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Abstract  

Upon injury, stem cells can either repair or regenerate the damaged tissue. Repair results in non-
functional fibrous tissue whereas with regeneration all former cells and functions revert. The major 
ingredients for tissue regenerations are an intact extracellular matrix (ECM) providing structure to 
the regenerate, proliferating stem cells to repopulate the damaged area, and surrounding cells that 
support the stem cells by providing growth factors. Not all tissues are able to regenerate themselves. 
Regenerative medicine attempts to stimulate regeneration by providing stem cells and ECM. 
However, homing of stem cells towards the injured tissue is not always an efficient process. By 
stimulating the implanted stem cells we might be able to improve tissue regeneration.  

Which proteins or factors should be used, remains largely unknown. However, a little more is known 
about the migration of cancer stem cells towards pre-metastatic niches. Because cancer stem cells 
have great similarity with normal stem cells (e.g. CXCR4 expression), cancer stem cell attractive 
proteins (e.g. CXCRL21) might be useful in attracting normal stem cells towards injured tissue.  

 

 

 

 

 

List of abbreviations 

Ang1   Angioprotein 1 
BMDC  Bone marrow derived cell 
BMP  Bone morphogenic pritein 
CSC  Cancer stem cell 
CCL21  (C-C-motif) ligand 21  
CCR7  C-C chemokines receptor 7 
CXCL2  (C-X-C-motif) ligand 2 
CXCL12  (C-X-C-motif) ligand 12 
CXCR4  C-X-C chemokine receptor 4 (or: Stromal cell-derived factor 1) 
ECM   Extracellular matrix 
G-CSF   Granulocyt colony stimulating factor 
GFs   Growth gaftors 
HIF1  Hypoxia induced factor 1 
HSC  Hematopoietic stem cell 
JAG1  Jagged 1 
LLC  Lewis lung carcinoma cell 
LOX  Lysys oxidase 
MI  Myocardial infarction 
MSC   Mesenchymal stem cell 
PlGF  Placental growth factor 
SAA3  Serum amyloid  A 
STAT3  Signal transducer and activator of transcription 3 
TCM  Tumor conditioned medium  
TGFβ  Transforming growth factor-β 
TKR4  Toll-like receptor 4 
TNF-α  Tumor necrosis factor-α 
VCAM1  Vascular cell adhesion protein 1 
VEGFA  Vascular endothelial growth factor A 
VLA4  Very late antigen 4 (Integrin α4β1) 
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Introduction  

Regenerative medicine: the generation of new body parts and complete organs. Half a century ago, 
when the first organs transplantations were conducted, the idea of growing patient specific organs 
was just science fiction. However, from the moment that stem cells were discovered, studies on 
regeneration and regenerative medicine emerged quickly. In no time clinical trials were set up and 
the first patients were treated with stem cells. Some researchers say that it is just a matter of time 
until we can buy new body parts or organs like we can buy new parts for our cars. Others predict the 
future less optimistic, due to the many hurdles and unforeseen difficulties that arise and have to be 
overcome.  

In this thesis we will review the current progress and hurdles of regenerative medicine. One of these 
hurdles, the one on which we will focus, is efficient homing of transplanted stem cells towards the 
injured tissue. Since cancer cells seem to home to distinct organs, we hypothesize that  there is some 
mechanism of efficient homing in there. We will discuss whether we can use current research results 
on malign cancer cell homing to approach the difficulties in stem cell homing in regenerative 
medicine. 
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1 Healing damaged tissue  

1.1 Repair versus regeneration 

There are two intrinsic ways to heal a damaged tissue termed repair and regeneration. These terms  
should not be confused with each other, since they describe two distinct mechanisms of healing. 
Repair is the main mechanism of healing in mammalian adult tissues, in which the wound is first 
closed by constriction and the damaged tissue is replaced by fibrous scar tissue (Yannas, 2005). After 
a myocardial infarct, for instance, damaged tissue is replaced by fibrous tissue. This method of 
healing is efficient –it prevents rupture in the first place- but the repaired tissue is not able to 
function like healthy myocardium, resulting in eventual heart failure (Kumar et al., 1999; Gurtner et 
al., 2008).  

The second mechanism of healing, called regeneration, is the mechanism by which damaged tissue is 
replaced by new tissue. The new, regenerated tissue, regains its old morphology and functional 
capacities. Regeneration was already observed in many species in the 18th century.  Prime examples 
of regeneration are off course the regeneration of amphibian limbs and sea star arms.  But 
regeneration is also found in mammals/humans, although to a lesser extent. In the early 20th 
century the regeneration of a human fingertip was first described (Wicker et al., 2009). Human 
organs with remarkable regeneration capacities are the liver and kidneys. Also most surface skin 
wounds can regenerate without the formation of fibrous scar tissue (Kumar et al., 1999). 
Unfortunately, not all mammalian organs or tissues have regeneration capacities and the ability to 
regenerate seems to deteriorate during life in mammals (Kumar at al., 1999).  

 

Figure 1 - Regeneration versus repair. The skin is one of the organs that often regenerates. 
When a skin wound is superficial and both stem ells and ECM are intact, regeneration can take 
place. However, when a wound cuts through the stem cell layer and the ECM is ruptured, the skin 
will heal following the repair mechanism, leaving a scar of fibrous tissue (figure adapted from Yannis, 
2005). 
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1.2 Extracellular matrix and Stem cells: ingredients for regeneration 

A rule of thumb for regeneration is that the extracellular matrix must be intact (Figure 1). Moreover,  
undamaged, tissue specific stem cells must be present in order to restore the tissue (Yannis, 2005; 
Kumar et al., 1999). The extracellular matrix (ECM) consists of fibrous components, such as collagen, 
fibronectin and elastin to provide structural support to the cells within a tissue and enables them to 
migrate throughout damaged tissue (Zheng et al., 2012; Singh et al., 2010). Polysaccharides such as 
heparin and hyaluronan, play a role in hydratation and trapping of growth factors (GFs) (Unterman et 

al., 2012).  

1.2.1 Stem cells 

Stem cells are the major players in regeneration. While supported by the ECM, stem cells are the 
ones who give rise to new cells that will repopulate the damaged tissue. Stem cells are defined by the 
ability of self-renewal and to give rise to differentiated daughter cells. The potency of a stem cell 
indicates the divergence of daughter cells that arise from this stem cell. Adult stem cells, which can 
be isolated from all kinds of tissues, are multipotent: they are only able to differentiate into the cells 
of their own specific organ (Lander et al., 2012). These cells are the ones who maintain the tissue in 
homeostasis and (potentially) regenerate damaged tissue. Also distant stem cells, like bone marrow -
derived mesenchymal stem cells (MSCs) have been shown to migrate towards the injured tissue to 
help regeneration. MSCs are the only adult stem cell that can differentiate into cells of all three germ 
layers and therefore can be classified as pluripotent (Jiang et al., 2002). They can be harvested from 
several tissues, including bone marrow, adipose tissue, muscle, and periosteum (Kisiel et al., 2012). In 
the Bone marrow MSCs are localized perivascular and therefore have the possibility to migrate 
towards injured tissue to support regeneration (Kolf et al., 2007; Patel et al., 2011).  

After a myocardial infarction SDF-1 levels increase in the borderzone of the infarction, but decease in 
serum and the amount of MSCs inside the heart increased with 15%. Gene expression analysis of 
mice hearts after MI reveals that besides SDF-1, also MMP-9, VCAM-1 and ICAM-1 are upregulated 
upon myocardial damage, indicating that these molecules also play a role in MSC recruitment 
(Abbott et al., 2004). Figure 2 shows the VLA4/VCAM1-mediated entrance of MSCs into damaged 
tissue. 

Endothelial progenitor cells (EPCs) are also triggered to home towards injured tissue. EPCs that 
migrated to the damaged tissue in a pig model of atherosclerotic renal artery stenosis showed 
increased expression of CXCL12, Ang1, Tie2, and c-Kit. In the damaged kidney tissue c-kit ligand and 
integrin β2 were upregulated. Ang1 and CXCR4, however, were not upregulated in the damaged 
tissue (Chade et al., 2010). 

 

1.2.2 Stem cell niches 

Stem cells are surrounded by supporting cells. The role of this ‘niche’ of supporting cells, however, 
remains only partly understood. Stromal cells that reside in the ECM play a very important role in 
tissue regeneration by supporting stem cells with growth factors such as EGF, VEGF, FGF, and TGFβ 
(Kumar et al., 1999). Apart from the general supportive features, the role of the stem cell niche 
seems to differ among stem cell types (Lander et al., 2012). 



  

Figure 2 - MSC entrance to injured tissue. MSCs are recruited to injured tissue by released 
chemokines. Once at the injured area MSCs bindt to VCAM1 and transmigrate into the tissue.  
Figure from Goligorsky et al., 2010.  
 

In the gut, where the tissue is almost continuously replaced, the main role of the niche is to control 
the amount of non-differentiated stem cells and differentiated daughter cells, while in less active 
tissues, like muscles, the niche mainly regulates dormancy and activation of stem cells upon injury. 
Growth factors and cytokines involved in stem cell control are summarized in table 1. 

The best characterized niches are those in bone marrow, which resides hematopoietic stem cells 
(HSCs) and MSCs. Two main microenvironments are described in literature: the endosteal niche and 
the vascular niche. In the endosteal niche HPCs are preserved so that long-term repopulation ability 
is maintained (Arai et al., 2004). The endosteal niche consists of osteoblasts, witch stimulate HSC 
proliferation and inhibit differentiation by JAG1/notch signaling (Calvi et al., 2003) and enhance 
quiescence via Ang1/Tie2 interaction (Arai et al., 2004). Osteoblasts also secrete CXCL12 (also known 
as SDF-1), a chemoattractant for CXCR+ HSCs (Petit et al., 2002). TGF-β, BMP2 and BMP7, secreted by 
osteoclasts, also play a role in quiescence of HSCs (Lilly et al., 2011).  

In the vascular niche, endothelial cells play a major role in HSC differentiation (Yao et al., 2005). MSCs 
in the vascular niche are also important residents of the HSC niche. Depletion of MSCs lead to a 
decrease of HSCs, in part explained by increased migration toward other tissues (Mendez-ferrer et 

al., 2010). Also in the vascular niche CXCL12/CXCR4 signaling is important for homing of HSCs and 
MSCs. Treatment with G-CSF decreases CXCL12 and thereby stimulates MSCs and HSCs to leave their 
niches and enter the circulation, to home towards damaged tissues (Petit et al., 2002; Hannoush et 

al., 2011). 
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Tabel 1 - Growth factors and cytokines involved in stem cell regulation 

Molecule Function Niche Reference 

EGF Proliferation Gut Lander et al., 2012, Bjerkneset al., 1981; 
Barker et al., 2007 

 
TGFα Proliferation Gut 

Wnt3 Proliferation Gut 

Dll4 Proliferation Gut  

    

G-CSF  Quiescence HSC/MSC Mendez-ferrer et al., 2010; Liu et al., 1009 

Wnt Differentiation  MSC  Kolf et al., 2007 

parathormone  Proliferation HSC Mendez-ferrer et al., 2010 

CXCL12 Activation & 
homing   

HSC/MSC Mendez-ferrer et al., 2010; Liu et al., 1009 

Osteoponin Quiescence  HSC Stier et al., 2005 

VLA4 Homing & adhesion HSC/MSC Williams   et al., 1991; Liu et al., 1009 

Ang1/Tie2 Quiescence HSC Arai et al., 2004 

Cdc42 Quiescence HSC Yang et al., 1007  

 

 

2 Induced regeneration: regenerative medicine 

While some tissues are capable of repairing damage and regeneration, other tissues cannot 
intrinsically be regenerated. Regenerative medicine aims to induce or enhance regeneration or, 
according to Chris Mason and Peter Dunnill, “regenerative medicine replaces or regenerates human 
cells, tissue or organs, to restore or establish normal function” (Mason et al., 2008). This ranges from 
injection of functional cells to stimulate stem cells, to in vitro engineering of complete new organs for 
transplantation. Basically, regenerative medicine could be considered as: inducing regeneration by 
providing all necessary components: ECM, stem cells, and growth factors. 

 

2.1 Scaffolds: an artificial ECM  

Already in 1989 an artificial ECM, consisting of collagen and glycosaminoglycan was used to improve 
regeneration of deep skin wounds (Yannas et al., 1989). Later, scaffolds were made of decellularized 
material, or synthetic polymers. Whereas decellulized scaffolds are less immunogenic, scaffolds 
made of synthetic polymers can be produced in large quantities and might provide more strength or 
a better structure (Olson et al., 2011; Zheng et al., 2012; Unterman et al., 2012; Atala, 2012). The 
ideal scaffold should, besides providing strength and structure, be biodegradable and not 
immunogenic.  
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To prevent antigenicity, the first heart valve scaffolds were decellularized and directly transplanted 
into patients. In the first clinical experiments using decellularized, re-cellularization did not, or hardly, 
occur (Simon et al., 2003; Elkins et al., 2001). Transplantation of scaffolds seeded with autologous 
cells, prior to implantation, led to better results (Shinoka, 2002).  However, isolation and culturing of 
cells and seeding them onto a scaffold is a time-consuming process. Being able to enhance in vivo 
seeding of scaffolds, for instance by adding compounds of proteins that attract stem cells, would 
greatly enhance the application of heart valve scaffolds.  

 

2.2 Stem cell Therapy  

Stem cell therapy is based on induction of regeneration by application of stem cells, to replace the 
damaged tissue. Several types of stem cells have been tested and can be used for this purpose. This 
can be autologous cells, obtained from a biopsy and expanded in vitro prior to transplantation, adult 
stem cells, isolated from various tissues, embryonic stem cells, of induced pluripotent stem cells.  

One area in which stem cell therapy is applied is the myocardium after a myocardial infarction (MI). 
About a decade ago the first studies in mice were performed, using stem cells to regenerate the 
myocardium after a  MI. Min et al. showed that MSCs, implanted into the damaged myocardium of 
MI-induced pigs, can differentiate into cardiomyocytes, stimulate angiogenesis and improve 
myocardial perfusion (Min et al., 2002). Soon thereafter the first clinical trials were set up. Bone 
marrow derived stem cells were implanted intracoronary during PTCA procedure and in a 6 months 
follow up, patients had a better cardiac performance (ejection fraction and end systolic volume) 
(Wollert et al., 2004; Chen et al., 2004). Administration of MSC must take place soon after the 
myocardial event. A large clinical trial in which patients were treated 2-3 weeks post-MI showed no 
significant increase in cardiac performance of MSC-treated patients compared to controls (Traverse 
et al., 2011). Since the injected stem cells probably do not stay in the heart for a long time, clinical 
improvement might decline in time. Therefore also long-term follow up studies were done, of which 
the first are evaluated nowadays.  

One pitfall of circulatory administration of stem cells is that a lot of stem cells have to be applied in 
order to be successful. This is caused by unsuccessful homing of the cells towards the infarcted area 
(Kraitchman et al., 2005). To generate enough cells for successful therapy takes a long time and, 
moreover, tumorgenicity might increase. Therefore it is of great importance that stem cell homing to 
damaged tissue is improved. In order to improve this homing, the factors that might attract the 
correct cells to the correct place must be found. 

 

3 Lessons from cancer 

Circulating tumor cells seem to home to specific tissues, as predicted by the primary tumor. Because 
tumour cells and stem cells have a lot properties in common, they might also share specific homing 
mechanisms. Adding attractive molecules to scaffolds and/or injured tissue will in turn result in 
better regenerative medicine strategies. Therefore, we will evaluate the migration and homing 
factors that play a role in cancer metastasis. 

 

3.1 Cancer stem cells and their niche 

The cancer stem cell theory states that cancer derives from a tumor-initiating cell, and only a small 
population of tumor cells can initiate tumor formation (Bonnet & Dick, 1997; Al Hajj et al., 2003). 
Cancer stem cells (CSCs) have been isolated by numerous tumor types (Tysnes, 2010). These cells 
behave like stem cells: they can self-renew and give rise to differentiated daughter cells. CSCs do not 
devide not that often, protecting their repopulation ability (Figure 3). When injected into an animal 



 10

model, CSCs were far more efficient in forming metastases than non-CSCs. Therefore these cells are 
often called tumor-initiating cells (Al Hajj et al., 2003; Pang et al., 2010). The differentiating daughter 
cells are termed transient amplifying cells, because these are the cells that rapidly replicate and 
undergo (epi-)genetic changes. Therefore the transient amplifying cells are more tissue-specific but 
have less longevity (Liu et al., 2011; Sneddon & Werb, 2007).  

 

 

 
Figure 3 - Cancer stem cell therapy. 
The cancer stem cell therapy states that 
a select population of cells within a 
tumor has stem cell properties (red 
cells). These are the cells that are 
dormant and have capacity to induce a 
new tumor. The transient amplifying 
cells (grey) are the cells that 
continuously replicate, undergoing rapid 
mutagenesis and are better adapted to a 
specific tissue. Figure from Liu et al., 
2011. 

 3.2 Metastatic niches 

Like stem cells need a niche to remain ‘stemness’, CSCs also need a niche to be able to survive and 
proliferate. This niche includes non-CSCs, a specialized ECM, (myo-) fibroblasts, endothelial cells, and 
bone marrow-derived cells (Liu et al., 2011; Sneddon & Werb, 2007).  

3.2.1 directed metastasis 

Over a century ago it was already observed that metastases arise mainly in distinct organs: lungs, 
liver, brains, and bone, while other organs seemed to remain unaffected. The general believe that 
the site of metastasis was solely determined by vessel width was replaced by two new theories that 
described this phenomenon. First, there was the ‘seed and soil’ theory, proposed by Steven Paget. 
He stated that the microenvironment of specific organs in some way are more conductive (are a 
better ‘soil’) for circulating cancer cells to ‘seed’ (Paget, 1889). James Ewing, on the other hand 
stated that the location of metastatic outgrowths was determined by the anatomy of draining blood 
and lymph vessels. The organ next to the primary tumor would have the highest chance of getting 
metastasized. Ewings’ theory was generally accepted and cancer research mainly focussed on 
primary tumors and their surroundings (Khamis et al., 2012; Psaila & Lyden, 2009).  

When it became clear that the metastases, instead of the primary tumor itself, were the cause of 
death in cancer patients, investigation on metastatic disease was resumed and the existence of 'soil' 
or a '(pre)metastatic niche' became part of the debate again. More convincing research to support 
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the seed and soil theory came in 1980, when Fidler and Hart reported that circulating cancer cells do 
reach all organs, but not give rise to metastases in every organ and thus indeed search for the best 
‘soil’ to grow. It became clear that circulating CSCs, like primary tumor cells, need a niche in order to 
form a metastatic outgrowth. Without such a niche the CSC will become dormant, doesn’t have an 
angiogenic switch or is not even able to exit the bloodstream (Langley & Fidler., 2011).  

Two types of pre-metastatic niches are described; abused or adapted pre-existing stem cell niches 
and primary tumor-induced pre-metastatic niches. 

3.2.2 Pre-existing metastatic niches 

A prime example of the abuse of pre-existing stem cell niches is found in breast cancer- and prostate 
cancer-derived bone marrow metastases. Bone marrow is one of the most common organs for 
metastasis, probably due to the many stem cell binding sites that are already existing (Langley & 
Fidler, 2011). CXCR4+ and CCR7+ breast cancer cells are known to use haematopoietic stem cell niches 
as their (pre-) metastatic niches. Due to the expression of CXCL12 and CCL21 at the HPC niche, 
circulating CXCR4+ and CCR7+ CSCs can easily bind to that niche. CXCL12 is also up-regulated in lung 
and liver; the two organs in which breast cancer is also often reported to metastasize (Müller et al., 
2001). In a similar way prostate cancer stem cells (expressing sLex) home to stem cell niches in the 
bone marrow that express E-selectin, the binding partner of sLex (Barthel et al., 2009).  

3.2.3 Tumor-induced metastatic niches 

The primary tumor-induced formation of pre-metastatic niches is best studied in breast cancer-
derived lung metastases. Lungs are the second most common organ for metastasis. Due to their 
architecture of very small capillaries, the lungs are very likely to give rise to metastases, since 
circulating tumor cells easily get stuck in the lung (Langley & Fidler, 2011). The formation of a pre-
metastatic niche is a complex process, involving distance signalling, cell recruitment, activation. A 
schematic overview of important metastasis-associated proteins is shown in figure 4. Besides the role 
of secreted proteins, exosomes and micro RNAs are heavily investigated for their roles in metastasis 
and metastatic niche formation (Feng et al., 2012; Ngora et al., 2012; Peinado et al.,  2012).  

First, the future site of metastasis is determined by factors secreted by the primary tumor. Evidence 
for this hypothesis was provided by Kaplan et al. in 2005, when they were able to invert metastatic 
patterns in mice by pre treatment with tumor conditioned medium (TCM). They pre-treated mice 
with TCM of Lewis lung Carcinoma cells (LLCs), which only metastasize to the lungs, or TCM from B16 
melanoma cells, which are more aggressive and metastasize to Kidneys, intestine, spleen and 
oviduct. After injection, the LLCs redirected metastasis to the kidneys, spleen, intestine and oviduct. 
Comparison between the two conditioned media revealed differences in VEGFA and PlGF, which 
were more abundantly present in B16 melanoma conditioned medium (Kaplan et al., 2005).   

Besides VEGFA and PlGF, analysis of LLC TCM revealed the secretion of TGF-β, TNF-α, and STAT3 
(Kaplan et al., 2005; Hiratsuka et al., 2006; Deng et al., 2012; Tu et al., 2012). Under hypoxic 
conditions LOX and C4.4A secretion was observed, of which the latter was associated to exosomes 
(Erler et al., 2009; Ngora et al., 2012). Also, MET-containing exosomes were isolated from metastatic 
B16 TCM (Peinado et al.,  2012). All factors play a role in inducing pre-metastatic niche formation in 
the lung.   
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 Figure 4 - Pre-metastatic niche formation. Primary tumors secrete proteins LOX, STAT3, VEGFA, PlGF, TGF-
β, and TNF-α, that initiate pre-metastatic niche formation in the lungs. Within the lung, these proteins activate lung cells, 
which secrete and upregulate various factors that attract BMDCs. The BMDCs  upregulate CXCL12, TNF- α, and MMPs  that 
in term attract tumour cells. Figure adapted from Psaila and Lyden, 2009 
 

More specifically, VEGFA, TGF-β, and TNF-α, have been shown to induce local expression of the 
inflammatory chemoattractants S100A8 and S100A9 (Hiratsuka et al., 2006) and STAT3 activates 
fibroblasts at the pre-metastatic site, leading to increase fibronectin expression and the formation of 
fibronectin patches (Deng et al., 2012). LOX secretion is hypoxia (HIF-1) dependent and migrates to 
the lungs, where it cross-links collagen IV  (Erler et al., 2009; Wong et al., 2012). 

These initial changes in the lungs result in the attraction of several cells. First, CD11b+ BMDCs are 
attracted by the cross-linked collagen. In reaction they start to produce MMP2, which facilitates the 
(enhanced) recruitment of CD11b+ BMDCs and c-Kit+ cells (Erler et al., 2009). The fibronectin patches 
attract VLA+-VEGFR+ BMDCs. VLA+-VEGFR+ BMDCs in turn increase MMP9 secretion and CXCL12 
expression, attracting VCAM1 expressing circulating CSCs and facilitating their infiltration and survival 
(Deng et al., 2012; Chen et al., 2012). Upregulation of S100A8 and S100A9 lead to attraction of mac1+ 
BMDCs following an SAA3-TLR4 dependent interaction. Mac1+ BMDCs inside the niche start secreting 
TNFα, TGFβ andCXCL2, which attract circulating CSCs (Hiratsuka et al., 2008).  
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4. Enhanced stem cell therapy 

MSCs are promising tools for regenerative therapy. However, this success is only obtained when 
huge amounts of MSCs are applied, due to inefficient homing and binding of the MSCs. Malignant, 
primary tumor cells can efficiently create a metastatic niche, which attracts both CSCs and stromal 
cells. There indeed are similarities between normal stem cells and cancer stem cells. Similar 
strategies to regulate and enhance homing might thus be applied and useful to improve stem cell 
homing in stem cell therapy.  

One of the similarities is the expression of CXCR4 on both CSCs and MSCs and the upregulation of 
CXCL12 in the pre-metastatic niche and injured tissues, leading to homing to CSCs towards the niche. 
Inducing an increase of CXCL12 at the site of injury thus might enhance the attraction of MSCs 
towards damaged tissues.  Hannoush et al. applied this strategy and injected CXCL12 in the lungs of 
rats after unilateral lung contusion. Within 5 days, increased MSC homing and improved wound 
healing were observed (Hannoush et al. 2011). Another, less invasive approach is to increase CXCR4 
expression in MSCs. In vitro essays of CXCR4 overexpressing HSCs revealed a 10-fold increase of 
migration towards CXCL12 (Brenner et al., 2004). Moreover, mice treated with CXCR4 overexpressing 
MSCs after MI showed less collagen and better preservation of the ventricles, compared to 
unmodified MSC treated animals. Also, more modified MSCs homed to the myocardium (Cheng et 
al., 2008).  

Upon hypoxia, primary tumor cells increase HIF1 expression, which lead to transcription and 
secretion of factors that facilitate in metastatic niche formation and BMDC attraction. Similarly, in 
injured tissue hypoxia plays a role in stem cell recruitment. However, while regenerating, stem cells 
are in need of oxygen and might die due to the hypoxia. Cerrada et al demonstrated that ‘pre-
treating’ MSCs to hypoxia by overexpressing HIF1 in MSCs, prior to injection into the damaged tissue 
of infracted rat hearts, resulted into better cardiac regeneration, without hypertrophy and fibrotic 
tissue (Cerrada et al., 2012).  

Pretreatment of MSCs with the signals that attract them towards the metastatic niches might also 
mobilize MSCs towards injured tissues. These signals include fibronectin, VCAM1, S100A8 &9, SAA3,  
VEGFA, MMPs, TNFα, and TGFβ. Treatment of MSCs in vitro with TNFα leads to enhanced migration 
capacity of MSCs. Even more, in vitro treatment with TNFα makes MSCs more sensitive to other 
cytokines (Ponte et al., 2007). This suggest that treatment of MSCs with TNFα prior to 
transplantation increases homing towards the injured tissue.  

In the case of the pre-metastatic niche, BMDCs homed to collagen and fibronectin patches. Recently, 
Weeks et al., simulated these patches by coating a scaffold with fibronectin or collagen. Moreover, 
they also used VCAM-1 and CXCL12 to coat scaffolds. All coated scaffolds had increased MSC 
adhesion and the combination of VCAM1 and CXCL12 enhanced the MSC adhesion even more, 
indicating that coating of scaffolds with metastatic niche components indeed enhances stem cell 
homing (weeks et al., 2012).  

Conclusion 

Because CSCs, MSCs, metastatic niches and damaged tissue share many properties, research on 
these topics can build on each other. Studying metastatic niche formation provides insights into the 
mechanism of stem cell recruitment, which can enhance regenerative medicine strategies. However, 
mimicking metastasis remains like playing with fire. Care must be taken when these strategies are 
applied, since one does not want circulating CSCs to colonize damaged tissues or scaffolds. Such 
safety standards might be the biggest hurdles in de coming years of improved regenerative medicine.  



 14

References 

Al-Hajj M, Wicha MS, Benito-Hernandez A, Morrison SJ, Clarke MF. (2003) Prospective identification 
of tumorigenic breast cancer cells. Proc Natl Acad Sci U S A. 100:3983-3988.  

Arai F, Hirao A, Ohmura M, Sato H, Matsuoka S, Takubo K, Ito K, Koh GY, Suda T. (2004) 
Tie2/angiopoietin-1 signaling regulates hematopoietic stem cell quiescence in the bone marrow 
niche. Cell. 118:149-161. 

Atala A. (2012) Regenerative medicine strategies. J Pediatr Surg. 47:17-28. 
Barker N, Clevers H. (2007) Tracking down the stem cells of the intestine: strategies to identify 

adult stem cells. Gastroenterology. 133:1755-1760. 
Barthel SR, Wiese GK, Cho J, Opperman MJ, Hays DL, Siddiqui J, Pienta KJ, Furie B, Dimitroff CJ. (2009) 

Alpha 1,3 fucosyltransferases are master regulators of prostate cancer cell trafficking. Proc Natl 
Acad Sci U S A. 106:19491-19496.  

Bjerknes M, Cheng H. (1981) The stem-cell zone of the small intestinal epithelium. I. Evidence from 
Paneth cells in the adult mouse. Am J Anat. 160:51-63. 

Bonnet D, Dick JE. (1997) Human acute myeloid leukemia is organized as a hierarchy that originates 
from a primitive hematopoietic cell. Nat Med. 3:730-737. 

Brenner S, Whiting-Theobald N, Kawai T, Linton GF, Rudikoff AG, Choi U, Ryser MF, Murphy PM, 
Sechler JM, Malech HL. (2004) CXCR4-transgene expression significantly improves marrow 
engraftment of cultured hematopoietic stem cells. Stem Cells. 22:1128-1133. 

Calvi LM, Adams GB, Weibrecht KW, Weber JM, Olson DP, Knight MC, Martin RP, Schipani E, Divieti P, 
Bringhurst FR, Milner LA, Kronenberg HM, Scadden DT. (2003) Osteoblastic cells regulate the 
haematopoietic stem cell niche. Nature. 425:841-846. 

Cerrada I, Ruiz-Saurí A, Carrero R, Trigueros C, Dorronsoro A, Sánchez-Puelles JM, Diez-Juan A, 
Montero JA, Sepulveda P. (2012) Hypoxia-inducible factor 1 alpha contributes to cardiac healing 
in mesenchymal stem cells mediated cardiac repair. Stem Cells Dev. [Epub ahead of print] 

Chade AR, Zhu XY, Krier JD, Jordan KL, Textor SC, Grande JP, Lerman A, Lerman LO. (2010) 
Endothelial progenitor cells homing and renal repair in experimental renovascular disease. Stem 
Cells. 28:1039-1047. 

Chen SL, Fang WW, Ye F, Liu YH, Qian J, Shan SJ, Zhang JJ, Chunhua RZ, Liao LM, Lin S, Sun JP. (2004) 
Effect on left ventricular function of intracoronary transplantation of autologous bone marrow 
mesenchymal stem cell in patients with acute myocardial infarction. Am J Cardiol. 94:92-95. 

Chen Q, Massagué J. (2012) Molecular pathways: VCAM-1 as a potential therapeutic target in 
metastasis. Clin Cancer Res. [Epub ahead of print] 

Cheng Z, Ou L, Zhou X, Li F, Jia X, Zhang Y, Liu X, Li Y, Ward CA, Melo LG, Kong D. (2008) Targeted 
migration of mesenchymal stem cells modified with CXCR4 gene to infarcted myocardium 
improves cardiac performance. Mol Ther.16:571-579. 

Deng J, Liu Y, Lee H, Herrmann A, Zhang W, Zhang C, Shen S, Priceman SJ, Kujawski M, Pal SK, 
Raubitschek A, Hoon DS, Forman S, Figlin RA, Liu J, Jove R, Yu H. (2012) S1PR1-STAT3 signaling is 
crucial for myeloid cell colonization at future metastatic sites. Cancer Cell. 21:642-654. 

Elkins RC, Dawson PE, Goldstein S, Walsh SP, Black KS. (2001) Decellularized human valve allografts. 
Ann Thorac Surg. 71:S428-432. 

Erler JT, Bennewith KL, Cox TR, Lang G, Bird D, Koong A, Le QT, Giaccia AJ. (2009) Hypoxia-induced 
lysyl oxidase is a critical mediator of bone marrow cell recruitment to form the premetastatic 
niche. Cancer Cell. 15:35-44. 

Feng B, Dong TT, Wang LL, Zhou HM, Zhao HC, Dong F, Zheng MH. (2012) Colorectal Cancer 
Migration and Invasion Initiated by microRNA-106a. PLoS One. 7:e43452.  

Goligorsky MS et al. (2010)  Regenerative nephrology Academic Press 
Gurtner GC, Werner S, Barrandon Y, Longaker MT. (2008) Wound repair and regeneration. Nature. 

453:314-321. 
Hannoush EJ, Sifri ZC, Elhassan IO, Mohr AM, Alzate WD, Offin M, Livingston DH . (2011) Impact of 

enhanced mobilization of bone marrow derived cells to site of injury. J Trauma. 71:283-289 



 15

Hart IR, Fidler IJ. (1980) Role of organ selectivity in the determination of metastatic patterns of B16 
melanoma. Cancer Res. 40:2281-2287. 

Hiratsuka S, Watanabe A, Sakurai Y, Akashi-Takamura S, Ishibashi S, Miyake K, Shibuya M, Akira S, 
Aburatani H, Maru Y. (2008) The S100A8-serum amyloid A3-TLR4 paracrine cascade establishes a 
pre-metastatic phase. Nat Cell Biol. 10:1349-1355.  

Hiratsuka S, Watanabe A, Aburatani H, Maru Y. (2006) Tumour-mediated upregulation of 
chemoattractants and recruitment of myeloid cells predetermines lung metastasis. Nat Cell Biol. 
8:1369-1375.  

Jiang Y, Jahagirdar BN, Reinhardt RL, Schwartz RE, Keene CD, Ortiz-Gonzalez XR, Reyes M, Lenvik T, 
Lund T, Blackstad M, Du J, Aldrich S, Lisberg A, Low WC, Largaespada DA, Verfaillie CM. (2002) 
Pluripotency of mesenchymal stem cells derived from adult marrow. Nature. 418:41-49. 

Kaplan RN, Riba RD, Zacharoulis S, Bramley AH, Vincent L, Costa C, MacDonald DD, Jin DK, Shido K, 
Kerns SA, Zhu Z, Hicklin D, Wu Y, Port JL, Altorki N, Port ER, Ruggero D, Shmelkov SV, Jensen KK, 
Rafii S, Lyden D. (2005) VEGFR1-positive haematopoietic bone marrow progenitors initiate the 
pre-metastatic niche. Nature. 438:820-827. 

Khamis ZI, Sahab ZJ, Sang QX. (2012) Active roles of tumor stroma in breast cancer metastasis. Int J 
Breast Cancer. 2012:574025.  

Kisiel AH, McDuffee LA, Masaoud E, Bailey TR, Esparza Gonzalez BP, Nino-Fong R. (2012) Isolation, 
characterization, and in vitro proliferation of canine mesenchymal stem cells derived from bone 
marrow, adipose tissue, muscle, and periosteum. Am J Vet Res. 73:1305-1317. 

Kolf CM, Cho E, Tuan RS. Mesenchymal stromal cells. Biology of adult mesenchymal stem cells: 
regulation of niche, self-renewal and differentiation. (2007) Arthritis Res Ther. 9:204. 

Kraitchman DL, Tatsumi M, Gilson WD, Ishimori T, Kedziorek D, Walczak P, Segars WP, Chen HH, 
Fritzges D, Izbudak I, Young RG, Marcelino M, Pittenger MF, Solaiyappan M, Boston RC, Tsui BM, 
Wahl RL, Bulte JW. (2005) Dynamic imaging of allogeneic mesenchymal stem cells trafficking to 
myocardial infarction. Circulation. 112:1451-1461.  

Kumar Y, Abbas AK, Fausto N, Robbins SL, Cotran RS (1999) Pathologic basic of disease.  
Lander AD, Kimble J, Clevers H, Fuchs E, Montarras D, Buckingham M, Calof AL, Trumpp A, Oskarsson 

T. (2012) What does the concept of the stem cell niche really mean today? BMC Biol. 10:19. 
Lane SW, Scadden DT, Gilliland DG. (2009) The leukemic stem cell niche: current concepts and 

therapeutic opportunities. Blood. 114:1150-1157.  
Langley RR, Fidler IJ. (2011) The seed and soil hypothesis revisited--the role of tumor-stroma 

interactions in metastasis to different organs. Int J Cancer. 128:2527-2535.  
Lilly AJ, Johnson WE, Bunce CM. (2011) The haematopoietic stem cell niche: new insights into the 

mechanisms regulating haematopoietic stem cell behaviour. Stem Cells Int. 2011:274564.  
Liu ZJ, Zhuge Y, Velazquez OC. (2009) Trafficking and differentiation of mesenchymal stem cells. J 

Cell Biochem. 106:984-991. 
Liu B, Ma W, Jha RK, Gurung K. (2011) Cancer stem cells in osteosarcoma: recent progress and 

perspective. Acta Oncol. 50:1142-1150.  
Mason C, Dunnill P. (2008) A brief definition of regenerative medicine. Regen Med. 3:1-5. 
Méndez-Ferrer S, Michurina TV, Ferraro F, Mazloom AR, Macarthur BD, Lira SA, Scadden DT, Ma'ayan 

A, Enikolopov GN, Frenette PS. (2010) Mesenchymal and haematopoietic stem cells form a unique 
bone marrow niche. Nature. 466:829-834. 

Min JY, Sullivan MF, Yang Y, Zhang JP, Converso KL, Morgan JP, Xiao YF. (2002) Significant 
improvement of heart function by cotransplantation of human mesenchymal stem cells and fetal 
cardiomyocytes in postinfarcted pigs. Ann Thorac Surg 74:1568-1575. 

Müller A, Homey B, Soto H, Ge N, Catron D, Buchanan ME, McClanahan T, Murphy E, Yuan W, 
Wagner SN, Barrera JL, Mohar A, Verástegui E, Zlotnik A. (2001) Involvement of chemokine 
receptors in breast cancer metastasis. Nature. 410:50-56. 

Ngora H, Galli UM, Miyazaki K, Zöller M. (2012) Membrane-bound and exosomal metastasis-
associated C4.4A promotes migration by associating with the α(6)β(4) integrin and MT1-MMP. 
Neoplasia. 14:95-107. 



 16

Olson JL, Atala A, Yoo JJ. (2011) Tissue engineering: current strategies and future directions. 
Chonnam Med J. 47:1-13.  

Paget S. (1989) The distribution of secondary growths in cancer of the breast. 1889. Cancer 
Metastasis Rev. 8:98-101. 

Pang R, Law WL, Chu AC, Poon JT, Lam CS, Chow AK, Ng L, Cheung LW, Lan XR, Lan HY, Tan VP, Yau TC, 
Poon RT, Wong BC. (2010) A subpopulation of CD26+ cancer stem cells with metastatic capacity in 
human colorectal cancer. Cell Stem Cell. 6:603-615. 

Patel SA, Rameshwar P. (2011) Stem Cell Transplantation for Hematological Malignancies: 
Prospects for Personalized Medicine and Co-therapy with Mesenchymal Stem Cells. Curr 
Pharmacogenomics Person Med. 9:229-239. 

Peinado H, Alecković M, Lavotshkin S, Matei I, Costa-Silva B, Moreno-Bueno G, Hergueta-Redondo M, 
Williams C, García-Santos G, Ghajar C, Nitadori-Hoshino A, Hoffman C, Badal K, Garcia BA, Callahan 
MK, Yuan J, Martins VR, Skog J, Kaplan RN, Brady MS, Wolchok JD, Chapman PB, Kang Y, Bromberg 
J, Lyden D. (2012) Melanoma exosomes educate bone marrow progenitor cells toward a pro-
metastatic phenotype through MET. Nat Med. 18:883-891. 

Petit I, Szyper-Kravitz M, Nagler A, Lahav M, Peled A, Habler L, Ponomaryov T, Taichman RS, 
Arenzana-Seisdedos F, Fujii N, Sandbank J, Zipori D, Lapidot T. (2002) G-CSF induces stem cell 
mobilization by decreasing bone marrow SDF-1 and up-regulating CXCR4. Nat Immunol. 3:687-
694.  

Ponte AL, Marais E, Gallay N, Langonné A, Delorme B, Hérault O, Charbord P, Domenech J. (2007) The 
in vitro migration capacity of human bone marrow mesenchymal stem cells: comparison of 
chemokine and growth factor chemotactic activities. Stem Cells. 25:1737-1745.  

Psaila B, Lyden D. (2009) The metastatic niche: adapting the foreign soil. Nat Rev Cancer. 9:285-293. 
Shinoka T. (2002) Tissue engineered heart valves: autologous cell seeding on biodegradable 

polymer scaffold. Artif Organs. 26:402-406. 
Simon P, Kasimir MT, Seebacher G, Weigel G, Ullrich R, Salzer-Muhar U, Rieder E, Wolner E. (2003) 

Early failure of the tissue engineered porcine heart valve SYNERGRAFT in pediatric patients. Eur J 
Cardiothorac Surg. 23:1002-1006 

Singh P, Carraher C, Schwarzbauer JE. (2010) Assembly of fibronectin extracellular matrix. Annu Rev 
Cell Dev Biol. 26:397-419. 

Sneddon JB, Werb Z. (2007) Location, location, location: the cancer stem cell niche. Cell Stem Cell. 
1:607-611. 

Stier S, Ko Y, Forkert R, Lutz C, Neuhaus T, Grünewald E, Cheng T, Dombkowski D, Calvi LM, Rittling SR, 
Scadden DT. (2005) Osteopontin is a hematopoietic stem cell niche component that negatively 
regulates stem cell pool size. J Exp Med. 201:1781-1791.  

Traverse JH, Henry TD, Ellis SG, Pepine CJ, Willerson JT, Zhao DX, Forder JR, Byrne BJ, Hatzopoulos AK, 
Penn MS, Perin EC, Baran KW, Chambers J, Lambert C, Raveendran G, Simon DI, Vaughan DE, 
Simpson LM, Gee AP, Taylor DA, Cogle CR, Thomas JD, Silva GV, Jorgenson BC, Olson RE, Bowman S, 
Francescon J, Geither C, Handberg E, Smith DX, Baraniuk S, Piller LB, Loghin C, Aguilar D, Richman S, 
Zierold C, Bettencourt J, Sayre SL, Vojvodic RW, Skarlatos SI, Gordon DJ, Ebert RF, Kwak M, Moyé 
LA, Simari RD. (2011) Effect of intracoronary delivery of autologous bone marrow mononuclear 
cells 2 to 3 weeks following acute myocardial infarction on left ventricular function: the LateTIME 
randomized trial. JAMA. 306:2110-2119.  

Tu B, Du L, Fan QM, Tang Z, Tang TT. (2012) STAT3 activation by IL-6 from mesenchymal stem cells 
promotes the proliferation and metastasis of osteosarcoma. Cancer Lett. 325:80-88.  

Tysnes BB. (2010) Tumor-initiating and -propagating cells: cells that we would like to identify and 
control. Neoplasia. 12:506-515. 

Unterman SA, Gibson M, Lee JH, Crist J, Chansakul T, Yang EC, Elisseeff JH. (2012) Hyaluronic Acid-
Binding Scaffold for Articular Cartilage Repair. Tissue Eng Part A. [Epub ahead of print] 

Weeks S, Kulkarni A, Smith H, Whittall C, Yang Y, Middleton J. (2012) The effects of chemokine, 
adhesion and extracellular matrix molecules on binding of mesenchymal stromal cells to poly(l-
lactic acid). Cytotherapy. [Epub ahead of print] 



 17

Wicker J, Kamler K. (2009) Current concepts in limb regeneration: a hand surgeon's perspective. 
Ann N Y Acad Sci. 1172:95-109. 

Williams DA, Rios M, Stephens C, Patel VP. (1991) Fibronectin and VLA-4 in haematopoietic stem 
cell-microenvironment interactions. Nature. 352:438-441. 

Wollert KC, Meyer GP, Lotz J, Ringes-Lichtenberg S, Lippolt P, Breidenbach C, Fichtner S, Korte T, 
Hornig B, Messinger D, Arseniev L, Hertenstein B, Ganser A, Drexler H. (2004) Intracoronary 
autologous bone-marrow cell transfer after myocardial infarction: the BOOST randomised 
controlled clinical trial. Lancet. 364:141-148. 

Wong CC, Zhang H, Gilkes DM, Chen J, Wei H, Chaturvedi P, Hubbi ME, Semenza GL. (2012) Inhibitors 
of hypoxia-inducible factor 1 block breast cancer metastatic niche formation and lung metastasis. 
J Mol Med (Berl). 90:803-815.  

Yang L, Wang L, Geiger H, Cancelas JA, Mo J, Zheng Y. (2007) Rho GTPase Cdc42 coordinates 
hematopoietic stem cell quiescence and niche interaction in the bone marrow. Proc Natl Acad Sci 
U S A. 104:5091-5096. 

Yannas IV. (2005) Similarities and differences between induced organ regeneration in adults and 
early foetal regeneration. J R Soc Interface. 2:403-417. 

Yannas IV, Lee E, Orgill DP, Skrabut EM, Murphy GF. (1989) Synthesis and characterization of a 
model extracellular matrix that induces partial regeneration of adult mammalian skin. Proc Natl 
Acad Sci U S A. 86:933-937. 

Yao L, Yokota T, Xia L, Kincade PW, McEver RP. (2005) Bone marrow dysfunction in mice lacking the 
cytokine receptor gp130 in endothelial cells. Blood. 106:4093-4101. 

Zheng L, Sun J, Li B, Zhou W, Fan H, Zhang X. (2012) Comparative study of collagen hydrogels 
modified in two ways using the model of ectopic cartilage construction with diffusion-chamber in 
immunocompetent host. J Appl Biomater Function Mater. [Epub ahead of print]  

 
 
 

 
 
 
 
 
 
 
 
 


