expression detected in 

the sorted subsets were conserved during culture or whether they would both become 

similar to MSC obtained from unsorted BM MNC. Therefore, the CD271brightCD146- and 

CD271brightCD146+ fractions, as well as unsorted MNC from the same donors were plated at 

clonal density and cultured for one passage. The obtained MSC were harvested after 14 days 

and the Wnt-expression profile was analyzed. 

As shown in Table 2, the genes that were differentially expressed or that showed a trend 

towards differential expression between the primary subsets, LRP6, FZD7, MYC, WNT11, 

DKK1 and CTNNB1, did no longer show any differential expression after culturing the cells 

for 14 days. Although there were some subtle differences, for example CXXC4 that may be 

expressed at higher levels in CD271brightCD146+ cells, in general the expression of Wnt-
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Figure 2  Hierarchical clustering analysis and Wnt-gene expression analysis of native MSC subsets and cultured MSC  
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(A): Hierarchical clustering and heat map of uncultured sorted CD271brightCD146-, CD271brightCD146+, CD271-CD146+ 
and unsorted MSC cultured from BM MNC. Cultured MSC and CD271-CD146+ cells were clustered apart from 
CD271brightCD146- and CD271brightCD146+ cells based on the obtained Wnt-signaling profile. 
(B): Expression of CCND1, WISP1, WNT5A and WNT5B was higher in MSC cultured from BM MNC. The bars represent 
the mean expression normalized to the average expression of the housekeeping genes (2^-∆Ct, ± SEM, n=3; n=2 for 
unsorted cultured MSC). 
(C): Sorted MSC subsets expressed higher levels of JUN, LEF1, WIF1, WNT3A. The bars represent the mean expression 
normalized to the average expression of the housekeeping genes (2^-∆Ct, ± SEM, n=3; n=2 for unsorted cultured MSC). 
(D): FZD7 and LRP6 were significantly higher expressed in CD271brightCD146+ cells (p≤ 0.05); while a trend towards 
differential expression was observed for MYC, CTNNB1, WNT11 and DKK1. The bars represent the mean expression 
normalized to the average expression of the housekeeping genes (2^-∆Ct, ± SEM, n=3).

Hierarchical clustering analysis and Wnt-gene expression analysis of native MSC subsets and cultured MSC  Figure 2
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Table 1  Wnt (target)-gene expression in uncultured MSC subsets and unsorted cultured MSC

Gene symbol CD271brightCD146- CD271brightCD146+ CD271-CD146+ Unsorted cultured MSC

AES 3.13 ± 5.85 0.49 ± 1.15 6.19 ± 11.51 -1 .47 ±0.23

APC ND 9.14 ± 2.66 13.05 ± 1.19 9.97 ± 0.97

AXIN1 8.70 ± 1.27 3.81 ± 0.69 6.24 ± 3.78 6.15 ± 0.56

BCL9 ND 10.61 ± 0.90 12.52 ± 0.89 12.61 ± 2.07

BTRC 7.52 ± 1.44 9.62 ± 2.43 10.48 ± 0.79 9.44 ± 1.28

CCND1 ND ND 13.76 ± 1.95 3.67 ± 0.42

CCND2 2.06 ± 0.76 2.45 ± 0.93 4.68 ± 1.20 3.80 ± 0.03

CCND3 2.31 ± 2.11 2.35 ± 0.96 7.22 ± 10.61 1.93 ±0.70

CSNK1A1 8.20 ± 1.34 9.14 ± 1.20 9.49 ± 2.15 9.84 ± 2.38

CSNK1D -1.18 ± 1.12 -0.54 ± 0.15 0.73 ± 1.03 0.32 ± 1.14

CSNK1G1 7.51 ± 3.30 7.85 ± 2.72 9.12 ± 0.80 9.45 ± 0.14

CSNK2A1 8.48 ± 1.23 8.37 ± 2.08 9.37 ± 1.31 9.41 ± 2.09

CTBP1 5.36 ± 3.92 2.53 ± 0.59 7.30± 10.53 2.09 ± 0.18

CTBP2 3.84 ± 4.69 1.88 ± 0.83 4.61 ± 0.55 1.30 ± 0.87

CTNNB1 6.20 ± 2.63 2.09 ± 0.29 4.33 ± 0.32 2.60 ± 2.33

CTNNBIP1 ND ND 9.41 ± 3.18 8.25 ± 1.64

CXXC4 8.68 ± 1.24 8.92 ± 3.06 11.55 ± 6.86 11.80 ± 1.66

DAAM1 8.52 ± 2.11 6.70 ± 0.85 7.49 ± 0.31 8.64 ± 1.46

DIXDC1 ND 7.50 ± 2.81 11.40 ± 1.29 5.43 ± 0.43

DKK1 7.81 ± 0.46 10.39 ± 1.14 14.58 ± 1.10 11.67 ± 0.46

DVL1 7.94 ± 1.57 6.42 ± 0.91 5.71 ± 0.84 6.51 ± 1.73

DVL2 ND ND 1214 ± 1.38 9.02 ± 0.23

EP300 7.52 ± 3.29 2.12 ± 0.56 3.82 ± 2.90 3.03 ± 0.55

FBXW11 6.83 ± 2.55 8.56 ± 2.10 8.88 ± 2.54 5.69 ± 0.57

FBXW2 6.78 ± 2.57 7.90 ± 2.72 13.08 ± 2.43 9.98 ± 1.78

FGF4 4.34 ± 2.58 9.39 ± 2.25 ND ND

FOSL1 4.52 ±3.95 2.28 ± 1.28 6.09 ± 1.80 2.74 ± 1.44

FOXN1 ND 8.70 ± 3.10 15.80 ± 4.02 ND

FRAT1 7.76 ± 1.79 5.92 ± 0.61 7.43 ± 2.77 10.09 ± 1.17

FRZB 3.62 ± 5.44 0.69 ± 0.88 7.43 ± 0.71 7.18 ± 0.91

FSHB ND ND ND ND

FZD1 4.06 ± 4.64 0.93 ± 0.98 7.07 ± 1.97 0.49 ± 0.37

FZD2 7.91 ± 1.01 10.95 ± 0.45 14.46 ± 4.56 9.72 ± 1.15

FZD3 ND 9.12 ± 1.89 11.08 ± 1.05 11.51 ± 2.78

FZD4 ND 10.03 ± 1.27 16.61 ± 2.50 13.46 ± 3.13

FZD5 3.44 ± 1.12 2.45 ± 1.39 6.65 ± 1.09 3.97 ± 0.03

FZD6 ND ND 12.81 ± 1.98 15.25 ± 4.45

FZD7 8.58 ± 1.14 3.93 ± 0.45 8.37 ± 2.72 5.59 ± 1.23

FZD8 3.41 ± 4.92 0.60 ± 0.44 8.71 ± 1.02 3.18 ± 0.89

GSK3A 7.75 ± 1.80 8.55 ± 2.92 8.85 ± 1.75 7.66 ± 0.89

GSK3B 4.83 ± 3.71 2.79 ± 0.31 4.47 ± 0.60 3.11 ± 0.23

JUN 1.87 ± 0.45 1.49 ± 0.74 6.89 ± 10.91 8.38 ± 3.46

KREMEN1 ND 7.41 ± 1.05 10.77 ± 1.31 6.71 ± 2.36

LEF1 6.40 ± 0.98 7.32 ± 0.25 5.81 ± 2.06 11.93 ± 2.50

LRP5 ND 8.83 ± 1.76 12.14 ± 4.08 5.11 ± 0.92

LRP6 8.70 ± 1.27 4.48 ± 0.80 7.92 ± 1.36 6.44 ± 0.31

MYC 7.08 ± 2.31 3.86 ± 0.92 6.90 ± 4.51 8.57 ± 1.24

NKD1 ND ND ND ND
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NLK 5.41 ± 3.78 3.53 ± 1.53 5.74 ± 2.13 3.49 ± 1.04

PITX2 ND 3.57 ± 0.15 15.92 ± 3.84 3.25 ± 1.07

PORCN 2.47 ± 0.67 3.70 ± 1.35 5.98 ± 3.93 3.27 ± 1.05

PPP2CA 2.91 ± 0.84 2.18 ± 1.09 4.49 ± 2.01 4.67 ± 0.00

PPP2R1A 1.31 ± 0.84 0.67 ± 0.93 2.67 ± 3.23 -0.20 ± 0.36

PYGO1 ND 10.10 ± 1.01 ND 11.90 ± 2.46

RHOU 6.86 ± 2.45 4.62 ± 0.55 11.44 ± 6.95 6.69 ± 0.32

SENP2 8.68 ± 1.26 10.81 ± 0.67 14.04 ± 4.85 13.30 ± 3.18

SFRP1 ND 7.26 ± 3.01 12.40 ± 0.83 6.39 ± 3.08

SFRP4 5.36 ± 1.66 6.38 ± 0.83 14.47± 4.37 10.13 ± 6.01

FBXW4 3.43 ± 2.17 3.44 ± 2.09 3.68 ± 1.10 3.27 ± 0.79

SLC9A3R1 6.22 ± 5.52 2.23 ± 0.34 2.41 ± 2.09 2.86 ± 0.47

SOX17 ND ND ND ND

T ND ND ND ND

TCF7 ND 10.81 ± 0.67 14.39 ± 4.63 18.87 ± 3.08

TCF7L1 6.64 ± 2.14 5.10 ± 1.22 11.4 ± 6.40 4.45 ± 0.24

TLE1 6.53 ± 3.00 7.61 ± 2.65 7.49 ± 2.58 8.91 ± 1.64

TLE2 ND 9.49 ± 2.07 14.01 ± 4.72 6.41 ± 15.90

WIF1 7.63 ± 1.30 7.02 ± 0.89 15.85 ± 3.72 ND

WISP1 8.67 ± 1.32 6.84 ± 2.13 8.80 ± 3.02 4.09 ± 0.96

WNT1 ND 7.73 ± 2.64 11.05 ± 1.74 ND

WNT2 ND 9.73 ± 1.65 12.99 ± 0.80 ND

WNT2B ND 9.38 ± 2.26 ND 12.29 ± 2.93

WNT3 8.42 ± 0.99 8.17 ± 4.35 11.83 ± 6.62 ND

WNT3A 8.03 ± 2.40 8.60 ± 1.80 15.34 ± 3.57 ND

WNT4 7.53 ± 3.26 5.04 ± 2.28 7.26 ± 4.24 7.02 ± 0.30

WNT5A ND ND 15.31 ± 3.80 5.02 ± 2.92

WNT5B ND 9.44 ± 1.20 9.18 ± 1.33 6.31 ± 0.88

WNT6 ND ND ND ND

WNT7A 7.37 ± 2.32 8.45 ± 2.10 15.56 ± 3.42 14.80 ± 4.62

WNT7B ND 9.66 ± 1.18 16.18 ± 2.65 ND

WNT8A ND 9.46 ± 2.12 14.08 ± 1.56 ND

WNT9A 7.65 ± 1.28 9.64 ± 0.92 16.25 ± 3.04 ND

WNT10A 7.49 ± 1.49 9.63 ± 1.83 10.89 ± 7.57 ND

WNT11 ND 5.05 ± 3.70 7.77 ± 0.48 12.36 ± 3.38

WNT16 ND 8.62 ± 2.78 12.50 ± 6.03 11.96 ± 2.72

The data represent the mean ∆Ct (±SD, n=3) for the indicated Wnt-(target) genes in uncultured CD271brightCD146-, 
CD271brightCD146+ and CD271-CD146+cells and first passage MSC derived from unsorted bone marrow mononuclear 
cells. The average Ct-value of the housekeeping genes were 26.30 ± 1.27, 24.03 ± 0.50; 16.63 ± 2.19 and 14.83 ± 2.98 
respectively. ND: not detected. Genes depicted in italic/bold represent genes that are significantly higher expressed 
in CD271brightCD146+ cells compared to CD271brightCD146- cells (p≤ 0.05). Values depicted in italic/bold represent 
genes that show a trend towards differential expression between the subsets and cultured MSC or between the sorted 
subsets. The abbreviations of the gene symbols are listed in Supplementary Table 1. 

Gene symbol CD271brightCD146- CD271brightCD146+ CD271-CD146+ Unsorted cultured MSC
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Table 2  Wnt (target)-gene expression in first passage MSC subsets and unsorted MSC

Gene symbol CD271brightCD146- CD271brightCD146+ Unsorted cultured MSC

AES 3.20 ± 0.71 3.09 ± 2.42 1.56 ± 0.60

APC 7.55 ± 1.57 7.53 ± 1.94 8.57 ± 0.70

AXIN1 8.76 ± 4.40 7.67 ± 3.07 6.06 ± 0.46

BCL9 10.16 ±4.06 8.81 ± 3.06 8.37 ± 1.96

BTRC 7.16 ± 1.19 7.54 ± 2.15 7.99 ± 1.58

CCND1 3.31 ± 3.45 3.78 ± 3.26 3.03 ± 1.57

CCND2 6.97 ± 2.57 6.20 ± 1.01 4.54 ± 2.28

CCND3 5.21 ± 1.76 6.51 ± 4.02 5.02 ± 1.30

CSNK1A1 6.26 ± 2.90 6.61 ± 3.96 4.90 ± 1.72

CSNK1D 2.78 ± 1.06 2.47 ± 1.40 3.31 ± 0.73

CSNK1G1 9.26 ± 3.02 8.28 ± 2.73 9.78 ± 1.43

CSNK2A1 5.24 ± 1.39 5.73 ± 2.51 3.88 ± 0.74

CTBP1 5.08 ± 2.14 4.79 ± 3.85 3.24 ± 0.51

CTBP2 2.82 ± 1.07 1.67 ± 1.99 3.36 ± 0.50

CTNNB1 3.01 ± 0.87 6.06 ± 4.77 1.77 ± 1.26

CTNNBIP1 8.95 ± 4.28 8.09 ± 2.91 7.35 ± 1.38

CXXC4 11.04 ± 4.55 8.70 ± 3.09 10.88 ± 2.43

DAAM1 6.29 ± 1.06 5.90 ± 0.52 6.35 ± 1.22

DIXDC1 5.54 ± 1.11 6.15 ± 2.54 5.82 ± 1.75

DKK1 5.27 ± 0.87 5.18 ± 0.93 9.01 ± 0.61

DVL1 4.27 ± 1.34 3.91 ± 0.73 5.28 ± 1.52

DVL2 8.46 ± 2.79 8.88 ± 3.08 9.65 ± 1.28

EP300 6.34 ± 2.46 6.29 ± 4.42 5.13 ± 0.75

FBXW11 6.61 ± 1.42 7.48 ± 3.19 6.30 ± 0.44

FBXW2 7.02 ± 1.14 7.32 ± 2.01 8.32 ± 2.11

FGF4 ND ND ND

FOSL1 3.13 ± 0.88 4.10 ± 0.38 5.90 ± 0.95

FOXN1 ND ND 8.53 ± 3.01

FRAT1 10.12 ± 3.83 8.64 ± 2.98 8.36 ± 0.58

FRZB 6.24 ± 3.58 4.78 ± 1.93 7.43 ± 1.18

FSHB ND ND ND

FZD1 3.96 ± 1.15 2.64 ± 0.24 2.05 ± 2.28

FZD2 7.51 ± 2.38 7.62 ± 3.10 8.03 ± 2.20

FZD3 7.92 ± 1.88 8.78 ± 3.05 7.93 ± 1.57

FZD4 8.24 ± 2.60 7.83 ± 2.99 8.48 ± 2.45

FZD5 5.54 ± 1.84 4.68 ± 1.72 5.44 ± 0.89

FZD6 6.95 ± 3.35 7.25 ± 3.38 7.36 ± 2.23

FZD7 5.88 ± 2.45 4.43 ± 2.20 4.92 ± 2.08

FZD8 4.33 ± 1.21 3.65 ± 1.54 5.39 ± 2.60

GSK3A 6.25 ± 0.44 7.72 ± 3.05 5.89 ± 0.46

GSK3B 3.46 ± 0.29 2.45 ± 1.56 3.98 ± 0.57

JUN 6.20 ± 1.32 6.52 ± 3.18 3.50 ± 1.67

KREMEN1 6.76 ± 1.68 7.15 ± 1.61 5.77 ± 1.57

LEF1 8.26 ± 3.45 8.65 ± 2.98 8.76 ± 1.41

LRP5 8.27 ± 3.41 7.75 ± 2.81 8.68 ± 2.20

LRP6 5.96 ± 1.49 6.79 ± 3.74 6.38 ± 1.95

MYC 9.41 ± 4.08 8.24 ± 2.90 6.91 ± 0.78

NKD1 ND ND ND

NLK 6.54 ± 0.67 7.87 ± 2.98 6.53 ± 0.31

PITX2 5.06 ± 1.53 5.69 ± 1.87 6.85 ± 1.26

PORCN 5.34 ± 2.19 6.01 ± 3.63 5.53 ± 0.91

PPP2CA 5.88 ± 0.58 4.57 ± 1.75 6.04 ± 0.57

PPP2R1A 3.30 ± 1.88 3.07 ± 2.90 1.54 ± 0.55

PYGO1 7.44 ± 1.77 7.92 ± 2.96 7.71 ± 2.89

RHOU 7.91 ± 1.87 8.49 ± 2.93 6.98 ± 0.83

SENP2 7.98 ± 3.70 7.50 ± 3.18 7.86 ± 2.40

SFRP1 6.67 ± 0.85 6.75 ± 3.85 3.82 ± 4.00

SFRP4 6.18 ± 4.10 5.45 ± 3.00 6.13 ± 4.37

FBXW4 4.86 ± 1.38 4.16 ± 1.95 6.11 ± 0.58

SLC9A3R1 5.45 ± 0.58 6.14 ± 1.04 5.31 ± 0.39

SOX17 9.86 ± 4.02 8.67 ± 2.99 8.74 ± 1.67

T 10.15 ± 3.80 9.28 ± 3.41 10.08 ± 1.53

TCF7 9.22 ± 3.37 9.19 ± 3.33 10.88 ± 2.44

TCF7L1 5.27 ± 1.97 5.31 ± 1.45 6.09 ± 1.36

TLE1 5.60 ± 1.03 4.91 ± 1.55 6.27 ± 1.32

TLE2 8.46 ± 2.32 9.06 ± 3.23 8.58 ± 2.50

WIF1 ND ND ND

WISP1 5.30 ± 1.24 6.68 ± 3.77 5.14 ± 1.75

WNT1 ND ND ND

WNT2 ND ND ND

WNT2B 8.64 ± 3.27 8.06 ± 2.38 9.74 ± 1.41

WNT3 ND ND ND

WNT3A ND ND ND

WNT4 9.71 ± 3.74 10.00 ± 4.20 8.36 ± 2.81

WNT5A 4.85 ± 3.61 4.77 ± 3.31 4.62 ± 1.44

WNT5B 4.81 ± 1.71 4.75 ± 1.53 7.63 ± 1.32

WNT6 ND ND ND

WNT7A ND ND ND

WNT7B ND ND ND

WNT8A ND ND ND

WNT9A ND ND ND

WNT10A 10.52 ± 4.16 9.97 ± 4.16 10.32 ± 4.15

WNT11 10.22 ± 4.62 9.26 ± 3.77 9.98 ± 2.01

WNT16 9.09 ± 2.89 8.73 ± 3.02 10.05 ± 1.52

The data represent the mean ∆Ct (±SD, n=3) for the indicated Wnt-(target) genes in cultured MSC derived from sorted 
CD271brightCD146- or CD271brightCD146+ cells and unsorted bone marrow mononuclear cells. The average Ct-value of the 
housekeeping genes were 23.96±4.55; 25.00±4.20 and 24.12±2.44 respectively. ND: not detected. Genes depicted in 
italic/bold represent genes that differ significantly between the progeny of sorted MSC subsets versus unsorted cultured 
MSC. Values depicted in italic/bold represent genes that are differentially expressed between the subsets and cultured 
MSC or between the sorted subsets. The abbreviations of the gene symbols are listed in 
 Supplementary table 1. 
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Table 2  Wnt (target)-gene expression in first passage MSC subsets and unsorted MSC

Gene symbol CD271brightCD146- CD271brightCD146+ Unsorted cultured MSC

AES 3.20 ± 0.71 3.09 ± 2.42 1.56 ± 0.60

APC 7.55 ± 1.57 7.53 ± 1.94 8.57 ± 0.70

AXIN1 8.76 ± 4.40 7.67 ± 3.07 6.06 ± 0.46

BCL9 10.16 ±4.06 8.81 ± 3.06 8.37 ± 1.96

BTRC 7.16 ± 1.19 7.54 ± 2.15 7.99 ± 1.58

CCND1 3.31 ± 3.45 3.78 ± 3.26 3.03 ± 1.57

CCND2 6.97 ± 2.57 6.20 ± 1.01 4.54 ± 2.28

CCND3 5.21 ± 1.76 6.51 ± 4.02 5.02 ± 1.30

CSNK1A1 6.26 ± 2.90 6.61 ± 3.96 4.90 ± 1.72

CSNK1D 2.78 ± 1.06 2.47 ± 1.40 3.31 ± 0.73

CSNK1G1 9.26 ± 3.02 8.28 ± 2.73 9.78 ± 1.43

CSNK2A1 5.24 ± 1.39 5.73 ± 2.51 3.88 ± 0.74

CTBP1 5.08 ± 2.14 4.79 ± 3.85 3.24 ± 0.51

CTBP2 2.82 ± 1.07 1.67 ± 1.99 3.36 ± 0.50

CTNNB1 3.01 ± 0.87 6.06 ± 4.77 1.77 ± 1.26

CTNNBIP1 8.95 ± 4.28 8.09 ± 2.91 7.35 ± 1.38

CXXC4 11.04 ± 4.55 8.70 ± 3.09 10.88 ± 2.43

DAAM1 6.29 ± 1.06 5.90 ± 0.52 6.35 ± 1.22

DIXDC1 5.54 ± 1.11 6.15 ± 2.54 5.82 ± 1.75

DKK1 5.27 ± 0.87 5.18 ± 0.93 9.01 ± 0.61

DVL1 4.27 ± 1.34 3.91 ± 0.73 5.28 ± 1.52

DVL2 8.46 ± 2.79 8.88 ± 3.08 9.65 ± 1.28

EP300 6.34 ± 2.46 6.29 ± 4.42 5.13 ± 0.75

FBXW11 6.61 ± 1.42 7.48 ± 3.19 6.30 ± 0.44

FBXW2 7.02 ± 1.14 7.32 ± 2.01 8.32 ± 2.11

FGF4 ND ND ND

FOSL1 3.13 ± 0.88 4.10 ± 0.38 5.90 ± 0.95

FOXN1 ND ND 8.53 ± 3.01

FRAT1 10.12 ± 3.83 8.64 ± 2.98 8.36 ± 0.58

FRZB 6.24 ± 3.58 4.78 ± 1.93 7.43 ± 1.18

FSHB ND ND ND

FZD1 3.96 ± 1.15 2.64 ± 0.24 2.05 ± 2.28

FZD2 7.51 ± 2.38 7.62 ± 3.10 8.03 ± 2.20

FZD3 7.92 ± 1.88 8.78 ± 3.05 7.93 ± 1.57

FZD4 8.24 ± 2.60 7.83 ± 2.99 8.48 ± 2.45

FZD5 5.54 ± 1.84 4.68 ± 1.72 5.44 ± 0.89

FZD6 6.95 ± 3.35 7.25 ± 3.38 7.36 ± 2.23

FZD7 5.88 ± 2.45 4.43 ± 2.20 4.92 ± 2.08

FZD8 4.33 ± 1.21 3.65 ± 1.54 5.39 ± 2.60

GSK3A 6.25 ± 0.44 7.72 ± 3.05 5.89 ± 0.46

GSK3B 3.46 ± 0.29 2.45 ± 1.56 3.98 ± 0.57

JUN 6.20 ± 1.32 6.52 ± 3.18 3.50 ± 1.67

KREMEN1 6.76 ± 1.68 7.15 ± 1.61 5.77 ± 1.57

LEF1 8.26 ± 3.45 8.65 ± 2.98 8.76 ± 1.41

LRP5 8.27 ± 3.41 7.75 ± 2.81 8.68 ± 2.20

LRP6 5.96 ± 1.49 6.79 ± 3.74 6.38 ± 1.95

MYC 9.41 ± 4.08 8.24 ± 2.90 6.91 ± 0.78

NKD1 ND ND ND

NLK 6.54 ± 0.67 7.87 ± 2.98 6.53 ± 0.31

PITX2 5.06 ± 1.53 5.69 ± 1.87 6.85 ± 1.26

PORCN 5.34 ± 2.19 6.01 ± 3.63 5.53 ± 0.91

PPP2CA 5.88 ± 0.58 4.57 ± 1.75 6.04 ± 0.57

PPP2R1A 3.30 ± 1.88 3.07 ± 2.90 1.54 ± 0.55

PYGO1 7.44 ± 1.77 7.92 ± 2.96 7.71 ± 2.89

RHOU 7.91 ± 1.87 8.49 ± 2.93 6.98 ± 0.83

SENP2 7.98 ± 3.70 7.50 ± 3.18 7.86 ± 2.40

SFRP1 6.67 ± 0.85 6.75 ± 3.85 3.82 ± 4.00

SFRP4 6.18 ± 4.10 5.45 ± 3.00 6.13 ± 4.37

FBXW4 4.86 ± 1.38 4.16 ± 1.95 6.11 ± 0.58

SLC9A3R1 5.45 ± 0.58 6.14 ± 1.04 5.31 ± 0.39

SOX17 9.86 ± 4.02 8.67 ± 2.99 8.74 ± 1.67

T 10.15 ± 3.80 9.28 ± 3.41 10.08 ± 1.53

TCF7 9.22 ± 3.37 9.19 ± 3.33 10.88 ± 2.44

TCF7L1 5.27 ± 1.97 5.31 ± 1.45 6.09 ± 1.36

TLE1 5.60 ± 1.03 4.91 ± 1.55 6.27 ± 1.32

TLE2 8.46 ± 2.32 9.06 ± 3.23 8.58 ± 2.50

WIF1 ND ND ND

WISP1 5.30 ± 1.24 6.68 ± 3.77 5.14 ± 1.75

WNT1 ND ND ND

WNT2 ND ND ND

WNT2B 8.64 ± 3.27 8.06 ± 2.38 9.74 ± 1.41

WNT3 ND ND ND

WNT3A ND ND ND

WNT4 9.71 ± 3.74 10.00 ± 4.20 8.36 ± 2.81

WNT5A 4.85 ± 3.61 4.77 ± 3.31 4.62 ± 1.44

WNT5B 4.81 ± 1.71 4.75 ± 1.53 7.63 ± 1.32

WNT6 ND ND ND

WNT7A ND ND ND

WNT7B ND ND ND

WNT8A ND ND ND

WNT9A ND ND ND

WNT10A 10.52 ± 4.16 9.97 ± 4.16 10.32 ± 4.15

WNT11 10.22 ± 4.62 9.26 ± 3.77 9.98 ± 2.01

WNT16 9.09 ± 2.89 8.73 ± 3.02 10.05 ± 1.52

The data represent the mean ∆Ct (±SD, n=3) for the indicated Wnt-(target) genes in cultured MSC derived from sorted 
CD271brightCD146- or CD271brightCD146+ cells and unsorted bone marrow mononuclear cells. The average Ct-value of the 
housekeeping genes were 23.96±4.55; 25.00±4.20 and 24.12±2.44 respectively. ND: not detected. Genes depicted in 
italic/bold represent genes that differ significantly between the progeny of sorted MSC subsets versus unsorted cultured 
MSC. Values depicted in italic/bold represent genes that are differentially expressed between the subsets and cultured 
MSC or between the sorted subsets. The abbreviations of the gene symbols are listed in 
 Supplementary table 1. 
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 Wnt-gene expression analysis of MSC subsets and BM MNC-derived MSC after culturing  Figure 3

Figure 3  Wnt-gene expression analysis of MSC subsets and BM MNC-derived MSC after culturing

(A): Hierarchical clustering analysis and heat map 
of CD271brightCD146-, CD271brightCD146+, and BM 
MNC-derived MSC. The CD271brightCD146- and 
CD271brightCD146+ MSC were no longer different from 
each other, but they were still distinct from MSC 
derived from MNC. 

(B): Expression of WNT5B, DKK1 and FOSL1 was 
significantly higher in MSC derived from the sorted 
subsets (p≤ 0.05). The bars represent the mean 
expression normalized to the average expression of 
the housekeeping genes (2^-∆Ct, ± SEM, n=3). 

(C): BM MNC-derived MSC expressed higher levels 
of SFRP1 compared to CD271brightCD146- cells (p≤ 
0.05) and a trend towards increased expression of 
FZD1 was observed. The bars represent the mean 
expression normalized to the average expression of 
the housekeeping genes (2^-∆Ct, ± SEM, n=3). 
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related genes was similar in the two subsets after culture. This was confirmed by hierarchical 

clustering analysis, in which the subsets of the same donor were consequently clustered 

together (Figure 3A). 

Except for WNT5B, the expression of all genes that were higher or lower expressed in 

primary subsets compared to the cultured unsorted MSC now resembled the expression 

pattern of the latter cells in the subsets cultured for 14 days. Some genes were expressed at 

higher of lower levels in MSC derived from unsorted BM MNC compared to the progeny 

of the sorted subsets, however the variability between donors was considerable (Table 2). 

Expression of WNT5B, DKK1 and FOSL1 was significantly decreased in unsorted MSC 

compared to the progeny of CD271brightCD146- (WNT5B: p≤ 0.028; DKK1: p≤ 0.035, FOSL1: 

p≤ 0.003) and CD271brightCD146+ cells (WNT5B: p≤ 0.046; DKK1: p≤ 0.023; FOSL1: p≤ 
0.057) (Figure 3B). A trend towards differential expression was observed for SFRP1, FZD1 

and AES (Figure 3C and Table 2). These data show that the initial differential Wnt-gene 

expression between the sorted subsets is not maintained during culture and that the subsets 

start to resemble the MSC derived from unsorted BM MNC. This suggests that this initial 

observation may be a result of localization to different niches in vivo (12). 
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A trend towards superior HSPC support in short term cultured 
CD271brightCD146-MSC 
Next we evaluated whether the subsets differ in the capacity to support magnetic bead 

selected umbilical cord blood (CB) CD34+ HSPC in vitro. CFU-F derived from both subsets 

were plated in 24-wells plated and irradiated upon reaching confluency in 10 to 14 days. 

Subsequently, CB CD34+ cells were seeded onto the stromal layers in long term culture 

medium and co-cultured for six weeks. After co-culturing for two, four and six weeks the 

quality of the hematopoietic support was analyzed in hematopoietic colony assays. The 

HSPC formed so-called cobblestone areas and expanded rapidly within the first week of co-

culture (Figure 4A-B). The hematopoietic colony assays demonstrated that after co-culturing 

for two weeks, most hematopoietic colonies were observed in the HSPC co-cultured on 

CD271brightCD146+ cells (Figure 4C, n=2). Most colonies were classified as CFU-granulocyte 

monocyte (CFU-GM). Remarkably after long term co-culture for four and six weeks, most 

colonies were detected in the HSPC co-cultured on CD271brightCD146- (Figure 4D-E, n=2), 

Figure 4  Co-culture of MSC subsets and cord blood-derived CD34+ HSPC

(A) Cobblestone areas (phase dark, arrowhead) were formed by CD34+ HSPC underneath the confluent monolayers of 
all MSC subsets within a week of culturing. 
(B) CB-derived CD34+ HSPC rapidly expanded upon co-culturing with MSC. 5000 HSPC were plated at t=0. 
(C-E) Cells derived from CD271+CD146+ (referred to as +/+, circles) or CD271+CD146- (+/-, squares) CFU-F were cultured 
for one passage only and analyzed for their capacity to support HSPC. The squares and circles represent the number 
of colonies generated per 5000 input HSPC for each of the two individual donors after co-culturing for (C) two weeks, 
(D) four weeks and (E) six weeks. Most short-term colonies (wk2) were generated on CD271+CD146+ MSC, whereas a 
trend towards better long term hematopoietic support (wk 6) was observed on CD271brightCD146- cells. (F) HSPC rapidly 
proliferated upon co-culturing. The data (mean ± SEM, n=2) represent the absolute HSPC cell counts obtained after the 
indicated weeks of co-culturing on CD271+CD146+ MSC or CD271+CD146- MSC. (G-I) Third passage culture-expanded 
CD271+CD146+ (referred to as +/+, circles) or CD271+CD146- MSC (+/-, squares) were analyzed for their capacity to 
support HSPC. The squares and circles represent the number of colonies generated per 5000 input HSPC for each of 
the three donors after co-culturing for (G) two weeks, (H) four weeks and (I) six weeks. No difference in hematopoietic 
support was observed between the subsets after expanding the cells for three passages in culture (J) The data (mean ± 
SEM, n=3) represent the absolute HSPC cell counts obtained after the indicated weeks of co-culturing on third passage 
CD271+CD146+ MSC or CD271+CD146+ MSC. Abbreviations: CFU-GM, colony forming unit-granulocyte monocyte; BFU-
E, burst forming unit-erythrocyte; CFU-GEMM, colony forming unit-granulocyte erythrocyte monocyte megakaryocyte.
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Co-culture of MSC subsets and cord blood-derived CD34+ HSPC Figure 4
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although the number of hematopoietic colonies was lower than after co-culturing for 

two weeks. Again most colonies were CFU-GM. The increased colony formation on the 

CD271brightCD146- MSC subset was not a result of enhanced proliferation of HSPC on the 

MSC subsets (Figure 4F). In addition, flow cytometric analysis of the HSPC co-cultured on 

both MSC subsets revealed that the MSC subsets did not induce skewing towards a specific 

hematopoietic cell type (data not shown). However, additional co-culture experiments have 

to confirm this possible difference.

Because culture-expansion induces changes in MSC-properties, we studied whether the 

observed difference in hematopoietic support was maintained after expanding the MSC 

subsets for three passages. As depicted in Figure 4G-I (n=3), no significant difference 

was observed in colony formation of HSPC co-cultured on third passage CD271brightCD146- 

and CD271brightCD146+ MSC. Although there may be trend towards better hematopoietic 

support on CD271brightCD146- cells after co-culturing for six weeks, this was not consistently 

observed in all three donors. 
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Discussion

Most studies on MSC have focused on cells that are cultured from multiple tissues based 

on the MSC capacity to adhere to tissue culture plastic without prospective isolation of 

cell populations enriched for MSC. This method is also employed for culture expansion of 

MSC for clinical application (2). Recently, it has been demonstrated that sorting for several 

markers leads to enrichment for both murine and human MSC (3-9). 

Stromal cells in bone marrow provide crucial cues for HSC maintenance. Because 

imbalanced Wnt-signaling in stromal cells in vivo leads to impaired repopulation capacity 

of HSC in serial transplantations (18;19) and the pivotal role for Wnt-signaling in 

hematopoiesis is well established (23), in the current study we aimed in the current study to 

generate and compare the Wnt-signature of sorted MSC subsets directly after sorting or after 

culturing. To our knowledge, we demonstrate for the first time that the Wnt-signature of 

freshly isolated MSC is substantially different from ex-vivo expanded MSC and that sorted 

uncultured MSC subsets slightly differ in their Wnt-signatures, which might be related to 

their localization to different bone marrow niches.

Hierarchical clustering demonstrated that sorted uncultured MSC subsets have a different 

Wnt-signature compared to cultured MSC derived from BM MNC from the same donor. 

Expression of the Wnt-target genes Jun, LEF1 and the Wnt-inhibitor WIF were highly 

expressed in uncultured sorted subsets, while the Wnt-target gene CCND1 and the Wnt-

inhibitor WISP1 were expressed at higher levels in unsorted cultured MSC. In contrast 

to cultured MSC, sorted MSC subsets expressed the canonical WNT3A and lacked the 

expression of the non-canonical WNT5A. This is remarkable because it is commonly 

assumed that MSC express high levels of Wnt5a and lack expression of Wnt3a (24). Our 

data indicate that this holds true only for culture-expanded MSC, but not for MSC directly 

sorted from tissues. Culturing the sorted subsets for one passage had a strong effect on 

Wnt (target)-gene expression; the cells started to resemble the MSC cultured from plastic 

adherent mononuclear BM cells. The cells lost the expression of WNT3A and acquired 

the expression of WNT5A, similar to the unsorted MSC from the same donors cultured in 

parallel, suggesting that this is indeed a culture-induced phenomenon. 

Directly after sorting from BM, MSC subsets differ in Wnt-related gene expression. 

CD271brightCD146+ cells seem to express more Wnt (target)-genes than CD271brightCD146- 

cells. Due to large donor variation, only the Wnt-receptors FZD7 and LRP6 were significantly 

higher expressed in CD271brightCD146+ cells, and a trend towards increased expression was 

observed for Wnt protein Wnt-11 and the target genes beta-catenin (CTNNB1) and MYC. 

FZD9 was the only Wnt-gene previously reported to be present on primary MSC. It was used 

for prospective isolation of MSC from human placenta (3) and its expression was reduced 

on BM-derived CD271+MSCA1+CD56+ cells compared to CD271+MSCA1+CD56- cells (4). 
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FZD9 was not differentially expressed between the CD271brightCD146- and CD271brightCD146+ 

subsets, possibly because CD56 was heterogeneously expressed on both subsets (11).

It has been recently observed that CD271brightCD146- and CD271brightCD146+ cells localize 

to different niches in vivo. CD271brightCD146- MSC were lining the bone, whereas 

CD271brightCD146+ MSC had a perivascular localization (12). Following the current consensus 

on two HSC niches in which the most primitive HSC reside in the osteoblastic niche, 

whereas more frequently cycling short term HSC are predominantly localized in the vascular 

niche (17;25;26), this would suggest that CD271brightCD146- MSC are in the proximity of 

quiescent HSC and that perivascular CD271brightCD146+ cells share the niche with short-

term HSC. This suggests that the observed different Wnt-signature may be important for 

supporting hematopoiesis in distinct niches. Due the low number of cells obtained after 

sorting, we were unable to address this question in a mouse model. 

After culturing the sorted subsets for one passage, the initial differences in Wnt-gene 

expression between the subsets were not maintained. This indicates that the Wnt-signature 

in uncultured CD271brightCD146- and CD271brightCD146+ subsets may be a consequence of 

localization to different niches rather than caused by intrinsic differences between these 

fractions. 

The cultured CD271brightCD146- and CD271brightCD146+ subsets were both able to 

support HSPC, however a trend towards increased long-term support was observed in 

CD271brightCD146- cells. Because hardly any differences in Wnt-gene expression were 

detected between these subsets after culturing this process may be Wnt-independent. 

MSC also produce other growth factors, chemokines, cytokines and matrix proteins 

that are involved in hematopoietic support, such as stromal cell-derived factor-1α, stem 

cell factor, granulocyte monocyte stimulating factor and IL-6 and through expression of 

membrane bound molecules like Jagged (27-30). Differential expression of these factors 

between the subsets may explain the better long term hematopoietic support observed 

in CD271brightCD146- cells compared to CD271brightCD146+ cells. After prolonged culture-

expansion there was no difference in hematopoietic support capacity between the subsets 

anymore. Interestingly, Tormin et al reported no differences in hematopoietic support 

between the two MSC subsets (12), but they did not clearly state how long these cells 

have been cultured prior to assaying hematopoietic support capacity and the data was not 

shown in the paper. Here we report that the observed difference in HSPC support was lost 

upon culture-expansion, suggesting that expression or secretion of the factor(s) that were 

responsible for maintaining the colony forming capacity of the CB CD34-positive cells are 

influenced by the cell culture process.

Functional differences between MSC cultured from MNC and prospective isolation of 

CD271+ cells were reported previously. CD271+ magnetic bead selected MSC were reported 

to have an enhanced capacity to support lymphoid reconstitution in mice compared to 
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MNC-derived MSC (31). In addition, CD271+ magnetic bead isolated MSC proliferated 

faster and had an enhanced osteogenic and adipogenic differentiation capacity compared to 

conventionally derived MSC (21).

In conclusion, we demonstrate for the first time that the Wnt-signature of directly 

CD271brightCD146- and CD271brightCD146+ MSC subsets is very distinct from MSC derived from 

BM MNC using conventional plastic adherence as a culture method. More subtle differences 

in Wnt-gene expression distinguish CD271brightCD146- cells from the CD271brightCD146+ 

subset directly after sorting. Because these differences are lost upon culturing, our data 

would support the hypothesis that these MSC subsets are not necessarily different cell types 

and suggest that the Wnt-signatures may be a result of their localization to separate niches 

as reported by Tormin et al. Despite the loss of a distinct Wnt-signature after culturing the 

subsets for one passage, we observed a trend towards a better long-term hematopoietic 

support by cultured CD271brightCD146- cells compared to CD271brightCD146+ counterparts. 

Finally, we demonstrate that culturing native MSC dramatically affects Wnt-signaling in 

these cells and they started to resemble the signature of conventionally cultured MSC. 

Thereby our data question the quality of culture-expanded MSC as model system for Wnt-

signaling in MSC in vivo.  
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Gene symbol Description

AES Amino-terminal enhancer of split

APC Adenomatous polyposis coli

AXIN1 Axin 1

BCL9 B-cell CLL/lymphoma 9

BTRC Beta-transducin repeat containing 

CCND1 Cyclin D1

CCND2 Cyclin D2

CCND3 Cyclin D3

CSNK1A1 Casein kinase 1, alpha 1

CSNK1D Casein kinase 1, delta

CSNK1G1 Casein kinase 1, gamma 1

CSNK2A1 Casein kinase 2, alpha 1 polypeptide 

CTBP1 C-terminal binding protein 1

CTBP2 C-terminal binding protein 2

CTNNB1 Catenin (cadherin-associated protein), beta 1, 88kDa

CTNNBIP1 Catenin, beta interacting protein 1

CXXC4 CXXC finger 4

DAAM1 Dishevelled associated activator of morphogenesis 1

DIXDC1 DIX domain containing 1

DKK1 Dickkopf homolog 1 (Xenopus laevis) 

DVL1 Dishevelled, dsh homolog 1 (Drosophila)

DVL2 Dishevelled, dsh homolog 1 (Drosophila)

EP300 E1A binding protein p300

FBXW11 F-box and WD repeat domain containing 11

FBXW2 F-box and WD repeat domain containing 2

FGF4 Fibroblast growth factor 4

FOSL1 FOS-like antigen 1

FOXN1 Forkhead box N1

FRAT1 Frequently rearranged in advanced T-cell lymphomas

FRZB Frizzled-related protein

FSHB Follicle stimulating hormone, beta polypeptide 

FZD1 Frizzled homolog 1 (Drosophila)

FZD2 Frizzled homolog 2 (Drosophila)

FZD3 Frizzled homolog 3 (Drosophila)

FZD4 Frizzled homolog 4 (Drosophila)

FZD5 Frizzled homolog 5 (Drosophila)

FZD6 Frizzled homolog 6 (Drosophila)

FZD7 Frizzled homolog 7 (Drosophila)

FZD8 Frizzled homolog 8 (Drosophila)

GSK3A Glycogen synthase kinase 3 alpha

GSK3B Glycogen synthase kinase 3 beta

JUN Jun oncogene

KREMEN1 Kringle containing transmembrane protein 1

LEF1 Lymphoid enhancer-binding factor 1

LRP5 Low density lipoprotein receptor-related protein 5

LRP6 Low density lipoprotein receptor-related protein 6

MYC V-myc myelocytomatosis viral oncogene homolog (avian)

NKD1 Naked cuticule homolog 1 (Drosophila)

NLK Nemo-like kinase

PITX2 Paired-like homeodomain 2

Supplementary table 1 List of abbreviations
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PORCN Porcupine homolog (Drosophila)

PPP2CA Protein phosphatase 2 (formerly 2A), catalytic subunit, alpha isoform

PPP2R1A Protein phosphatase 2 (formerly 2A), regulatory subunit, alpha isoform

PYGO1 Pygopus homolog 1 (Drosophila) 

RHOU Ras homolog gene family, member U

SENP2 SUMO1/sentrin/SMT3 specific peptidase 2

SFRP1 Secreted frizzled-related protein 1

SFRP4 Secreted frizzled-related protein 1

FBXW4 F-bo and WD repeat domain containing 4

SLC9A3R1 Solute carrier family 9 (sodium/hydrogen exchanger) member 3 regulator 1

SOX17 SRY (sex determining region Y)-box 17

T T, brachyury homolog (mouse) 

TCF7 Transcription factor 7 (T-cell specific, HMG-box)

TCF7L1 Transcription factor 7-like 1 (T-cell specific, HMG-box)

TLE1 Transducin-like enhancer of split 1 (E(sp1) homolog Drosophila)

TLE2 Transducin-like enhancer of split 2 (E(sp1) homolog Drosophila)

WIF1 WNT inhibitory factor 1

WISP1 WNT1 inducible signaling pathway protein 1

WNT1 Wingless-type MMTV integration site family, member 1

WNT2 Wingless-type MMTV integration site family, member 2

WNT2B Wingless-type MMTV integration site family, member 2B

WNT3 Wingless-type MMTV integration site family, member 3

WNT3A Wingless-type MMTV integration site family, member 3A

WNT4 Wingless-type MMTV integration site family, member 4

WNT5A Wingless-type MMTV integration site family, member 5A

WNT5B Wingless-type MMTV integration site family, member 5B

WNT6 Wingless-type MMTV integration site family, member 6

WNT7A Wingless-type MMTV integration site family, member 7A

WNT7B Wingless-type MMTV integration site family, member 7B

WNT8A Wingless-type MMTV integration site family, member 8A

WNT9A Wingless-type MMTV integration site family, member 9A

WNT10A Wingless-type MMTV integration site family, member 10A

WNT11 Wingless-type MMTV integration site family, member 11

WNT16 Wingless-type MMTV integration site family, member 16
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Abstract

Fetal tissue-derived mesenchymal stromal cells (MSC) share fundamental MSC 

characteristics with adult MSC. There are also pivotal differences in differentiation and 

proliferation capacity. In the current study we further explored the differences between adult 

and fetal bone marrow-derived MSC (ABMSC and FBMSC) in a gene expression profiling 

approach, with particular focus on the Wnt-pathway. 

Micro-array analysis demonstrated that 687 were differentially expressed between ABMSC 

and FBMSC. This set was, amongst others, functionally enriched for genes involved in 

developmental (tissue morphogenesis) and cellular processes (cell cycle regulation), 

adhesion and locomotion. Amongst the differentially expressed genes were 16 Wnt-related 

genes, mainly Wnt-inhibitors. Expression of SFRP4, WISP1, WISP2, WISP3, FZD1, FZD5, 

FZD8 and MYCBP2 were upregulated in ABMSC, whereas DKK1, DKK2, CCND2, WNT5a, 

MYC, FZD2, FZD6 and FZD7 are expressed at a higher level in FBMSC. The differential DKK1 

expression was shown to be mainly culture density dependent, but the differences between 

AMBSC and FBMSC for at least Wnt5a, DKK2 and SFRP4 were consistent at various cell 

densities. 

The variation in expression of Wnt-inhibitors probably leads to profound differences in 

Wnt-signaling between adult and fetal BMSC. Although both MSC seem to have a similar 

basal level of canonical Wnt-signaling, the abrogation of autocrine Wnt-production by the 

small molecule IWP2 leads to a strong decrease in expression of downstream targets of 

canonical Wnt-signaling in FBMSC only and it even inhibited the response to exogenous 

Wnt3a. ABMSC autocrine canonical signaling seemed to be prevented by the presence of 

endogenous soluble Wnt-inhibitors. ABMSC had a faster response and were more sensitive 

to low concentrations Wnt3a, and remained responsive to Wnt3a after incubation with 

IWP2. 

In conclusion, our data demonstrate that ABMSC and FBMSC have a different Wnt-

signature. Since except for Wnt5a, no other Wnt-proteins were differentially expressed 

between ABMSC and FBMSC, the differences in the response to exogenous Wnt3a and the 

distinct response to inhibition of endogenous Wnt-production may be explained by variation 

in expression of Wnt-inhibitors and Frizzled receptors on the two MSC sources. This seems 

to lead to a different net balance in autocrine Wnt-signaling between these cells, established 

through distinct intracellular mechanisms. 
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Introduction

Mesenchymal stromal cells (MSC) have regenerative and immune modulatory capacities, and 

for this reason MSC are suitable candidates for tissue engineering and cellular (immune) 

therapies. MSC are present in various adult and fetal tissues (1-4), however most studies 

have focused on adult and in particular human bone marrow-derived MSC. Although adult 

bone marrow derived MSC are currently most frequently applied in the clinic, fetal MSC have 

already been transplanted in patients for treatment of osteogenesis imperfecta, a rare bone 

disorder (5). 

MSC represent a relatively rare cell population in adult bone marrow, and the frequency of 

MSC declines with increasing age from 1 per 104 nucleated bone marrow cells in a newborn 

to about 1 per 106 nucleated marrow cells in the elderly (6). The prevalence of MSC in fetal 

tissues is significantly higher compared to adult tissues (reviewed in(7)). In second trimester 

fetal bone marrow, the frequency of MSC has been estimated at 2.5 per 103 bone marrow 

cells (4). Fetal MSC are frequently present in first trimester fetal blood between 8-14 weeks 

of gestation. In addition, they are found at all sites of fetal hematopoiesis (1). MSC can be 

derived from fetal bone marrow from the 10th week of gestation onwards (7-9).

Culture-expanded adult and fetal MSC share some fundamental properties, which define 

them as bona fide MSC (10). They can both be derived by plastic adherence and they express 

CD73, CD90 and CD105 and lack expression of hematopoietic markers. In addition, both 

adult and fetal MSC have trilineage differentiation potential (4) and are able to suppress T-

cell proliferation (11;12). Although these MSC properties are shared by adult and fetal MSC, 

there are pivotal aspects that distinguish these two cell sources. 

Adult and fetal bone marrow-derived MSC (ABMSC and FBMSC) are isolated at different 

developmental stages, which is likely to reflect on the MSC. It is suggested that FBMSC are 

important for bone formation and generating the bone marrow niche that still has to become 

the site of definitive hematopoiesis (8;13), while ABMSC are believed to be important for the 

maintenance and support of HSC in the fully matured bone marrow. 

Although the developmental ontogeny of MSC is unknown, there are several indications 

that adult and embryonic or fetal MSC arise from phenotypically distinct cells. In the 

murine system, the first wave of MSC is derived from Sox1+ neural crest cells, which are 

transiently replaced by cells with an undefined ontogeny (14). Also in the human system, 

different subpopulations of MSC seem to exist during development and aging. In fetal bone 

marrow at 15-20 weeks of gestation, colony forming units-fibroblast (CFU-F, a measure for 

the number of clonogenic MSC in bone marrow) can only be derived from CD271+CD146+ 

and CD271-CD146+ bone marrow cells (15). In adults however, the latter fraction no longer 

contains CFU-F and all assayable clonogenic cells reside in CD271+CD146+ and also 

CD271+CD146- bone marrow cells (15;16). Fetal MSC are distinct from adult MSC in their 
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proliferation rate; they grow faster and have longer telomeres (17). Both adult and fetal MSC 

are reported to have multilineage differentiation capacity, however fetal cells have a superior 

osteogenic capacity in vitro and in vivo (18).

Several studies have compared ABMSC and FBMSC, but these studies only focused on the 

expression and functionality of genes involved in proliferation or osteogenesis (17-19). 

Here we describe and compare the total gene expression profile of these MSC, cultured 

under similar circumstances. After the initial broad screen, we particularly focused on the 

differences observed in Wnt (target)-gene expression, as it is known that this pathway is 

involved in the processes that discriminate adult and fetal MSC; i.e. regulation of tissue 

development (20;21), bone formation (22), MSC differentiation (23-25) and proliferation 

(23;26;27). Wnts are a large family of secreted lipid-modified glyco-proteins that are 

expressed in a variety of tissues. Wnt signaling is crucial for human and animal embryonic 

development, and defects in the pathway are associated with tumorigenesis (20;21). Wnt 

proteins bind a receptor complex consisting of a Frizzled receptor and the LDL receptor-

related proteins LRP5 or LRP6. The canonical Wnt pathway leads to stabilization of 

beta-catenin, which accumulates and translocates to the nucleus where it activates target 

gene expression, amongst others the transcription factors lymphocyte-enhancer-binding 

factor (LEF) and T-cell factor (TCF). Non-canonical pathways do not signal through beta-

catenin, but induce the release of Ca2+ or the phosphorylation of Jun N-terminal kinase 

(JNK) (Reviewed in (28)).There is accumulating evidence that stromal cell-derived Wnt 

signaling is crucial for the maintenance of hematopoietic stem cells (29;30). Cultured adult 

bone marrow-derived MSC express a variety of Wnt proteins and receptors (31), but to our 

knowledge there are no reports on Wnt-signaling in FBMSC. 

In the current study, we demonstrate that 16 Wnt-related genes are differentially expressed 

between ABMSC and FBMSC, which suggests that the balance in Wnt-signaling between 

these MSC is slightly different. The response to Wnt-3a-mediated induction of canonical 

Wnt-signaling was delayed in FBMSC compared to ABMSC. In addition, inhibition of 

endogenous Wnt-production, predominantly consisting of non-canonical Wnt-proteins, 

suppressed TCF and LEF expression in FBMSC but not in ABMSC, suggesting that 

endogenous produced Wnts may signal through distinct mechanisms in these two cell types. 



135Chapter 6 A different balance in Wnt-signaling in adult and fetal bone marrow-derived MSC 

Materials and methods

Cell culture
Fetal bones were obtained from legally terminated second trimester pregnancies (15-20 

weeks) after informed consent and with approval of the medical ethical review board of 

the AMC (MEC: 03/038). To obtain fetal bone marrow MSC (FBMSC), fetal bones were 

flushed with IMDM (Lonza, Verviers, Belgium) containing 10% FCS (Bodinco, Alkmaar, 

The Netherlands), 50U/mL penicillin and 50µg/mL streptomycin (Gibco, Paisley, UK). The 

remaining erythrocytes were lysed using NH
4
Cl for 10’ on ice. Subsequently, cells were rinsed 

in PBS. 1.6 x 106 cells were seeded per well in 6 well dishes in M199 (Gibco) supplemented 

with 10% FCS, penicillin (50 IU/mL), streptomycin (50 µg/mL), 20 µg/mL ECGF (Roche 

Diagnostics, Indianapolis, IN) and 8 IU/mL heparin (Leo Pharma, Breda, The Netherlands), 

hereafter referred to as M199c. After 48 hours, the non-adherent cells were removed and the 

remaining cells were considered FBMSC. 

Adult bone marrow derived MSC (ABMSC) were isolated from bone marrow aspirates from 

the sternum of patients undergoing cardiac surgery after informed consent and approval of 

the medical ethical review board of the AMC (MEC:04/042#04.17.370). Briefly, MSC were 

isolated by density gradient centrifugation (Ficoll-paque, 1.077 g/ml, GE Health care Bio-

Sciences AB, Uppsala, Sweden). Remaining erythrocytes were lysed as described. 5 x 106 cells 

were seeded per well in a 6 well dish in culture medium. After 48 hours, the non-adherent 

cells were removed. The remaining cells were considered ABMSC and were cultured for an 

additional 12 days or until reaching 80% confluency. 

Upon reaching 80% confluency after initial plating, ABMSC and FBMSC were replated and 

further cultured in T80 tissue culture flasks at an initial density of 2500 cells/cm2. For all 

experiments, 80% confluent passage 3-5 MSC were used.

Flow cytometry
MSC were characterized for surface expression by flow cytometry. Cells were rinsed, 

trypsinized, washed and resuspended in PBS containing 0.2% BSA prior to incubation 

(20 minutes at RT) with monoclonal antibodies. Antibodies purchased from BD, San Jose 

CA: CD73 (clone AD2), CD90 (clone 5E10), CD45 (clone HI30). Antibodies from other 

companies: CD105 (clone SN6, Ancell, Bayport MN), CD34 (clone 581, IQ-products, 

Groningen, The Netherlands). As a negative control, cells were labeled with IgG1 isotype 

controls (monoclonal antibodies; Sanquin, BD). A minimum of 10.000 events was recorded, 

using a FACS LSR II flow cytometer (BD). 
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Differentiation experiments
To study the multilineage differentiation capacity, MSC were cultured under conditions 

promoting differentiation towards osteoblasts or adipocytes as previously described (32). 

For differentiation experiments, MSC were plated in a 24 well dish at a plating density of 

2.5 x 104 cells/cm2 in α-MEM (Gibco). For osteogenic induction, α-MEM was supplemented 

with 10% FCS and penicillin (50 IU/ml), streptomycin (50 µg/ml) to which ascorbic acid 

(50 μg/mL, Sigma, St Louis, MI) and dexamethasone (10-7 M, Sigma) were added. From day 

7 onwards, β-glycero-phosphate (5 mM, Sigma) was added. Cultures were incubated in a 

humidified atmosphere of 5% CO
2
 at 37˚C. Medium was replaced every 4th and 7th day of the 

week. For induction of adipogenesis, indomethacine (50 μM, MP Biomedicals, Solon, OH), 

IBMX (0.5 mM, Sigma) and insulin (1.6 µM, Sigma) were used. 

At day 21, the cells induced towards osteogenic differentiation were stained for alkaline 

phosphatase and calcium deposition. Cells were incubated with a substrate solution (0.2 

mg/ml α-naphthyl-1-phosphate (Sigma), 3 mg/mL sodium borate, 0.3 mg/ml magnesium 

sulphate and 0.8 mg/mL fast blue RR acid (Sigma) for 15 minutes, resulting in the formation 

of an insoluble purple reaction product. To detect calcium deposition, cells were fixed 

with 3.7% formaldehyde (Merck, Darmstadt, Germany) for 10 minutes, and stained 

with 2% Alizarin Red S (ICN Biomedicals, Aurora, OH) and 0.1 NH
4
OH [pH 5.4] for 1 

minute. Mineralization was indicated by the presence of red depositions. To demonstrate 

the presence of adipocytes, expanded cells were fixed as described above. Cytoplasmic 

inclusions of neutral lipids were stained with Oil-Red-O (3 mg Oil-Red-O/ml 60% 

isopropanol, Sigma) for 10 minutes.

RNA extraction and micro array analysis
RNA was extracted from third passage adult or fetal MSC (3 adult donors, 3 fetal donors) 

using a RNeasy mini kit (Qiagen) according to the manufacturers instructions and RNA 

integrity was analyzed on a Agilent 2100 bioanalyzer (Agilent Technologies, Inc, Waldbronn, 

Germany) using the Agilent RNA 6000 Non Assay protocol. 300ng RNA was hybridized to 

an Affymetrix Human Exon 1.0 ST array (Affymetrix Inc, Santa Clara, CA). Hybridized assays 

were scanned with a GeneChip scanner 3000 7G (Affymetrix). Affymetrix CEL-files were 

imported into Partek® (Partek® Genomic Suite software, version 6.4 Copyright © 2008 

Partek Inc., St. Louis, MO, USA) where only core probe sets were extracted and normalized 

using the RMA algorithm with GC background correction. Core transcript summaries were 

calculated using the mean intensities of the corresponding probe sets, representing the 

quantitative expression levels of all genes. The correspondence of the three replicate adult 

and fetal samples was confirmed using Principle Component Analysis (PCA) and Pearson 

correlation analysis. We performed an analysis of variance (ANOVA) on the log2 probe 

intensities, representing the gene expression intensities, of 15 samples and did a post-hoc 

analysis to compare adult and fetal MSC samples. Data were corrected for multiple testing. 
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Genes were considered significantly differentially expressed when pα0.05. Data will be 

deposited in Gene Expression Omnibus.

cDNA synthesis and RQ-PCR
A maximum of 1 µg total RNA was used for cDNA synthesis using random hexamers (25 

µmol/L, Gibco-BRL life technologies, Breda, The Netherlands). RQ-PCRs were performed 

on a StepOne Plus (Applied Biosystems, Nieuwerkerk a/d IJssel, The Netherlands) using 

Sybrgreen dye for detection (Sybrgreen mastermix, Applied Biosystems. Primer sequences 

are listed in Supplementary table 1).

Wnt stimulation
L-cells, L-Wnt3a and L-Wnt-5a were a kind gift from Dr. D. ten Berge (Dept. of Cell Biology, 

Erasmus Stem Cell Institute, Rotterdam), and were cultured in DMEM supplemented 

with 10% FCS, 50U/mL penicillin and 50µg/mL streptomycin, 4mM L-Glutamine 

(Gibco) and G418 (PAA Laboratories, Pasching, Austria, for L-Wnt3a and Wnt-5a only). 

L-cell conditioned medium was diluted 1:1 in M199c for stimulation of MSC. In separate 

experiments, MSC were stimulated with recombinant human Wnt3a (R&D systems, 

Abingdon, UK). 30.000 MSC were plated two days prior to Wnt-stimulation in 12-well 

plates, resulting in a sub-confluent cell density. At t=0, fresh medium with or without 

Wnt3a was added to the cells. For inhibition of endogenous Wnt-production, MSC were 

preincubated with the small molecule IWP2 (0.5-25 µM, Miltenyi Biotec) (33) for 16 hours 

in fresh medium. For Wnt-stimulation following IWP2 pre-incubation, half of the medium 

was replaced with the corresponding L-cell CM supplemented with IWP2 in the presence or 

absence of recombinant human Wnt3a. The final concentrations were 50% L-cell CM, 25µM 

IWP2 and 200ng/ml Wnt3a. 

Production of lentiviral particles
The lentiviral Wnt (reporter) 7TGC (“Addgene plasmid 24304”) was purchased from 

Addgene (Addgene Inc, Cambridge MA), and has been previously described (34). DNA was 

harvested by maxiprep (Nucleobond, Clontech). For production of lentivirus, 293T cells 

were transfected with psPax2, pMD2.G and 7TGC by Calcium Phosphate method. Viral 

particles containing supernatant was harvested after 1 and 2 days. MSC were infected with 

concentrated virus at a multiplicity of infection (MOI) of 100. Transduction efficiency was 

measured by flow cytometry. 

Cell proliferation experiments 
MSC were seeded at 2500 cells/cm2 and analysis of cell counts was performed by flow 

cytometry using Flow-Count Fluorospheres (Beckman Coulter, Fullerton CA). To analyze the 
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effect of Wnt on MSC proliferation, cells were cultured in presence of 50% Wnt- or control 

L-cell conditioned medium. 

Cell lysis and Western blot 
Transduced or control MSC were lysed in RIPA buffer (containing protease and phosphatase 

inhibitors (Roche) and DNase I (Invitrogen)) for 10 minutes on ice. Lysates were clarified 

by centrifugation at 14000 rpm at 4˚C for 10 minutes. For Western blotting, protein 

samples were separated by electrophoresis using a Criterion Pre-cast Gel 4-20% (Bio-Rad 

Laboratories, Hercules, CA) and transferred onto iBlot gel transfer stacks PVDF membranes 

(Invitrogen). Membranes were incubated with antibodies for beta-catenin (sc-7199, Santa 

Cruz Biotechnology, Heidelberg, Germany), phospho-SAPK/JNK (9255, Cell Signaling 

Technology, Danvers MA), SAPK/JNK (9252, Cell Signaling Technology), p-Src (pY418, 

Invitrogen), Src (2110, Cell Signaling Technology), Rac1 (Santa Cruz Biotechnology), and 

loading controls RhoGDI (clone 16, BD transduction labs, San Jose CA) or tubulin (clone 

DM1A, Sigma) for 1 hour in TBST (Tris-buffered saline, Tween 20) containing either 5% BSA 

(Sigma) for antibodies to detect phosphorylated proteins or 5 % nonfat dry milk for others, 

followed by 45 minutes incubation with horseradish peroxidase-conjugated goat-anti-mouse 

(Pierce, Rockford, IL) or goat-anti-rabbit (Dako) secondary antibodies. Immunoreactive 

bands were revealed using an enhanced chemiluminescence kit (ECL, Pierce). 

Statistical analysis
Statistical significance was determined by Man-Whitney U Test, using SPSS 15.0 (SPSS Inc, 

Chicago, IL), Results were considered significant when p≤0.05.
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Results

Gene expression profiling of ABMSC and FBMSC
ABMSC and FBMSC derived from all donors had a spindle shaped morphology and 

differentiated towards osteoblasts and adipocytes upon induction of differentiation (data not 

shown). In addition, these MSC expressed CD73, CD90 and CD105, and lacked expression 

of hematopoietic markers CD34 and CD45 (data not shown). Because the ABMSC and 

FBMSC were derived from bone marrow in a different developmental stage, the composition 

of the fetal bone marrow at 15-20 weeks gestation was characterized by flow cytometry 

(Supplementary table 2). 

RNA from third passage ABMSC and FBMSC was isolated and hybridized to Affymetrix 

Human Exon 1.0 ST array, containing multiple probes per exon for the large majority of 

human genes. We performed an analysis of variance (ANOVA) on the log2 probe intensities 

(representing the gene expression intensities) of 6 samples (3 adult and 3 fetal BMSC) and 

did a post-hoc analysis to compare adult and fetal samples. 687 genes were significantly 

differentially expressed (303 genes up in ABMSC, 384 upregulated in FBMSC; p<0.05) after 

multiple testing correction with a minimum fold change of 2 between ABMSC and FBMSC. 

The top 10 known genes most strongly expressed in ABMSC or FBMSC are listed in Table 1. 

Differentially expressed genes between Adult versus Fetal BMSC  Table 1

Symbol Gene name Fold change (95% CI) Step-up p-value

Top 10 upregulated in ABMSC 

FMO3 Flavin containing monooxygenase 3 67.7 (84.5; 54.3) 3.79E-08

SFRP4 Secreted frizzled-related protein 4 50.7 (211.9; 12.2) 0.0156

ENTPD1
Ectonucleoside triphosphate 
diphosphohydrolase 1 49.5 (84.8; 28.8) 5.40E-06

CHRDL1 Chordin-like 1 33.2 (65.3; 16.9) 6.92E-05

PNMA2 Paraneoplastic antigen MA2 25.3 (87.8; 7.3) 0.0034

SMOC2 SPARC related molecular calcium binding 2 18.5 (30.8; 11.1) 0.0002

LEPR Leptin receptor 18.5 (24.5; 13.9) 3.35E-05

CSTA Cystatin A 16.8 (26.1; 10.8) 8.85E-06

CFD Complement factor D 15.9 (31.9; 7.9) 0.0011

DEPDC6 DEP domain containing 6 14.9 (31.9; 6.9) 0.0003

Top 10 upregulated genes in FBMSC 

MMP1 Matrix metallopeptidase 1 60.4 (133.5; 27.4) 0.0016

GREM1 Gremlin 1 41.7 (79.5; 21.8) 1.82E-05

FBN2 Fibrillin 2 41.0 (73.8; 22.8) 0.0008

RRM2 Ribonucleastide reductase M2 38.0 (46.8; 30.9) 0.0003

ASPN Asporin 35.1 (56.1; 21.9) 0.0002

HIST1H3C Histone cluster 1, H3c 28.7 (52.5; 15.7) 0.0002

SEMA3A Sema domain 3A 21.9 (27.7; 17.4) 0.0004

SCD Stearoyl-CoA desaturase 20.8 (39.4; 10.9) 0.0002

CDC20 Cell division cycle 20 homolog (S. cerevisiae) 20.2 (40.3; 10.2) 0.0042

COLEC12 Collectin sub-family member 12 18.5 (97.3; 3.5) 0.0176

95% CI: 95% Confidence Interval 
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The large group of differentially expressed genes was, amongst others, significantly enriched 

for genes involved in developmental and cellular processes, adhesion and locomotion 

(Figure 1A). The cluster cellular processes predominantly contained gene ontology 

terms associated with cell cycle processes and cell division. This is in agreement with the 

previously reported increased proliferation rate of fetal MSC compared to adult MSC. (17). In 

the group developmental processes, gene ontology terms were linked to morphogenesis of a 

variety of tissues, including skeletal morphogenesis. 

On the second place in the list of genes with strongest expression in ABMSC an 

inhibitor of the Wnt-pathway is listed, secreted frizzled related protein-4 (SFRP4) was 

50 fold upregulated compared to FBMSC. Because the Wnt-pathway is involved in MSC 

differentiation (23-25) and proliferation (23;26;27), processes that are known to distinguish 

adult and fetal MSC, we particularly focused on differentially expressed genes that are 

involved in the Wnt-pathway. 8 Wnt-proteins, 12 Wnt-receptors and 6 Wnt-inhibitors were 

detected above the cut off value of the array in ABMSC and FBMSC (Supplementary table 

3). Wnt1, Wnt6, Wnt7a and Wnt10a could not be confirmed by RQ-PCR (data not shown), 

so these genes are probably not expressed. 13 genes listed in Supplementary table 3 and 

in addition 3 Wnt-target genes were differentially expressed between adult and fetal MSC 

(Table 2). 8 genes were significantly higher expressed in ABMSC, whereas 8 genes were 

increased in FBMSC (table 2). Amongst these differentially expressed genes are three Wnt 

inhibitors, such as DKK1, DKK2 and SFRP4, which interact with the Wnt-signaling pathway 

at different levels. DKK1 and DKK2 bind to LRP co-receptors, thereby blocking the receptor. 

Table 2  Differentially expressed Wnt (target)-genes between adult and fetal BMSC

Symbol Gene name Fold change (95% CI) p-value

Upregulated in ABMSC 

SFRP4 Secreted frizzled related protein 4 50.7 (211.9; 12.2) 0.000631

WISP1 WNT1 inducible signaling pathway protein 1 10.7 (18.3; 6.2) 1.51E-06

FZD5 Frizzled homolog 5 5.5 (9.1; 3.4) 9.3E-07

WISP3 WNT1 inducible signaling pathway protein 3 5.4 (12.9; 2.3) 0.000218

WISP2 WNT1 inducible signaling pathway protein 2 3.2 (6.4; 1.6) 0.034

FZD1 Frizzled homolog 1 2.8 (3.4; 2.2) 8.1E-05

MYCBP2 MYC binding protein 2 2.0 (2.4; 1.6) 0.0057

FZD8 Frizzled homolog 8 1.6 (2.1; 1.3) 0.008/

Upregulated in FBMSC

DKK1 Dickkopf homolog 1 10.3 (47.1; 2.26) 0.002

CCND2 Cyclin D2 9.0 (8.8; 4.3) 5.62E-05

DKK2 Dickkopf homolog 2 5.4 (7.6; 3.8) 2.9E-05

WNT5a Wingless-type MMTV integration site family, member 5A 4.5 (6.8; 2.95) 0.0005

MYC v-myc myelocytomatosis viral oncogene homolog 2.2 (3.3; 1.27) 0.00181

FZD7 Frizzled homolog 7 2.1 (2.5; 1.5) 0.011

FZD2 Frizzled homolog 2 1.9 (2.6; 1.4) 0.0052

FZD6 Frizzled homolog 6 1.7 (2.6;1.2) 0.05

95% CI: 95% Confidence Interval
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SFRPs interacts directly with the Wnt proteins, which prevents binding of the Wnts to their 

covalent receptors (35). The array data for several targets were successfully confirmed by RQ-

PCR on micro array samples as well as on samples from other adult and fetal bone marrow 

donors (Figure 1B-G). 

Functional enrichment analysis and confirmation of micro array data by RQ-PCR Figure 1

(A): Pie chart represents the gene ontology terms that were significantly enriched in the set of differentially expressed 
genes between ABMSC and FBMSC. The numbers between brackets depict the enrichment score and the percentage 
of genes in this GO category compared to all differentially expressed genes.  Most genes in the cellular process genes 
were associated with cell cycle regulation and cell division. 
(B-G): Confirmation of micro-array data by RQ-PCR. The bars represent the mean fold change (2^-(∆∆Ct) ±SEM) for (B) 
JAG1; array result 3.1 fold up in ABMSC, (C) HES1; array result 4.1 fold up in FBMSC, (D) DKK1; array result 10.3 fold up 
in FBMSC, (E) SFRP4; array result 50.7 fold up in ABMSC, (F) KIT; array result 4.7 fold up in FMBSC, (G) DKK2; array 5.4 
fold up in FBMSC.
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Cell culture dependent expression of Wnt5a, DKK1, DKK2 and SFRP4
It has been demonstrated that expression of several Wnt proteins, Wnt-target genes and 

Wnt-inhibitors in ABMSC is dependent on cell culture conditions (36). To study whether 

the differential expression between ABMSC and FBMSC of DKK1, DDK2, Wnt5a and SFRP4 

was intrinsic or the result of variation in cell division kinetics, we analyzed the expression 

of these genes in MSC cultures that grew from low density to confluency. In ABMSC, 

confluency was reached at day 8-10, while FBMSC were confluent after 6-10 days. Also in 

Proliferation of adult (left) and fetal (right) BMSC in time. (B-E) mRNA expression of Wnt-inhibitors and Wnt5a during 
cell cultu re; (B) DKK1, (C) DKK2, (D) Wnt5a and (E) SFRP4 were analyzed during the culture period.. The bars depict 
the mRNA expression level (mean ± SEM, n=3) relative to the housekeeping gene ABL (2^-∆Ct, range ∆Ct values: DKK1: 
-5.5 to -2.4; DKK2: 0.2 to 6.1; Wnt5a -4.7 to -0.6; SFRP4 5.6 to -1.9.

Figure 2  Effect of cell culture on expression of Wnt-5a and Wnt inhibitors SFRP4, DKK1 and DKK2
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our hands, FBMSC proliferated faster than the adult counterparts (Figure 2A). In agreement 

with Gregory et al (27), DKK1 mRNA levels were high in low confluency cultures in ABMSC 

and expression gradually decreased with increasing confluency of the culture (Figure 2B). 

A similar DKK1 expression pattern was observed for FBMSC. Importantly, the increased 

expression in FBMSC detected in the array appeared to be culture dependent. Expression of 

DKK2, another member of the Dickkopf family, was indeed increased in FBMSC as observed 

in the array screen. Expression enhanced with increasing confluency levels (Figure 2C) but 

the expression level of DKK2 was lower than that of DKK1 (Figure 2B-C). Wnt5a expression 

slightly decreased with increasing confluency. At high confluency, Wnt5a was expressed at 

higher levels in FBMSC than in ABMSC, although the fold change in these experiments is 

lower than in the array experiments (Figure 2D). SFRP4 was consistently higher expressed 

in adult BMSC and its expression increased with culture confluency, which explains the 

large difference between ABMSC and FBMSC in the array (Figure 2E). These data show that 

although the expression of Wnt5a and the Wnt-inhibitors DKK1, DKK2 and SFRP4 in MSC is 

dependent on the cell density or confluency level of the cultures, the observed differences in 

expression of Wnt5a, DKK2 and SFRP4 seem to be intrinsic characteristics of adult and fetal 

BMSC. 

Wnt3a induced canonical Wnt-signaling 
To investigate whether there was a significant difference in canonical Wnt-signaling between 

the two MSC types, basal and Wnt3a induced canonical Wnt-signaling was analyzed. Similar 

beta-catenin protein levels or LEF and TCF mRNA expression were observed in FBMSC 

and ABMSC in unstimulated conditions (Figure 3A-B). To study induction of canonical 

Wnt-signaling, the MSC were stimulated with recombinant human Wnt-3a. The magnitude 

of the response was measured by RQ-PCRs for the canonical Wnt-target genes LEF and 

TCF, and data was normalized to the unstimulated control for each time point. Four hours 

after stimulation with Wnt3a, induction of LEF and TCF mRNA expression was observed 

in ABMSC. This induction was significantly higher than in FBMSC, in which TCF and 

LEF mRNA levels started to increase after 24 and 48 hours. These data show that ABMSC 

respond faster to Wnt3a than FBMSC, but FBMSC can also respond to Wnt3a by means of 

LEF and TCF induction (Figure 3C). Only in ABMSC we observed an increase in LEF and 

TCF expression in control stimulated cells compared to MSC at the start of the experiment 

(data not shown). In these experiments Wnt3a was added to the cells after complete medium 

change two days after seeding, and control treated cells only received fresh medium. 

Because ABMSC produce Wnt-inhibitors that can interact with Wnt at different levels of the 

pathway, we hypothesized that the increase in TCF/LEF in unstimulated cells was due to the 

removal of a soluble Wnt-inhibitor secreted by the MSC. Indeed, the basal expression of 

LEF and TCF did not change without removal of the medium and a lower absolute level of 

Wnt3a–mediated induction of these targets was observed (Figure 3D). These data indicate 

that secreted Wnt-inhibitor(s) present in ABMSC-conditioned medium interfere(s) with 

exogenous Wnt3a and endogenously produced Wnts and prevent(s) induction of TCF and 

LEF expression. 
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Figure 3  Wnt-3a induced canonical Wnt-signaling in adult and fetal BMSC

(A): WB for beta-catenin in MSC derived from three adult and fetal bone marrow donors   

(B): LEF and TCF mRNA expression in unstimulated FBMSC. The data depict (mean ± SEM, n=3) the relative expression 
of the indicated genes normalized to the house keeping gene ABL (∆Ct values Adult TCF 1.72 ± 2.97, LEF 4.84 ± 2.30; 
Fetal TCF 1.17 ± 2.09, LEF 4.07 ± 1.26). 

(C): BMSC were stimulated with 200ng/ml recombinant human Wnt3a for 4, 8, 24 and 48 hours and the induction of 
the canonical Wnt-target genes LEF (left panel) and TCF (right panel) were analyzed by Q-PCR. The data (mean ± SEM, 
n=3) were normalized to the unstimulated controls at the same time points, ∆Ct values unstimulated cells as described 
above. Induction of LEF and to a lesser extend TCF were induced earlier in ABMSC. 

(D): BMSC were stimulated with 200ng/ml recombinant human Wnt3a for 4, 8, 24 and 48 hours, with or without a 
medium change and the induction of the canonical Wnt-target genes LEF (left panel) and TCF (right panel) were 
analyzed by Q-PCR. The data (mean ± SEM, n=3) represent the fold change of LEF (left panel) or TCF (right panel) and 
were normalized to the unstimulated controls at time point 0. 
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Functionality of the Wnt3a response was also studied in MSC transduced with the TCF 

reporter 7TGC (Figure 3E-F). Upon stimulation with 200ng/ml Wnt3a, the percentage 

of GFP positive cells increased after 24 hours in FBMSC and ABMSC. Dose response 

experiments revealed that ABMSC cells are more sensitive to Wnt3a, because lower 

concentrations of 50 and 100ng/ml increased the percentage of GFP positive cells in adult 

BMSC only (Figure 3F). These data show that a similar low level of canonical Wnt-signaling 

is present in both MSC types. Canonical Wnt-signaling can be induced in both ABMSC and 

FBMSC, however the kinetics of the response differs between the two MSC sources. 

(E): BMSC were transduced with the 7TGC TCF reporter construct. Few cells mCherry positive cells also express GFP 
under basal conditions in both ABMSC and FBMSC (left panels), but exposure to Wnt3a induced GFP expression after 
24 hours. 

(F): Time course and dose response experiment of Wnt-3a induced GFP expression in 7TGC transduced BMSC. The 
bars represent the mean (± SEM, n=3) percentage of cells that expressed GFP, gated from the mCherry positive cells 
(transduction efficiency 80-90%).

Wnt-3a induced canonical Wnt-signaling in adult and fetal BMSC Figure 3
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Inhibition of endogenous Wnt-signaling 
The small molecule Inhibitor of Wnt Production-2 (IWP2) prevents the palmitoylation of 

Wnt-proteins by porcupine, which is required for Wnt secretion (33). Thereby, addition of 

IWP2 to cell cultures results in inhibition of autocrine Wnt-signaling. To verify the inhibitory 

effect, L-cells with an overexpression construct for Wnt3a (L-Wnt3a) were incubated with 

IWP2 for 24 hours. Indeed, addition of IWP2 to L-Wnt3a decreased the level of beta-catenin 

in a dose dependent manner (Figure 4A). IWP2 addition to FBMSC slightly decreased beta-

catenin protein level, but not in ABMSC (Figure 4B). In agreement with these observations, 

overnight incubation of FBMSC with IWP2 resulted in decreased LEF and TCF mRNA 

expression (Figure 4C-D) whereas no change was observed in ABMSC (Figure 4E-F). The 

decrease in LEF and TCF in IWP2-treated FBMSC was still present after 8 hours in the 

presence of L-cell control conditioned medium, however after 24 hours only the expression 

of TCF was decreased (Figure 4C-D). 

These data suggest that in FBMSC, the net balance of the autocrine Wnt-signaling results in 

canonical activation, whereas in ABMSC the canonical signaling is not affected by inhibition 

of endogenous Wnt-production. When ABMSC were stimulated with L-cell conditioned 

medium after preincubation with IWP2 by IWP2, the inhibition of Wnt-production even 

slightly increased LEF and TCF-production, indicative that the autocrine balance in ABMSC 

is towards inhibition of canonical signaling.

(A) Incubation L-Wnt3a with IWP2 for 24 hours resulted in a dose-dependent decrease in beta-catenin protein detected 
by Western Blot. RhoGDI: loading control 

(B): Culturing FBMSC in the presence of IWP2 decreased beta-catenin in FBMSC, but not in ABMSC. Tubulin: loading 
control. (C-F) ABMSC or FBMSC were treated with 25mM IWP2 or vehicle over night, followed by stimulation with 
50% L-cell conditioned medium, 200 ng/mL recombinant human Wnt3a, or 50% L-Wnt5a conditioned medium for the 
indicated time points and the effect on LEF and TCF mRNA expression was analyzed by RQ-PCR. 

(C): LEF mRNA expression in FBMSC. The bars (mean ± SEM, n=3) represent the normalized expression of LEF 
compared to the unstimulated controls at the same time points (2^-∆∆Ct). 
∆Ct values DMSO controls: t=0 1.33 ± 0.82, t=8 1.57 ± 0.66, t=24 1.29 ± 0.85. 

(D): TCF mRNA expression in FBMSC. The bars (mean ± SEM, n=3) represent the normalized expression of TCF 
compared to the unstimulated controls at the same time points (2^-∆∆Ct). ∆Ct values DMSO controls: t=0 -1.29 ± 0.43, 
t=8 -1.02 ± 0.41, t=24 -0.97 ± 0.48. 

(E): LEF mRNA expression in ABMSC. The bars (mean ± SEM, n=3) represent the normalized expression of LEF 
compared to the unstimulated controls at the same time points (2^-∆∆Ct). ∆Ct values DMSO controls: t=0 3.42 ± 1.12, t=8 
3.19 ± 1.01, t=24 3.58 ± 1.33. 

(F): TCF mRNA expression in ABMSC. The bars (mean ± SEM, n=3) represent the normalized expression of TCF 
compared to the unstimulated controls at the same time points (2^-∆∆Ct). ∆Ct values DMSO controls: t=0 -1.13 ± 0.56, 
t=8 -2.31 ± 0.22, t=24 -0.28 ± 0.47.

Figure 4 IWP2- mediated inhibition of endogenous Wnt-signaling
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IWP2- mediated inhibition of endogenous Wnt-signaling Figure 4



148 Characterization of human mesenchymal stromal cell heterogeneity   

Next we studied the effect of canonical Wnt-activation by exogenous Wnt3a on MSC in 

which endogenous Wnt-production is abrogated. MSC were pre-incubated with IWP2 for 16 

hours prior to stimulation. A striking difference between ABMSC and FBMSC was observed. 

While ABMSC were even more responsive to Wnt3a measured by induction of LEF and TCF 

expression under these conditions after 8 hours, the response to Wnt3a in FBMSC was 

almost completely abolished (Figure 4C-F). This slightly increased response in IWP2 treated 

ABMSC might be explained by the decreased production of non-canonical Wnts, which have 

been described to inhibit the induction of canonical signaling in MSC (23). Indeed addition 

of L-Wnt5a conditioned medium inhibited the Wnt-3a induced LEF and TCF expression 

(Figure 4E-F). Interestingly, except for Wnt5a, none of the Wnt-proteins were differentially 

expressed between ABMSC and FBMSC, and the other differentially expressed Wnt-related 

genes consisted largely of Wnt-receptors and inhibitors. Therefore, our data suggest a 

different balance in net-Wnt signaling in ABMSC and FBMSC, which may be caused by the 

secretion of distinct (quantities of ) Wnt-inhibitors and/or binding of endogenous Wnt-

proteins to different combinations of Frizzled/co-receptor complexes.
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Discussion

FBMSC are known to be distinct from ABMSC, as they proliferate faster and are more prone 

to differentiate towards osteoblasts (17;18). In this study we further explored the differences 

between ABMSC and FBMSC in a gene expression profiling approach with a particular 

emphasis on genes associated with the Wnt-pathway. 

The data show that 687 genes were significantly differentially expressed between ABMSC 

and FBMSC. Functional enrichment analysis revealed that genes associated with limb- and 

skeletal muscle development, cell cycle regulation and DNA-repair were enriched in both 

FBMSC compared to ABMSC. Genes involved in these processes were previously also 

reported to be enriched in an array screen comparing fetal liver-derived MSC compared 

to ABMSC (37). In addition, several genes that were differentially expressed in our micro-

array such as inter-cellular adhesion molecule-1 (ICAM1, increased in FBMSC), vascular 

cell adhesion molecule-1 (VCAM1) and HLA-DR (both upregulated in ABMSC), were also 

differentially expressed in a similar pattern between fetal liver-derived MSC and ABMSC in 

the study of Gotherström et al (37). Thus, fetal MSC share some intrinsic characteristics that 

discriminate them from ABMSC, which are independent of the fetal tissue of origin.

Although genes involved in the Wnt-signaling pathway were not functionally enriched, 

16 Wnt-related genes were differentially expressed between ABMSC and FBMSC. This set 

included Wnt5a, five Frizzled receptors, the Dickkopf family members DKK1 and DKK2, 

and the secreted Wnt-inhibitor SFRP4. ABMSC and FBMSC produce large quantities of 

Wnt-inhibitors that can either occupy the LRP/FZD receptors like DKK or that bind to Wnt 

to prevent its receptor binding. In fact, three of the differentially expressed Wnt-genes are 

inhibitors. The Dickkopf family member DKK2 can either inhibit (38;39) or activate (40;41) 

Wnt-signaling cell-type dependently and it is crucial for bone formation (42). 

The quantity and the variety of Wnt-inhibitors expressed by MSC suggest that tight control 

of the level of Wnt-signaling is important for MSC in an autocrine and paracrine manner 

in culture systems as well as in vivo. The Wnt-inhibitor DKK1 is required for cell cycle 

re-entry of arrested MSC (27). Wnt-signaling is also involved in MSC differentiation. In 

general, Wnt3a prevents differentiation towards osteoblasts, chondrocytes and adipocytes 

(reviewed in (43)), whereas Wnt5a promotes osteogenesis (23).Overexpression or knock-

out of the Wnt-inhibitors DKK1 or SFRP1 respectively, resulted in an increased proportion 

of proliferating HSC that upon serial transplantation could no longer reconstitute the 

hematopoietic system in irradiated wild type hosts (44;45). Co-culturing HSC on MSC that 

are transduced with a dominant active form of beta-catenin enhanced their repopulation 

capacity (29) whereas beta-catenin deficient stroma has impaired supportive capacity (30). 

These studies demonstrate that a precisely balanced level of Wnt-signaling in stromal cells is 

important for hematopoiesis. 
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It was previously shown that in culture-expanded ABMSC expression of Wnt-genes DKK1, 

LPR6 and Wnt5a is dependent on cell density of the culture (27) and we now provide 

evidence that this also holds for FBMSC for DKK1, Wnt5a and SFRP4. Except for DKK1, the 

differential expression of DKK2, Wnt5a and SFRP4 between ABMSC and FBMSC appeared 

to be intrinsic, however the fold change between the two MSC sources depends on the cell 

density. In contrast to Gregory et al, we found that Wnt5a expression was upregulated with 

increasing cell density, which may be explained by different culture conditions, as our initial 

seeding density was two fold lower (27). 

The different Wnt-signature seems not to result in a large difference in basal canonical 

Wnt-signaling in MSC as measured by Q-PCR. In agreement with previous results, activation 

of the canonical pathway using Wnt3a resulted in upregulation of TCF and LEF in ABMSC 

(26;46). A similar induction was observed in FBMSC, however the kinetics of the response 

was different. LEF and TCF expression increased earlier in ABMSC and these cells were 

able to respond to lower concentrations of Wnt3a. Attempts to analyze the induction of 

canonical signaling by means of increased beta-catenin levels have been inconclusive in our 

hands. This may be explained by the relatively large amount of beta-catenin present in the 

cytoskeleton and cell-cell junctions of MSC. Therefore, the minor proportion of Wnt3a-

induced beta-catenin accumulation is difficult to detect, a problem also encountered by 

others (47).

Our data on addition Wnt3a stimulation and the inhibition of endogenous Wnt-production 

indicate that the balance in Wnt-signaling as well as the autocrine signaling route differs 

between ABMSC and FBMSC. Only ABMSC seem to produce soluble Wnt-inhibitors that 

prevent(s) induction of TCF and LEF expression by endogenous Wnt-proteins, as an 

induction LEF and TCF mRNA was observed in ABMSC and not in FBMSC after a medium 

change. FBMSC, do not secrete this particular inhibitor(s) or it might be that endogenously 

produced Wnt-proteins (which do not differ between ABMSC and FBMSC) signal through 

different receptors in FBMSC. This may be supported by the differential expression of FZD1, 

FZD2, FZD7 and FZD8 detected in our micro array, as well as by the observation by others 

that different combinations of LRP, FZD co-receptors or alternative Wnt-receptors Ryk 

and Ror2, dictate the intracellular route and thereby the result of the Wnt signal induced 

(reviewed in (48)). For example, non-canonical Wnt5a can signal through beta-catenin in 

the presence of FZD4 and LRP5 in the 293 cell line (49). Furthermore, Wnt11 and FZD7 have 

been described to signal trough beta-catenin dependent (50-52) and independent pathways 

(53;54). This might explain why in ABMSC and FBMSC an opposite effect of the abrogation 

of endogenous canonical and presumably non-canonical Wnt-production with the small 

molecule IWP2 (33) was found. IWP2 treatment reduced the level of canonical signaling by 

means of beta-catenin protein level and the mRNA expression of TCF and LEF in FBMSC. 

Furthermore, activation of canonical Wnt-signaling by Wnt3a was almost completely 

abolished in IWP2 treated fetal cells. In ABMSC however, IWP2 treatment did not affect 

the canonical signaling and Wnt3a was still able to increase TCF and LEF expression in 
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IWP2 pre-treated ABMSC. It is important to note that BMSC hardly produce canonical Wnts 

(31) and except for the non-canonical Wnt5a, none of the Wnt-proteins was differentially 

expressed between ABMSC and FBMSC. This suggests that the balance in Wnt-signaling 

as well as the autocrine signaling route differs between ABMSC and FBMSC, but further 

experiments are needed to fully understand these differences. Our data indicate that the 

net-result of Wnt-signaling in FBMSC result in canonical activation, while in ABMSC, the 

balance may result in repression of the canonical pathway. 

Although an effect of IWP2 on the previously described non-canonical Wnt-targets such 

as the small GTPase Rac1 (55) Jun-kinase (JNK) (24) and the Src family kinases (56) could 

not be demonstrated because the amount of Rac-GTP, p-JNK and p-SRC protein in MSC is 

relatively low, we cannot exclude that IWP2-treatment can affect Wnt-signaling through 

these targets.

In conclusion, our data demonstrate that ABMSC and FBMSC have a different Wnt-signature 

that may be a reflection of their developmental ontogeny. Differences in the response to 

exogenous Wnt3a and endogenously produced Wnts may be the result of variation in the 

Wnt-receptor/inhibitor repertoire and the distinct intracellular mechanisms in these cell 

types. Therefore, mapping of the Wnt-Wnt-receptor interactions in MSC will complete the 

current knowledge on the role of Wnt-signaling in MSC differentiation, proliferation and 

hematopoietic support.
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Gene Forward primer 5’ > 3’ Reverse primer 5’> 3’

ABL TGGAGATAACACTCTAAGCATAACTAAAGGT TGGAGATAACACTCTAAGCATAACTAAAGGT

DKK1 GCTGCATGCGTCACGCT TGATCAGAAGACACACATATTCCATTT

DKK2 AAGAAGCGCTGCCACCG TGTGAGGGTTAAGATGCTTTCAGTAA

HES1 GACATTCTGGAAATGACAGTGAAGC CCCCAGCACACTTGGGTCTG

JAG1 AGGCGGCCTCTGAAGAAC AACAGATCCAAGCCACAGTTAAGA

KIT TCTCTGCGTTCTGCTCCTACTG TCCCCTGGACTCACAGATGG

LEF CCCACACTGACAGTGACCTAATGC AATGTGAGGTCTTTTTGGCTCC

SFRP4 TGATGGTACAGGAAAGGCCTCT CACCTTTTTACACTTGCACCGA

TCF GACCTCAGGCAGCATGGG AGAACCTAGCATCAACGATGGG

WNT5A AAGGGCTCCTACGAGAGTGCT ACCCCATGGCACTTGCAG

Cell type Definition Mean ± SD (n=6)

HSPC HSC (CD34+/CD45dim/lymphocyte gate) 6.60 ± 2.33

Immature HSC CD34+CD38- (% from HSC) 8.53 ± 1.18

MSC CD45-CD34-CD271+CD146+CD105+CD90+ 0.91 ± 0.06

Nucleated erythroid cells CD235a+CD45- 49.12 ± 8.61

B-lymphoid cells CD19+CD45+ 24.81 ± 10.96

Immature B-cells CD19+CD34+CD45+ (% from B-lymphoid cells) 11.57 ± 5.14

T-cells CD3+CD45+ 0.28 ± 0.24

Data represent the percentage of positive cells (mean ± SD) from the total cell population in fetal bone marrow from 
four individual donors at 15-20 weeks gestation, except for the CD34+CD38- and CD19+CD34+ population, which are 
shown as percentages from the CD34+ or CD19+ fractions respectively. The fetal bone marrow cell suspension was not 
enriched for mononuclear cells by density gradient centrifugation. Erythrocytes in the suspension were lysed using 
NH4Cl for 10 minutes on ice. 
Markers: CD3, T-cell co-receptor; CD19, B-lymphocyte antigen; CD34; hematopoietic progenitor cell antigen CD34; 
CD38, cyclic ADP-ribose hydrolase 1; CD45, Leukocyte Common Antigen; CD90 Thy-1; CD10,5 Endoglin; CD146, 
Melanoma Cell Adhesion Molecule (MCAM); CD235a, Glycophorin A; CD271, Nerve Growth Factor Receptor (NGFR). 

Supplementary table 1 Primer sequences

Supplementary table 2  Fetal bone marrow composition at 15-20 weeks gestation.
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Gene ABMSC FBMSC Gene ABMSC FBMSC

WNT1 5.68 ± 0.09 5.29 ± 0.36 FZD1 8.22 ± 0.15 6.76 ± 0.22

WNT2 3.68 ± 0.06 4.36 ± 0.50 FZD2 7.35 ± 0.03 8.27 ± 0.40

WNT2B 4.35 ± 0.24 4.93 ± 0.66 FZD3 3.83 ± 0.22 3.47 ± 0.14

WNT3 4.73 ± 0.16 4.43 ± 0.17 FZD4 5.28 ± 0.12 4.84 ± 0.33

WNT3A 4.90 ± 0.19 4.46 ± 0.27 FZD5 5.52 ± 0.60 3.04 ± 0.10

WNT4 5.53 ± 0.13 5.71 ± 0.17 FZD6 6.31 ± 0.45 7.09 ± 0.27

WNT5A 6.25 ± 0.17 8.61 ± 0.49 FZD7 7.40 ± 0.26 8.35 ± 0.18

WNT6 5.95 ± 0.26 6.38 ± 0.15 FZD8 6.47 ± 0.24 7.15 ± 0.15

WNT7A 5.58 ± 0.18 5.04 ± 0.35 FZD9 6.59 ± 0.27 5.99 ± 0.18

WNT7B 3.81 ± 0.18 3.41 ± 0.37 LRP5 7.14 ± 0.09 7.11 ± 0.17

WNT8A 3.57 ± 0.07 3.34 ± 0.21 LRP6 5.77 ± 0.08 5.58 ± 0.28

WNT8B 3.29 ± 0.18 3.18 ± 0.27 ROR2 5.23 ± 0.53 5.90 ± 0.27

WNT10A 6.33 ± 0.18 5.83 ± 0.37 RYK 8.43 ± 0.21 8.68 ± 0.48

WNT10B 5.76 ± 0.11 5.29 ± 0.38

WNT11 5.41 ± 0.24 5.55 ± 0.57 DKK1 5.88 ± 1.79 9.25 ± 0.71 

WNT16 4.39 ± 0.24 4.25 ± 0.16 DKK2 3.62 ± 0.09 6.06 ± 0.42

DKK3 8.94 ± 0.17 9.95 ± 0.40

WISP1 7.39 ± 0.67 3.97 ± 0.10 SFRP1 8.38 ± 0.40 8.17 ± 0.31

WISP2 9.38 ± 0.40 7.69 ± 0.77 SFRP2 3.50 ± 0.68 4.62 ± 0.36

WISP3 6.09 ± 1.07 3.65 ± 0.16 SFRP4 10.81 ± 0.59 5.14 ± 1.68

WIF1 3.56 ± 0.10 3.52 ± 0.24 SFRP5 5.57 ± 0.14 5.34 ± 0.19

The values depict the mean fluorescence intensity of expression on a log scale (± SD, n=3) detected by micro-array. 
Genes in bold are considered to be expressed, values in normal font are assumed to be not expressed or at the 
detection limit of the array.

Wnt-related genes expressed in ABMSC and FBMSC  Supplementary table 3





159Chapter 7 Summary and general discussion  

Chapter 7

Summary and general discussion

Partially adapted from: “Mesenchymal stromal cell migration, possibilities to improve 

cellular therapy” 

Stem Cells and Development, July 2011 Epub ahead of print

 

 

Marijke W. Maijenburg1,2 
C. Ellen van der Schoot1,3 

Carlijn Voermans1,2

1 Department of Experimental Immunohematology, Sanquin Research, Amsterdam, and Landsteiner 
Laboratory, Academic Medical Center, University of Amsterdam, Amsterdam, the Netherlands;  
2 Department of Hematopoiesis, Sanquin Research, Amsterdam, and Landsteiner Laboratory, Academic 
Medical Center, University of Amsterdam, Amsterdam, the Netherlands; 3 Department of Hematology, 
Academic Medical Center, University of Amsterdam, Amsterdam, the Netherlands



160 Characterization of human mesenchymal stromal cell heterogeneity   

Summary and general discussion

Mesenchymal stromal cells (MSC) are rare stromal cells that can be derived from a variety of 

adult and fetal tissues. They represent a very heterogeneous cell population that is currently 

defined by expression of a combination of markers (1). 

Cultured MSC have two remarkable capacities that designate them as suitable candidates for 

cellular therapy. First, MSC have the capacity to differentiate towards multiple mesenchymal 

tissues including bone and cartilage. Therefore MSC treatment has been successfully 

explored to treat the rare bone disorder osteogenesis imperfecta (2;3), and to repair large 

bone fractures (4). The trilineage differentiation capacity of MSC towards adipocytes, 

chondrocytes and osteoblasts is well established (1), but the results from studies evaluating 

the greater differentiation plasticity of MSC for example into cardiomyocytes (5) and even 

into non-mesodermal tissues (6;7) are still under debate. 

The second remarkable MSC characteristic is their ability to suppress the immune response. 

MSC can do this by both cell-cell contact- and soluble factor-mediated repression of the 

differentiation and maturation of monocytes towards dendritic cells. In addition, they can 

suppress the proliferation of T-cells, B-cells and NK-cells (reviewed in(8)). The discovery of 

these properties has resulted in the implication of MSC for treatment of graft-versus-host 

disease (GvHD) (9), an adverse event frequently occurring after allogeneic hematopoietic 

stem cell (HSC) transplantation (10). MSC express low levels of the MHC class I molecule, 

and this may partly explain why third-party MSC work just as well as autologous or HLA-

matched MSC to treat GvHD (9;11). 

Bone marrow-derived MSC are the first source of choice for current clinical application 

and they are applied in an expanding number of clinical trials (http://clinicaltrials.gov/

ct2/results/map?term=MSC). As it is believed that MSC in bone marrow (BM) support and 

maintain HSC (12), MSC are now also clinically evaluated for the enhancement of HSC 

engraftment after transplantation, an indication first established in mice (13). Intravenous 

injection of MSC is the most convenient route of administration in a clinical setting, 

therefore MSC have to migrate and home towards the site where they are needed. In animal 

models as well as in patients, it has been observed that the homing capacity of culture-

expanded MSC is limited, and the majority of the transplanted cells disappeared within a few 

days (14;15). This does not exclude the possibility that transient MSC engraftment may exert 

favorable effects through the secretion of cytokines or other paracrine factors, which engage 

and recruit recipient cells in productive tissue repair (16). However the observation that 

intrabone injections of the MSC (17;18) further enhances hematopoietic recovery suggests 

that most therapeutic applications can be improved if more MSC reach the target site. 

Therefore, better insight in the process of MSC migration is required. 
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Rombouts and Ploemacher demonstrated that uncultured MSC have an enhanced homing 

capacity compared to cells that have been cultured as short as 24 hours (19). These data 

indicate that the heterogeneous MSC populations that are obtained as the progeny of 

tissue resident counterparts may not resemble the functional characteristics of these cells 

in vivo. Prospective isolation of MSC from tissues has been hampered by the low frequency 

of these cells in tissues (20) as well as by the lack of unique markers to specifically isolate 

MSC.  It has recently been demonstrated that two markers, the nerve growth factor receptor 

(NGFR, CD271) (21) and melanoma cell adhesion molecule (MCAM, CD146) (22;23), 

can be used to isolate MSC from several human  tissues. The availability of these markers 

offers perspectives to study the biological relevance of defined MSC subpopulations and to 

elucidate in which respect these cells change upon ex-vivo expansion.

In the studies described in this thesis, we have aimed to contribute to the understanding of 

mesenchymal stromal cells (MSC) migration and to the identification and functional analysis 

of primary mesenchymal stromal cell populations in fetal and adult bone marrow.

Enhancing MSC migration 
Previous studies on MSC migration have demonstrated that common mechanisms of cell 

migration also apply to MSC. MSC express a broad range of chemokine and growth factor 

receptors, and are therefore able to migrate in response to many chemotactic stimuli such 

as stromal cell-derived factor-1a (SDF-1α/CXCL12) (24;25), platelet-derived growth-factor 

(PDGF) (26;27), basic fibroblast growth factor (bFGF) (28)hepatocyte growth factor (HGF) 

(29) and monocyte chemoattractant protein-1 (MCP-1) (30). In most studies, only BMSC 

were used, and due to variability in cell culture and assay conditions the studies were 

hard to compare. In Chapter 2, we have demonstrated that MSC derived from multiple 

tissues contain a fraction of cells with migratory characteristics, although the proportion 

of migratory cells and the optimal stimulus for migration differed between the MSC from 

various sources. Fetal lung-derived MSC had the highest migratory capacity. This was found 

not to be due to the fetal origin of the cells because adult and fetal BM-derived MSC had a 

similar migratory capacity. As the chemokine receptors, growth factor receptors, integrins 

and adhesion molecules could not explain the observed differences in the migratory 

phenotype, tissue of origin imprinted characteristics may be an underlying cause of the 

migratory potential. Exclusive transplantation of MSC with enhanced migratory capacity 

could reduce the large doses of MSC (varying from 0.4 x10^6 /kg till 10x10^6 /kg body weight 

(11;31)) currently infused in clinical trials. In our experiments, no surface markers were 

found exclusively expressed on migratory cells; but in agreement with previous findings in 

HSC (32;33), we found a relation between the cell cycle and MSC migration. The migratory 

MSC fraction contained less cells in S- and G2/M- and a trend towards more cells in G1-

phase of the cell cycle compared to non-migratory MSC. In line with these results, MSC from 

cultures harvested at 50-70% confluency compared to those from >80% confluent cultures 
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had a better migratory response. Therefore, a clinically applicable strategy to enhance MSC 

migration could be simply harvesting the cells at a lower confluency level. 

To further define the characteristics of the migratory MSC subset, we took a gene expression 

profiling approach to identify genes involved in MSC migration. This opens possibilities 

to identify and modulate signaling pathways or genes that can be targeted to enhance MSC 

migration. 

We identified a small set of 12 genes that were differentially expressed between migratory 

and non-migratory MSC (Chapter 3). The two most prominent genes were nuclear orphan 

receptors: Nur77 and Nurr1. These genes belong to the NR4A family of nuclear orphan 

receptors, which are mainly studied for their role in brain development and apoptosis 

(reviewed in (34)). We confirmed the migration enhancing effect of Nurr77 and Nurr1 

expression in MSC with a lentiviral overexpression approach. As NR4A family members are 

believed to act as ligand independent transcription factors and their downstream targets 

have not been identified yet (35), we could not unravel the mechanism by which Nur77 and 

Nurr1 enhance MSC migration. Nur77 and Nurr1 are involved in cell cycle regulation in many 

cell types (36;37), and indeed overexpression of Nur77 and Nurr1 decreased the proportion 

of cells in S-phase of the cell cycle. These data suggest that the observed difference in cell 

cycle distribution between migratory and non-migratory MSC observed in Chapter 2 may 

be related to enhanced Nur77 and Nurr1 expression in the migratory cells. Also others have 

found a correlation between cell cycle and migration in MSC, as increased culture confluence 

was shown to inhibit transendothelial migration in MSC by increasing the production of a 

natural matrix metalloproteinase (MMP) inhibitor, TIMP-3 (38)

Nur77 and Nurr1 expression affects the cytokine profile of macrophages and vascular 

smooth muscle cells (37;39), and we also observed increased release of interleukin-6 (IL-6) 

and IL-8 protein and an increase expression of HGF. As MSC based treatment of GvHD is 

at least partially cytokine dependent, it was crucial to show that overexpression of Nur77 or 

Nurr1 did not affect the immunemodulatory capacity. Furthermore, our data indicate that 

targeting Nur77 and Nurr1 expression to enhance MSC migration in a clinical setting seems 

to be feasible, because expression is rapidly induced after exposure to SDF-1α, PDGF, tumor 

necrosis factor-α  (TNF-α) or interferon gamma (IFNγ). 

As homing capacity and expression of homing receptors decreases upon culture-expansion 

(19;40), manufacturing of MSC for clinical application will be a trade-off between obtaining 

sufficient cell number for transplantation and maintaining their migratory and other 

designated properties. The data in Chapter 2 and 3 point out that confluency level of the 

cultures and cytokine pre-treatment to target Nur77 and Nurr1 may be feasible approaches to 

enhance migration of cultured MSC. These findings are supported by the current literature, 

and together with other approaches to enhance MSC migration, they are summarized in 

Table 1. Several lines of evidence indicate that culture confluence and plating density are also 
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an important factor in expanding MSC whilst maintaining clonogenicity, differentiation 

potential and a normal karyotype (Table 1). Low seeding densities favored long term 

proliferation of MSC. Plating at 200 cells/cm2 generated an optimal number of rat MSC 

(41). In addition, low plating densities results in better preservation of clonogenic rat and 

human MSC compared to higher densities (41;42). Adipogenic differentiation of human 

MSC is favored during short term expansion, whereas chondrocyte yield was increased after 

prolonged cell culture (38).

To assist MSC expansion, addition of epidermal growth factor (EGF) (43;44) or antibodies 

against type 1 interferon receptors (IFNAR1) (45) to culture media have been explored. Short 

term expansion in the presence of EGF results in increased proliferation and maintains 

25% more CFU-F compared to control treated cells (43), suggesting that EGF acts as a 

mitogen and survival factor for clonogenic MSC. IFNAR1 reversibly controls the quiescence 

of MSC. At initial stages of expansion, IFNAR addition increases CFU-F outgrowth and over 

2 months culture period it leads to faster and greater amplification of MSC without losing 

differentiation potential (45).

At present, serum free medium is not available for the generation of clinical grade MSC. 

Alternatives to fetal calf/bovine serum are human AB serum and/or platelet lysates 

(46;47), and reviewed in (48). To reduce risk of contamination with animal or human 

infections diseases, it is important to develop chemically defined media supplemented with 

recombinant growth factors that allow derivation and efficient expansion of MSC. Such 

media were established for embryonic stem several years ago (49). To date, it has not been 

studied whether the above described culture procedures influence the migratory capacities of 

MSC. 

A suitable chemically defined medium should meet a few criteria. First, it has to allow 

efficient generation of MSC from adipose tissue or 10-20 ml of BM aspirate. Second, it has 

to enable optimal expansion of the obtained MSC. Finally, the capacities to differentiate, to 

modulate the immune response and to migrate and specifically home have to be preserved. 

Although the in vitro migratory capacity of MSC is not a release criterion for the clinic at the 

moment (11;50), its inclusion may be considered. 

MSC are applied in an expanding number of clinical trials. Although administration of 

a large dose of MSC to patients with a wide variety of diseases seems to benefit clinical 

outcome, lack of understanding of MSC homing to injured tissues is restricting efficacy 

of the therapies. As several routes of delivering MSC explored in murine models may 

be unfavorable to apply in a clinical setting, such as delivering cells into the heart, bone 

or brain, in future studies one should focus on improving migration of intravenously 

administrated MSC. 
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Approach Publication
(first author, 
year, ref )

MSC source Species Results

Enzymatic modification

Enzymatic 
conversion of 
native CD44 on 
MSC into HCELL

Sackstein, 2008 
(96) 

Adult bone marrow Human HCELL+ MSC have enhanced shear-
resistant interactions with endothelial 
cells and home more efficiently to the 
murine BM than untreated MSC

Modification CXCR4 expression

Retroviral 
overexpression 
CXCR4

Bhakta, 2006 (24) Adult bone marrow Human Increased migration towards SDF-1α in 
Transwell system

mRNA 
transfection 
CXCR4-GFP

Ryser, 2008 (97) Adult bone marrow Human Increased migration towards SDF-1α in 
Transwell system

Retroviral 
overexpression 
CXCR4

Cheng, 2008 (98) Not specified Rat Increased migration towards SDF-1α in 
Transwell system
Increased migration towards infarcted 
myocardium (rat model)

Targeting other molecules

Lentiviral 
overexpression 
Nur77 or Nurr1

Maijenburg, 2011 
(99)

Fetal bone marrow Human Increased migration towards SDF-1α in 
Transwell system

Cytokine treatment

TNF-α Croitoru-Lamoury, 
2007 (51)

Hemeda, 2010 
(52)

Ries, 2007 (100)

Adult bone marrow 
(51;52;100),Umbilical 
cord blood (52), cell 
line V54/2 (peripheral 
blood) (52)

Human (51):TNF-α increases CXCR4 mRNA and 
CXCR4 and CCR3 protein expression. 
Pretreatment of TNFα/IFNγ increases 
migration towards SDF-1α and CXCL10 in 
QCM chemotaxis cell migration assays
(52): TNF-α pretreatment increased 
cytokine production of V54/2 and primary 
MSC, but enhanced migration was only 
observed in primary MSC
(100): exposure to TNF-α decreases MMP2 
mRNA nd increased MT1-MMP and MMP9 
expression. MMP inhibitors decreases 
Transwell migration

IFNγ Hemeda, 2010 
(52)

Adult bone marrow, 
Umbilical cord 
blood, cell line V54/2 
(peripheral blood 
derived) 

Human IFNγ prestimulation increased chemokine 
receptor expression and increased 
migration of V54/2 MSC cell line but no 
effect was observed on primary MSC

IFN-β Croitoru-Lamoury, 
2007 (51)

Adult bone marrow Human IFN-β pretreatment increases CXCR4, 
CCR3 and CCR8 mRNA and CXCR4 and 
CCR3 protein expression, and increases 
migration towards SDF-1α, CCL2 and 
CXCL10 in QCM chemotaxis cell migration 
assays

Copaxone Croitoru-Lamoury, 
2007 (51)

Adult bone marrow Human Pretreatment with Copaxone increased 
CXCR4, CCR3 and CCR8 mRNA and 
CXCR4 and CCR3 protein level, but no 
increased migration compared to control 
treated cells

TGF-β1 Ries, 2007 (100) Adult bone marrow Human Exposure to TGF-β increases MMP2, 
MT1-MMP mRNA and protein level. MMP 
inhibitors decreases Transwell migration

Table 1   Strategies to enhance MSC migration
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IL-1β Ries, 2007 (100) Adult bone marrow Human Exposure to IL-1β increases MT1-MMP1 
and MMP9 expression. MMP inhibitors 
decreases Transwell migration

SDF-1α Ries, 2007 (100) Adult bone marrow Human SDF-1α stimulation decreases MMP2, 
TIMP-1 and TIMP2 expression. MMP 
inhibitors decreases Transwell migration

Cocktail SCF, 
IL-6, HGF, IL-3

Shi, 2007 (54) Flk1+ MSC 
Fetal bone marrow

Human Cytokine treatment increased expression 
of CXCR4, in vitro migration towards 
SDF-1α and homing to the BM of lethally 
irradiated recipient NOD/SCID mice

Cell culture strategies

Hypoxia Hung, 2007 (55)

Liu, 2010 (56)

Rosova, 2008 (57)

Adult bone marrow Mouse 
(55) 

Human 
(56;57)

(55): Exposure to hypoxia increases CXCR4 
and CX3CR1 expression and increased 
migration in response to SDF-1α and 
fractalkine, which could be blocked 
by receptor antagonists. Increased 
engraftment in early chick embryo’s. 
(56): Hypoxia increases expression 
of CXCR4 and CXCR7 and resulted in 
increased Transwell migration towards 
SDF-1α
(57): cMet expression upregulated in 
hypoxic conditions, enhanced migration 
in scratch assay in the presence of HGF. 
Hypoxic preconditioning increased 
homing in an ischemic hind limb model 

Confluency level 
at harvest

Maijenburg, 2010 
(91)

De Becker, 2007 
(38)

Fetal (91) and adult 
(38) bone marrow

Human (91):Increased Transwell migration 
capacity towards SDF-1α upon harvesting 
at 50-70% confluency compared to 80-
90% confluent cultures
(38): Expression of MMP inhibitor TIMP3 
is increased in highly confluent cultures 
compared to lower confluency,  Reduced 
transendothelial migration in matrigel 
invasion assays 

Abbreviations: BM, bone marrow; CCR3, C-C chemokine receptor 3; CCR8, C-C chemokine receptor 8; CD44, 
hyaluronan receptor; CX3CR1, fractalkine receptor; CXCL10, C-X-C motif chemokine 10; CXCR4, CXCR4, SDF-1α 
receptor; CXCR7, scavenging SDF-1α receptor; Flk1; vascular endothelial growth factor receptor 2; GFP, green 
fluorescent protein; HCELL, hematopoietic cell E-selectin/L-selectin ligand; HGF, hepatocyte growth factor;  IFN-
β, interferon-β; IFNγ, interferon γ; IL-1β, interleukin 1β; IL-3, interleukin 3; IL-6, interleukin-6; MMP2, matrix 
metalloproteinase-2; MMP9, matrix metalloproteinase-9; MT-MMP1, membrane type1 matrix metalloprotease; 
NOD/SCID mice, non-obese diabetic/ severe combined immunodeficient mice; SCF, stem cell factor; SDF-1α, stromal 
cell-derived factor 1-α; TGF-β1, transforming growth factor–β1; TNF-α, tumor necrosis factor-α; TIMP1, tissue inhibitor 
of metalloproteinase 1; TIMP2, tissue inhibitor of metalloproteinase 2; TIMP3, tissue inhibitor of metalloproteinase 3
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Several studies point out that cytokine pre-treatment (51-54) and/or exposure to hypoxia 

(55-57) increases MSC migration in vitro and in animal models (Table 1). A clinical grade 

cytokine cocktail should enhance expression of homing receptors and increase expression 

of genes that were found to stimulate MSC migration. Increased homing and engraftment of 

MSC may then result in lower doses of transplanted cells and thereby decreasing the culture 

expansion time, costs, availability and the risk of transformations during culture expansion. 

It is still under debate whether the few engrafted MSC are all the progeny of one or multiple 

MSC clones which may have a better migratory capacity than other cells. Recently a cellular 

barcoding tool was introduced to enable clonal tracking in the hematopoietic system 

(58). This retroviral system inserts a small unique sequence or barcode in the genome of 

each individual transduced cell. Since all daughter cells will carry the same barcode, the 

progeny of all labeled cells can be traced (58). This method will enable to measure how 

heterogeneous MSC cultures actually are, because the number of clones that contribute 

to the culture can be enumerated. It can also help to determine preferential outgrowth 

of specific MSC clones, which may possess enhanced migratory properties. Upon 

transplantation, it can be used to illustrate how many MSC clones are capable of sustained 

engraftment in targeted tissue. If an approach to enhance MSC migration is successful, 

it may be expected that more unique barcodes, thus more MSC clones, can be recovered 

from the targeted tissue. If MSC are injected or loaded onto a transplantable scaffold, the 

barcoding tool can be used to determine the proportion of MSC that migrate into adjacent or 

more distant tissues. 

With respect to all future MSC-based cellular therapies, it will be crucial to develop GMP-

grade ‘next generation’ MSC that have enhanced in vivo homing capacity. This should lead to 

a reduced culture-expansion time and lower doses of transplanted cells, thereby reducing the 

costs, the probability of transformations during culture and the risk of transfusion related 

adverse events. 

Native MSC 
Rombouts and Ploemacher demonstrated that culturing MSC dramatically decreases their 

homing capacity (35). Therefore, identification of the native MSC and studying the biological 

properties of these cells may result in more efficient clinical applications and eventually it 

may even show that expanding MSC prior to transplantation is not necessary if uncultured 

MSC are indeed more potent than their culture-expanded progeny. 

Due to the lack of exclusive MSC markers, studying and identifying the native, tissue 

resident MSC is a major hurdle. Buhring and co-workers identified the nerve growth factor 

receptor CD271 as a candidate marker for prospective isolation of MSC (21). CD271bright 

cells contained all assayable colony forming units-fibroblast (CFU-F, a measure for the 

amount of clonogenic MSC) in human BM. This fraction could be further divided into 
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CD271brightMSCA1+CD56+ and CD271brightMSCA1+CD56- populations (MSCA1: mesenchymal 

stem cell specific antigen 1; CD56: N-CAM) (59). Others have employed sorting for CD146-

positive cells (22;23). These reports also state that perivascular localized CD146+ cells 

contain all CFU-F in human BM. Subcutaneously transplanted CD146+ cells were able to 

generate an ectopic hematopoietic microenvironment (23). The crucial role of MSC in 

hematopoiesis was demonstrated by Mendez-Ferrer et al, who showed that depletion of 

Nestin+ MSC from murine BM resulted in reduced HSC retention in the BM and impaired 

homing of transplanted HSC (60), indicating that these cells are a prerequisite for 

hematopoiesis. CD271 and CD146 seem promising candidates for isolating MSC from 

human BM, but so far it was unknown whether these markers were co-expressed on identical 

cells or whether different subpopulations could be discriminated by these two markers. In 

addition, because native MSC are crucial for the support of life spanning hematopoiesis, 

it may be expected that changes in the BM hematopoietic compartment that occur during 

development and aging correlate with changes in the stromal cell microenvironment. 

In Chapter 4 we demonstrate for the first time that the distribution of defined human MSC 

subsets is correlated to donor age. Three putative MSC subpopulations were detected in 

human BM, which could generate CFU-F at distinct moments during development and 

aging. These subsets were CD271brightCD146-, CD271brightCD146+ and CD271-CD146+. Only the 

two CD271bright fractions contained CFU-F in adult BM. and they co-expressed the classical 

MSC markers CD90 (Thy-1) and CD105 (Endoglin). These subsets also had trilineage 

differentiation capacity as well, thus they meet all criteria that define bona-fide MSC (31). 

Previous studies never excluded the possibility that other populations may contain MSC that 

require support from BM cells for CFU-F formation. We show that depletion of CD271-

CD146+ cells for BM mononuclear cells did not reduce the number of CFU-F in the depleted 

MSC, whereas depletion of CD271brightCD146- and CD271brightCD146+ populations, resulted 

in a complete loss of CFU-F. Thus CFU-F are only present in CD271bright cells and clonogenic 

MSC do not depend on support from BM-derived cells. In addition, the CD271brightCD146- 

and CD271brightCD146+ cells express high levels of Nestin mRNA, a marker that was recently 

described to mark murine MSC (60), indicating that Nestin may also be a good marker for 

human MSC. 

In elderly adults (>55 years old), the dominant fraction was CD271brightCD146-, while in 

younger adults the CD271brightCD146- and CD271brightCD146+ occurred at similar frequency. 

The age-related change in MSC subset distribution was confirmed in pediatric and 

fetal bone marrow samples. The dominant CFU-F containing fraction in children was 

CD271brightCD146+. In fetal bone marrow, CFU-F were observed in CD271brightCD146+ and 

remarkably also in CD271-CD146+.

Because it was reported that CD271+CD146-/lo and CD271+CD146+ in vivo localize to endosteal 

or perivascular niches respectively (61), our data suggests that the relative size of specialized 

BM niches is dynamic, and that distinct phases in life require different MSC subtypes. The 
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increase of CD271brightCD146- MSC in aged BM may therefore correspond to the increase in 

long-term HSC in aged murine BM (62;63), which predominantly localize in the endosteal 

niche. 

Several groups have reported circulating MSC in patients with major skin burns (64) or other 

major injuries (65;66), but contrasting data exist on the presence of MSC in G-CSF mobilized 

peripheral blood (reviewed in (67)). We have not been able to detect CD271+CD146-/lo and 

CD271+CD146+ MSC subpopulations in G-CSF mobilized peripheral blood from healthy 

donors nor from patients (Maijenburg et al, unpublished results). In mice, MSC defined by 

CFU-F did not significantly mobilize into the peripheral blood upon G-CSF stimulation, 

but were mobilized upon pre-treatment with vascular endothelial cell growth factor (VEGF) 

followed by administration of the CXCR4 antagonist AMD3100 (68). Analysis of mobilized 

peripheral blood from patients treated with alternative mobilization inducing drugs such as 

clinical grade variants of CXCR4 antagonists will reveal if more MSC are recruited into the 

blood using this method and if so which subsets are involved. 

MSC circulate in first trimester fetal peripheral blood (69). These cells were only phenotyped 

after culturing, so it is unknown whether these fetal MSC were CD271-CD146+ or 

CD271brightCD146+ like native fetal BMSC. 

Wnt-signaling in primary MSC subsets and culture-expanded 
counterparts
Studies on CD146+ and Nestin+ MSC in human and murine bone marrow have demonstrated 

that MSC are a key component in the hematopoietic niche. Upon ectopic transplantation in 

mice, CD146+ MSC orchestrated the formation of a complete hematopoietic niche, in which 

human derived stromal cells and ossicles were colonized by murine hematopoietic stem 

and progenitor cells (HSPC) (23). Nestin+ MSC were closely associated with HSC and they 

expressed many genes involved in HSC maintenance. Transplanted HSC homed close to or 

adjacent to Nestin+ MSC. Depletion of Nestin+ cells resulted in a reduced number of HSC in 

the bone marrow (60). In addition, it was recently demonstrated that CD271brightCD146- and 

CD271brightCD146+ MSC localize to distinct niches in vivo (61), indicating that these subsets 

may have distinct roles in hematopoietic support. 

Wnt-signaling pathway is crucial for hematopoiesis, and stromal cells play a pivotal role 

to support HSC through Wnt-signals. Overexpression of Dickkopf-1 (DKK1) or loss of 

secreted frizzled related protein-1 (SFRP1), two Wnt-inhibitors, in stromal cells resulted 

in impaired HSC self-renewal and maintenance (70;71). Culture-expanded adult BMSC are 

known to produce several Wnt-proteins and inhibitors (72;73), and they can support HSC. 

The Wnt-signature of native MSC subsets directly after sorting from tissues, such as the BM-

derived adult CD271brightCD146- and CD271brightCD146+ MSC and their role in hematopoietic 

support has not been studied before. Therefore, we have generated and compared the 
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Wnt-signaling profile of uncultured CD271brightCD146-, CD271brightCD146+ and CD271-CD146+ 

cells directly after sorting, as well as from or conventionally cultured MSC from unsorted BM 

mononuclear cells (MNC) from the same donor (Chapter 5). 

Wnt-related gene expression appeared to be clearly distinct in the two sorted uncultured 

MSC subsets compared to conventionally MSC derived from unsorted bone marrow 

mononuclear cells. Expression of CCND1, WISP1 WNT5A and WNT5B were strongly 

increased in the unsorted cultured MSC, whereas sorted unculturedCD271brightCD146- and 

CD271brightCD146+ expressed higher levels of JUN, LEF1, WIF1 and WNT3A. The differences 

in Wnt-gene expression was more subtle between CD271brightCD146- and CD271brightCD146+; 

Wnt receptors frizzled 7 (FZD7) and low-density lipoprotein-receptor related protein 6 

(LRP6), were significantly higher expressed in CD271brightCD146+ and a trend towards 

increased expression in this subset was observed for Wnt11, MYC and beta-catenin. Upon 

culturing the two sorted subsets for one passage, the differences in Wnt-related gene 

expression between the subsets as well as between the uncultured sorted subsets and MSC 

from BM MNC were lost. Interestingly, Wnt3a was undetected in both populations while 

Wnt5a expression was acquired. These data suggests that the initial differences in Wnt-gene 

expression observed between CD271brightCD146- and CD271brightCD146+ cells may not be a 

intrinsic, and that they may rather be a reflection of localization to separate bone marrow 

niches as recently reported by Tormin et al (61).

Despite the loss of a distinct Wnt-signature, co-culture experiments combining the sorted 

MSC subsets with CD34+ cells show a trend towards enhanced long-term hematopoietic 

support in CD271brightCD146- compared to CD271brightCD146+cells (Chapter 5). The difference 

in hematopoietic support disappeared upon prolonged culture-expansion, suggesting that 

expression or secretion of the factor(s) that were responsible for maintaining the colony 

forming capacity of the CD34+ cells are influenced by the cell culture process.

Taken together, our data suggests that Wnt-expression in cultured unsorted MSC subsets 

is distinct from the Wnt-signature from conventionally cultured MSC from BM MNC. 

Culturing native MSC dramatically affects Wnt-signaling in these cells and therefore our 

results question the quality of culture-expanded MSC as model system for Wnt-signaling in 

MSC in vivo. 

The notion that culturing sorted MSC subsets affects their characteristic has also been 

made by others. Under standard culture conditions, cells that were sorted as CD271+ rapidly 

loose expression of this marker (32;36), while expression of CD146 was found to appear 

on cells that initially had a CD271brightCD146- phenotype (61). It was demonstrated that the 

upregulation of CD146 was induced by exposure to increased oxygen levels and that this 

process was reversed by culturing under hypoxic conditions (61). Murine Nestin-GFP cells 

could not maintain expression of GFP under standard culture conditions (60). These data 

indicate that to better preserve the characteristics of native MSC, the culture procedures 
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need to be optimized. Mendez-Ferrer et al pursued an approach adapted from culturing 

neural crest cells in non-adherent clonal spheres. They allowed the Nestin+ cells to grow in 

so-called mesenspheres, in which GFP-expression of Nestin+ cells was maintained. Using 

this method, the authors were even able to demonstrate that clonogenicity was maintained 

and the cells appeared to self-renew in vivo in serial transplantation experiments (60). 

Another suspension culture method was described by Baksh et al. In cultures of BM MNC 

in stirred suspension spinner flasks, MSC were able to better conserve the capacity to form 

CFU-F, as well as the capacity to differentiate towards osteoblasts and adipocytes compared 

to conventional plastic adherent cells. The enhanced clonogenic capacity observed in 

suspension was further enhanced by administration of Wnt3a or Wnt5a (74). As culturing 

in mesenspheres or suspension cultures may require extensive technical optimization, 

testing hypoxic culture conditions may be a first step towards maintaining native MSC 

characteristics. 

Wnt-signaling in adult and fetal BMSC
Bone marrow composition changes during development (75) and aging (20;75-77). MSC 

or MSC-like cells can be derived from all hematopoietic sites during murine development 

(78), and for most tissues MSC are already present before the migrating HSC colonize 

these tissues (79). As different niches can influence the phenotype and characteristics of 

the cells derived from these tissues, it is not surprising that besides sharing several MSC 

characteristics, there are also clear differences between adult and fetal MSC. There are 

indications from the murine system that the first MSC have a neurectodermal origin, and 

these cells were transiently replaced by cells with another ontogeny (80). We also found a 

CFU-F containing MSC subset that was exclusively present in fetal bone marrow (Chapter 

4). In addition, Fetal MSC proliferate faster and are more prone to differentiate towards 

osteoblasts (81;82). Understanding the underlying mechanisms that enhance proliferation 

in FBMSC could be beneficial for cellular therapy, as targeting these signaling pathways may 

result in a reduced expansion period for ABMSC. 

Therefore, we further explored the differences between adult and fetal bone marrow derived 

MSC (ABMSC and FBMSC) in a gene expression profiling approach. In an array screen 

described in Chapter 6, we found 687 genes differentially expressed between ABMSC and 

FBSMC. Functional enrichment analysis revealed that genes associated with limb- and 

skeletal muscle development, cell cycle regulation and DNA-repair were enriched in both 

FBMSC compared to ABMSC. Genes involved in these processes were previously also 

reported to be enriched in an array screen comparing fetal liver-derived MSC compared to 

ABMSC (83). Thus, fetal MSC share some intrinsic characteristics that discriminate them 

from ABMSC, which are independent of the fetal tissue of origin.

Because Wnt-signaling is important for human and animal development, as well as for MSC 

proliferation and differentiation (72;84) and hematopoietic support (85), we focused on 
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the 16 differentially expressed Wnt genes. This list of genes included Wnt5a, five Frizzled 

receptors, the Dickkopf family members DKK1 and DKK2, and the secreted Wnt-inhibitor 

SFRP4. ABMSC and FBMSC produce large quantities of Wnt-inhibitors, such as DDK family 

members that can either occupy the LRP/FZD receptors or that bind to Wnt to prevent its 

receptor binding, like secreted frizzled related-proteins. Expression of several Wnt-related 

genes is dependent on the confluency level of the culture (73). Also in our hands, the 

expression of DKK1 was strongly influenced by cell culturing, thus the difference in DKK1 

expression between ABMSC and FBMSC cannot be considered an intrinsic difference. 

In contrast, the differences in SFRP4, Wnt5a and DKK2 were consistently differentially 

expressed during culture. Because the ABMSC and FBMSC were cultured under similar 

circumstances, it may be assumed that general effects caused by cell culturing equally affects 

both MSC. Therefore, at least part of the differentially expressed genes may be a reflection of 

the tissue of origin, which may be supported by the functional enrichment of genes involved 

in developmental processes such as tissue morphogenesis. It is known that cultured MSC 

maintain several tissue of origin imprinted characteristics and even the expression of Hox-

genes that reflect anterior to posterior patterning in the animal kingdom (86;87). 

The observed differences in expression of Wnt-inhibitors and Frizzled receptors were shown 

to lead to profound differences in Wnt-signaling between adult and fetal BMSC. Although 

both MSC seem to have a similar low basal canonical Wnt-signaling, the abrogation of 

autocrine Wnt-production by the small molecule Inhibitor of Wnt-production-2 (IWP2) (88) 

leads to a strong decrease in expression of downstream targets of canonical Wnt-signaling 

in FBMSC only and it even inhibited the response to exogenous Wnt3a in these cells. In 

contrast, in ABMSC autocrine canonical signaling was found to be prevented probably by 

production of soluble Wnt-inhibitors and possibly for this reason IWP2 treatment had no 

effect on endogenous Wnt-signaling. ABMSC had a faster response and were more sensitive 

to low concentrations Wnt3a, and remained responsive to Wnt3a after incubation of IWP2 

(Chapter 6). Except for Wnt5a, no other Wnt-proteins were differentially expressed between 

ABMSC and FBMSC. As it has been observed that the combination of different LRP, FZD 

co-receptors or alternative Wnt-receptors Ryk and Ror2, dictate the intracellular route 

and thereby the result of the Wnt signal induced (reviewed in (89)), the differences in the 

response to Wnt3a and the distinct response to inhibition of endogenous Wnt-production 

may be explained by the differential expression of FZD1, FZD2, FZD7 and FZD8 detected 

in our micro array. This might lead to a different net balance in autocrine Wnt-signaling 

between these cells established through distinct intracellular mechanisms. Therefore, 

mapping of the Wnt-Wnt-receptor interactions in MSC will complete the current knowledge 

on the role of Wnt-signaling in MSC differentiation, proliferation and hematopoietic 

support.
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Final remarks
Whereas the clinical applications of culture-expanded MSC have gained most attention in 

the past decade, many fundamental questions about the origin and function of native MSC 

remained unanswered. Recent studies have highlighted several new MSC markers that 

enable studying the characteristics of freshly isolated MSC and resident MSC in vivo. More 

insight in the function and capacities of MSC in situ may provide clues about what can be 

expected from their culture-expanded progeny applied in the clinic. 

The ontogeny of MSC during development is still unclear. Observations that the first murine 

MSC arise from Sox1+ neuroepithelial cells (80) and that primary murine and human MSC 

express the neuronal marker Nestin (Chapter 4) and (60;61)) raise questions about the 

current hypothesis that all MSC originate from the mesoderm. Answers to these questions 

will provide insight in the feasibility of MSC-based application for regeneration of tissues 

and cell types derived from non-mesodermal germ layers. 

The relation between the different MSC subsets in BM remains to be elucidated. Are these 

subsets organized in a hierarchical system similar to HSC, are these subsets just similar 

cells that arise independently from the same germ layer during development, or are the 

phenotypic differences between MSC derived from multiple tissues (90-92) only a result 

of localization to different niches and if so, is this phenotype within a tissue or niche 

fixed, or do cells temporally change their phenotype and function if they migrate from 

one niche to the other? The latter hypothesis would be supported by our own observations 

in Chapter 5 as well as from others that after several passages, the subsets can no longer 

be discriminated by expression of CD271 and/or CD146 (61;93). Studies by Tormin et al 

suggest that the expression of CD146 reversibly influenced by the local oxygen tension 

(61). Data from Battula et al would support the hypothesis of two intrinsically different 

subsets, because chondrocytes and pancreatic-like cells were exclusively obtained from 

sorted CD271brightMSCA1+CD56+ cells whereas adipocytes could only be differentiated from 

CD271brightMSCA1+CD56- cells (59). 

If the subsets would be hierarchically related, which subset can be considered to be the most 

‘primitive’? One may speculate that CD271brightCD146+ cells could be the ‘true’ stem cells 

because they are present in fetal, pediatric and adult BM. In addition, CD271brightCD146+ cells 

have an increased expression of FZD7 and Wnt11, which are associated with maintenance 

of self renewal capacity in embryonic stem cells (94;95). It is clear that not all MSC subsets 

are present in all stages of life (Chapter 4 and (80)). If a similar system of waves of MSC 

generation exist in human compared to mice, this could suggest that fetal CD271-CD146+ 

CFU-F, that are no longer detected after birth, are transiently replaced by CD271brightCD146+ 

cells in the bone marrow. Alternatively, CD271-CD146+ cells may acquire CD271 expression 

at a later stage in fetal or neonatal development. Because these fundamental questions can 

only be addressed in animal models, identification of more putative MSC markers that are 

expressed on both murine and human cells will increase the significance of these studies.
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MSC derived from various tissues may well appear similar in their capacity to adhere to 

tissue culture plastic, trilineage differentiation and in the expression of classical MSC 

markers CD73, CD90 and CD105, but MSC also maintain some tissue of origin imprinted 

characteristics as we also observed in Chapter 2 and 6. Therefore, further functional 

characterization of native MSC subsets in various tissues may be helpful to determine which 

cells or tissue to choose for each clinical indication, as well as how to expand these cells 

ex-vivo without loosing specific subsets or intrinsic capacities. Conventional protocols for 

MSC expansion may result in selection or preferential outgrowth of a specific subset or cells 

with specific functions, which may result in the loss of several MSC capacities. Although we 

demonstrate in Chapter 3 and 4 that CD271brightCD146- and CD271brightCD146+ cells 

can both be expanded independent of each other in vitro, this does not exclude the possibility 

that in ‘competitive’ cultures started from mononuclear cells, some subpopulations may be 

preferentially expanded. In addition, although the currently defined subsets are enriched 

for CFU-F, they most likely still represent a heterogeneous cell population. As different 

clinical indications require other MSC properties like immune modulation or regenerative 

properties, defining the biological properties MSC subsets may help to develop optimal 

culture protocols per therapy.

In conclusion, answering fundamental questions on the functional relevance of defined 

MSC subsets in vivo may provide cues to improve clinical application of MSC. It may also 

result in well balanced choices of MSC sources and specialized culture-expansion techniques 

to maintain the characteristics required for each indication. This may ultimately lead to 

more straightforward and tailored MSC transplantation procedures for disease specific 

applications.
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Mesenchymale stromale cellen (MSC) bevinden zich op vele plaatsen in ons lichaam. In 

mijn onderzoek heb ik mij vooral gericht op de MSC die zich in het beenmerg in onze botten 

(bijvoorbeeld het bekken en het borstbeen) bevinden. Ze vormen daar het ‘steunweefsel’ dat 

noodzakelijk is voor het functioneren van hematopoietische (bloedvormende) stamcellen. 

MSC communiceren met hematopoietische (bloedvormende) stamcellen via direct contact 

met de buitenkant van de cellen en via stofjes die ze uitscheiden en die dan binden aan de 

hematopoietische stamcellen. Deze signalen zijn cruciaal voor de hematopoietische stamcel 

om de balans te behouden tussen uitrijpen (differentiëren) naar alle soorten bloedcellen in 

ons lichaam en het vormen van nieuwe stamcellen. MSC kunnen ook worden verkregen uit 

andere weefsels en organen zoals het vetweefsel, het hart, de longen en de lever. MSC zijn 

zeldzame cellen in het lichaam. Bij pasgeboren baby’s is slechts 1 op de 10.000 cellen in het 

beenmerg een MSC. Dat aantal neemt af gedurende het leven tot ongeveer 1 MSC per miljoen 

cellen bij een 80-jarige. MSC bezitten een aantal bijzondere eigenschappen waardoor 

deze cellen geschikt zijn voor het behandelen of het ondersteunen van behandelingen van 

verschillende aandoeningen. De populatie MSC bevat een groep stamcellen, die kunnen 

uitrijpen (differentiëren) tot bot-, kraakbeen- of vetcellen. In het laboratorium kan de 

vorming van deze drie celtypen specifiek worden gestimuleerd, waardoor het mogelijk is 

om bot of kraakbeen te maken dat vervolgens getransplanteerd kan worden bij patiënten 

met grote botfracturen. Daarnaast zijn MSC in staat het afweersysteem te onderdrukken. 

Door het maken van specifieke stofjes (cytokines) en direct contact met de cellen van het 

immuunsysteem, onderdrukken MSC het afweersysteem. Dit is bijvoorbeeld belangrijk 

bij orgaan- of celtransplantatie waarbij de cellen of organen afkomstig zijn van een donor 

(allogene transplantatie). Het afweersysteem herkent de lichaamsvreemde cellen, wat kan 

leiden tot afstotingsreacties. MSC worden nu al toegepast om deze afstotingsreacties, 

veroorzaakt door het immuunsysteem, te onderdrukken. Dat gebeurt voornamelijk bij 

leukemiepatiënten die een allogene hematopoietische stamceltransplantatie ondergaan. 

Daarnaast worden MSC bij sommige stamceltransplantaties toegediend omdat ze het 

‘aanslaan’ van hematopoietische stamcellen kunnen bevorderen. 

Meestal worden MSC afkomstig uit beenmerg getransplanteerd, maar ook MSC uit 

vetweefsel zijn geschikt gebleken. Toediening van MSC via een bloedvat (intraveneuze 

infusie) is het meest gebruikelijk. Eenmaal in de bloedbaan, moeten de MSC de weg 

vinden naar het weefsel waar zij nodig zijn (migratie en homing). Dit proces bestaat 

uit verschillende stappen. Om uit de bloedbaan het weefsel in te kunnen migreren, 

moeten de MSC eerst hechten (adhesie) aan de cellen van de vaatwand (endotheelcellen). 

Vervolgens bewegen de MSC tussen de endotheelcellen door, onder invloed van stofjes 

(chemoattractanten) afgescheiden door het onderliggende beschadigde weefsel. De MSC 

komen dan uiteindelijk bij het beschadigde weefsel waar zij hun functie uitoefenen. Uit 

onderzoek met proefdieren en bij patiënten is gebleken dat de meeste MSC niet zo goed 

migreren naar beschadigde weefsels. Enkele dagen na transplantatie is slechts een kleine 
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fractie van alle toegediende MSC terug te vinden in het proefdier of de patiënt. Hoewel 

patiënten die een MSC transplantaat ontvangen in de meeste gevallen wel beter genezen 

dan patiënten die geen MSC toegediend krijgen, blijft het onduidelijk hoe MSC dit precies 

bewerkstelligen en of de behandeling beter zou werken als meer MSC de beschadigde 

weefsels zouden bereiken. Het is daarom belangrijk meer inzicht te verkrijgen het 

migratieproces van MSC naar deze weefsels, om methoden te ontwikkelen om migratie van 

MSC te verbeteren.

Omdat MSC zeldzame cellen zijn, moeten zij eerst buiten het lichaam vermeerderd 

(gekweekt) worden om voldoende cellen te verkrijgen voor transplantatie. Dat proces duurt 

drie tot zes weken. Er zijn aanwijzingen uit onderzoek van anderen dat het kweekproces een 

negatief effect op het migratievermogen van MSC heeft. Het zou wellicht beter zijn om MSC 

niet te kweken voor transplantatie mits de juiste cellen kunnen worden getransplanteerd. 

Hierin schuilt een volgend probleem. Het is nog niet goed mogelijk om MSC in het lichaam 

te onderscheiden van andere soorten cellen. Verschillende soorten cellen zijn van elkaar 

te onderscheiden door middel van structuren (antigenen) op de wand (het membraan) 

van cellen. De antigenen op de diverse cellen van het bloedsysteem zijn goed beschreven, 

waardoor zij specifiek geïdentificeerd en geïsoleerd kunnen worden. Voor MSC is dat slechts 

beperkt mogelijk. Het bestuderen van de antigenen op het membraan van MSC kan ertoe 

bijdragen dat deze cellen voortaan ook specifiek kunnen worden geïsoleerd. Zij kunnen 

dan niet alleen beter worden onderzocht maar ook worden geselecteerd voor transplantatie 

doeleinden. 

Het onderzoek beschreven in dit proefschrift heeft zich gericht op mogelijkheden om de 

migratie van in het laboratorium gekweekte MSC te verbeteren en op het identificeren en 

karakteriseren van MSC in menselijk beenmerg.

Hoofdstuk 1 is een inleiding over de biologie van MSC, waarbij vooral dieper is ingegaan 

op de MSC migratie en klinische toepassingen van MSC. In het onderzoek beschreven 

in hoofdstuk 2 wordt het migratievermogen van MSC verkregen uit adult beenmerg, 

vetweefsel, foetaal beenmerg en foetale long vergeleken. Hierbij hebben we gebruik 

gemaakt van een zogeheten Transwell systeem. Dat systeem bestaat uit een boven- en een 

ondercompartiment, gescheiden door een filter met poriën van 12 μm. In het onderste 

compartiment wordt een lokmiddel (chemoattractant) toegevoegd. Een bekend aantal MSC 

wordt in het bovenste compartiment gedaan. Na vier uur wordt bepaald hoeveel MSC er 

door de poriën zijn gemigreerd naar het onderste compartiment. Er zijn vijf verschillende 

chemoattractanten getest. We hebben gevonden dat gekweekte MSC uit de vier verschillende 

weefsels slechts een kleine fractie migrerende cellen bevat. Het is gebleken dat de beste 

stimulus om migratie van MSC te induceren verschilt per type weefsel waar de MSC 

uit zijn verkregen. MSC uit foetale long migreren meestal beter dan MSC uit de andere 

bronnen. Vervolgens hebben we onderzocht of migrerende MSC te onderscheiden zijn van 

MSC die dat niet kunnen. Er zijn echter geen antigenen gevonden die exclusief zijn voor 
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migrerende MSC. Een belangrijke observatie was dat er een relatie lijkt te bestaan tussen het 

migratievermogen van MSC en de regulatie van celdeling. Celdeling vindt plaats in een cyclus 

die bestaat uit vijf verschillende fasen. We hebben waargenomen dat de verdeling over deze 

fasen in de groep migrerende MSC afwijkt van die in niet migrerende MSC. Dat wijst erop 

dat MSC in bepaalde fases van de celcyclus minder goed kunnen migreren. De celcyclus van 

cellen is te beïnvloeden met chemische stofjes. In de toekomst zou men kunnen proberen 

MSC in migratie bevorderende celcyclus fasen te krijgen, zodat er uiteindelijk meer cellen het 

beschadigde weefsel bereiken.

 In de studie beschreven in hoofdstuk 3 hebben we ons verder verdiept in de eigenschappen 

van migrerende MSC. We hebben onderzocht welke genen er ‘aan staan’ (tot expressie 

komen) in migrerende MSC. Dat actieve genenpatroon is vergeleken met dat van niet-

migrerende MSC. Genen liggen op het erfelijk materiaal (DNA) van cellen. Als een gen 

actief is, wordt er een signaal afgeschreven (messenger RNA, mRNA) dat vervolgens wordt 

vertaald in de vorming van een eiwit. De hoeveelheid signaal of mRNA per gen van alle 

bekende genen kan worden gemeten, met behulp van een zogenaamde micro-array. Door 

deze hoeveelheden te vergelijken tussen twee groepen, kan worden bepaald of een gen in 

de ene groep cellen actiever is dan in de andere groep. Uit onze resultaten is gebleken dat er 

twaalf genen actiever zijn (hoger tot expressie komen) in migrerende MSC in vergelijking 

met niet migrerende MSC. De twee genen met het grootste verschil in expressie waren 

Nur77 en Nurr1. De rol van deze genen in migratie van MSC hebben we bestudeerd door 

deze genen extra hard aan te zetten of juist uit te schakelen. Dat is gedaan met behulp van 

een gemodificeerd virus dat het DNA van deze genen bevat. Virussen kunnen cellen heel 

efficient binnen dringen, ‘plakken’ hun DNA in dat van de gastheercel en laten zo hun eigen 

genen activeren. In ons onderzoek maken we gebruik van deze eigenschappen van virussen 

om de functie van genen te bestuderen. Als MSC meer Nur77 of Nurr1 maken, kunnen ze 

inderdaad beter migreren in het eerder beschreven Transwell systeem. Andere onderzoekers 

hebben beschreven dat Nur77 en Nurr1 ook betrokken zijn bij het reguleren van celcyclus en 

het produceren van cytokines in andere cellen. In MSC blijkt dat ook het geval te zijn. Zoals 

eerder beschreven, zijn cytokines gemaakt door MSC belangrijk voor het onderdrukken van 

het immuunsysteem. Gelukkig zijn MSC die veel Nur77 of Nurr1 tot expressie brengen daar 

toe net zo goed in staat als MSC waarin deze genen minder actief zijn. Wanneer MSC worden 

blootgesteld aan bepaalde cytokines die gemaakt worden door beschadigde cellen, wordt de 

expressie van Nur77 en Nurr1 in MSC verhoogd. Deze stoffen zouden ook kunnen worden 

toegevoegd aan MSC die worden gekweekt voor transplantatie doeleinden.

Het kweken van MSC heeft een negatief effect op het migratievermogen. Als MSC goed 

te onderscheiden zijn van andere cellen in het lichaam, dan kan worden uitgezocht of het 

echt nodig is om MSC eerst te kweken voordat ze getransplanteerd worden. Daarnaast zou 

het mogelijk zijn de functie van MSC in ons lichaam te bestuderen. De studie beschreven 

in hoofdstuk 4 heeft zich gericht op het identificeren en karakteriseren van MSC zoals ze 

voorkomen in het beenmerg zonder eerst te kweken. Cellen zijn van elkaar te onderscheiden 
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aan hand van antigenen die tot expressie komen op het celmembraan. Deze antigenen 

kunnen specifiek worden aangekleurd door stofjes met een fluorescent gekleurd signaal. 

De hoeveelheid fluorescentie, en daarmee de mate van expressie van het antigen, kan 

nauwkeurig gemeten worden. Er kunnen verschillende kleuren tegelijk worden gebruikt, 

waardoor het mogelijk is om de expressie van verschillende antigenen tegelijk te meten. 

We hebben drie verschillende groepen MSC geïdentificeerd in beenmerg van donoren uit 

diverse leeftijdscategorieën. Eén groep MSC is specifiek voor volwassen beenmerg, terwijl 

een andere groep alleen in foetaal beenmerg is waargenomen. De derde groep MSC is 

gedetecteerd in alle leeftijdscategorieën, maar de relatieve grootte van deze groep neemt 

af naarmate mensen ouder worden. Om te bewijzen dat de geïdentificeerde groepen cellen 

daadwerkelijk als MSC mogen worden geklassificeerd, hebben we deze groepen gezuiverd 

met een celsorteermachine. Zo wordt een bij benadering zuivere populatie cellen voor elk 

type MSC verkregen. De gezuiverde groepen MSC vormden na kweken inderdaad dezelfde 

cellen als MSC verkregen uit ongesorteerd beenmerg. Tevens kunnen de gesorteerde MSC 

uitrijpen tot bot, kraakbeen en vetcellen. Hiermee hebben we aangetoond dat de gezuiverde 

populaties cellen daadwerkelijk als MSC mogen worden beschouwd. 

Omdat het mogelijk bleek MSC te bestuderen zonder ze eerst te kweken, hebben wij ons 

vervolgens verdiept (hoofdstuk 5) in een specifieke signaleringsroute in de twee groepen 

MSC uit volwassen beenmerg. De signaleringsroute (pathway) die wij hebben bestudeerd 

heet de Wnt-pathway. Deze signaleringsroute is belangrijk voor de embryonale en foetale 

ontwikkeling van mensen en dieren, voor het uitrijpen van stamcellen en MSC en voor de 

bloedvorming.

We hebben bestudeerd welke genen van de Wnt-signaleringsroute actief zijn in de twee 

groepen MSC gesorteerd uit beenmerg van volwassen mensen. Dat hebben we vergeleken 

met de actieve Wnt-genen in gekweekte MSC waarin de verschillende groepen MSC gemengd 

voorkomen. Het bleek dat de Wnt-genen die actief zijn in MSC zonder te kweken erg 

verschillen van de actieve Wnt-genen in gekweekte cellen. Er bestaan subtielere verschillen 

tussen de twee groepen MSC direct gesorteerd uit beenmerg. Die verschillen hebben wellicht 

te maken met het feit dat deze groepen zich op verschillende plaatsen (niches) in het 

beenmerg bevinden. 

Wanneer we de twee groepen MSC na sorteren eerst kweken, blijkt dat de actieve Wnt-

genen in de twee groepen gaan lijken op de MSC gekweekt uit beenmerg zonder te sorteren. 

We hebben ook onderzocht of een van de twee groepen MSC misschien beter in staat is 

bloedvormende (hematopoietische) stamcellen te ondersteunen in hun functie. Het lijkt 

inderdaad dat een van de twee groepen betere ondersteuning geeft, maar de proeven moeten 

nog wel vaker worden herhaald. Samenvattend laten de resultaten van dit onderzoek zien dat 

MSC zoals ze in ons beenmerg zitten met betrekking tot actieve Wnt-genen erg verschillend 

zijn van de MSC die we bestuderen in het laboratorium. Daarom moeten we voorzichtig zijn 
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met het ‘vertalen’ van resultaten verkregen met in het laboratorium gekweekte MSC naar 

situaties in het lichaam. 

De samenstelling van het beenmerg verandert gedurende de ontwikkeling en veroudering. 

MSC zijn daar ook bij betrokken, want het aantal MSC neemt af naar mate mensen ouder 

worden. Daarnaast hebben wij in hoofdstuk 4 aangetoond dat er verschillende groepen 

MSC zijn in beenmerg van jonge en oudere mensen. In hoofdstuk 6 hebben we met behulp 

van een micro-array onderzocht welke genen er verschillend tot expressie komen in MSC 

gekweekt uit volwassen en foetaal beenmerg. We hebben 687 genen gevonden waarvan 

het expressieniveau verschilt tussen deze twee bronnen. Deze genen zijn voornamelijk 

betrokken bij de ontwikkeling van weefsels en bij celdeling. Foetale MSC vermeerderen zich 

inderdaad sneller dan adulte MSC in het laboratorium. Als we precies weten hoe foetale 

cellen dat doen, zouden we die kennis kunnen gebruiken om adulte cellen, die toegepast 

kunnen worden in patiënten, ook sneller te laten groeien. Het is bekend dat de Wnt-pathway 

een rol speelt bij celdeling en differentiatie in MSC dus we hebben ons verder geconcentreerd 

op genen betrokken bij deze pathway. Er zijn 16 genen uit de Wnt-pathway die verschillend 

tot expressie komen in adulte en foetale MSC, voornamelijk receptoren en stoffen die de 

pathway kunnen remmen. Er zijn twee manieren waarop Wnt-signalering kan plaats vinden. 

De eerste is afhankelijk van het eiwit beta-catenin en kan worden gemeten door de activiteit 

van twee genen: TCF en LEF. De andere methode is onafhankelijk van beta-catenin. Het is 

nog niet geheel duidelijk via welke eiwitten deze route wordt gereguleerd. Door de productie 

van Wnt-eiwitten in MSC te remmen, kunnen de cellen de Wnt-pathway bij zichzelf niet 

meer goed activeren. We hebben aangetoond dat remming van Wnt-productie in foetale MSC 

effect heeft de genen TCF en LEF, terwijl dat in adulte MSC niet het geval is. Dat zou verband 

kunnen hebben met het verschil in expressie van de Wnt-receptoren, maar een causaal 

verband is nog niet aangetoond. Onze data laten zien dat MSC uit adult en foetaal beenmerg 

op een andere manier gebruik maken van Wnt-signalering, wat een effect kan hebben op 

hoe de MSC hun functie in het beenmerg en in het laboratorium vervullen. Ten slotte zijn in 

hoofdstuk 7 alle resultaten samengevat en bediscussieerd. 

Op basis van de resultaten beschreven in dit proefschrift lijkt het mij logisch toegepast 

vervolgonderzoek te verrichten aan het optimaliseren van klinische kweekprotocollen met 

als doel MSC beter te laten migreren. Hoewel de klinische toepassing van MSC de laatste 

jaren de meeste aandacht heeft gekregen, zijn er mijns inziens nog vele onbeantwoorde 

fundamentele vragen over de functie van MSC in organen en weefsels. Onze data en die 

van andere onderzoekers laten zien dat er verschillende groepen MSC in ons lichaam 

bestaan, waarvan nog onduidelijk is of ze verschillende functies hebben en waar ze ontstaan 

gedurende de embryonale ontwikkeling. Antwoorden op deze vragen zullen bijdragen aan 

beter gefundeerde keuzes voor MSC bronnen en kweekmethodes. Uiteindelijk zal dat leiden 

tot verbeterde toepassing van MSC in cellulaire therapieën. 
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Dankwoord

Wat gek om nu op dit punt aan te komen, het allerlaatste schrijfsel van dit proefschrift. Lieve 

allemaal, ik ben begonnen met een grote sprong in het diepe en zonder jullie hulp was het 

me nooit gelukt deze race tot een goed einde te brengen! Dank jullie wel! Een aantal mensen 

wil ik graag in het bijzonder bedanken.

Allereerst mijn co-promotor Carlijn. Vanaf het begin tot de allerlaatste puntjes op de ‘i’ ben 

jij ontzettend nauw betrokken bij mijn promotie. Jouw toewijding, enthousiasme voor het 

project en je vertrouwen in mij als ik het zelf weer eens niet zag zitten, hebben me enorm 

geholpen om het vol te houden tot het eind. Ik kon altijd bij je binnenlopen met van alles, 

maar het liefst met data heet van de naald. Werkbesprekingen bij jou thuis tijdens je verlof 

waren geen probleem en je hebt me in de laatste week zelfs ’s avonds per mail gesommeerd 

nu echt op te houden met werken en te gaan slapen. Je was razendsnel en uiterst secuur met 

corrigeren van manuscripten. Fijn dat je me veel ruimte hebt gegeven voor eigen ideeën. 

Dank voor alles, ik heb ontzettend veel van je geleerd! 

Ellen, mijn promotor. Ook jij was er ondanks al je drukke bezigheden zo goed als altijd. Ik 

heb me vaak afgevraagd hoe je al die verschillende dingen naast elkaar kunt doen. Jij hield 

altijd het einddoel, het proefschrift, goed voor ogen. Je was altijd ontzettend nieuwsgierig 

naar de laatste data. “En wat kwam eruit?”, vroeg je dan regelmatig al voordat ik het 

experiment had kunnen doen. Dank voor de ruimte en het vertrouwen die je me gegeven hebt 

en alles wat je me hebt geleerd, maar vooral voor het overbrengen van je pure en oprechte 

interesse voor de wetenschap. 

Marieke, na je komst naar Sanquin als hoofd van de nieuwe afdeling Hematopoiese was 

jij wanneer mogelijk van de partij bij werkbesprekingen. Jij keek met een frisse blik vanuit 

een andere achtergrond naar het project waardoor het completer is geworden. Dank voor je 

kritische en scherpe bijdragen aan discussies, abstracts en manuscripten. 

Willy, jij hebt me de praktische kneepjes van het MSC werk geleerd. Je enthousiasme en 

kennis waren voor mij erg belangrijk voor een goede start. 

Van niemand anders heb ik praktisch gezien meer geleerd dan van jou, Marion. Ik mag 

wel stellen dat het zonder jou echt nooit gelukt was om alle cellen te kweken en die mooie 

proeven te doen. Naast driftig samen ‘ik weet niet hoeveel’ ELISA- en Taqmanplaten 

inpipetteren, konden we ook altijd gezellig kletsen. We heel wat af gelachen op het lab. 

Kim V, met jouw komst werd het team pas compleet. Dankzij jouw enorme inzet is H6 

een mooi stuk geworden. Met z’n drieën zijn we een perfect op elkaar ingespeeld team 

geworden, hoewel jullie er regelmatig samen een sport van maakten mij van het lab af te 

plagen. Ik ben ontzettend blij dat jullie mijn paranimfen willen zijn. 
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Jaap-Jan, het was leuk om met je te ‘sparren.’ Jij hebt mij als fundamenteeltje de klinische 

tak van sport leren waarderen. Fijn dat je zitting wilt nemen in mijn promotiecommissie. 

Marieke van Ham en Jan Voorberg, samen mijn AIO-begeleidingscommissie. Dank 

voor jullie constructieve bijdragen aan mijn promotie. Marieke, dank voor je goede raad 

en soms even informeren naar de voortgang in de wandelgangen. Fijn dat ook jij in de 

promotiecommissie zit. Prof. Staal, Prof. Van Oers en Dr. Martens, dank voor het zitting 

nemen in de promotie commissie en voor jullie komst. 

Paula, tijdens het verlof van Carlijn heb ik je soms flink bestookt met vragen en andere AIO-

perikelen. Dank voor al je antwoorden en je luisterend oor. Ik voelde me af en toe echt een 

beetje geadopteerd. Daphne, Mar, Gestur en Barbera, dank voor jullie raad als ik weer eens 

bij één van jullie kwam binnenstormen.

Collega AIO’s: Marloes, Rachel en ‘grote’ Janine, van jullie kon ik de kunst een beetje 

afkijken. ‘Kleine’ Janine, dank voor het sparren en de gezelligheid op de kamer. Sofieke, 

Sabrina, Kim B, Lussy, Helga, Rick, Peter en Lonneke dank voor de gezelligheid in en om 

het lab. Veel succes met het afronden van jullie promotie. Maja, the best of luck with taking 

the MSC project to the next level. Anna, dank voor je slimme praktische oplossingen (let’s 

get organized), Franca voor de lekkerste tiramisu tijdens de lunches, Remco dank voor het 

samen met Rick herinvoeren van de vrijdagmiddagborrel, en Aicha en Onno voor de eerste 

hulp bij Taqman-problemen. Charlotte en Cris, jullie inzet tijdens jullie stages hebben geleid 

tot mooie bijdragen aan artikelen. Met de groepen van Marieke, Martijn en Monika kwam er 

op de valreep veel vers bloed op de afdeling. There are too many of you new folks to list in 

person. Thanks for adding fresh scientific and social flavors to the lab, also in the weekends. 

Alle stamcellab collega’s: Jullie lab was het beste toevluchtsoord bij infecties op het kweeklab 

boven. Ik heb de eerste anderhalf jaar voornamelijk op jullie lab gekweekt en nu aan het eind 

weer. Het was bij jullie altijd gezellig en kon ik ook bij jullie terecht voor een peptalk. Ada, 

dank voor het klaarleggen van zakjes, het opzoeken van patiëntgegevens en je feilloze uitleg 

over hematopoietische kolonie assays. Toen ik uiteindelijk in tijdnood kwam, hebben jullie 

allemaal bijgedragen aan aflezen van mijn experimenten. Dank! 

Alle collega’s bij Immunocytologie; eindeloze bron van te bietsen antilichamen en 

patiëntsamples. Dank voor de gezelligheid bij de IHE/HEP lunches. Ingrid, ons pilot-

experimentje om MSC te kunnen FACSen heeft toch maar mooi tot twee hoofdstukken 

geleid, waarvan er een hopelijk binnenkort gepubliceerd is. 

Het secretariaat: Anita en Mo, dank voor alles wat jullie voor me konden regelen en voor even 

snel een praatje. Mo, leuk dat je mijn Nederlandse samenvatting wilde ‘keuren’.
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Overige Sanquincollega’s: Zonder Erik Mul was ik lost in FACS- en confocal-space. Dank 

voor je hulp met het optimaliseren van FACS settings en panels voor die lastige cellen van 

mij, het uren sorteren van beenmerg samples en een gezonde dosis “Erik-style” voor leven in 

de brouwerij op het kweeklab. Anja ten Brinke, bedankt voor je input en je hulp met cytokine 

bepalingen. Peter Hordijk, bedankt voor het kritisch lezen van twee manuscripten. Jaap van 

Buul, dank voor je enthousiasme bij het bestuderen en maken van mooie plaatjes van het 

actine skelet van MSC. Dörte en Tiny, de experts op histologiegebied. Jos, mijn eerste hulp 

bij Western Blot problemen. Dank voor je uitleg en heel veel succes met de laatste loodjes. 

Eloise, bedankt voor het corrigeren van manuscripten mbt Engels. Emilie, Mark, Jeffrey, Ilse, 

Bart-Jan, Younes en Antje dank voor de gezelligheid bij borrels en barbecues in het park. 

Dank ook aan veel mensen buiten Sanquin. Simon van Reijmersdal, Christian Gilissen en 

Joris Veltman van de micro-array faciliteit in Nijmegen: jullie hulp en kennis was absoluut 

noodzakelijk om er mooie proeven van te maken. Christian, jij was af en toe net mijn e-

mail penvriend. Dank voor je geduldige en duidelijke antwoorden op al mijn vragen en het 

razendsnel uitvoeren van extra data analyses. Heel veel succes met je verdediging. Dichterbij 

huis in het AMC: Claudia van Tiel en Carlie de Vries, fijn dat jullie bereid waren jullie kennis 

en constructen met ons te delen. Dank voor de prettige samenwerking. Uit het LUMC: Sara 

Melief en Helene Roelofs, bedankt voor het co-kweken met T-cellen en DC’s en de fijne 

samenwerking. 

Kees Weijer en Natalie Papazian, bedankt voor het foetale beenmerg. Bart Biemond, Anja van 

der Laan, Serge Dohmen, Koen de Heer en Mette Hazenberg, dank voor de ontelbare keren 

informed consent vragen aan patiënten. Alle chirurgen, assistenten en het secretariaat van 

de afdeling Cardiothoracale chirurgie in het AMC wil ik bedanken voor (de logistiek rond) 

de vele beenmergpuncties, zonder jullie geen studiemateriaal. Uiteraard ook mijn dank aan 

alle vrijwillige donoren want zonder jullie toestemming was dit onderzoek nooit mogelijk 

geweest. 

Yvon, fijn dat jij de lay-out van mijn proefschrift wilde verzorgen. Er was best wat tijdsdruk, 

maar je hebt je er vol energie voor ingezet. Het parallel werken met veel e-mail contact was 

stiekem ook nog een soort gezellig. Het eindresultaat mag er zijn: wat is het mooi geworden! 

Vrienden en familie: Samen komen met mijn SIB en CBC-maatjes, in het bijzonder 

Annemieke, Kelly en Chantal, was altijd een welkome afleiding. We hebben samen een hoop 

ongein uitgehaald, en ik ben ontzettend blij dat we ook in ons langzamerhand wat rustiger 

leven vrienden zijn. Weekendjes, etentjes en erop uit in de natuur met jullie Pieter, Anita, 

Wim, Jeroen, Fem, Sil en Krijn, het was ontzettend ontspannend. Bij jullie kan ik altijd 

mezelf zijn. Suus, we zijn al zo lang vriendinnen! Ook al doen we totaal verschillende dingen 

en wist je waarschijnlijk niet eens wat ik allemaal uitspookte op het lab, we gaan altijd verder 

waar we gebleven zijn. Dank voor je onvoorwaardelijke vriendschap.
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Toen had ik er opeens een schoonfamilie bij! Lieve allemaal, dank voor de gezellige etentjes, 

jullie belangstelling en begrip. Lieve familie, ik ben vast regelmatig onuitstaanbaar geweest, 

dus ik heb nog heel wat goed te maken. Bas en Fannie, dank voor welkome afleiding tijdens 

de ongecompliceerde Chouffe avondjes aan de steiger. Mark, met jou kan ik altijd bomen 

over van alles en je houdt me scherp in discussies. Dat komt me hier ook van pas. Lieve pap 

en mam, dank voor jullie liefde en steun, welk pad ik ook koos. Jullie hebben me altijd de 

ruimte gegeven om me te ontwikkelen tot wie ik nu ben. Hoe zelfstandig ik ook ben, fijn dat 

ik altijd thuis kan komen. 

Lieve Floris, wat kan ik zeggen……jij bent het beste dat ik aan mijn tijd op Sanquin 

ga overhouden en het liefst voor altijd! Zonder jouw liefde en geduld had ik het nooit 

volgehouden. Samen zijn we klaar voor de volgende grote sprong! 
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Curriculum vitae

Marijke Maijenburg was born on 20th of November 1981 in Gouda, The Netherlands. From 

1994 to 2000 she attended the St.Antoniuscollege high school in Gouda. In 2000, she started 

her study Biology at Wageningen University, The Netherlands. As a student, she chaired the 

board of the Biology student association ‘Biologica’ and she worked as a tutor/ practical 

assistant at anatomy and physiology courses for Bachelor students. Her first internship was 

at the department of Human and Animal Physiology, Wageningen University, followed by a 

second internship at the department of Farm Animal Health at faculty of Veterinary Medicine 

at Utrecht University. In 2005 she undertook her final traineeship at Monash Immunology 

and Stem Cell Laboratories at Monash University, Melbourne, supervised by Prof. A. 

Trounson and Prof. G. Jenkin. During her studies in the Netherlands and in Australia, she 

joined swimming teams and participated in competitions. 

After obtaining her Master in Biology in 2006, she started her PhD project at the department 

of Experimental Immunohematology, and later the department of Hematopoiesis at Sanquin 

Research under the supervision of Dr. Carlijn Voermans and Prof. Ellen van der Schoot. The 
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3 and 4 was presented at the European conference on MSC, where she was awarded the first 
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