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Abstract 

Stem cells are defined by their self-renewal capacity and the ability to give rise to all 

differentiated progeny necessary for one specific organ. These two characteristics are also 

inherent in cancer stem cells (CSCs), which are thought to be the only subpopulation within a 

tumor endowed with tumorigenic potential. CSCs combine many features that render cancer one 

of the leading causes of death in the Western world: metastasis, tumor recurrence, and therapy 

refractoriness. Strikingly, CSCs are not a fixed entity, but differentiated tumor cells are able to 

revert to a stem-like state. Thus, CSCs are not only intrinsically programmed to fulfill their 

detrimental roles, but are orchestrated by stromal cells residing in their vicinity and forming the 

CSC niche. Yet, this relationship is not a one-way road: CSCs are able to manipulate stromal 

cells to their needs, not only in the primary tumor, but also in distant organs and thus prime the 

foreign soil for their arrival by inducing a premetastatic niche. The suggested plasticity between 

the differentiation states of cancer cells and the regulation by microenvironmental cues provides 

new starting-points for novel cancer therapies. 

 

 

Highlights: 
Like normal tissues, cancerous tissues are organized hierarchically. 
The hierarchy in cancer is more dynamic with the possibility of reversion. 
The hierarchy and its reversion can be orchestrated by the microenvironment. 
CSCs and their niche cells are important for tumor progression and metastasis. 
 
Keywords: 
cancer stem cells, metastasis, microenvironment, WNT 
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Introduction 

Intensive research over the last decades brought forth an in-depth understanding of primary 

tumor formation and outgrowth, giving rise to sophisticated therapies and significantly 

prolonged survival time of cancer patients. However, tumor recurrence and metastasis, even after 

seemingly complete surgical resection, still remain the main clinical challenges, with metastasis 

representing the major cause of cancer-related deaths (1). However, these two phenomena are 

still poorly understood. Definite cure of cancer patients will rely on a comprehensive 

understanding of their molecular and biological driving force. In this regard, the CSC theory has 

shed light on progression of localized tumors to late stage metastatic disease and on the regrowth 

of an apparently completely removed primary tumor. The CSC theory is an attractive candidate 

theory to study, since – as we will discuss herein – CSCs not only drive tumor growth, but also 

tumor progression and seem to initiate distant metastases, features that are all associated with 

minimal residual disease and poor clinical outcome. As CSCs are thought to be responsible for 

the most detrimental features of cancer, eradication of this subpopulation seems to be the highest 

priority. However, before stating that the ablation of CSCs will lead to definite cure of cancer 

patients, the regulation and maintenance of the CSC state has to be understood in great detail. 

This review discusses the latest findings in the CSC field with emphasis on microenvironmental 

regulation of CSCs, transitions between diverse differentiation states, and the role CSCs play in 

metastasis. 

 

The cancer stem cell theory 

The formation and maintenance of various tissues in the body follows a common hierarchically 

organized scheme. Stem cells forming the apex of this hierarchy give rise to transit amplifying 

cells, which proliferate rapidly and finally enter a post-mitotic, differentiated state, in which the 

cells fulfill the different functions of a specific organ (2). Being a fundamental concept of the 

organization of many tissues of the body, it is not surprising that this hierarchy can also be found 

in malignant outgrowths. Already in 1983 it was recognized that cells within tumors exhibit 

different functional characteristics in regard to proliferation and differentiation, a finding termed 

tumor heterogeneity (3). 

Pioneering studies in the stem cell field were conducted in the hematopoietic system both in 

regard to normal as well as cancer stem cell biology. The hierarchical organization of this organ 

was already recognized in 1961 (4) leading to the identification of the hematopoietic stem cell 

(HSC) as the origin of all differentiated hematopoietic cells in 1988 (5). Extrapolating these 

findings to hematopoietic malignancies, John Dick and colleagues were the first to provide 
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experimental support for the existence of CSCs. The authors identified CSCs in acute myeloid 

leukemia (AML) based on the expression of normal stem cell-associated cell surface markers 

and their subsequent transplantation into severe combined immunodeficient (SCID) mice. Tumor 

cells expressing stem cell-associated markers xenografted in SCID mice could efficiently 

propagate the human AML, whereas non-expressing tumor cells lacked tumorigenic capacity  

(6). These xenografts formed phenocopies of the heterogeneous original disease with the 

presence of both CSCs and their more differentiated progeny (6). Although, nowadays being 

subject of debate with undeniable flaws (reviewed by Vermeulen et al. (7)), transplantation of 

cancer cells into immunocompromised mice is still the gold standard for identifying CSCs (8). 

The seminal work of John Dick and coworkers reintroduced the CSC theory in cancer research. 

In the following years, the existence of CSCs could be demonstrated for virtually all solid 

malignancies, the first ones being breast (9) and brain tumors (10). 

The solid organ most extensively studied in respect to stem cell biology is the intestinal tract, 

because of its rapid turnover and therefore the presence of actively dividing stem cells (11). The 

lining of the small intestine forms invaginations termed crypts, harboring stem cells as well as 

transit amplifying cells, and protrusions, the villi, where differentiated cells such as enterocytes 

are located and fulfill their functions. The lack of one molecular marker solely expressed by 

intestinal stem cells has been an obstacle in their identification and renders the identity of the 

intestinal stem cell a matter of debate (11, 12). Although not very specific for normal intestinal 

stem cells, colon CSCs could be identified by the cell surface marker CD133 (also known as 

Prominin1). In several independent reports, human CD133+ colorectal cancer cells, but not 

CD133- cells, were shown to possess tumor-initiating potential (13-15), with as few as one 

CD133+ cell being able to form a sphere, that gives rise to a tumor phenocopying the original 

tumor upon xenotransplantation into immunodeficient mice (16). Although CD133 has been 

used in several reports to successfully identify cells with stem cell features, CD133 as a CSC 

marker has to be used with caution. Differentiation does not result in downregulation of CD133, 

but in a conformational change in the CD133 protein, leading to differential recognition of the 

protein by the commonly used antibody (17). It is important to note that not all studies report on 

a positive association between CD133 detection and cancer stemness in colon cancer (18, 19). 

Whether this can be explained by conformational changes in the CD133 protein and therefore 

deficient antibody recognition is not clear and requires further analysis. 

Integrating all these studies led to the definition of CSCs as tumor-initiating cells, though 

ongoing research reshapes this definition continuously. CSCs are characterized by their self-

renewing ability and their competence to give rise to differentiated progeny, while differentiated 
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tumor cells are not able to do so (20). The gold standard to define CSCs experimentally is the 

transplantation of cancer cells into non-obese diabetic (NOD)-SCID mice (8), which initially led 

to the anticipation that CSCs only represent a subset of all tumor cells (20). However, with the 

use of even more immunodeficient animals (NOD-SCID interleukin-2 receptor gamma chain 

null (Il2rg–/–) mice), Quintana and colleagues could show that every one out of four melanoma 

cells displayed stem-like characteristics and that this was not associated with stem cell markers 

(21). This study led to the recognition that the percentage of CSCs in one tumor type varies 

extensively depending on the experimental model used and even suggested that the model may 

not hold for all tumor types. More recent studies contested this conclusion and suggested that 

CSCs in melanoma can be detected with CD271 when using freshly isolated samples directly 

from patients (22). However, in recent years it became increasingly clear that the frequency of 

CSCs can vary dramatically between tumor types and also between tumors of the same origin 

(8). These differences could be explained by the observations that CSCs display higher within-

tissue plasticity (23) than originally anticipated, lending support for a model where the CSC 

phenotype is a dynamic rather than a fixed state (7). Furthermore, CSCs do not seem to be a 

stable cell type within the tumor mass only defined by intrinsic parameters, but appear to be 

regulated by environmental cues, that can even lead to dedifferentiation of a differentiated cell to 

a more stem-like cell (24). Given that CSCs are the driving force for tumor formation and 

maintenance, identifying the parameters regulating the CSC state is of utmost importance and 

represents an intense area of investigation. 

 

Morphogenetic pathways regulating the cancer stem cell state 

A small number of morphogenic pathways regulate the stem cell state in the normal intestine. 

Interestingly, similar pathways are also thought to regulate CSC maintenance in colon cancer 

(reviewed by Medema and Vermeulen (12)). The interplay of the WNT, Notch, BMP, and 

Hedgehog signaling pathways seems to determine the differentiation state of a cell in the 

intestine. Cells residing at the crypt base are confronted with high levels of WNT glycoproteins, 

secreted by stromal fibroblasts localized in their vicinity (12). Activation of the WNT signaling 

pathway results in a complex transcriptional program that is essential for stem cell maintenance 

(25) and furthermore induces the expression of the G-protein-coupled receptor LGR5, a cell 

surface molecule that was shown to mark intestinal stem cells (26). Likewise, it was 

demonstrated that colorectal cancer cells exhibiting active WNT signaling display CSC-like 

characteristics. As few as one of these CSCs was able to phenocopy the original tumor upon 

injection into immunodeficient mice (24). Cancer cells exhibiting low WNT activity do not 
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possess CSC features, though activation of the WNT pathway is sufficient to direct these cells to 

a more stem-like state (24). Thus, active WNT signaling plays a pivotal role in regulating the 

colorectal CSC state. In addition, WNT/ -catenin signaling was also shown to be important for 

cutaneous stem cell as well as CSC maintenance in squamous cell carcinomas (27). 

Conversely to WNT glycoproteins, bone morphogenetic proteins (BMPs) are active at the top of 

the crypt, halting proliferation and allowing differentiation of the arriving transit amplifying cells 

(28, 29). Moreover, the induction of apoptosis in mature intestinal cells at the top of the villi, an 

essential prerequisite for normal gut homeostasis, seems to be regulated by BMP signaling (30). 

In addition, successful culture of intestinal stem cells requires noggin, a natural inhibitor of BMP 

signaling (31). Given the role in normal gut homeostasis, it is not surprising that loss of SMAD4, 

a downstream component of the BMP signaling cascade, and therewith loss of BMP signaling, 

occurs frequently in colorectal cancer progression (32). In agreement, a recent study shows that 

BMP4-treatment induces differentiation of colorectal CSCs, leading to a decreased tumor-

initiation capability of CSCs treated with BMP4 prior to their implantation into 

immunocompromised mice (33). 

Nodal and Activin – as BMPs – belong to the superfamily of transforming growth factor  

(TGF ) signaling molecules. Nodal/Activin signaling in the context of cancer has not been the 

focus of intensive research so far, but studies in melanoma cell lines have first suggested a role 

for the Nodal pathway in regulating CSCs, where inhibition of the Nodal signaling cascade led to 

reduced tumorigenicity (34). A recent study of Lonardo et al. provides additional evidence for 

Nodal/Activin signaling being essential in regulating the self-renewal of pancreatic CSCs (35). 

Notch signaling has a long-standing role in adult stem cell maintenance. Conditional genetic 

knock-out of the Notch pathway transcription factor CSL/RBP-J leads to a loss of the 

undifferentiated state of intestinal stem cells and a simultaneous increase of cells of the goblet 

lineage in the small intestine of mice (36). In addition, a similar lineage differentiation was 

achieved by blocking Notch signaling with the -secretase inhibitor DBZ in intestinal adenomas 

originating in mice lacking APC, an important negative regulator of the WNT pathway whose 

loss is also associated with the induction of colorectal cancer in humans (36). In accordance, 

using antibodies neutralizing delta-like 4 ligand (DLL4), an activating ligand of the Notch 

receptor, significantly decreased the frequency of CSCs, not only in colon but also in breast 

carcinomas (37). 

The brain represents another organ in which Notch signaling plays important roles in the 

development of normal and malignant tissues (38, 39). As shown for intestinal CSCs, brain 

CSCs share many features with their normal counterparts, one being the regulation of their self-
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renewing capability. Making use of a -secretase inhibitor, Fan and colleagues depleted 

CD133+ CSCs in malignant gliomas, which led to reduced clonogenicity in vitro and impaired 

tumor formation ability in vivo (40). 

Taken together, a magnitude of morphogenetic signals affects CSC regulation either through 

direct cell–cell contact or secreted signaling components. Cells providing these regulatory 

molecules often reside in direct vicinity of the CSCs and constitute the so-called CSC niche. 

 

The cancer stem cell niche 

As mentioned above, tumors are not only clonal outgrowths of deregulated cancer cells, but 

follow – as normal organs – a hierarchical organization. In addition, tumors consist of more than 

only malignant cells: non-malignant cells such as endothelial cells, fibroblasts, and immune cells 

are incorporated in the tumor mass and extracellular matrix components embed these different 

cell types that form the tumor microenvironment. Moreover, interactions between these diverse 

components are crucial for tumor development and progression (41). In normal and cancerous 

tissues (cancer) stem cells are able to give rise to all differentiated progeny necessary for one 

specific organ. To avoid a halt of proliferation or hyperproliferation of the specific tissue, the 

self-renewal and differentiation processes need to be tightly regulated, a function fulfilled by the 

stem cell niche (42). 

For example, the intestinal stem cell resides at the crypt base in close proximity to a secretory 

non-goblet-like cell type (43). These so-called Paneth cells were shown to express components 

of the various morphogenetic signaling pathways demonstrated to be essential for stem cell 

maintenance (see above) (43). Hans Clevers and coworkers showed that Paneth cells support the 

in vitro outgrowth of LGR5+ cells – one of the cells thought to be the intestinal stem cell – to 

organoids (43). Furthermore, the authors demonstrated the dependency of LGR5+ stem cells on 

Paneth cells in vivo using different mouse models lacking Paneth cells. The number of LGR5+ 

stem cells decreased according to Paneth cell loss and remaining LGR5+ stem cells colocalized 

with residual Paneth cells (43). In contrast to this direct progeny of the LGR5+ stem cell, also the 

stromal myofibroblasts residing at the crypt bottom provide essential signals for stem cell 

maintenance (44) and therewith contribute to the stem cell niche. 

As pathways regulating normal intestinal stem cell biology significantly overlap with those 

influencing colorectal CSCs, it was hypothesized that the essential stem cell features in tumors 

are affected by niche cells in equal measure (12), a hypothesis being confirmed by recent studies 

not only on colon but also on pancreatic and brain cancers. Consistently, Activin/Nodal signaling 

molecules, that are essential for sustaining pancreatic CSCs (see above), were shown to not only 
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be provided by the CSCs themselves, but also by stromal pancreatic stellate cells in a paracrine 

fashion (35). 

Endothelial cells in brain cancers adopt a similar function in supporting the CSC state (45). In 

analogy to normal neural stem cells (46), Nestin+/CD133+ brain CSCs could be located in direct 

vicinity of endothelial cells (47). In this study, primary human endothelial cells (PHECs) 

enhanced neurosphere growth in vitro and – upon intracranial co-injection with medulloblastoma 

cells – tumor formation in vivo, coinciding with a significant increase in the number of 

Nestin+/CD133+ brain CSCs (47). As seen in primary human brain tumors, the CSCs in these 

xenografted tumors again colocalized with endothelial cells (47). Like for normal brain stem 

cells (39, 48), Calabrese and colleagues could show that soluble factors derived from PHECs 

were sufficient to increase the self-renewing capacity of brain CSCs (47). In a PDGF-induced 

glioma mouse model, soluble nitric oxide was identified as the paracrine mediator secreted by 

endothelial cells and to activate the Notch signaling pathway in a paracrine fashion in glioma 

CSCs, leading to enhanced tumorigenesis in mice (49). In agreement, Fan and coworkers 

identified the Notch-pathway as being essential for glioblastoma multiforme (GBM) CSC 

maintenance (Fig. 1) (50); however in this setting, as in normal tissue maintenance, depending 

on direct cell–cell contact. Notwithstanding the exact mechanism of action, both studies point to 

an endothelial brain CSC niche. 

Regarding colorectal cancer, myofibroblasts residing in the tumor microenvironment can 

maintain and even induce a cancer stem-like state through the secretion of hepatocyte growth 

factor (HGF) (Fig. 1), which leads to a boost of the WNT signaling pathway in adjacent cancer 

cells (24). As demonstrated by this study, the CSC phenotype is not as stable as initially 

anticipated with the possibility of differentiated cells giving rise to CSC-like cells when exposed 

to the right signals. Therefore the attempt to selectively eradicate CSCs will not lead to the hoped 

for breakthrough in cancer therapy, since differentiated cancer cells could recapitulate the CSC 

population. As this conversion can be orchestrated by external stimuli, targeting 

microenvironmental cues might proof to be the necessary contribution to today’s cancer therapy. 

In this line, the use of antibodies, that abrogate the activation of c-Met by HGF, was shown to 

significantly inhibit xenograft growth of colon tumors (37). To integrate this concept in patient 

treatment, the regulation of the transition between differentiation states has to be understood in 

great detail. 
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Cancer stem cell dynamics

The observation that differentiated cells are able to convert to a stem-like state by Yamanaka in 

2006 marks a milestone in stem cell biology and led to the recognition of a higher level of 

plasticity in stem cells than originally anticipated. Through retroviral delivery of four 

transcription factors – Oct3/4, Sox2, Klf4, and c-Myc – embryonic as well as adult mouse 

fibroblasts could be reprogrammed to an embryonic stem cell-like state, termed induced 

pluripotency (51). In subsequent studies induced pluripotent stem (iPS) cells could be generated 

from various organisms, including humans (52, 53). To be able to use these iPS cells in therapy, 

several improvements have been made in the last years, including transient expression of the 

reprogramming factors instead of genomic integration (54). 

Provided the presence of the right signals, also differentiated tumor cells can be reprogrammed 

to a CSC-like state. In contrast to the creation of iPS cells, which requires the introduction of 

transcription factors, dedifferentiation in cancer cells can occur solely by the addition of soluble 

factors. For instance, as mentioned above, HGF was able to enhance stem cell potential of 

colorectal cancer cells in vitro and tumorigenicity in vivo (24). Similarly, activation of the HGF-

Figure 1. Microenvironmental regulation of the CSC state during tumor progression. Tumors can be envisioned as
abnormal organs, due to their hierarchical organization and the presence of a stromal compartment. Cells
residing in the tumor microenvironment form the CSC niche that regulates CSC maintenance. In primary
colorectal cancers (CRCs) stromal myofibroblasts secrete HGF, which acts upon CSCs and induces stem-cell
features, such as self-renewal. The CSC state in primary glioblastoma multiforme (GBM) tumors is regulated by
endothelial cells in direct cell–cell contact to the CSCs via the Notch signaling pathway. In the circulation,
transient contact between cancer cells and platelets induces an EMT program in the disseminated tumor cells
leading to the induction of mesenchymal features which may coincide with the induction of a CSC-like state. CSCs
arriving in a distant organ, such as the lung, can orchestrate stromal cells to their needs. Breast CSCs, for example,
can induce the expression of periostin in lung fibroblasts. This ECM molecule subsequently binds WNT ligands
that signal in turn to the arriving CSCs and maintain their stemness. 
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receptor c-Met led to the expansion of the glioblastoma stem cell population (55). 

In breast cancer, a developmental program, namely the epithelial-to-mesenchymal transition 

(EMT), was implicated in playing a pivotal role in determining the differentiation status of a 

cancer cell (56). The induction of an EMT in immortalized human mammary epithelial cells led 

– as expected – to the acquisition of mesenchymal features, but surprisingly also to the adoption 

of a stem-like state as identified by marker expression as well as in vitro and in vivo CSC assays 

(56). Again, the simple addition of growth factors, more specifically TGF , induced the EMT 

program and therewith a more stem-like state in differentiated cancer cells (56). The source of 

these growth factors can often be found in the tumor microenvironment with the CSC niche 

being crucial for the regulation of CSC features (as illustrated above). 

Yet, the dynamic conversion between distinct differentiation states does not seem to rely on the 

addition of exogenous factors in every case. Roesch and colleagues could identify a 

subpopulation of melanoma cells based on the expression of the histone demethylase JARID1B 

that was suggested to be essential for tumor growth (57). However, these cells did not constitute 

a defined entity, but JARID1B-negative cells could induce JARID1B expression. Furthermore, 

single melanoma cells proofed to be tumorigenic irrespective of their JARID1B state (57). In line 

with this study, Sean Morrison’s group showed that it is not possible to distinguish tumorigenic 

from non-tumorigenic melanoma cells using 85 stem cell markers (21, 58, 59). Taking all these 

studies into consideration, almost every melanoma cell seems to be tumorigenic, questioning 

whether melanomas follow a hierarchical organization. 

In line with this idea, Gupta and colleagues could show that distinct subpopulations of two breast 

cancer cell lines (SUM149 and SUM159) can interconvert between the different states in a 

stochastic way (60). The authors concluded that any fraction of tumor cells will give rise to a 

population consisting of defined proportions of the diverse differentiation states and will 

therefore return to a stable equilibrium, implying that differentiated cancer cells can convert to 

CSC-like cells (60). These results indicate a more stochastic transition between states instead of 

a fixed hierarchy. However, the definition of a CSC as being able to induce tumors upon 

xenotransplantation still holds, since differentiated cancer cells first have to convert to a CSC-

like state before being able to induce tumors (60). 

This stochastic dynamic stemness independent of exogenous factors has only been shown for a 

few tumor types so far. In the case of microenvironmental control the regulation of the 

differentiation states is not left to chance alone, but cells of the microenvironment are actively 

recruited or even created by cancer cells. The latter was recently exemplified for brain cancers in 

two independent reports and not only holds true for cancerous but also for healthy tissue. As 
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stem cells are reliant on their niche cells, it is not surprising that these cells are among the 

offspring of the respective stem cell. The dynamic interaction between stem cells and their niche 

was shown for somatic stem cells in the Drosophila male gonad which give rise to their own 

niche cells (61). Moreover, Paneth cells, the niche cells of LGR5+ stem cells of the intestine, 

constitute direct progeny of their corresponding stem cell (31). 

Endothelial cells constitute the niche in the normal brain as well as in various brain cancers 

including GBM (see above) (62). The groups of Tabar and De Maria could recently demonstrate 

that these niche cells derive from GBM CSCs, identified by the presence of the same genetic 

mutations in cancer and endothelial cells (63, 64). 

But not only is the CSC state in the primary tumor dependent on microenvironmental cues, the 

progression of tumors to a more malignant state also depends crucially on an environmental 

niche. 

 

The environmental cancer stem cell niche in tumor progression 

To progress from a locally defined benign tumor to a metastatic malignancy, tumor cells need to 

be able to leave the primary tumor, survive in the circulation and enter a foreign environment. In 

experimental mouse models of colorectal cancer it was demonstrated that the tumor 

microenvironment is essential for promoting tumor progression. The cis-Apc/Smad4 mouse for 

example is – due to a lack of SMAD4 – unresponsive to differentiation-inducing BMP signals 

deriving from the microenvironment (65). Tumors forming in these mice are adenocarcinomas 

characterized by their highly invasive capabilities (65), a feature induced by immature myeloid 

cells recruited to the tumor microenvironment (66). In addition to several studies pointing to a 

microenvironmental regulation of colon tumorigenesis (for a summary see Medema and 

Vermeulen (12)), these studies extend the microenvironmental control to invasive and thus 

metastatic behavior of cancer cells. 

Being invasive and leaving the primary tumor does not account for the lion’s share of the 

metastatic process. Once in the bloodstream, cancer cells encounter various threats they need to 

overcome in order to finally lodge in a distant organ. To protect themselves from shear forces, 

from natural killer cell-mediated lysis, and to improve their adhesion to endothelium, 

disseminated cancer cells surround themselves with platelets, forming a physical shield (67). In 

addition, platelets have recently been implicated to actively induce an EMT in circulating tumor 

cells, either through direct cell–cell contact or secretion of TGF , which supposedly acts in 

combination with other factors (68). A transient exposure to platelets was shown to be enough 

for tumor cells to adopt a more mesenchymal state resulting in enhanced invasive and metastatic 
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behavior (Fig. 1) (68). Although not investigated in this study, the induction of EMT in cancer 

cells was shown to induce a CSC-like state (56). One possible implication of platelet-induced 

EMT in disseminated cancer cells is thus the conversion of these cells to a more stem-like state, 

which enables them to seed metastasis. Stated differently, this study can be regarded as indirect 

evidence for CSCs being the cell type responsible for cancer cell metastasis. 

For cancer cells arriving in a distant organ, the presence of a hospitable environment is crucial 

for survival and outgrowth. The requirement for a receptive soil for the formation of metastases 

in a specific organ was already recognized by Stephen Paget who formulated the “seed and soil” 

hypothesis in 1889 (69). Paget could demonstrate that distribution of metastases in breast cancer 

patients cannot be explained by random dissemination of tumor cells in the body or by following 

the general circulation departing from the breast. Furthermore, he showed that disseminating 

cancer cells could be found in the whole body. Thus, Paget drew the conclusion that for the 

engraftment of disseminated cancer cells in a specific organ and the outgrowth of these cells into 

macrometastases, the environment of the organ is essential (69). Being challenged by Ewing’s 

studies on tumor vasculature (70), the theory of a conducive soil for the seeding of circulating 

tumor cells sprang back to life with the seminal studies conducted by Fidler et al. (71, 72). 

Almost 30 years later, and thus being a relatively novel concept, it was recognized that the 

formation of the hospitable soil can be orchestrated by the primary tumor conditioning a 

premetastatic niche. 

Interestingly, a recent publication by Camussi and coworkers connects CSCs and the formation 

of the premetastatic niche (73). The authors identified CD105+ CSCs in renal carcinomas as the 

source of microvesicles, vehicles thought to be important for the exchange of information 

between different cell types (74). Microvesicles released from CD105+ CSCs, but not from 

CD105- tumor cells, were able to trigger angiogenesis and significantly enhanced the capacity of 

renal carcinoma cells to metastasize to the lungs (73). An important role for microvesicles, also 

called exosomes, in the formation of the premetastatic niche, has as well been reported for 

melanoma. It was shown that highly metastatic melanoma cell lines educated bone marrow 

derived cells by protein rich exosomes, containing amongst others the c-Met proto-oncogene, 

toward a phenotype supporting vascularization and metastasis (75). However, CSCs have more 

far reaching implications in metastasis than just being the source of factors priming the foreign 

soil. The long existing presumption that CSCs represent the subpopulation of cancer cells being 

able to spawn metastatic growth has finally been supported by recent reports. 
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Cancer stem cells and metastasis 

Tissue invasion and metastasis were recognized as the sixth hallmark of cancer, distinguishing 

malignant from benign tumor lesions (76). Metastasis formation consists of a sequence of 

distinct steps, often referred to as the invasion-metastasis cascade (1), which includes (i) invasion 

of cancer cells into the adjacent stroma, (ii) intravasation, i.e. entry into blood vessels, (iii) 

survival and transport mainly through the hematogenous circulation, (iv) extravasation, i.e. exit 

from the blood vessel into a distant organ, (v) survival in the foreign microenvironment as single 

cells or micrometastases, and (vi) colonization of the distant organ characterized by adaption of 

the seeded tumor cells to the tissue microenvironment and subsequent proliferation which finally 

leads to macrometastatic outgrowth. 

Besides characterizing the foreign soil as a determining parameter of successful metastatic 

colonization, Paget already recognized that the seed (the metastasizing cancer cells) has to fulfill 

special requirements as well (69). Given that CSCs are thought to be the only cells able to spawn 

tumors in vivo, the assumption that CSCs represent the seed, i.e. the cell population responsible 

for metastasis, suggests itself. In the xenograft assay, CSCs are the only cells possessing the 

capacity to survive and colonize a foreign environment, prerequisites that also need to be 

inherent in metastatic cancer cells. Indeed, the observation that EMT induces mesenchymal 

features and simultaneously directs cells to a more stem-like state (56) implies that invasive 

capacities reside in CSCs. In accordance, Balic et al. could show that the vast majority of 

disseminated breast cancer cells in the bone marrow displays a CSC phenotype based on CD44 

and CD24 expression (CD44+CD24 /low) (77). However, cells analyzed for CD44 and CD24 

expression were identified as cancer cells based on cytokeratin positivity (77). Moreover, 

circulating tumor cells have been detected in the blood stream expressing epithelial cell markers 

such as EpCAM and cytokeratins (78), meaning that EMT is not a crucial requirement for 

invasion. 

Although circulating tumor cells do not necessarily need to be in a mesenchymal state, a recent 

study indicates that passing through an EMT significantly increases the metastatic potential of 

disseminated cancer cells (68). This indirect evidence for CSCs being more suitable to colonize 

distant organs has been supported by several recent reports. Hermann and colleagues 

demonstrated that freshly isolated patient-derived pancreatic cancer cells expressing CD133 

were highly tumorigenic whereas CD113- cells were not (79). According to the “migrating 

cancer stem cell concept” proposed by Thomas Kirchner and coworkers (80), the authors could 

identify a subpopulation of CSCs that were positive for CD133 as well as for the stromal-derived 

factor-1 (SDF1) receptor CXCR4, which showed highly increased migratory abilities. Ablation 
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of these migrating CSCs abolished the capability of pancreatic cancer cells to form metastases 

(79), indicating that a subset of CSCs is essential for metastatic outgrowth. Also in colon cancer 

different subtypes of CSCs could be identified, one displaying metastases formation abilities 

(81). 

Likewise, in inflammatory breast cancer (IBC) a subpopulation of cancer cells displaying stem 

cell properties was identified as being relevant for metastatic spread (82). Furthermore, the 

presence of these aldehyde dehydrogenase-positive cells was suggested to be an independent 

prognostic factor for early metastasis in patients with IBC (82). Consistently, the group of 

Michael Clarke could show that CD44+CD24 /low breast CSCs display an “invasiveness” gene 

signature which correlated with poor overall and decreased metastasis-free survival not only of 

breast cancer, but also of medulloblastoma, lung, and prostate cancer patients (83). A follow-up 

study confirmed this indirect evidence that breast CSCs are responsible for metastasis. The 

combination of a spontaneously metastasizing orthotopic breast cancer model with noninvasive 

intravital imaging allowed the authors to examine the contribution of breast CSCs to metastasis 

(84). Indeed, CD44+ tumor cells were found to be among the invasive breast cancer cells and 

orthotopic implantation of CD44+ metastatic cancer cells isolated from the lung recapitulated 

tumors, indicating the CSC phenotype of these cells (84). 

In an elegant study by Joerg Huelsken and coworkers it was recently shown that only 

CD90+CD24+ breast CSCs, derived from MMTV-PyMT mouse breast tumors, are able to seed 

metastases in the lung after tail-vein injection (85). Of note is the strong dependency of CSCs 

arriving in the lung on periostin (POSTN) expression. Infiltrating tumor cells – via secretion of 

TGF 3 – induce POSTN expression in the stromal compartment of the lung. This extracellular 

matrix (ECM) molecule binds WNT ligands that signal to the CSCs and maintain their stem-like 

state (Fig. 1). Breast tumors arising in MMTV-PyMT Postn-/- mice led to significantly reduced 

metastatic burden (85). This study illustrates that CSCs could be important in metastasis and 

moreover the necessity of a favorable environment for metastatic outgrowth. These results 

together with a study by Oskarsson et al., that identifies another ECM molecule, namely 

Tenascin-C (TNC), as a crucial component of the metastatic environment (86), provide new 

appealing therapeutic strategies. In each report, two single ECM molecules, POSTN and TNC, 

were sufficient to allow tumor cell engraftment in distant organs. Targeting these molecules 

could provide a powerful tool in preventing tumor cells from colonizing distant organs. 

Although the idea of CSCs being responsible for the metastatic spread of malignant tumors is 

almost as old as the CSC theory itself, direct clinical evidence to support this idea is still awaited. 

Studies in experimental mouse models indicate that CSCs possess metastasizing abilities. 
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However, extrapolation to the human situation has to be taken with a pinch of salt. Whether 

CSCs represent the subpopulation leaving the primary tumor and colonizing distant organs in 

cancer patients is still a debated issue. 

 

Conclusions 

As illustrated above, CSCs account for many features rendering cancer the malignant disease it 

is. If CSCs unify all the properties that account for tumor malignancy, an association between the 

presence of CSCs and clinical outcome should be possible. Indeed, the generation of stem cell 

gene signatures, their application to primary tumors and the integration with clinical data, 

allowed the conclusion that tumors enriched for CSCs lead to adverse clinical outcome (83, 87-

90). Similarly, earlier studies have suggested that a minority of the cells in the primary tumor are 

endowed with metastatic features that allow them to migrate and seed in specific tissues 

depending on the genes expressed (91). Although a link between such metastasis-prone tumor 

cells and CSC has not been formally made these findings combined raise hopes that eradication 

of CSCs could lead to definite cure of cancer patients. However, the interpretation of stem cell 

gene expression signatures as being a surrogate readout for the number of CSCs in primary 

tumors has recently been questioned by our laboratory at least in colon cancer (92). Instead of 

identifying tumors with a high percentage of CSCs, these signatures seem to identify a poor 

differentiation state of primary tumors correlating with poor clinical outcome (92). Moreover, as 

stated above, CSCs do not represent a fixed entity but dynamic conversions in between diverse 

differentiation states occur, rendering the possible cure of cancer patients through CSC depletion 

unlikely. Though, not only CSCs constitute a key component of tumor progression, but also the 

tumor microenvironment. Differentiated tumor cells and stromal cells surround CSCs and form a 

niche that maintains or even induces the detrimental features attributed to CSCs. Therefore, 

instead of solely focusing on the eradication of CSCs, the potential that lies in the treatment of 

microenvironmental components should be acknowledged. In some cases, the progression of 

tumors to late stage metastatic disease relies on one unique cell type (68) or one unique ECM 

molecule. Targeting the cues that regulate the CSC state and that form a hospitable soil might 

proof to be more powerful than eradicating the lethal seed itself. 
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