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Annexes

Preface 

Despite major advances in cancer research over the past decades, a cold fact still remains; 

each year cancer will affect more than fifteen million people worldwide and half of them will 

eventually succumb to this disease. This distressing fact has often been attributed to the 

heterogeneous nature of cancer that hinders our attempt for curative therapy. At least two 

types of heterogeneity can be considered relevant for tumorigenesis and therapy response. 

Firstly, individual patients presenting with cancers originating in the same organ often exhibit 

very dissimilar tumor behavior and a clinical course of disease. This has been dubbed inter-

tumor heterogeneity and deals with the steady expanding assortment of cancer subtypes that 

can be recognized. Secondly, this contrasts to intra-tumor heterogeneity that mainly describes 

the phenotypical variation of cells within an individual cancer. Regardless of the form that is 

considered, heterogeneity poses a major challenge for predicting tumor behavior and clinical 

outcome. Therefore a concise understanding of the cellular and molecular mechanisms that 

are involved in tumor heterogeneity is of utmost clinical importance. This thesis attempts to 

generate more insights into both forms of heterogeneity for the particular case of colon cancer. 

In Chapter 1, we present an overview of the extensive literature on both intra- and inter-

tumor heterogeneity, and we will put our findings, describe in later chapters, in this context. 

In this chapter we present our view on the concept of inter-tumor heterogeneity, how this can 

be recognized in a malignancy and clinically exploited to optimize prognosis prediction and 

selection of appropriate therapeutics. In addition, we particularly focus on cancer stem cells 

(CSCs) as a cause of intra-tumor heterogeneity as the CSC model poses an attractive explanation 

for non-genetic diversity in tumor cell phenotype and functional features. The CSC concept 

has been fiercely debated over the past years. We think we have contributed to this discussion 

by showing that cancer cells with stem cell potential indeed exist in human colon cancer. We 

demonstrate in Chapter 2 using single cell cloning experiments that at least a proportion of 

colon cancer cells possess both self-renewal properties and the ability to differentiate into 

multiple lineages. However this finding does not yet provide many insights into the biological 

mechanism that define cancer stemness. The latter issue is subsequently addressed in more 

detail in Chapter 3 where we describe that the Wnt signaling cascade has, in analogy to normal 

intestinal tissue, a pivotal role in determining stem cell properties in cancer cells. Moreover, we 

provide evidence that the CSC phenotype is not a fixed quality but can be installed by signals 

emanating from the tumor microenvironment. This immediately suggests that therapies aiming 

to selectively target the CSC fraction are relevant but not sufficient, as more differentiated 

cancer cells need to be targeted as well. We summarize some key issues raised by the previous 

chapters on the rationale of targeting CSCs population in tumors in Chapter 4. 

The clinical relevance of CSCs is examined in more detail in Chapter 5 by using a set 

of colon cancer patients that underwent surgery in the Academic Medical Center and 

investigated to what extend their gene expression profiles resembled a colon CSC expression 

signature (generated in Chapter 3). Many CSC derived signatures have been previously shown 

to associate with poor outcome patients in several malignancies but the biological reasons 

underlying this association remain largely unresolved although it is often attributed to a relative 

high number of CSCs being present in tumor tissue of patients with a poor prognosis. We could 
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indeed confirm the prognostic relevance of our own CSC signatures but more importantly 

we provide a biological justification for their primary association with clinical outcome: an 

overall resemblance to a CSC signature does not simply reflect CSC numbers but points to a 

distinct, more immature and poorly differentiated gene expression profile of the tumor as a 

whole. CSC specific signatures are therefore relevant but do not provide insights per se into 

the true biological diversity of colon cancers. How many colon cancer subgroups can be 

defined and what are the molecular and clinical peculiarities associated with them? Chapter 6 

deals exactly with the latter issue by interrogating and grouping colon cancers according to 

their gene expression profile in an unsupervised and unbiased fashion. This has resulted in the 

identification of three distinct molecular subtypes of colon cancer that differ extensively in 

both molecular and clinical properties. One of these subtypes has remained largely elusive, 

and its identification is of clinical interest because it tends to have a particularly poor prognosis 

and is refractory to existing targeted therapies. Interestingly, this poor-prognosis subtype 

seems to originate from a different precursor lesion compared to the majority of colon cancers. 

We shortly summarize our main findings in Chapter 7 and moreover speculate on the future 

research questions we believe are definitely in need of answers.

In conclusion, the work presented in this thesis discusses important aspects that drive 

tumor heterogeneity within and across colon cancers and their implications for tumor biology 

and clinical reality. From the formal poof of existence of CSCs in colon cancer to the unbiased 

identification of molecular subtypes encompassing this malignancy, we feel our work has 

yielded crucial novel insights into the biology of colon cancer. Nevertheless, we are only 

starting to appreciate the complexity of this disease and hope our results will inspire further 

research to better understand the molecular basis of heterogeneity and ultimately result in 

improved cancer treatment modalities and patient outcome. 

Felipe De Sousa E Melo, 

Amsterdam, 2013 
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1 SUMMARY
Cancers of various organs have been categorized into distinct subtypes following increasingly 

sophisticated taxonomies. Additionally, within a seemingly homogeneous subclass, individual 

cancers contain diverse tumor cell populations that display variability in important cancer-

specific traits such as clonogenicity and invasive potential. Differences that exist between and 

within a given tumor type have both significantly hampered the proper selection of patients 

that might benefit from therapy, as well as the development of novel targeted agents. In this 

review we discuss the differences associated with organ-specific cancer subtypes and the 

factors that contribute to intra-tumor heterogeneity. It is of utmost importance to understand 

the biological causes that distinguish tumors as well as distinct tumor cell populations within 

malignancies, as these will ultimately point the way to more rational anti-cancer treatments. 
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1INTRODUCTION
The first pathological reports made it clear that a single neoplasm presents with tremendous 

variability among individual tumor cells. This so called intra-tumor heterogeneity poses 

an important challenge for predicting tumor behavior and clinical outcome. By all means, 

differences not only exist within a single tumor, but also across individual patients presenting 

with cancers originating in the same organ. Increasing knowledge of this inter-tumor 

heterogeneity has led to an exhaustive categorization of tumor subsets according to staging, 

differentiation grade, cellular morphology and marker expression. 

Intra- and inter-tumor heterogeneity and how they relate to each other are the main focus of 

this review. The emergence of advanced molecular and biochemical technologies have led to a 

better understanding of the numerous mechanisms that drive both faces of tumor heterogeneity. 

Indeed, gene expression arrays and next generation sequencing have paved the way to more 

comprehensive indexing of a broad variety of cancer types, such as breast and brain tumors 

[1-3], allowing their separation in robust subtypes with markedly different molecular and clinical 

qualities. In addition, scrutiny within individual tumors has reached tremendous sensitivity and 

many genetic and epigenetic modifications, as well as micro-environmental interactions, can 

now be dissected at the single cell level [4]. Despite all these efforts, we are only starting to 

appreciate the complexity of tumors and our limited understanding of the molecular mechanisms 

that drive individual cancers has precluded the development of curative targeted therapies. In 

more advanced disease for instance, tumors relapse in the vast majority of cases even after a 

seemingly successful therapy. This distressing fact has often been attributed to the presence of 

heterogeneity within tumors, and two main conceptual frameworks have been elaborated to 

conceptualize the link between intra-tumor heterogeneity and therapy resistance. The first, and 

most well established one, rests on classical evolutionary concepts and postulates that selective 

pressure acting on tumor cells ultimately leads to (epi-)genetically distinct, resistant clones 

[5, 6]. The second, and more recent theory, is based on the realization that subsets of tumor cells 

inherently have a dissimilar ability to drive tumor growth and metastasis [7, 8]. In this scenario, 

tumors are perceived as hierarchically organized tissues and differences between tumor cells are 

mainly explained by a gradient of differentiation that exists between cancer stem cells (CSCs), 

residing at the top of the hierarchy, and their more differentiated progeny. These two theories 

perfectly co-exist and are complementary rather than mutually exclusive [9]. In addition, tumor 

heterogeneity is not only defined by tumor cells alone, but also involves the presence of non-

neoplastic cells that establish a tumor microenvironment.

Here, we provide an overview of several aspects that critically contribute to tumor 

heterogeneity (Figure 1) and discuss their implications in a clinical context. Moreover, we highlight 

the connections that exist between intra- and inter-tumoral heterogeneity in an effort to draw 

parallels that might contribute to our basic understanding of these two sides of the same coin.
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1

Figure 1. Schematic representation of the various factors (diagonal, red boxes) that affect intra (x-axis, 
light blue) and inter -tumor (y-axis, light grey) heterogeneity. Several examples are depicted for each 
factor and for both forms of tumor heterogeneity. 

PART I, THE ACTORS OF TUMOR HETEROGENEITY
The genetic contribution. Genetic variation is undoubtedly the most established foundation of 

both intra- and inter-tumor heterogeneity. The stepwise acquisition of mutations during cancer 

evolution was first advocated by Nowell in 1976 [10], and later on substantiated by a large body 

of experimental work. As tumors progress, multiple, and changing, environmental pressures 

operate on the cancer cell population and select for clones that are best endowed to survive 

and respond to these changes (Figure 2A). Adaptation can be enabled by genetic mutations that 

confer a selective advantage to a particular clone [6]. This process is reiterated as long as the 

tumor ecosystem evolves, leading to the formation of complex clonal patterns. In their landmark 

paper, Fearon and Vogelstein crystallized this concept by looking at different mutations in a 

series of patients comparing normal epithelium with cancer precursor lesions and cancer tissue. 

They reported increasing amount of mutations with more advanced disease, but importantly, 

also proposed a preferential sequence of events by inferring the prevalence of certain mutations 

at each stage [11]. Today the picture has expanded considerably and a full genomic landscape has 

been drawn for a large variety of malignancies [12-14], only to strengthen the notion that clonal 

evolution is crucial to tumorigenesis. Individual cancers can harbor a handful [15, 16], or more 

than hundreds of mutations [17]. This startling diversity has urged efforts to define patterns and 
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sets of mutations that actively contribute to disease initiation and progression, also dubbed 

“driver mutations” as compared to bystander or “passenger mutations” that are not causally 

implicated in oncogenesis but are carried along and accumulate as cancers develop. Identifying 

the biological nature of driver mutations in tumors, such as those conferring a growth advantage, 

is relatively straightforward, but the actual benefit they provide on tumor cells remains poorly 

investigated. Indeed, few studies have attempted to quantify the evolutionary advantage 

mutations confer to a clone [18]. Models where clone size can be easily measured longitudinally 

[19] are needed for this purpose such as the normal colonic crypt, which provides a unique 

architecture to study stem cell homeostasis. Colonic crypts become monoclonal during time 

following a pattern of neutral drift dynamics in which functionally equivalent stem cells either 

expand or disappear stochastically until they either take over the crypt or are lost [20, 21]. 

Therefore, a mutation specifically initiated in stem cells can affect neutral drift and the speed 

at which an affected crypt reaches monoclonality. This can subsequently be used to infer the 

evolutionary benefit of that particular mutation [L.V., unpublished work]. In contrast to the lack 

of quantitative measurements on genetic hits, it is more apparent that distinct mutations have 

different impact on tumor heterogeneity. For instance, inactivation of the tumor suppressor 

MLH1 in colorectal cancer (CRC) impairs the DNA damage response and leads to the formation 

of tumors with a high mutation rate and a so-called hypermutator phenotype [22]. Finally, 

assessing clonal heterogeneity with current techniques requires the evaluation of topologically 

distinct regions. This is beautifully illustrated in renal carcinoma where whole exome sequencing 

of multiple distinct tumor regions has revealed considerable genetic disparities [23].

Genomic differences do not solely exist within an individual cancer but certainly, and 

arguably most prominently, among cancers. It is quite evident that the range of mutations 

between seemingly identical cancers can vary substantially between patients. Even the type 

of driver mutation(s) found in each cancer can highly differ. This has often resulted in the 

identification of molecular subsets of cancers that are made up of diverse mutational spectra 

(Figure 2D). In the case of CRC, many previous reports have attempted to classify this disease 

in different categories according to its respective genetic defects [24, 25]. For instance, 

activating mutations of the BRAF oncogene are associated with a particular type of CRC that 

displays instability in microsatellite (MSI) DNA repeats. Another category shows chromosomal 

instability (CIN) and associates with mutations in the TP53 and KRAS genes. Although certain 

mutation patterns associate with a subset of cancers, the link between the genetic make-up 

of a tumor and its phenotype is fairly weak. For example, on the most abstract level, similar 

mutations can result in a vastly different phenotype, while the same phenotype can result from 

different mutations. CRC patients with BRAF mutations illustrate the former, and have markedly 

different biology and clinical outcome whether they present with MSI or not [24]. Conversely, 

gastrointestinal stromal tumors (GISTs) that are induced by either c-KIT or PDGFR-α mutations, 

present with remarkably similar histology and therapy response [26]. Furthermore, our group 

has recently shown that unbiased determination of the most biologically distinct CRCs using 

gene expression arrays results in the identification of robust subsets that show key differences 

in prognosis despite a significant overlap in their mutations spectra [27], which further 
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demonstrate that determining mutations per se is insufficient to fully appreciate biological and, 

as a consequence, clinical behavior.

The impact of epigenetics to tumor heterogeneity. Besides genetic diversity, there is increasing 

recognition that epigenetic changes, such as DNA methylation and histone de-acetylation, can 

occur throughout tumorigenesis [28]. These changes, and the subsequent biological processes 

they affect, are inherited during cell division without altering the DNA sequence. Aberrant 

DNA methylation is a hallmark detected in many cancer types that often present with global 

loss of DNA methylation [29]. More specific alterations are also frequently seen, such as those 

that target p16 [30], which is a prime example of methylation-mediated inactivation of tumor 

suppressor genes. In addition to contributing to tumorigenesis, epigenetic alterations are also 

linked to tumor heterogeneity in numerous ways. Within an individual tumor, DNA methylation 

patterns are particularly polymorphic, even at single DNA promoter regions that are frequently 

methylated, which suggests the presence of heterogeneous cell populations with regards 

to DNA methylation [31]. In breast cancers, subsets of tumor cells differentially methylate 

the TGFBR2 promoter, which results in differential TGF pathway activity [32]. Furthermore, 

methylation-mediated silencing of key gatekeeper genes, such as MLH1 might fuel clonal 

evolution as it promotes a hypermutation phenotype [22]. Interestingly, this particular case 

is directly related to inter-tumor heterogeneity since MLH1 methylation is a defining feature 

of the MSI CRC subtype [25]. Moreover, methylation of a subset of Wnt target genes has been 

shown to identify colon cancers with poor prognosis [33]. Finally, certain subtypes of CRCs and 

gliomas have even been defined by a high level of methylation at the CpG rich promoter regions 

of a subset of genes [34, 35]. The reversible nature of epigenetic modifications has attracted 

much research efforts to develop agents that specifically target the enzymes responsible of 

these changes and are discussed more broadly elsewhere [36].

The role of cancer stem cells in tumor heterogeneity. Normal tissue homeostasis is orchestrated 

by complex interactions between cells and their microenvironment that maintain a critical 

balance between proliferation and differentiation. Importantly, all these processes occur in an 

ecosystem that is genetically identical and relies on a gradient of differentiation between stem 

cells and their differentiated progeny. An equivalent paradigm is not novel in cancer [37], but 

only recent advances in technologies have made it possible to critically investigate the role of 

cancer cells endowed with stem cell properties. Initially described in leukemia, the concept 

of cancer stem cells (CSCs) has been rapidly embraced by the scientific community and led to 

their identification in virtually all tumor types [7-9]. The principle generally relies on the use of 

markers that enrich for cells able to propagate the malignancy in serial xenotransplantation 

assays. The exact identity of CSCs in many tumors is still disputed [38], especially due to the 

imperfect nature of the current methodologies available to assess cancer stemness. Although 

more recent reports lend support for the existence of CSCs in endogenously growing neoplasia 

[39-41], these also have their own caveats. For instance, both intestinal adenoma and skin 

papillomas used in these studies are only benign precursor lesions that progress infrequently 

to carcinomas. The CSC concept nevertheless provides an additional source of heterogeneity 
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in cancer; heterogeneous cell populations are defined by their differentiation state, non-

differentiated (or CSCs) as compared to differentiated cells, as well as the various differentiation 

lineages that can be adopted (Figure 2B). Importantly, the genetic and CSC models are 

not mutually exclusive but rather complementary in fuelling tumor heterogeneity [9]. For 

example, CSCs are -by definition- the only cells with self-renewal capacity and as such would 

serve as repository for clonal evolution to take place. Reciprocally, genetic mutations such as 

inactivation of TP53 can influence the CSC content [42]. The molecular attributes that maintain 

the CSC state remain largely elusive but we have gained much more insights into the molecular 

determinants of cancer stemness. For example, colon CSCs were shown to possess relatively 

higher levels of Wnt pathway activity as compared to their differentiated progeny despite the 

presence of Wnt activating mutations [43]. While deregulated in all colon carcinomas, Wnt 

does not necessarily define colon CSCs in every tumor and there might be tumors in which 

CSCs rely on alternative signal transduction cascades or that do not even follow a hierarchical 

organization [38, 44], as illustrated in CRC or breast cancer cell lines [45, 46].

The role of CSCs in regulating inter-tumor heterogeneity is more elusive, although subtype 

specific regulation of CSC traits has also been noted. Firstly, experimental mouse models 

of lung cancer with distinct genetic backgrounds were shown to critically impact on the 

identity of the CSC population [47]. Secondly, an elegant study by Caldas et al., reported that 

TGFβ potently induces a stem cell phenotype in basal (and claudin low) subtypes, but has a 

dramatically different and even an opposing role in other breast subtypes such as the luminal 

one (Figure 2E) [48]. Finally, besides xenotransplantation assays, analyses of phylogenic trees 

of tumor populations have also resolved that CSC fractions vary among cancers [49]. These 

subtype-specific features of CSCs might explain some long-lasting inconsistencies in the field 

such as the discrepancies associated with markers commonly used to identify CSC populations 

[38]. Regardless, these results point towards the CSC phenotype as an important contributor 

to heterogeneity across cancer subtypes. The implications of the CSC model for tumor growth 

are further illustrated by mathematical modeling of tumors that follow this model, which 

has revealed that hierarchical organization promotes the acquisition of novel genetic and 

epigenetic traits and thereafter, increased heterogeneity [50]. It should be noted however that 

differentiation hierarchy is not the only non-genetic explanation of tumor heterogeneity. In 

some instances, more stochastic processes seem to dominate the scene [45, 51]. 

The influence of the tumor microenvironment on heterogeneity. Environmental cues play 

a major role in tumor development and progression, but also determine the heterogeneity 

observed within and across tumors. The tumor microenvironment (TME) comprises a wide 

variety of non-neoplastic cells co-opted by tumor cells that influence the various steps of cancer 

development. The TME includes cancer-associated fibroblasts, endothelial cells and infiltrating 

immune cells with further subdivisions and promotes tumor heterogeneity in various ways. The 

mere presence of TME components is by itself a source of heterogeneity and these cell types can 

be distributed in different tumor microenvironments, such as the invasive versus non-invasive 

edge [52]. In addition, they can be a source of inter-tumor heterogeneity, being differentially 

represented among distinct tumors from a similar pathological type. Extrinsic factors produced 
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by stromal cells also affect tumor heterogeneity by mediating changes in clonal evolution rate or 

stem cell content. For example, chronic inflammation can lead to oxidative stress and increased 

reactive oxygen species production that are potent inducers of DNA damage [53]. Consequently, 

this may influence intra-tumor heterogeneity in tumor regions with localized inflammation, but 

also affect cancer subtypes that strongly associate with chronic inflammation.

In the context of CSCs, the TME regulates tumor hierarchy and stem cell traits. Normal stem 

cell homeostasis is ensured by the integration of signals that fine-tune the balance between self-

renewal and lineage commitment. Part of these signals emanate from the microenvironment, 

commonly referred to as the stem cell niche [54]. An equivalent entity has been shown to possess 

similar albeit aberrant functions in cancer. For instance, tumor-associated myofibroblasts produce 

HGF that binds to c-MET and activates Wnt activity to support colon CSCs [43]. The Notch ligands 

DLL4 and more recently Jagged1 were shown to have similar effects [55, 56]. In glioma, endothelial 

cells co-localize to and are required for glioma stem cell maintenance [57]. Altogether, these and 

other studies [55] demonstrate the impact of the TME on the heterogeneity of tumors. Perhaps 

even more importantly, factors provided by tumor-associated cells not only maintain stem 

cell attributes but can also induce the phenotype in more-differentiated cells (Figure 2C). For 

instance, HGF was shown to induce differentiated colon cancer cells to revert to a CSC state [43] 

and similarly TGF-β triggers an EMT–CSC program in mammary epithelial cells [58]. This extrinsic 

control of tumor cell flexibility poses an obvious challenge in the design of therapies, especially 

those aimed at targeting the clonogenic core of tumors [59]. The composition of the TME not 

only plays an important role in regulating tumor cell properties, but can also be used as a defining 

peculiarity among different cancer subtypes. For example, activation of CD8+ T cells in specific 

tumor regions predicts tumor recurrence in colon cancer [52]. Furthermore, stromal-derived 

profiles from breast cancer have also been associated with cancer subtypes endorsed with worse 

outcome (Figure 2F) [60]. Interestingly, the impact of the TME might also be specific to certain 

tumor subtypes. Mammary tumor metastasis in the MMTV-PyMT breast cancer model crucially 

depends on the recruitment of CD4+ T cells [61] whereas MMTV-NeuT-derived tumors do not 

[62]. The recognition of the TME as a defining feature of cancer subtypes is crucial especially when 

differences in mutations or stem cell content cannot explain the apparent diversity sufficiently. 

For example, similar mutations might accumulate in a different sequential order, leading to a 

distinct requirement towards the environment. Alternatively, analogous mutations following the 

same sequence of events might give rise to divergent molecular subtypes depending on the 

inflammatory or environmental response.

The effect of the cell of origin on tumor heterogeneity. Cancer develops from a single founding 

cell, the identity of which is still highly debated [63, 64]. As such, the cell of origin will seldom 

be considered as a source of intra-tumor heterogeneity. In stark contrast, it can be a source 

for inter-tumor heterogeneity and mapping the cell of origin of cancer subtypes is intensely 

investigated. A striking example was recently reported in medulloblastomas, one of the most 

frequent pediatric brain tumors originally thought to arise predominantly in the cerebellum. 

At least two major subtypes have been described, one driven by aberrant Sonic Hedgehog 

signaling (SHH) while the other seems to depend on Wnt activation, and respectively have 
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Figure 2. Intra-tumor heterogeneity (A,B,C): A) From a common ancestor (blue founder cell), different 
subclones (represented by different colors) are emerging due to selection and distinct mutations. B) In the 
CSC model, clonal evolution still takes place but only acts on the CSCs. These cells can self-renew and give 
rise to all the various cell lineages present in a tumor (differentiated cells in respective colors). C) The TME 
affects  intra-tumor heterogeneity by its composition (myofibroblasts in grey and immune cells in white) as well 
as their derived factors that can induce the reversion of differentiated cell to CSCs. Inter-tumor heterogeneity 
(D,E,F): D) The MSI or CIN colon cancer subtypes are distinct subtypes that associate with BRAF or APC and 
KRAS mutations, respectively. E) TGF-β pathway activation results in an increase or decrease of CSC phenotype 
when triggered in the basal or luminal breast cancer subtype respectively. F) SDPP (stroma derived prognostic 
profiles) can be used to identify breast cancer patients that differ in their survival probability.

a dismal and good prognosis. By comparing the transcriptomes of these subtypes to those 

of distinct precursor cells, Gibson et al. revealed that tumors from the SHH subtype were 

closely associated with committed cerebellar granule neuron precursor cells and develop from 

the cerebellum [65]. In contrast, the Wnt-driven subtype associated with a gene expression 

profile of neural precursor cells located in the embryonic dorsal brainstem. Several additional 

examples have been described [66] and it is expected that many molecular distinct subtypes 

from various tumors will be quickly trailed back to their origin. 

In summary, we have reviewed here two forms of tumor heterogeneity, namely intra- and 

inter-tumor heterogeneity, and discussed various sources that promote them (Figure 1). We have 

first described the genetic model that defines heterogeneity as a result of clonal selection and 

accumulation of genetic mutations in tumor cells and subsequently discussed an alternative model, 

the cancer stem cell concept that posits that heterogeneity is a consequence of differentiation 

gradients between the CSC and their differentiated progeny. Finally we have concluded this first 

part by presenting the role of the tumor microenvironment and the cell of origin.
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1 PART II, THE IMPLICATIONS AND INTERCONNECTIONS 
OF BOTH FORMS OF CANCER HETEROGENEITY
Clinical implications. The mere presence of heterogeneity, regardless of the underlying 

foundation that promotes it, has a profound clinical impact. In the case of inter-tumor 

heterogeneity, the presence of oncogenic mutations is often used to guide treatment decisions. 

Two main situations can be described: On the one hand, the presence of a mutation could be 

directly predictive for a lack of response to a particular treatment. This is the case in metastatic 

CRC, where anti-EGFR therapy is relatively effective in KRAS wildtype cancer subtypes, but is 

not effective in KRAS mutant tumors [67]. On the other hand, certain tumors are “addicted” 

to oncogenic aberrations and targeting these mutations has proven clinically useful in those 

tumors. For instance, melanomas with a BRAF mutation are eligible and sensitive to treatment 

with the BRAF inhibitor vemurafenib as opposed to BRAF wildtype tumors [68]. As mentioned 

previously, mutation-based categorization incompletely recapitulates the complexity and 

diversity of cancer subtypes and sub-classification of tumors based on gene expression profiles 

potentially improves clinical decisions. In this respect, unbiased identification of CRCs based on 

gene expression recently revealed the presence of a resistant subset to anti-EGFR treatment, 

independent of KRAS mutation status [27]. Similarly, different pancreatic adenocarcinoma 

subtypes show differential response to anti-EGFR treatment despite the presence of KRAS 

mutations [69]. The use of genomic technologies has resulted in an extensive characterization 

of breast cancers into distinct molecular subtypes and has yielded a major clinical benefit for 

some of these subsets. For example, the use of tamoxifen [70] (an estrogen receptor antagonist) 

and trastuzumab [71] (an anti-HER2 monoclonal antibody) has critically improved the survival 

of patients belonging to the estrogen receptor or HER2 subtype, respectively. 

Intra-tumor heterogeneity also impacts clinical outcome. In diagnostic terms, the choice 

of a therapeutic intervention is constrained by topological heterogeneity, as current sampling 

procedures do not yield a fully representative picture of a tumor [23]. Furthermore, diagnosis 

is generally derived from the primary tumor whereas treatment often aims at eradicating 

metastatic disease that presents with phenotypic attributes that progressed beyond that of the 

primary tumor. Finally, much of our knowledge on tumor heterogeneity is derived from ensemble 

measurements, which reflect changes present only in the majority of the cells. Although 

emerging, the genetic make-up of single cells within a tumor [4] remains a formidable challenge, 

but will result in a better interpretation of clonal genotypes. Question remains whether these 

diverse issues are rate-limiting steps that need to be resolved to improve clinical outcome for 

patients. In order words, is it essential to obtain multi-regional sampling in order to have a 

correct diagnosis and successful therapy? For instance, some approaches might be available 

to filter through tumor complexity. One of them relies on the use of xenotransplantation since 

xenografts of human breast primary tumors display an enrichment of mutations present in the 

metastatic lesion counterpart. This suggests that this method could be used as an extra step to 

enrich for the most aggressive clones [72], from which diagnosis and therapy design should be 

made. Furthermore, the clinical benefit of obtaining genetic information on single tumor cells 
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remains uncertain as it will only provide a complex architectural view of the clonal genotype 

without further revealing the dependence of tumor cells on specific growth factors or signaling 

pathways. Finally, the relevance of single cell-derived diagnosis is unclear, as data derived from 

these cells will not provide any direct information on the remnant tumor cell population and 

other more accessible methods can be used to infer clonal relations [5, 73]. 

Therapy response is also affected by heterogeneity as targeted drugs often suffer from their 

highly selective nature towards specific gene alterations. When a selective pressure, such as 

therapy, is applied, the fittest, i.e. the most resistant, subclones are invariably selected to survive 

and expand to eventually clinically manifest as a tumor relapse [5, 6]. Mutations can directly 

affect the target itself, as in the case of chronic myelogenous leukemia (CML) when treated with 

imatinib [74]. Alternatively, mutations can act synergistically to reactivate signaling pathways 

that are targeted. As mentioned above, relapses of metastatic CRC treated with anti-EGFR are 

frequently accompanied with mutations in KRAS, a downstream effector of EGFR signaling [67]. 

Alternatively, feedback loop mechanisms are often activated to confer resistance. One such 

example has been recently described in CRC where resistance to BRAF inhibition is bypassed by 

EGFR over-expression [75]. It is still debated whether these examples, or others reported [76], 

are due to the acquisition of novel mutations or affect the selection of pre-existing genetic 

variants. Furthermore, mutation-independent mechanisms [51] have also been reported. In 

CML, a variant of the ABL kinase, a crucial target of the drug imatinib, can be detected before 

the treatment in patients that will develop resistance to that drug [77]. Similarly, the emergence 

of KRAS mutant clones can be noticed months before radiographic progression in metastatic 

CRC patients treated with anti-EGFR therapy [78]. More recently, longitudinal assessment of 

genomic alterations before and after treatment in a panel of chronic lymphocytic leukemias has 

revealed that an adverse clinical outcome was related to the expansion of subclones that were 

already present prior to treatment [73]. 

Importantly, in the context of CSCs, therapy seems to select for already pre-existing more 

resistant tumor cells. It is generally assumed that these cells are relatively more resistant to 

a variety of treatments [59, 79]. Evidently this has a major clinical impact, as eradication of 

this subpopulation should be the priority when designing novel therapeutic interventions. 

For example, leukemic stem cells identified in CML are reportedly more resistant to the drug 

imatinib than their differentiated progeny. Similar experimental evidence comes from glioma 

where CSC marker expressing cells more efficiently repair DNA damage [80] or the ability of 

breast CSCs to maintain low levels of reactive oxygen species, which protects them against 

radiation [81]. More clinical examples have also been reported, as for instance in GISTs, where 

patients that showed complete disease remission as long as they were maintained under 

imatinib treatment, quickly recurred after imatinib withdrawal [82]. This suggests that a fraction 

of cancer cells remained untouched during the treatment and caused the relapse. 

Estimates of CSC numbers might relate to metastatic potential and it is therefore not too 

surprising that many efforts have been made to better identify tumors that are at a higher 

risk of relapse, with the assumption that they would present with a higher CSC content. The 

identification of poor prognosis patients in breast [83], colon cancers [33, 84] and leukemia 
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[85] based on their association with CSC signatures of various experimental design has 

indeed supported the relevance of CSCs in a clinical setting. Frequently, the underlying 

biological association of the tumor transcriptome to a CSC signature was insinuated to reflect 

the fraction of CSCs present in a tumor. Although these associations might exist in the case 

where malignancies have a high CSC content, it is unlikely to be a general feature, since most 

cancers are believed to harbor only a minute amount of CSCs. Consequently, several important 

conclusions can be drawn from the prognostic power of CSC signatures. First, CSC-associated 

expression profiles are clinically relevant since elements of stemness influence the clinical 

outcome of various cancers. Second, the association of CSC-derived profiles with prognosis 

should be interpreted with caution. This is well-illustrated in CRC where a mouse intestinal stem 

cell (ISC) derived signature was shown to strongly associate with patients at a high risk of relapses 

[84] suggesting that stem cell content could be of importance. However our data shows that 

the presence of ISC related genes in both pure ISC or colon CSC-derived gene signatures is 

not a key determinant of the prognostic power of these signatures [33]. Importantly, in that 

particular case ISC/CSC signatures point to a distinct, more immature and poorly differentiated 

subset, and thereby reflect a clonal trait of the malignant tissue, rather than CSC numbers. 

Connecting inter- and intra-tumor heterogeneity. As described above, both forms of 

heterogeneity influence clinical outcome in many different ways. The mere presence of intra-

tumoral heterogeneity impinges on adequate diagnosis and frequently results in therapy 

resistance. Moreover, the realization that distinct molecular subsets exist requires a shift in 

cancer drug development, from a ‘one-size fits all chemotherapy‘ to a more personalized or 

group-based drug design or even directed towards specific tumor clones [86]. Unfortunately, our 

crude understanding of the molecular mechanism that drive intra-tumor heterogeneity coupled 

with uncertainty on the diversity of existing molecular subtypes may preclude the development 

of significant improved therapies, especially for more advanced, metastatic disease. 

Can one find analogy between these two forms of heterogeneity that could be exploited 

in order to improve rational therapy design? In other words, could a better appreciation of 

the biological foundation of distinct subtypes be potentially used to infer the behavior of 

intra-tumor heterogeneity? A recent study of acquired resistance to EGFR inhibitors in lung 

cancer revealed that recurrent tumors in a fraction of patients undergo a subtype shift from 

non-small cell to small cell carcinoma [87]. The acquisition of the small cell lineage is marked by 

the acquisition of traits specific for this particular lineage, including sensitivity to conventional 

chemotherapy. Although the authors conclude that a lineage switch occurred by an unknown 

mechanism, it is equally feasible that robust subsets of lung cancer were pre-existing within 

these tumors and contracted or expanded during the therapy. Although this observation 

remains anecdotal, the presence of heterogeneous tumor cell population in a tumor could be a 

reflection of the diverse molecular subtypes that belong to a malignancy (Figure 3). 
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Figure 3. Connecting intra and inter-tumor heterogeneity. (A) Multiple subclones exist in an individual 
lung tumor each being represented by a different subtype of lung cancer. (B) Some subtypes of lung 
cancer are more sensitive to therapy than others. This is reflected in an individual tumor where therapy 
selects for the most aggressive subclone, i.e resembling the most aggressive cancer subtype.

CONCLUSION AND OUTLOOK
The recognition that tumors are heterogeneous entities is a fact but the crucial question remains 

how to use that knowledge and turn it into a clinical benefit. For instance, heterogeneity in Barrett 

esophagus measured by several indexes initially developed for ecological studies, is an important 

predictor of progression to esophageal carcinoma and a similar study performed in breast tissue 

suggests that the degree of heterogeneity could be a general predictor for disease progression 

[88]. Whether the presence of more clones is crucial for progression or simply the reflection of 

genomic instable tumors in that case remains to be established. Ingeniously designed targeted 

therapeutic agents are tested in pre-clinical models at tremendous speed, but at a high cost as 

well. Tumor heterogeneity reflects the biggest challenge for drug development as single agents 

that target known aberrations, to which cancer cells may even be addicted (such as BCR-ABL in 

CML) may simply fail due to the presence of distinct non-targeted clones. Moreover, a better 

appreciation of inter-tumor heterogeneity and how this may affect tumor response is needed 

when drug responses are being evaluated. For example, drug x may be discarded because it does 

not produce clinical benefit in the overall population, although it might be very potent in a small 

subset of the population given that the latter is represented adequately. This is not straightforward 
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since the identification of subtypes is generally achieved on primary tumor-derived material 

whereas phase II clinical trials are usually performed on late stage cancers that might not necessarily 

encompass the same diversity of subtypes than those present in early stages. Assuming the latter 

is true, how do we progress towards more effective treatments? One of the limiting steps there 

is the use the appropriate models to tackle these questions. Mouse models have been cleverly 

engineered to recapitulate crucial aspects of human tumor progression but, in particular, fail to 

reflect the heterogeneity that is present in human cancers both intra- and inter-tumorally. Human 

xenograft models are superior in that respect as they are directly derived from patients and can 

be maintained almost indefinitely in immune-compromised mice. The main criticism here rests 

on the lack of interaction with the microenvironment and the selection of tumor cells and clones 

that are more apt to survive in the mouse environment. Moreover, drug screening in this setting is 

cumbersome. A potential alternative is to fall back on established and well-characterized cancer 

cell lines. Studies have begun to elucidate drug response in large panels of cell lines [89], but 

these lack sufficient insight into the extent to which these represent the cancer population. Based 

on the unbiased identification of distinct subtypes of primary colon cancers, we have recently 

identified corresponding subtypes of colon cancer cell lines that share important biological 

attributes with primary cancers such as invasive properties and therapy resistance [27]. Research 

in this area will be facilitated by a wealth of data such as genotype, drug response and expression 

profiles that are available for a wide range of cell lines from various lineages. Although clearly 

imperfect, these simple in vitro models might be the first critical step to understand the different 

biological grounds that are hard-wired into the distinct cancer entities. 
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ABSTRACT
Colon carcinoma is one of the leading causes of death from cancer and is characterized by a 

heterogenic pool of cells with distinct differentiation patterns. Recently, it was reported that a 

population of undifferentiated cells from a primary tumor, so-called cancer stem cells (CSC), can 

reconstitute the original tumor on xenotransplantation. Here, we show that spheroid cultures 

of these colon CSCs contain expression of CD133, CD166, CD44, CD29, CD24, Lgr5, and nuclear 

β-catenin, which have all been suggested to mark the (cancer) stem cell population. More 

importantly, by using these spheroid cultures or freshly isolated tumor cells from multiple colon 

carcinomas, we now provide compelling evidence to indicate that the capacity to propagate 

a tumor with all differentiated progeny resides in a single CSC. Single-cell-cloned CSCs can 

form an adenocarcinoma on xenotransplantation but do not generate the stroma within these 

tumors. Moreover, they can self-renew and are capable of multilineage differentiation. Further 

analysis indicated that the lineage decision is dictated by phosphoinositide 3-kinase (PI3K) 

signaling in CSCs. These data support the hypothesis that tumor hierarchy can be traced back 

to a single CSC that contains multilineage differentiation capacity, and provides clues to the 

regulation of differentiation in colon cancers in vivo.
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Recent evidence suggests that various, if not all, tumors consist of heterogeneous populations 

of cells differing in marker expression and growth capacities [1, 2]. The cancer stem cell (CSC) 

hypothesis suggests that this heterogeneity is because of ongoing differentiation within a 

tumor. In this model, only a small population of cells is clonogenic and contains tumor initiating 

potential whereas the majority of the tumor cells have undergone differentiation and lost this 

potential [1, 2]. These clonogenic tumor cells are capable of inducing a new tumor in mice and 

are therefore defined as CSCs [3]. In colorectal cancer (CRC), these cells have been reported to 

express CD133 and thus can be isolated by sorting out the CD133+  fraction of tumor cells [4-6]. 

Xenotransplantation of this CD133+  enriched fraction results in a tumor that closely resembles 

the original malignancy in both morphology and marker expression. Although this suggests that 

CD133+ cells signify colon CSC, it has also been reported that only one in 262 CD133+ cells would be a 

true CSC [4]. In addition, none of these studies actually used 100% pure CD133+ cells, thus allowing 

for alternative explanations [2-7]. Besides CD133, other cell surface proteins have been reported to 

mark colon CSCs. For instance, CD166 combined with CD44 [8] or CD24 combined with CD29 (R. 

Fodde, unpublished data) define the colorectal CSC population. It is currently uncertain whether 

these markers overlap and define a similar population or designate different populations of cells. 

These data show the need for a better definition of CSCs and the markers used, but above all 

raise the question as to whether the capacity to regenerate a heterogenic tumor resides in a 

monoclonal cell population or depends on multiple different CSCs. This is especially relevant when 

considering the multiple differentiation patterns observed in colon carcinomas, which could be a 

sign of multilineage differentiation by a CSC, but could also exemplify a polyclonal CSC population 

in which different CSCs drive separate differentiation programs. Neither can be excluded at this 

point because heterogenic colon carcinomas have so far been generated by xenotransplantation 

of a purified, but not necessarily monoclonal, population of CSCs.

Therefore, we set out to analyze the multilineage differentiation patterns of colon CSCs 

and further characterize these cells by using multiple markers. We show that all currently 

reported CSC markers are coexpressed on cells that contain a tumor-initiating capacity. More 

importantly, by using single-cell-cloned colon CSCs, we show that CSCs contain multilineage 

differentiation potential both in vitro and in vivo. Our in vitro experiments furthermore revealed 

that PI3K is a crucial determinant in this cell fate decision.

RESULTS 
Colon Spheroid Cultures Show Tumor-Initiating Capacity and Are Heterogeneous. 
Recent evidence indicates that spheroid cultures of primary cancer cells are superior 

to “regular” adherent grown cultures in medium containing serum [5, 9] because 

xenotransplanted tumors derived from such spheroid cultures more faithfully preserve 

the original gene expression profiles and tumor morphology [5, 9]. In agreement, we have 

generated colon cancer spheroid cultures of primary colorectal cancers and liver metastases 

and these are consistently capable of inducing tumors upon xenotransplantation that 

resemble the original malignancies, both in morphology and marker expression (Fig. 1A) [6].

33



Colon Cancer Heterogeneity: Stem cells, Signals and Subtypes

2

It is important to note that these cultures are not homogeneous, but consist of 

heterogeneous populations of cells with respect to markers associated with CSCs. Although 

the majority of cells are negative for the differentiation marker cytokeratin-20, we observe 

heterogeneity for CD133, which is associated with the stem cell compartment in a variety of 

tissues (data not shown) (Fig. 1B and Fig. S1). Moreover, CD24, CD29, CD44, and CD166, which 

have all been described to enrich for CSCs in CRCs (R. Fodde, unpublished data) [8], were also 

expressed on a subpopulation in those spheroid cultures (Fig. 1B and Fig. S1). Importantly, we 

observed that the small percentage of CD133+ cells present in the primary tumor before culture 

also show expression of these markers (Fig. 1B) and that culture under stem cell conditions 

selects for cells bearing the above described CSC markers (Fig. 1B). This suggests that the 

culture method allows for selective expansion of cells with an immature phenotype, without 

changing their marker expression profile. Importantly, staining for β-catenin revealed that 

only a minority of cells show clear nuclear localization of this protein (Fig. 1C), implying varying 

degrees of Wnt signaling activity. In normal colon tissue, active Wnt signaling is observed at 

the bottom of crypts and identifies colon stem cells. In apparent agreement, we also detected 

expression of the recently reported normal intestinal stem cell marker, Lgr5, in a defined subset 

of the spheroid cells in our cultures (Fig. 1C) [10]. Combined, this illustrates that the spheroid 

cultures are heterogeneous with respect to marker expression and Wnt signaling activity. This 

heterogeneity could reflect the presence of multiple cell types within the cultures that may be 

responsible for the heterogeneity in the original malignancy and the xenotransplanted tumors 

derived from these spheroids. Alternatively, it could point to  in vitro  divergence from CSCs 

to more differentiated, less immature cells. Understanding this in further detail will provide 

important information on the origin of heterogeneity in solid tumors.

Clonogenicity of Colorectal CSCs.  To elucidate whether a single colon cancer cell can 

undergo multilineage differentiation and has the capacity to generate a differentiated colon 

adenocarcinoma, we initiated a series of single-cell-cloning experiments. Using single-cell 

sorting of spheroid cells by flow cytometry we established that ≈1 in 20 cells has the capacity 

to induce a monoclonal culture as judged by the successful formation of spheroids (Fig. 2A). 

Moreover, we used a different CRC specimen and performed directly ex-patient single cell 

cloning by using single cell plating validated by microscopy (Fig. 2B). Because CD133 is 

reportedly selective for CSCs in colon cancer, we tested whether clonogenicity was indeed 

present in the CD133+  subset of cells. We therefore FACS deposited a single GFP-transduced 

CD133+spheroid cell into different amounts of GFP−CD133−  cells from the same culture. This 

invariably resulted in GFP+  spheres (Fig. 2C). As transmission of the expression vector was 

excluded (Fig. S2), this indicated that the CD133+ and not the CD133− cells contain the clonogenic 

capacity. In agreement, limiting dilution experiments from a spheroid culture showed that ≈1 in 

16 CD133+ cells has the capacity to generate spheroids, whereas a calculated 1 in 250 CD133− cells 

have this ability (Fig. 2D). To fully ascertain that this is also true for directly isolated tumor cells, 

we used a third primary CRC and initiated single cell cultures with purified CD133+ cells directly 

ex-patient. Also in this setting the CD133+ cell fraction generated single cell derived spheroids, 
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whereas the CD133− cells were incapable of doing so (Fig. S3A and data not shown). This clearly 

confirmed that the clonogenic potential of our spheroid cultures resides in the CD133+ cells.

As stated above, the colon cancer spheroid cultures we obtained show heterogeneity 

for various markers related to the tumor initiating population in CRC even within the 

CD133+ population. We therefore determined whether any of the other CSC cell surface markers 

could improve the identification of the clonogenic population within the spheroid cultures. 

Coexpression of CD44, CD166, or CD29 with CD133 did not increase the selection of clonogenic 

cells. However, coexpression of CD133 and CD24 clearly identified the clonogenic cells with 

higher fidelity (≈1 in 5) (Fig. 2D), suggesting that the combination of these markers may provide 

a better selection of CSCs.

Figure 1. Colon spheroid cultures are heterogeneous for CSC marker expression. (A) Injection of colon 
cancer spheroid cells generate a tumor that closely resembles the original tumor in morphology, as judged 
by HE (Upper) and Alcian Blue staining (Lower) of paraffin-embedded sections. (B) Upper shows gradual 
enrichment for the CD133+ cells in a culture derived from a colon cancer liver metastasis. Lower shows that 
the marker expression of the CD133+cells is conserved on expansion in vitro because the profiles for CD24/
CD29 and CD44/CD166 expression are overlapping for the direct isolated CD133+ cells and the CD133+ cells 
in a spheroid culture. (C) Immunofluorescence staining of cytospins of a dissociated colon spheroid 
culture reveals heterogeneity in nuclear localization of β-catenin and Lgr5 expression. A control for the 
specificity of the Lgr5 antibody is shown in Right, which contains control transfected or Flag-tagged Lgr5 
transfected 293T cells stained for anti-FLAG (red) or Lgr-5 (green). Merge shows both antibodies and 
indicates a complete overlap in antibody stainings.
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Single-Cell Propagation of Colorectal Cancer.  The single-cell-derived cultures (SCDCs) 

we obtained by FACS deposition or single cell plating displayed similar expansion rates as 

the original culture, indicating that we did not select for rapid proliferating cells (Fig. S4). 

To determine whether these isolated and monoclonal cells could still grow out to form an 

adenocarcinoma, we injected these cells s.c. into mice.

Irrespective of the method of subcloning, that is, either directly ex-patient or from spheroid 

culture, and either CD133-selected or unselected, all SCDCs formed tumors subcutaneously that 

had an adenocarcinoma appearance and resembled the primary human carcinoma from which 

they were derived (Fig. 2 A–C and Fig. S3B). Crypt-like structures surrounded with epithelial cells 

were detected in all cases, which are derived from injected cells as evidenced by GFP expression 

in GFP+ SCDC-derived tumors (Fig. 2C). In contrast, the stromal cells were GFP− and therefore 

mouse derived. This indeed confirms our idea that the capacity to generate a morphologically 

differentiated colon adenocarcinoma resides in a single cell. To determine whether this single 

cell also retains self-renewal capacity after  in vivo  expansion, we examined whether tumors 

derived from these single cells express the CSC marker CD133, and found that a small proportion 

of cells had preserved this expression in vivo (Fig. 3A and B, and Fig. S3B). Importantly, when 

spheroid cultures were rederived from GFP+ SCDC-induced xenotransplants, these were again 

GFP+ (Fig. 3C and Fig. S5A). This supports the hypothesis that the original GFP+ single cell had 

undergone massive expansion and differentiation  in vivo, but also preserved clonogenic 

potential in a small subpopulation of its offspring. In agreement, rederived cultures expressed 

CD133, but not CK20 (Fig. 3C) and, on injection, induced growth of an adenocarcinoma in 

which a minority of the cells is again CD133+ (Fig. 3D). These observations were corroborated 

with cells derived from xenotransplants that were originally derived from directly ex-patient 

single cell cloned CSCs (data not shown), and thus prove that in vivo self-renewal is retained in 

these single cell cloned colon CSCs. To bolster our claim that the tumors we analyzed are truly 

single- cell derived we examined the GFP expression of the GFP+ SCDCs and the cultures that 

were derived from their xenografts. In contrast to the original line, which contained a broad 

Figure 2. Single-cell derived cultures give rise to differentiated adenocarcinomas on subcutaneous injection 
into nude mice. (A) Schematic representation of single-cell cloning of CSCs. Unstained single cells were 
sorted from a colon CSC culture into 96-well plates and after expansion formed single-cell-derived cultures. 
Twenty of 384 wells that received one single cell showed formation of a sphere. Lower shows formation of 
adenocarcinoma after subcutaneous injection of SCDCs in immunodeficient mice by using HE and Alcian 
Blue staining. (B) 384 wells were plated with bulk tumor cells from a T2N0M0 colorectal carcinoma. One 
hundred fifty-seven wells contained a single cell as judged by microscopy. Spheroids that arose were 
expanded and injected into immunodeficient mice where they formed an adenocarcinoma (Right) that 
resembles the original human malignancy (Left) as confirmed by HE and Alcian Blue staining. (C) Schematic 
representation of the mixing experiment by using CD133+  and CD133−  cells. CD133+  GFP-transduced CSCs 
were single-cell deposited into different amounts (10, 50, 100, and 200) of CD133−/GFP− cells in 96-well plates 
and 4 spheres formed that were completely GFP+. Doublets were excluded by using stringent settings on 
FSC-width. Right shows formation of an adenocarcinoma that is GFP+ as confirmed by HE and Alcian Blue 
staining and GFP immunohistochemistry. (D) Limiting dilution analysis for different populations within the 
colon spheroid cultures show diverse clonogenic potential. 1, 2, 4, or 6 cells were deposited by FACS in wells 
from a 96-well plate and the outgrowth of spheres was monitored. Depicted is the calculated fraction of 
cells containing sphere initiating capacity. Error bars, 95% confidence interval (*, P < 0.05, **, P < 0.01).

◀
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expression range of GFP, we found that the GFP expression levels were restricted to a very 

limited intensity range in SCDCs. Importantly, this was unchanged even after mouse passage 

(Fig. S5A). More importantly, Southern blot analysis was used to scrutinize GFP integration sites 

in the genome of the SCDCs and the cultures derived after xenotransplantation (SCDC.R1). The 

Southern blot profile of GFP integration sites shows complete similarity between the parental 

SCDCs and the cultures derived form the xenograft. Moreover, on a second round of single cell 

cloning of the GFP+SCDCs, complete similarity was observed regarding the integration sites 

(Fig. S5B). This confirms the clonal origin of the GFP+ SCDC-derived tumors studied here.

Figure 3. Functional CSCs can be reisolated from single cell-derived tumors. (A) Xenografts derived from 
SCDCs show CD133+cells either detected by FACS analysis (Left) or by immuno-fluorescence staining 
(Right). (Inset) Higher magnification and confirms membrane localization of CD133. (Scale bar, 200 μm.) 
(B) SCDC-induced xenografts as generated in Fig. 2B, show a distinct CD133+ fraction, comparable to the 
primary human malignancy. (C) Spheroid cultures can be isolated from tumors derived from SCDCs, show 
the same spheroid morphology and phenotype (CK-20 and CD133), and are GFP+ in the case of GFP+ SCDC-
derived tumors (Inset). (D) Subcutaneous injection of reisolated spheroid cultures induces a tumor with 
the same differentiated morphology. HE staining (Left), and Alcian Blue staining (Center) on paraffin 
sections. Right shows tumor immunofluorescent staining for CD133. (Scale bar, 40 μm.)
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SCDCs Show Multilineage Differentiation Potential. Colon carcinomas show a wide 

variety of differentiated cell types, often resembling the various lineages present in normal 

colon epithelium [11-15]. This heterogeneity has been attributed to genetically distinct clones 

present in a tumor. In contrast, the CSC theory would rather argue for a remnant differentiation 

response resulting in multilineage differentiation. To date it has not been possible to prove this 

concept, but our SCDCs now provide us with the opportunity to confirm either of these models 

both in vitro and in vivo.

We tested the  in vitro  differentiation of CSCs by plating them on tissue culture treated 

plastics and applying medium containing serum. This procedure results in loss of tumor 

initiating capacity of the cultures [6]. Upon the onset of differentiation, CD133 and CD24 are 

rapidly down regulated followed by CD44 (Fig. 4A). CD29 and CD166 show very limited change 

in expression in this setting. This corroborates our finding that CD133 and CD24 enrich for the 

most immature and highest clonogenic population in colon spheroid cultures (Fig. 2D). We 

recently demonstrated that differentiation can also be induced in matrigel in the presence of 

serum [6]. This results in tubular, crypt-like structures that consist of cells that have lost CD133 

and gained CK20 expression, reflecting a differentiated phenotype. In agreement, matrigel 

differentiation resulted in goblet-like cells because mucin is clearly produced in the crypt-like 

structures (Fig. 4C and Fig. S6A). Importantly, when we subject SCDCs to this differentiation 

scheme, a comparable morphology and marker expression is observed for all clones 

(Fig. 4B and Fig. S6 A and B), indicating that they maintain the capacity to differentiate. High-

magnification microscopy of xenografts generated by SCDCs revealed heterogeneous cellular 

morphology (Fig. 4D). In analogy to normal colon crypts, goblet-like cells were detected 

next to enterocyte-like cells (Fig. 4D). In vivo differentiation in SCDC-derived tumors was also 

analyzed by staining for markers associated with the variety of differentiation lineages present 

in colon epithelium. Besides the readily detectable Alcian Blue staining, which points to goblet-

like cell differentiation, membranous localized Villin- and Chromogranin A-immunoreactive 

cells, respectively, reveal that enterocyte-like and neuroendocrine-like cells are also present 

(Fig. 4E). Luminal surface staining for Villin was present in low amounts throughout the tumors, 

and Chromogranin A expression was present in only a small fraction of these tumor cells.

Intriguingly, when SCDCs are subjected to differentiation induced by adherent plates and 

serum containing medium, we also observed only a small number of Chromogranin A+  cells 

(Fig. 4E  and  Fig. 5D). Similarly, enterocyte-like differentiation as determined by membrane-

localized Villin expression (Fig. 4E and Fig. 5C and D) or intestinal fatty acid binding protein (I-FABP) 

was only detected in a fraction of cells (Fig. 5C and D, and Fig. S7). Combined, our observations 

prove that CSCs from human colon cancer possess multilineage differentiation capacity. We 

therefore conclude that the distinct differentiation patterns detected within tumors are not 

because of the presence of multiple clones, but because of remnant differentiation patterns. As 

these SCDC-derived cells can also self-renew in vivo they fulfill the theoretical criteria of CSCs.

SCDC Culture Differentiation can be Directed with PI3K Inhibition in Vitro.  The above 

data settle an important point in the origin of multiple distinct differentiation types within a 
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Figure 4. Differentiation of SCDCs reveals multilineage differentiation potential both in vitro and in vivo. 
(A) Cells from a colon cancer spheroid culture show a gradual decrease in colon CSC marker expression 
on differentiated on an adherent plate in serum containing medium. Differences are observed in the 
speed at which the markers are lost. Here, 4 and 8 days of differentiation are shown. CD24 and CD133 
show most rapid down regulation, followed by CD44. CD29 and CD166 show very limited change in cell 
surface expression levels. (B) Undifferentiated spheres were embedded in matrigel and were immediately 
snap frozen or allowed to differentiate for 10 days and then snap frozen. Sections were stained for CD133 
(Upper) and CK20 (Lower). (Scale bars, 40 μm.) (C) Cells differentiated in matrigel show evidence for 
mucin production as shown here by Alcian Blue stain. (A  and  C) Data are representative for all clones 
analyzed (see also Fig. S6). (D) High-magnification microscopy reveals heterogeneous cell morphology 
in crypt-like structures of SCDCs. Both goblet cell-like (arrows) and enterocyte-like differentiation (arch) 
can be detected. (E) Staining for markers associated with different cell lineages in the colon epithelium 
of SCDC-derived xenografts (Upper) or in vitro-differentiated SCDCs (Lower). Villin indicates enterocyte-
like differentiation. Alcian Blue and PAS staining reveal mucin production associated with goblet-like cell 
differentiation. Neuroendocrine differentiation is detected by Chromogranin A staining.
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tumor, but give no hint as to how this is orchestrated. In normal colon crypts and in adenomas, 

Notch signaling has been implicated in the decision between goblet- and enterocyte-like 

programs [16]. To elucidate how differentiation of colon CSCs is coordinated and to gain insight 

into the nature of differentiation modulating signals, we initiated a screen of inhibitors that were 

applied during in vitro differentiation. We determined that the highest dose of the inhibitors 

that did not result in apparent cell death or severe proliferation inhibition of the spheroid 

cultures (Fig. S8). Subsequently, we applied those concentrations of inhibitors to a colon 

spheroid cell culture that was subjected to adherent plate differentiation. For most inhibitors 

we observed no gross morphological changes in the differentiated cells (Fig. S7B). However, in 

the case of the PI3K inhibitor Ly294002, we observed a clear difference in morphology of the 

differentiated cells (Fig. 5A). Cells were much more flattened and showed polarization on the 

Figure 5. PI-3 kinase inhibition results in an enterocyte-like differentiation pattern. (A) Cell morphology of 
a differentiated colon spheroid culture on adherent plate with serum containing medium is changed in the 
presence of Ly294002. (B) Intestinal alkaline phosphatase (IAP) activity reveals induction of IAP activity in 
presence of Ly294002. (C) Staining of cytospins of differentiated colon spheroid cultures in the absence 
(Left) or presence (Right) of Ly294002 for PAS, Villin, and CK20. For I-FABP staining of an adherent culture 
is shown (for cytospins see Fig. S8C). (D) Quantification of PAS, Villin, I-FABP, CK20, and Chromogranin A 
positivity in differentiated cells.
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edges of cell aggregates. We confirmed that overall differentiation, as judged by loss of CD133 

and gain of CK20 expression, was identical in the presence of PI3K inhibition (Fig. 5D and data 

not shown). Similarly, the low number of chromogranin A+ cells was unaltered in the presence 

of PI3K inhibition (Fig. 5D). However, cells treated with Ly294002 during differentiation showed 

increased intestinal alkaline phosphatase (IAP) activity (Fig. 5B  and  Fig. S8A  and  B), which is 

associated with the brush border membrane in enterocytic cells. Combined with the 4-fold 

increase in cells positive for membrane localized Villin, a doubling of I-FABP+  cells and a 

concomitant decrease in mucin producing-cells, as demonstrated by periodic acid Shiff (PAS) 

reagent, pointed to a clear shift in the differentiation program (Fig. 5C and D and Fig. S8C). This 

change in lineage decision was also detected during matrigel differentiation in the presence 

of Ly294002 (data not shown). We therefore concluded that the dominant goblet cell-like 

differentiation program is replaced by a more enterocyte-like differentiation.

D ISCUSSION 
In this study, we provide evidence to support an important aspect of the cancer stem cell 

hypothesis, which claims that a single CSC can self-renew and reconstitute a complete and 

differentiated carcinoma. This was not only observed when the starting material for the single 

cell sort was a spheroid culture, but was also apparent when CSCs were single cell cloned directly 

from a primary tumor. Importantly, we now formally confirm that the CD133+/CD24+ population 

contains the clonogenic potential and that multilineage differentiation, which is, in part, 

dictated by PI3K signaling, is intrinsic to CSCs. CSCs are relatively resistant to therapy and are 

suggested to be responsible for disease recurrence and possibly even metastasis. Defining CSCs 

within a tumor is, therefore, of great importance and currently depends on expression of cell 

surface markers, such as CD133, CD166/CD44, or CD24/CD29 [4, 8]. Using an approach to culture 

CSCs, which has previously been described for tumorigenic mammaspheres, and gliospheres 

[9, 17], we now show that spheroid cultures from primary colon carcinoma selects for cells that 

coexpress all of these CSC markers. This provides strong support for the power of this culture 

method, which is further underlined by the expression of the colon stem cell marker Lgr5 [10].

Nevertheless, it is also clear from our observations that not all cells in these spheres are true 

CSCs. First of all, surface expression of CSC markers is heterogeneous, suggesting that multiple 

cell types, either from a different origin or at a different stage of differentiation, are present. 

Subsequent single-cell cloning confirmed that the latter hypothesis is most likely to be true 

because spheres derived from these single cells have similar heterogeneity. More importantly, 

this also occurs in vivo where full differentiation in multiple lineages can be detected. A second 

observation that argues against cancer stemness in all spheroid cells is the observation that 

nuclear β-catenin is high only in a minority of the cells. This appears to be similar to the β-catenin 

paradox in colon carcinomas, which describes that colon carcinomas display only a limited 

number of cells with nuclear β-catenin despite APC mutations [18]. Apparently, regulation of 

β-catenin in APC deficient cells still occurs  in vivo  and we now show that this is also true in 

these cultures in vitro. Whether this signifies the onset of differentiation is not clear but it could 
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potentially help in defining CSCs within tumors as suggested by Fodde and Brabletz [18]. Finally, 

the third argument for limited stemness is the fact that single-cell cloning is only effective for 

≈5% of the CD133+ cells and ≈20% of the CD133+/CD24+ cells. This suggests that the remainder 

may have lost this capacity because of initial differentiation steps. A hypothesis supported by our 

data because we show a striking correlation between clonogenic potential of subpopulations 

in our cultures and the time at which the markers that define those populations are lost during 

differentiation. Both CD133 and CD24, for instance, are rapidly down regulated on differentiation, 

whereas their coexpression is the best designation of the clonogenic population (Fig. 2D).

Although this is an appealing model, it poses an interesting dilemma. It is currently 

completely unclear why these spheroid cells, under apparent identical conditions, would retain 

stemness in some cells and turn on differentiation programs in others. Not only did we observe 

this in vitro, but in vivo we detected that a single CSC could yield progeny displaying markers 

associated with goblet-like, enterocyte-like, and neuroendocrine-like cells. This characteristic 

is not shared with colon carcinoma cell lines which can be cloned, but have the tendency to form 

a tumor in which all typical morphology and differentiation is lost [19]. Previous observations 

have suggested that Notch and PI3K signaling are involved in lineage determination in normal 

crypts and homeostasis [16, 20]. Our data support the idea that PI3K activity is crucial to 

lineage decision in CRCs and previous observations suggested a role for Notch in goblet cell 

fate in adenomas [16]. However, neither observation provides a clue as to the actual signals 

that will differentially activate PI3K or Notch or, more importantly, the signals that will actually 

initiate differentiation of CSC offspring.  In vitro, differentiation can be induced by changing 

growth factors and conditions for adherence (Fig. 4  and  Fig. S6), but this appears to be an 

all-or-nothing signal and does not preserve self-renewal of CSCs. Intriguingly, PI3K activity, 

measured by pPKB, is observed in the spheroid cells and in differentiating cells and is prevented 

by Ly294002 (data not shown). This suggests that PI3K is active during differentiation but is 

unlikely to be solely responsible for the onset of differentiation even though PI3K inhibition 

dramatically changes the outcome (Fig. 5 and Fig. S8). In vivo, differentiation occurs alongside 

self-renewal, which is clear from the fact that CSCs are present in the xenotransplant (Fig. 3), 

suggesting that CSCs receive multiple signals that regulate their fate. When regarding normal 

stem cells as the paradigm, it seems logical to assume that this is regulated by a niche that 

provides coordinated signals [21, 22]. In vitro, this niche can only be made up from neighboring 

tumor cells. Whether such a CSC niche really exists and which cells constitute this niche  in 

vivo  remains to be established [23], but proving its existence or identification of the signals 

that regulate CSC proliferation and differentiation could be of vital importance for therapeutic 

strategies to prevent tumor regeneration [24, 25].

Combined, our data reveal that heterogeneity in colorectal carcinomas, with respect to 

both differentiation grade and differentiation phenotype, is a clonal trait. This is in contrast to 

the more classical genetic model in which ongoing accumulation of mutations is thought to 

result in the presence of multiple genetically distinct clones within a tumor [26]. This process, 

which is referred to as tumor Darwinism, fuels the phenotypical heterogeneity present in a 

malignancy. However, our data now reveal that a large part of these assorted phenotypes can be 
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explained by the CSC hypothesis that proposes a hierarchical organization of a malignant clone 

in addition to remnant responses to differentiation guiding signals from the microenvironment. 

This implicates a model in which carcinomas can be viewed as atypical organs, including a 

functional stem cell compartment in which crucial mechanisms for homeostatic control are 

lost but other characteristics are consistently present.

MATERIAL AND METHODS 
Isolation of CSCs.  Colon CSC cultures were derived as described previously [6]. CSCs were 

cultured in modified neurobasal A medium [27] containing N2 supplement (Invitrogen), Lipid 

Mixture-1 (Sigma), and high levels of bFGF (20 ng/ml) and EGF (50 ng/ml). A GFP+ subculture 

was obtained by lentiviral transduction.

Generation of SCDCs. The FACSaria (BD Biosciences) was used for single-cell plating in 

96-well, ultra low-adhesion plates (Corning) containing stem cell medium. We stringently 

gated on single, PI-negative cells. For the GFP+/CD133+  and GFP−/CD133−  mixing experiment, 

AC133-PE (Miltenyi Biotec; 1:100) staining was used to select positive cells. After visible spheres 

arose, they were transferred into ultra low-adhesion flasks (Corning) and expanded.

Direct Single-Cell Isolation. Tumor tissue was dissociated as described in ref. 6. CD45+ cells 

were depleted by using double magnetic bead depletion (MACS). Cells were plated on ultra 

low-adhesion 96-well plates at a concentration of a single cell per well, which was confirmed 

visually. Wells containing either none or more than one cell were excluded for further analysis. 

For enrichment of the CD133+  cells, we used microbeads conjugated with a CD133 antibody 

(AC133, cell isolation kit; Miltenyi Biotec).

Limiting Dilution Assay.  Cells forming different subpopulations of a colon spheroid cultures 

were deposited as 1, 2, 4, and 6 cells per well. Results were statistically evaluated by using the 

‘limdil’ function of the R software package.

In Vitro  Differentiation Assay.  For in vitro differentiation, small spheres were plated in matrigel 

(GF reduced) and 2% FCS containing medium was layered on top. After 10 days, matrigel was snap 

frozen and processed for staining. Adherent plate differentiation was performed as described [5, 6] 

for 10 days. Cells were then either stained directly, or cytospins were generated after trypsinization.

Immunohistochemistry.  Immunofluorescence was performed on formaldehyde-fixed 

cryosections. The following antibodies were used: CD133 (Miltenyi Biotec; AC133), anti-CK20 

(Genetex), anti-Villin C-19 (Santa Cruz), anti- I-FABP (Abcam), anti-Chromogranin A (Genetex), 

anti-β-catenin (Novacostra), and Lgr5 (Genetex, epitope C-terminus). Lgr5 staining was 

performed on formaldehyde-fixed cytospins of a trypsin-dissociated CSC culture. Lgr5 staining 

was validated by using 293T cells transfected with an Lgr5 expression vector (kindly provided by 

H. Clevers). Alcian Blue staining was performed with Alcian Blue 8GX (Sigma) and counterstained 

with Nuclear fast Red (Lab Vision, Inc.) on cryosections. HE staining was performed with Ehrlich 

44



Single Cell Cloning of Colon Cancer Stem Cells Reveals Multi-lineage Differentiation Capacity

2

HE solution (Sigma) on paraffin-embedded sections. For periodic acid-Schiff (PAS) staining, 

standard histological techniques were used.

Flow Cytometry. Flow cytometry was performed on trypsin-dissociated CSC cultures with 

AC133 (Miltenyi Biotec), anti-CK20 (Genetex), CD44 (BD PharMingen), CD166 (R&D Systems, 

clone 105901), CD24 (BD PharMingen), and CD29 (BD PharMingen). For intracellular CK20 

staining, 7-AAD (eBioscience) preincubation was used to exclude dead cells.

In Vivo  Tumor Propagation.  For transplantation of cancer cells, we injected 30 spheres 

(≈100 cells/sphere) suspended in 100 μl of PBS/BSA subcutaneously into nude mice. After 3–6 

weeks, visible tumors arose. When tumor size reached 1 cm3, mice were killed, and tumors 

processed for either analysis or in vitroculture. For generation of tumors after direct single cell 

plating and short term in vitro expansion, 500 cells were injected all derived from the originally 

plated cell (Fig. 2B and Fig. S3).

IAP Activity Assay. To measure IAP activity, we used Alkaline Phosphatase Substrate Kit 

1 (SK-5100) from Vector Laboratories Inc. according to the manufacturer’s instructions. 

Quantification was performed with an inverted fluorescence microscope (Zeiss).

Inhibitors. Inhibitors were diluted in DMSO and used in adherent differentiation assays. 

Medium and inhibitors were refreshed every 48 h for 10 days.
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CORRECTION
The authors wish to note the following: ‘‘We inadvertently overlooked an earlier report by S. C. 

Kirkland (28), relevant to our work.’’ The related reference citation appears below. 28. Kirkland 

SC (1988) Clonal origin of columnar, mucous, and endocrine cell lineages in human colorectal 

epithelium. Cancer 61:1359–1363.
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SUPPLEMENTARY INFORMATION

Figure S1. Colon spheroid cultures show heterogeneous marker expression. Colon CSC cultures
show heterogeneous expression of a variety of colon CSC markers, including CD133, CD44/CD166,
and CD24/CD29 (isotype in gray, specific stain in red). Representative results shown for two cultures
derived from a primary colon carcinoma and one culture derived from liver metastasis.

Figure S2. Exclusion of horizontal GFP transmission. (a) GFP and GFP spheres were dissociated
and mixed to exclude that GFP can spread due to viral production in these cultures (horizontal
transmission). After coculturing for 8 days, mixed spheres consisting of both GFP and GFP cells were
observed, suggesting that infection within a sphere does not occur. (b) Moreover, the fraction of GFP
cells within these cultures was stable over time as judged by flow cytometry. This confirms that no
other transfer of GFP than to offspring of GFP cells is occurring (vertical transfer).

a b

Supplementary Information

Figure S1. Colon spheroid cultures show heterogeneous marker expression. Colon CSC cultures show 
heterogeneous expression of a variety of colon CSC markers, including CD133, CD44/CD166, and CD24/
CD29 (isotype in gray, specific stain in red). Representative results shown for two cultures derived from a 
primary colon carcinoma and one culture derived from liver metastasis.
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Figure S1. Colon spheroid cultures show heterogeneous marker expression. Colon CSC cultures
show heterogeneous expression of a variety of colon CSC markers, including CD133, CD44/CD166,
and CD24/CD29 (isotype in gray, specific stain in red). Representative results shown for two cultures
derived from a primary colon carcinoma and one culture derived from liver metastasis.

Figure S2. Exclusion of horizontal GFP transmission. (a) GFP and GFP spheres were dissociated
and mixed to exclude that GFP can spread due to viral production in these cultures (horizontal
transmission). After coculturing for 8 days, mixed spheres consisting of both GFP and GFP cells were
observed, suggesting that infection within a sphere does not occur. (b) Moreover, the fraction of GFP
cells within these cultures was stable over time as judged by flow cytometry. This confirms that no
other transfer of GFP than to offspring of GFP cells is occurring (vertical transfer).
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Supplementary Information

Figure S2. Exclusion of horizontal GFP transmission. (a) GFP and GFP spheres were dissociated and mixed 
to exclude that GFP can spread due to viral production in these cultures (horizontal transmission). After 
coculturing for 8 days, mixed spheres consisting of both GFP and GFP cells were observed, suggesting that 
infection within a sphere does not occur. (b) Moreover, the fraction of GFP cells within these cultures was 
stable over time as judged by flow cytometry. This confirms that no other transfer of GFP than to offspring 
of GFP cells is occurring (vertical transfer).

Figure S4. In vitro expansion rate of
SCDCs. In vitro expansion rate of
single cell-derived clones, as measured
by cell counting. (GFP SCDC 1 and 2
are derived as shown in Fig. 2C, SCDC
1 and 3 are derived as depicted in Fig.
2A). SCDC 1 GFP.R1 represents a
reisolated culture from an SCDC-
derived xenograft.

Figure S3. Direct ex-patient single
CD133 cell plating and SCDC-derived
xenograft. (a) The CD133 enriched
fraction of a dissociated colorectal
carcinoma (T3N1M1) was single-cell
plated and 116 of 384 wells contained a
single cell. (b) Injection in
immunodeficient mice gave an
adenocarcinoma (right) that resembles
the original human malignancy (left) as
confirmed by HE and Alcian Blue
staining. Also heterogeneous CD133
expression was detected both in the
primary tumor and the single cell-
derived xenograft.

a

b

Figure S3. Direct ex-patient single CD133 
cell plating and SCDC-derived xenograft. 
(a) The CD133 enriched fraction of 
a dissociated colorectal carcinoma 
(T3N1M1) was single-cell plated and 
116 of 384 wells contained a single 
cell. (b) Injection in immunodeficient 
mice gave an adenocarcinoma (right) 
that resembles the original human 
malignancy (left) as confirmed by HE and 
Alcian Blue staining. Also heterogeneous 
CD133 expression was detected both 
in the primary tumor and the single 
cellderived xenograft.
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Figure S5. Evaluation of single-cell nature of SCDCs. (a) Lentiviral transduced spheroid culture with
constitutively active GFP is shown in black. From this culture, several SCDCs were randomly generated as
depicted in Fig. 2C. As is evident from this FACS analysis, every GFP SCDC consists only of GFP cells.
Moreover, GFP expression is restricted to a small-intensity range for every SCDC. This illustrates the single-
cell nature of the SCDCs. Importantly, upon deriving spheroid cultures from the SCDC-derived xenografts
(SCDC.GFP 1/2/3.R1), GFP expression levels are strictly preserved. (b) To confirm the single cell origin of our
SCDCs, we performed an EGFP integration sites analysis. The Southern blot shows the insertion profile of two
different GFP SCDCs. Both the original SCDCs (SCDC.GFP1 and SCDC.GFP2) and the cultures we obtained
after a mouse passage of the SCDCs (SCDC.GFP1.R1 and SCDC.GFP2.R1) are shown. It is clear from this
analysis that different profiles are obtained from the different cultures that are preserved after a mouse
passage. In addition, we single-cell cloned SCDC.GFP1.R1 again by FACS single-cell deposition to exclude
that multiple present clones make up the EGFP integration profile. Those re-cloned cultures are shown as
SCDC.GFP1.R1 A5, SCDC.GFP1.R1 C4, and SCDC.GFP1.R1 D7. Also the re-cloned SCDCs show
conservation of the integration sites. We performed Southern blots according to standard procedures using a
DIG PCR kit, the probe spanning 886–1174 bp of EGFP. DNA was cut with XbalI.

a b

Figure S4. In vitro expansion rate of
SCDCs. In vitro expansion rate of
single cell-derived clones, as measured
by cell counting. (GFP SCDC 1 and 2
are derived as shown in Fig. 2C, SCDC
1 and 3 are derived as depicted in Fig.
2A). SCDC 1 GFP.R1 represents a
reisolated culture from an SCDC-
derived xenograft.

Figure S3. Direct ex-patient single
CD133 cell plating and SCDC-derived
xenograft. (a) The CD133 enriched
fraction of a dissociated colorectal
carcinoma (T3N1M1) was single-cell
plated and 116 of 384 wells contained a
single cell. (b) Injection in
immunodeficient mice gave an
adenocarcinoma (right) that resembles
the original human malignancy (left) as
confirmed by HE and Alcian Blue
staining. Also heterogeneous CD133
expression was detected both in the
primary tumor and the single cell-
derived xenograft.
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Figure S4. In vitro expansion 
rate of SCDCs. In vitro 
expansion rate of single cell-
derived clones, as measured 
by cell counting. (GFP SCDC 
1 and 2 are derived as shown 
in Fig. 2C, SCDC 1 and 3 are 
derived as depicted in Fig. 2A). 
SCDC 1 GFP.R1 represents a 
reisolated culture from an 
SCDCderived xenograft.

Figure S5. Evaluation of single-cell nature of SCDCs. (a) Lentiviral transduced spheroid culture with 
constitutively active GFP is shown in black. From this culture, several SCDCs were randomly generated 
as depicted in Fig. 2C. As is evident from this FACS analysis, every GFP SCDC consists only of GFP cells. 
Moreover, GFP expression is restricted to a small-intensity range for every SCDC. This illustrates the 
singlecell nature of the SCDCs. Importantly, upon deriving spheroid cultures from the SCDC-derived 
xenografts (SCDC.GFP 1/2/3.R1), GFP expression levels are strictly preserved. (b) To confirm the single 
cell origin of our SCDCs, we performed an EGFP integration sites analysis. The Southern blot shows the 
insertion profile of two different GFP SCDCs. Both the original SCDCs (SCDC.GFP1 and SCDC.GFP2) and the 
cultures we obtained after a mouse passage of the SCDCs (SCDC.GFP1.R1 and SCDC.GFP2.R1) are shown. It 
is clear from this analysis that different profiles are obtained from the different cultures that are preserved 
after a mouse passage. In addition, we single-cell cloned SCDC.GFP1.R1 again by FACS single-cell deposition 
to exclude that multiple present clones make up the EGFP integration profile. Those re-cloned cultures 
are shown as SCDC.GFP1.R1 A5, SCDC.GFP1.R1 C4, and SCDC.GFP1.R1 D7. Also the re-cloned SCDCs show 
conservation of the integration sites. We performed Southern blots according to standard procedures 
using a DIG PCR kit, the probe spanning 886–1174 bp of EGFP. DNA was cut with XbalI.
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Figure S6. In vitro differentiation. Colon
spheroid cultures were subjected to
differentiation on an adherent plate with
serum containingmedium (a) or in matrigel
overlaid with serum containing medium
(b). Both the parental culture and a
representative SCDC showed loss of
CD133 expression and up-regulation of
CK20.

Figure S7. Effect of various inhibitors on
differentiation pattern in vitro. (a) Table summarizing
inhibitors are used in the screen. (b) Representative
images of spheroid culture were subjected to
differentiation in the presence of the indicated
inhibitor.

a

b

a b
Figure S6. In vitro differentiation. Colon spheroid cultures were subjected to differentiation on an adherent 
plate with serum containingmedium (a) or in matrigel overlaid with serum containing medium (b). Both the 
parental culture and a representative SCDC showed loss of CD133 expression and up-regulation of CK20.
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Figure S8. Enterocyte marker expression. (a) Quantification of IAP activity as measured
by fluorescence intensity. (b) Detection of IAP activity by fluorescence measurement
with and without Ly294002. (c) Cytospins of differentiated spheroid culture in the
presence or absence of Ly294002 stained for I-FABP.

a b

c

Figure S6. In vitro differentiation. Colon
spheroid cultures were subjected to
differentiation on an adherent plate with
serum containingmedium (a) or in matrigel
overlaid with serum containing medium
(b). Both the parental culture and a
representative SCDC showed loss of
CD133 expression and up-regulation of
CK20.

Figure S7. Effect of various inhibitors on
differentiation pattern in vitro. (a) Table summarizing
inhibitors are used in the screen. (b) Representative
images of spheroid culture were subjected to
differentiation in the presence of the indicated
inhibitor.

a
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Figure S7. Effect of various inhibitors on differentiation pattern in vitro. (a) Table summarizing inhibitors 
are used in the screen. (b) Representative images of spheroid culture were subjected to differentiation in 
the presence of the indicated inhibitor. 

Figure S8. Enterocyte marker expression. (a) Quantification of IAP activity as measured by fluorescence 
intensity. (b) Detection of IAP activity by fluorescence measurement with and without Ly294002. (c) 
Cytospins of differentiated spheroid culture in the presence or absence of Ly294002 stained for I-FABP.
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ABSTRACT
Despite the presence of mutations in APC or β-catenin, which are believed to activate the Wnt 

signaling cascade constitutively, most colorectal cancers show cellular heterogeneity when 

β-catenin localization is analysed, indicating a more complex regulation of Wnt signaling. We 

explored this heterogeneity with a Wnt reporter construct and observed that high Wnt activity 

functionally designates the colon cancer stem cell (CSC) population. In adenocarcinomas, 

high activity of the Wnt pathway is observed preferentially in tumour cells located close to 

stromal myofibroblasts, indicating that Wnt activity and cancer stemness may be regulated 

by extrinsic cues. In agreement with this notion, myofibroblast-secreted factors, specifically 

hepatocyte growth factor, activate β-catenin-dependent transcription and subsequently 

CSC clonogenicity. More significantly, myofibroblast-secreted factors also restore the CSC 

phenotype in more differentiated tumour cells both in vitro and in vivo. We therefore propose 

that stemness of colon cancer cells is in part orchestrated by the microenvironment and is a 

much more dynamic quality than previously expected that can be defined by high Wnt activity.
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INTRODUCTION
The sequential events driving the transition of normal colonic mucosa to adenocarcinoma have 

been well documented and depend critically on alterations to Wnt signaling [1-4]. In normal 

cells the transcriptional regulator β-catenin is tightly controlled by a multiprotein complex that 

contains the tumour suppressor adenomatous polyposis coli (APC) [2]. Activation of Frizzled 

receptors by Wnt ligands disrupts this complex and results in the translocation of β-catenin 

to the nucleus, where it associates with the T-cell factor/lymphoid enhancer factor (TCF/LEF) 

family of transcription factors to activate specific Wnt target genes [5, 6]. Under physiological 

conditions, Wnt activity is crucial for intestinal stem cells and crypt homeostasis [7]. However, 

Wnt signaling also has a central function in pathological settings2. Mutation of APC or β-catenin 

is an early event in the transformation of colonic epithelial cells, but established colorectal 

cancers also depend critically on Wnt signaling [8]. APC mutations generally result in a defective 

β-catenin degradation complex and, as a consequence, the accumulation of β-catenin in the 

nucleus and the perpetual transcription of Wnt target genes [9]. Although this would imply that 

all tumour cells contain active Wnt signaling, immunohistochemical studies have revealed that 

colon carcinomas harbouring APC mutations do not contain nuclear β-catenin homogeneously 

(Fig. 1a) [10, 11]. This so-called β-catenin paradox is intriguing in the light of recent observations 

that indicate that only a subset of tumour cells, CSCs, are endowed with tumorigenic capacity 

[12], whereas most tumour cells have undergone differentiation and lost their tumorigenic 

potential. CSCs have been identified by using several markers, such as CD133 and CD166 [13-16]. 

Because Wnt signaling is a dominant force preserving the normal fate of colon stem cells [2], we 

proposed a preponderant role for this pathway in colon CSCs as well.

Using a TCF/LEF reporter that directs the expression of enhanced green fluorescent protein 

(TOP–GFP) we provide evidence that Wnt signaling activity is a marker for colon CSCs and is 

regulated by the microenvironment. Moreover, we show that differentiated cancer cells, which 

have lost the capacity to form tumours and are no longer clonogenic, can be reprogrammed to 

express CSC markers and regain their tumorigenic capacity when stimulated with myofibroblast-

derived factors. This suggests that cancer stemness is not a rigid feature but can be modulated 

and even installed by the microenvironment.

RESULTS
Colon cancer spheroidal cultures have heterogeneous Wnt activity levels. Primary spheroidal 

cultures of colon cancer cells consist of cells expressing CSC markers and on injection induce a 

tumour that closely resembles the original human malignancy [17]. To investigate the relation of 

the β-catenin paradox (Fig. 1a) with the CSC phenotype, we assessed Wnt signaling activity in these 

colon CSC cultures with a TOP–GFP reporter or with control reporters, phosphoglycerate kinase 

(PGK)–GFP or cytomegalovirus (CMV)–GFP [18]. To exclude variation in lentiviral integration site 

and copy number between cells, the transduced culture was single-cell cloned, a procedure 

that preserves all characteristics of the spheroidal culture [17]. Strikingly, cells in these single-
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cell-derived TOP–GFP cultures still showed considerable heterogeneity in Wnt signaling levels 

(about 100-fold) (Fig. 1b). These expression differences were not observed when a constitutively 

active CMV promoter was used to drive GFP expression (Fig. 1b), indicating that heterogeneity 

is due to differences in β-catenin-driven transcription even though that these cells carry an APC 

mutation. In agreement with this notion, the variation in TOP–GFP levels was accompanied by 

heterogeneity in nuclear β-catenin localization (Fig. 1c and Fig. S1a, b). Moreover, microarray 

analysis on the highest and lowest 10% of TOP–GFP-expressing cells revealed that stem-cell-

associated Wnt target genes, including those encoding the intestinal stem cell markers LGR5 

(leucine-rich repeat-containing G protein-coupled receptor 5) and ASCL2 (achaete-scute-like 2) 

[19, 20], were predominantly upregulated in the TOP–GFPhigh fraction, whereas genes associated 

with epithelial differentiation (those encoding mucin 2, MUC2; cytokeratin 20, KRT20 and fatty-

acid binding protein 2,  FABP2) were clearly enhanced in the TOP–GFPlow  fraction (Fig. 1d and 

Table S1, for a list of the most significant genes). Expression of differentiation-associated genes 

in TOP–GFPlow was confirmed by quantitative PCR (qPCR) as well as at the protein level (Fig. 1e, f). 

Taken together, these results indicates that spheroidal CSC cultures contain heterogeneity in 

Wnt signaling activity, which is inversely correlated with heterogeneity in differentiation markers.

Colon CSCs are characterized by high expression levels of Wnt. The variation in TOP–GFP 

levels not only determined gene-expression differences; it also had significant biological 

consequences. In the TOP–GFPhigh fraction, clonogenic potential was superior to that of TOP–

GFPlow cells, whereas differential clonogenicity was not observed in cultures expressing GFP driven 

by constitutive promoters (Fig. 2A). Intermediate TOP–GFP-expressing cells had intermediate 

clonogenicity and intermediate gene-expression profiles (Fig. 2a and Fig. S1c), suggesting that 

Wnt signaling activity could serve as a functional marker for tumour cell clonogenicity and 

cancer stemness. Indeed, TOP–GFP-based segregation of clonogenicity is a common principle 

and was observed with separate single-cell-derived clones of the same CSC line (Fig. 2b) as well 

as in a series of other primary colon spheroidal cultures or several established human colon 

cancer cell lines (Fig. 2c–e and Fig. S2a). These separate spheroidal cultures and cell lines were 

not cloned from a single cell, which excludes the possibility of clonal artefacts but also limits 

the segregation of clonogenicity as a result of differences between cells in lentiviral integration. 

Mutation analysis of the different lines indicated that Wnt signaling heterogeneity and its effect 

on clonogenicity seems to be independent of the mutation status of p53 (compare Co100; wild-

type, WT, p53, for example) with LM5 (mutant p53)) or K-Ras (compare Co100; mutant K-Ras with 

LM5; WT K-Ras, for example), or microsatellite stability (compare Co56, DLD-1; microsatellite 

unstable with Co100 and LM5; microsatellite stable, for example). The only striking exception is 

the HCT-116 cell line, which contains a β-catenin mutation. Whether this is a consistent finding 

for β-catenin mutant lines remains to be established, but recent findings have pointed out 

that HCT-116 is not organized in a hierarchical fashion and may therefore not contain a more 

clonogenic CSC fraction [21, 22]. We therefore propose that the activity of the Wnt pathway 

defines a hierarchical divergence of CSCs and their differentiated progeny in colorectal cancer. 

This is supported by the finding that Wnt activity levels correlate with the surface expression of 

previously applied markers for colon CSCs (Fig. 2f).
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CSCs are defined by their ability to induce tumours that closely resemble the original 

malignancy on injection into immune-deficient mice [23]. We reported previously that 

spheroidal cultured colon cancer cells fulfilled these criteria and therefore contain CSCs [16, 17]. 

Injection of TOP–GFP cells into nude mice confirmed that CSCs can be identified through their 

Wnt signaling activity, because the TOP–GFPhigh fraction was much more effective in inducing 

tumours on injection into mice (Fig. 3a). A similar segregation was observed when TOP–

Figure 1. (a) Colorectal cancer patient material stained for β-catenin. Scale bar, 20  μm. (b) The top two 
rows show two separate single-cell-cloned colon CSC cultures, lentivirally transduced with TOP–GFP, 
revealed by phase contrast (left) and fluorescence microscopy (middle). Nuclei were counterstained with 
4,6-diamidino-2-phenylindole (red, right). Scale bars, 20 μm. Bottom two panels: fluorescence-activated 
cell sorting (FACS) profile of GFP intensity range for a single-cell-cloned TOP–GFP-carrying colon CSC 
culture (green line, left) compared with the sharp range of GFP in the CMV–GFP (blue line, right) culture 
and non-single-cell-cloned PGK–GFP-transduced culture (red line, right). Non-transduced parental culture 
was used as a control for GFP background intensity (black lines). (c) Cytospins of the highest and lowest 
10% TOP–GFP fractions stained for β-catenin. Scale bars, 20  μm. (d) Microarray analysis was performed 
on the highest and lowest 10% TOP–GFP fractions. The log

2
 fold change in gene expression between the 

TOP–GFPhigh  and TOP–GFPlow  fraction is shown. Each bar represents the average fold change of three 
different single-cell-cloned TOP–GFP cultures. Several Wnt target genes are listed and their expression is 
correlated with the TOP–GFPhigh fraction. Genes associated with differentiation (Diff.) are upregulated in the 
TOP–GFPlowfraction. Error bars represent s.e.m. for four different data sets from three different cultures. 
(e) Differential expression of several Wnt target genes (left) and differentiation markers (right) between 
TOP–GFPhigh and TOP–GFPlow fractions validated by qPCR. Error bars represent s.d. (n = 3). (f) Cytospins of 
sorted TOP–GFPhigh and TOP–GFPlow cells stained for differentiation markers as indicated. Scale bars, 80 μm.
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Figure 2. (a) A limiting dilution was performed on the high, intermediate and low TOP–GFP cell fractions. The 
graph presents the clonogenic potential of each cell fraction. As a control a CMV–GFP single-cell-derived 
culture and a non-single-cell-derived PGK–GFP culture are depicted. GFPhigh, GFPintermediate and GFPlow represent 
the highest, middle and lowest 10% cell fractions, respectively. See Methods for details on limiting-dilution 
statistics and scheme. (b) Limiting-dilution assay and clonogenic potential of the five independent single-
cell-derived clones from line Co100. (c) Limiting-dilution assay and clonogenic potential of the highest and 
lowest 10% TOP–GFP levels of a series of TOP–GFP-expressing CSC lines (non-single-cell-cloned). (d) A panel 
of haematoxylin/eosin stainings of the corresponding primary colon cancers used to generate the spheroidal 
cultures in a–c. (e) Limiting-dilution assay and clonogenic potential of the highest and lowest 10% TOP–GFP 
levels of three established colon cancer cell lines.  b,  c  and  e, white bars represent highest 10% TOP–GFP 
cells and black bars represent lowest 10% TOP–GFP cells. Error bars in a–c and e represent 95% confidence 
intervals. See Methods for details on limiting dilution statistics and scheme. (f) TOP–GFP levels are associated 
with CSC marker expression. CD133 correlates with TOP–GFPhigh intensity. The combination of CD24/CD29 or 
CD44/CD166 also shows a correlation with the TOP–GFPhigh fraction.
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GFPhigh  cells (3 of 6 injections yielded tumours when 100 cells injected) and TOP–GFPlow  cells 

(0 of 6 injections yielded tumours) were injected into fully immunodeficient NOD/SCID (non-

obese diabetic/severe combined immunodeficiency) IL-2 receptor gamma chain null (Il2rg−/−) 

mice, suggesting that the TOP–GFPhigh definition of CSCs is independent of a remnant immune 

response. More significantly, xenografts derived from TOP–GFP-transduced spheroidal cultures 

closely recapitulated the original malignancy (Figs 2d and 3b) but also showed a heterogeneous 

distribution of cells containing nuclear β-catenin and TOP–GFP activity (Fig. 3c-e). The TOP–

GFPhigh fraction in vivo contained both cycling and non-cycling cells, as demonstrated by co-

staining for Ki-67 (Fig. S2b). We consider this as strong evidence for the maintained regulation 

of Wnt signaling in clonal populations of colorectal cancer cells  in vivo, which is in line with 

the β-catenin paradox [10, 11]. Consistent with the idea that the clonogenic CSC potential 

resides in the ‘Wnt-high’ population, we found that  in vitro  outgrowth of cells isolated from 

such TOP–GFP-expressing xenografts is much more effective with TOP–GFPhigh  cells than in 

TOP–GFPlow cells (Fig. 3F). Moreover, we also observed a strong correlation between TOP–GFP 

activity and previously used colon CSC markers [17] in ex vivo-derived cells (Fig. 3g).

To prove formally that TOP–GFPhigh  cells are CSCs and have self-renewal capacity, we 

performed direct  in vivo  transfer of xenograft-derived cells with a limiting dilution of the 10% 

highest, lowest and unselected TOP–GFP cells. Whereas TOP–GFPhigh cells induced tumour growth 

effectively on transfer, TOP–GFPlow cells largely failed to do so (Fig. 4a). Using Wnt activity as a CSC 

marker, we even managed to generate colon cancer xenografts starting from either one ex vivo-

derived TOP–GFPhigh cell (1 of 4 injected) (Fig. 4b) or from one spheroidal-culture-derived TOP–

GFPhigh cell (8 of 50 injected). The resulting tumours again resembled the original malignancy in 

differentiation and also showed clear heterogeneity in TOP–GFP (Fig. 4c). Taken together, these 

results illustrate that a subfraction of colon tumour cells are endowed with tumorigenic potential, 

which can be identified on the basis of Wnt activity. At the same time, these data point to Wnt 

regulatory mechanisms in colorectal cancer cells even in the presence of APC mutations.

Myofibroblast-secreted factors enhance Wnt signaling activity in colon cancer cells. Having 

established that TCF/LEF-driven transcription is regulated in colorectal cancer and is an 

important determinant for CSC features, we wished to understand the mechanisms underlying 

this regulation. It was apparent from our spheroidal cultures that part of the regulation 

is a tumour-cell-intrinsic feature, because single CSCs quickly reformed cultures with 

heterogeneous Wnt activity. Nevertheless,  in vivo observations suggest that extrinsic factors 

may also be instrumental in directing Wnt activity in colorectal cancer [10, 11]. Different cell 

types recruited and/or activated within the tumour could participate in shaping and organizing 

this heterogeneity. This external control emerges as a sustainable force in malignancy 

progression [24]. Strikingly, normal intestinal stem cells have also recently been shown to have 

cell-autonomous regulation of Wnt activity [25], although extrinsic cues emanating from cells 

within or surrounding the crypt also contribute to normal epithelial stem cell function [26]. 

In colorectal cancer, the β-catenin paradox has indirectly implicated the stroma, of which 

myofibroblasts are an important component (Fig. S3a), as a potential regulator of Wnt signaling 

[10, 11]. To directly address whether myofibroblasts could affect Wnt signaling we analysed co-
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Figure 3. (a) In vivo transfer of TOP–GFP-transduced cultures. Cell numbers from the indicated populations 
were injected into nude mice after FACS. The number of successful tumour initiations after nine weeks 
out of six injections for each condition is shown. The TOP–GFPhighfraction showed the highest tumour-
initiating capacity. (b) Haematoxylin/eosin staining of xenografts shows clear evidence of colon carcinoma 
morphology. (c) Xenografts show heterogeneous nuclear β-catenin (arrow); the asterisk indicates a region 
without nuclear localization. (d, e) Immunofluorescence (d) and immunohistochemistry (e) for GFP show 
clear heterogeneous TOP–GFP levels. Scale bars in b–e, 50 μm. (f) TOP–GFP xenografts were dissociated, 
tumour cells from the TOP–GFPhigh  and TOP–GFPlowfractions were plated for limiting dilutions and the 
clonogenic potential was determined. Error bars represent 95% confidence intervals. A representative 
example of two independent experiments is shown. (g) Correlation of CSC markers and TOP–GFP levels is 
also seen in freshly dissociated xenografts.

cultures of myofibroblasts and CSCs. We have previously shown that colon CSCs differentiate 

and lose CSC markers in serum-containing medium [16, 17]. However, when CSCs were co-

cultured with a colonic myofibroblast cell line or even in the presence of conditioned medium 
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derived from such myofibroblasts (MFCM), morphological and molecular differentiation was 

prevented (Fig. 5a, b and  Fig. S3b, c). We also observed a strong functional effect of MFCM 

on tumour cell clonogenicity, which was markedly changed when CSCs were incubated in the 

presence or absence of MFCM (more than 50-fold; Fig. 5c). Consistent with the fact that Wnt 

activity is correlated with clonogenicity, stimulation with MFCM strongly increased nuclear 

β-catenin localization and Wnt reporter activity (Fig. 5f, g), which shows that myofibroblasts 

secrete factors regulating Wnt activity and thereby clonogenic capacity.

In an effort to define the growth factors involved in this crosstalk, a cytokine antibody 

array was performed on MFCM, which revealed hepatocyte growth factor (HGF) as one of the 

abundant factors present in MFCM (Fig. 5d and Fig. S4a). In agreement, a significant amount 

of HGF was also secreted by myofibroblasts derived from samples from primary colon cancer 

(Fig. 5e). HGF has been suggested to have a role in colorectal cancer, and its receptor HGFR/c-

Met is associated with both Wnt signaling activity [27-29]  and colorectal cancer progression 

[30]. In addition, our CSC cultures expressed c-Met (Fig. S4b), and stimulation with HGF or 

MFCM rapidly activated receptor tyrosine phosphorylation (Fig. 5h and Fig. S4c). It is not fully 

understood how HGF modulates Wnt signaling activity, but we clearly observed an increase in 

phosphorylation of protein kinase B (PKB)/Akt and glycogen synthase kinase 3β (GSK3β), the 

a

b Ex vivo single TOP-GFPhigh cell induced xenograft

TOP-GFP

c

Fraction 1 10 100 1,000

Total ND 0/6 1/6 2/6
TOP-GFP low ND 0/6 1/6 0/6
TOP-GFP high 1/4 3/6 2/6 5/6

Cells Injected

Figure 4. (a) TOP–GFP xenografts were dissociated and subcutaneously injected to determine their 
tumorigenicity and thus their self-renewal capacity. Cell numbers from indicated populations were 
injected into nude mice after FACS. The number of successful tumour initiations after nine weeks out of 
six injections for each condition is shown. The TOP–GFPhigh fraction showed the highest tumour-initiating 
capacity. The total population was used as a control. Note that one single TOP–GFPhigh  cell initiated a 
tumour out of four implants (see Methods for details). ND, none detected. (b) Xenotransplanted tumour 
derived from a single TOP–GFPhigh  cell sorted directly  ex vivo. The inset shows a single cell; the figure 
shows an isolated xenotransplant. (c) Haematoxylin/eosin staining (left), Alcian Blue staining (middle) and 
anti-GFP immunohistochemistry (right) of the single-cell-derived tumour. Scale bars, 100 μm.

61



Colon Cancer Heterogeneity: Stem cells, Signals and Subtypes

3

latter being associated with diminished GSK3β activity (Fig. 5h). Although the crosstalk between 

PKB/Akt and the APC complex is a matter of debate [31], in spheroidal cultures of primary 

colon cancer the stimulation of hepatocyte growth factor decreased the phosphorylation of 

Thr 41 and Ser 45 in β-catenin (Fig. 5h), which are important regulatory sites for proteasomal 

degradation of the transcription factor. It remains to be established whether this is a direct 

effect, but β-catenin stability was induced by HGF (about fourfold at 16 h;  Fig. 5i). Moreover, 

a concomitant increase in phosphorylation of β-catenin on Ser 552, which is associated with 

enhanced transcription [32], is also detected at an early stage (Fig. 5h, i). The stimulatory 

effect of both MFCM and HGF on TCF/LEF transcriptional activity was inhibited with a specific 

c-Met inhibitor (PHA665752) and also with an HGF-blocking antibody (Fig. 5g and Fig. S5). 

We therefore conclude that HGF secreted by myofibroblasts is modulating nuclear β-catenin 

activity through c-Met and thereby affects CSC features in colorectal tumour cells.

Myofibroblast-secreted factors install a CSC phenotype in differentiated cancer cells. The 

present observations support a model in which myofibroblasts create what can tentatively be 

called a CSC niche. By analogy with normal stem cells, distance from the niche then determines 

the level of stemness-stimulating factors and thereby differentiation, assuming that CSCs follow a 

unidirectional differentiation pattern and cannot regain CSC features when they have undergone 

differentiation. However, in contrast to this proposition we observed that HGF-induced 

β-catenin modulation is a dominant effect of myofibroblasts and can revert differentiation. 

Treatment of TOP–GFPlow cells, which have low levels of nuclear β-catenin and have lost their 

clonogenic potential (Figs 1c and 2a), with MFCM induced nuclear β-catenin localization as early 

as 4 h afterwards (Fig. 6a). More significantly, exposure of TOP–GFPlow cells to MFCM induced 

the re-expression of CSC markers (Fig. 6b) and β-catenin-dependent transcription (Fig. 6c) and 

even restored the clonogenic potential of this population (Fig. 6d). This effect of HGF is a rapid 

modulation of the TOP–GFPlow cells that occurs within 16 h and enhances the clonogenicity by 

about 5–10-fold, almost to the level of TOP–GFPhigh cells. This excluded the selective expansion 

of a small population of CSCs remaining within the TOP–GFPlow cells because the doubling time 

was more than 24 h, thus showing that myofibroblast-secreted factors enhance Wnt signaling 

and can reinstall features of stemness in more differentiated tumour cells.

The relevance of our findings for Wnt activity  in vivo  and CSC maintenance are supported 

by the observation that TOP–GFPhigh  cells were preferentially located close to myofibroblasts 

in xenografts (Fig. 7a). In addition, in samples of primary colon cancer we observed a clear 

co-localization between cells expressing  α-smooth muscle actin (α-SMA) and tumour cells 

displaying nuclear β-catenin (white arrows in Fig. 7b). This observation was corroborated by co-

immunofluorescence of xenotransplanted tumours, which confirmed the correlation between the 

position of myofibroblasts and the activity of Wnt signaling in the neighbouring tumour cells (Fig. 

7c, d). In addition, in primary tumours a role for myofibroblast-derived HGF in Wnt regulation was 

suggested, because we observed clear expression of HGF in tumour-associated myofibroblasts 

in most cases (Fig. S6a) and, as shown above, significant amounts of HGF production by 

myofibroblasts isolated from primary colon cancer samples (Fig. 5e and Fig. S6b, c). To establish 

formally that myofibroblasts can reinstall the tumour-initiating capacity in TOP–GFPlow  cells, we 
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Figure 5. (a) Colon CSC cultures (left) can be differentiated by plating the cells on tissue-culture-treated 
plastic plates in medium containing serum (middle). Serum-induced morphological differentiation is 
prevented in the presence of MFCM derived from the colonic cell line 18Co (right). Scale bar, 20 μm. (b) 
Expression of differentiation genes Muc2 and FABP2 as determined by qPCR in CSCs and in cells induced to 
differentiate in the absence or presence of MFCM as in a. Error bars represent s.d. (n = 3). (c) Clonogenic 
potential determined by limiting-dilution assays in the presence or absence of MFCM. Error bars represent 
95% confidence intervals. A representative example is shown. (d) Cytokine array detecting a panel of 
79 cytokines. Analysis of MFCM reveals a high level of HGF production (red circle). (e) HGF production 
detected by enzyme-linked immunosorbent assay in MFCM and in two primary cell lines (CRC-MF49 and 
CRC-MF66) isolated from colorectal cancer patients. Error bars represent s.d. (n = 3). ND, none detectable. 
(f) Treatment of CSC cultures with MFCM or HGF for 4 h induces nuclear translocation of β-catenin. Scale 
bars, 20 μm. (g) Treatment of CSC cultures with MFCM or HGF for 16 h activates TOP–luciferase reporter 
activity, which is prevented by PHA or specific anti-HGF neutralizing antibodies. Error bars represent 
s.e.m. (n  = 3); the experiment shown is representative of three independent experiments. (h) Western 
blot of c-Met, PKB/Akt, GSK3β and T41/S45 β-catenin with normal or phospho-specific antibodies with 
and without stimulation with 50 ng ml−1 HGF for 2 h. Numbers indicate the fold induction or decrease as 
determined by total and phospho-specific signals. (i) Total amount of β-catenin and S552 phosphorylated 
β-catenin over time after stimulation with HGF. Uncropped images of blots in h and i are shown in  Fig. S7.
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performed co-injections. This revealed that TOP–GFPlow cells, which have a very limited capacity 

to induce tumours in comparison with TOP–GFPhigh cells, regained tumorigenicity and thus CSC 

features when co-injected with myofibroblasts or with an admixture of the factors that these cells 

secrete (MFCM) and Matrigel (Fig. 7e). Our data therefore provide clear evidence of a role for 

myofibroblasts in installing and maintaining colon CSC fate through the regulation of Wnt signaling.
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Figure 6. (a) Stimulation of TOP–GFPlow-sorted cells with MFCM for 4 h induces nuclear translocation of 
β-catenin. Scale bars, 20 μm. (b) Induction of Lgr5 and Survivin as determined by qPCR after 5 and 16 h 
in TOP–GFPlowcells after treatment with MFCM. Error bars represent s.d. (n = 3). (c) TOP–GFP expression 
after 16 h in TOP–GFPlow  cells after treatment with MFCM. (d) Limiting-dilution assay to determine the 
clonogenicity of TOP–GFPhigh, TOP–GFPintermediate  and TOP–GFPlow  cells. Clonogenicity can be restored in 
TOP–GFPlow cells with HGF or MFCM, whereas phytohaemagglutinin (PHA) blocks this effect yet has no 
effect on normal clonogenicity. Error bars represent 95% confidence intervals. See Methods for details on 
limiting-dilution statistics and scheme.
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Figure 7. (a) Myofibroblasts are present in the stroma of TOP–GFP xenografts as demonstrated by  α-SMA-
positive cells and localize close to cells expressing TOP–GFP as detected byα-GFP immunohistochemistry 
in consecutive slides. Scale bars, 50 μm. (b) In human colorectal cancer specimens, cells positive for nuclear 
β-catenin (brown) show an intimate relationship with α-SMA-positive myofibroblasts (purple). The right panels 
show enlargements; white and black arrowheads indicate tumour cells with and without nuclear β-catenin, 
respectively. (c) Immunofluorescence co-staining for α-SMA and GFP indicates a close relationship between 
TOP–GFPhigh  cells and myofibroblasts. Scale bar, 50  μm. (d) Quantification of TOP–GFP intensity in areas of 
epithelial cells that are next to α-SMA cells reveals a relationship between myofibroblasts and enhanced Wnt 
signalling (Student’s  t-test,  P  < 0.001; see  Methods  for details). (e)  In vivo  transfer of TOP–GFP-transduced 
cultures. Cell numbers from the indicated populations were injected into nude mice after FACS. The number 
of successful tumour initiations after nine weeks out of six injections for each condition is shown. Injection of 
TOP–GFPlow cells with myofibroblasts (MF) or after treatment with MFCM shows enhanced tumour growth in 
comparison with TOP–GFPlow cells alone. The upper part of the table is a partial representation of Fig. 3a.
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D ISCUSSION
Wnt signaling is crucially important in maintaining stemness in normal colon stem cells and 

is a common pathway that is deregulated in most colon cancers. Using Wnt signaling activity 

as a readout, we have unravelled a fundamental characteristic of cancer stemness. In a similar 

manner to normal intestinal stem cells [26], Wnt activity is not merely a cell-intrinsic feature 

that can be used to define CSCs in a series of colon tumours carrying a variety of mutations, but 

it is also regulated by extrinsic factors. More significantly, our data show that cells surrounding 

the CSC not only maintain a high Wnt activity in CSCs but can also instruct more differentiated 

tumour cells to activate the Wnt pathway and thereby restore clonogenicity or tumorigenicity 

(summarized in Fig. 8). We have excluded the possibility that this is due to the activation of a 

small subset of residual CSCs in the TOP–GFPlow population: the effect is too rapid and occurs 

well before any cell expansion has taken place. However, to what extent these cells possess 

unlimited replicative potential, which is a crucial hallmark in the definition of a CSC, remains to 

be elucidated by repetitive isolations and subsequent injections.

Nonetheless, the potential of these cells to proliferate extensively and form tumours that 

contain a similar Wnt signaling heterogeneity to that observed with TOP–GFPhigh-induced 

tumours warrants the conclusion that the microenvironment is central to the growth of colon 

b

a

CSCs

W
nt

Differentiation

+MFCM / +HGF

Figure 8. (a) Cells with a high Wnt signal activity (depicted in green) reside close to stromal myofibroblasts 
(red) in colorectal cancer tissue. Cells with a relatively low Wnt activity are depicted in grey. Tumour-
associated myofibroblasts secrete factors such as HGF (black dots) that stimulate Wnt signalling. (b) 
Stimulation of the Wnt signalling cascade in differentiated colon cancer cells, characterized by low 
Wnt signalling activity, restores CSC characteristics. These include expression of CSC markers and 
tumorigenicity. Taken together, these results suggest a pivotal role for the environment in determining 
CSC features of colon cancer cells.
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cancers under these conditions. Previous observations by us and others have suggested that 

brain CSCs are also supported by (perivascular) endothelial cells [33, 34]. Although those 

studies did not reveal whether differentiated tumour cells can regain stemness, they may point 

to a similar relation between CSCs and microenvironment and suggest that the CSC phenotype 

may be a much more dynamic characteristic than has previously been assumed.

In this light we note that there is an ongoing debate in the field on the existence and 

incidence of CSCs within different tumours. This has in part been explained by immune responses 

observed in xenotransplantation assays [35, 36]  and by differences between tumours. Our 

present observations indicate that the usage of fully immune-deficient mice does not annihilate 

the difference between TOP–GFPhigh and TOP–GFPlow cells, proving that cancer stemness is not 

due to a different sensitivity to immune control. However, we feel that our data, by implicating 

the microenvironment as a dominant factor in CSC, can potentially shed new light on this 

controversy. One could envisage that tumours such as late-stage melanoma have become 

independent of the signals elicited by the microenvironment and therefore do not show a 

clear-cut CSC organization [37]. Alternatively, a subset of tumours could be more effective in 

modulating the microenvironment or could simply be more receptive to the local environment 

at the site of injection. In this light we note that our observations indicate a rapid attraction or 

formation of myofibroblasts at the site of tumour formation. Combined with the observation 

that differentiated tumour cells induce tumours when co-injected with such myofibroblasts, this 

suggests that differentiated tumour cells simply fail to create the right environment and therefore 

fail to show tumour-initiating capacity. This conclusion would have far-reaching consequences 

when discussing tumour therapy. As CSC have been shown to be relatively resistant to therapy [16, 

38-40], present strategies are aimed at developing CSC selective therapies, thereby attacking the 

tumour at its root. However, this approach would be frustrated by plasticity of the system, which 

would simply lead to CSC regeneration from the differentiated tumour compartment. In contrast, 

the model we propose indicates that attention should be directed to the potential opportunity 

offered by the interface of the microenvironment and the CSC as a therapeutic target.

It has previously been shown that nuclear β-catenin localization was predominantly observed 

in the invasive regions of colon carcinomas, that is, at the leading edges [10]. These observations 

concur with our hypothesis that myofibroblasts, which are present at high density at the tumour 

front, could direct Wnt activation. This suggests a framework in which stromal components, 

in this case HGF-producing myofibroblasts, stimulate CSC features of cancer cell populations 

mainly at the tumour edges and simultaneously promote the invasion and spread of the 

malignancy into the surrounding tissue, as has also been suggested previously [41]. The fact that 

HGF/c-Met overexpression is correlated with colon cancer progression only strengthens this 

notion [30, 42]. This is not merely due to enhanced scattering of tumour cells by HGF, because 

c-Met silencing also induces almost complete regression of already established metastases in an 

experimental model [43]. This indicates a constitutive need for c-Met-mediated signals in the 

growth or maintenance of metastases and is consistent with a role for HGF in CSC maintenance.

The tight relationship between CSC properties, invasion and microenvironment is 

corroborated by findings that suggest that the CSC phenotype, epithelial–mesenchymal 
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transition (EMT), invasion and microenvironmental interactions are closely associated in breast 

cancer [44]. In addition, plasticity takes a central position here because activation of the EMT-

promoting factors Snail or Twist generates CSCs from more differentiated tumour cells, which 

revert when these EMT-promoting signals are not maintained [44]. Intriguingly, the original 

studies on MDCK cell scattering, which spurred the interest in EMT [45], in essence showed that 

HGF was a potent EMT inducer that was in later work related to the induction of Snail in epithelial 

cancer cells [46]. Moreover, in normal development Wnt signals are crucially tethered to the 

induction of EMT [47]. Taken together, these observations therefore point to the hypothesis 

that colon cancer stemness is partly defined by environmental cues, such as HGF, and can be 

induced in more differentiated tumour cells by the microenvironment and may therefore be 

closely related to EMT. This has important consequences for the way in which we perceive CSCs 

as critical therapeutic targets, shifting the attention from the CSC to its environment.
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MATERIAL AND METHODS
Cell culture. CSCs were isolated from different patients in accordance with the rules of the 

medical ethical committee of the AMC and University of Palermo and Heidelberg, and named 

after their site of origin. Primary samples were named Co and liver metastases were named LM, 

both followed by a number representing the isolation. CSCs were cultured in modified neurobasal 

A medium containing N2 supplement (Invitrogen), Lipid Mixture-1 (Sigma), basic fibroblast 

growth factor (bFGF; 20 ng ml−1) and epidermal growth factor (EGF; 50 ng ml−1). Colon cancer 

cell lines were cultured in Iscove’s modified defined medium (IMDM) plus 10% FCS, glutamine 

and penicillin/streptomycin. 18Co cells were purchased from the American Type Culture 

Collection and maintained in DMEM medium supplemented with 10% FCS and 1% glutamine. 

Colon CSC cultures were derived as described previously [16]. In brief, primary resected human 
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colon carcinomas   were digested enzymatically for 1 h with a mixture of collagenase (1.5 mg ml−1; 

Roche) and hyaluronidase (20 μg ml−1) at 37 °C and shaken repeatedly. The dissociated sample 

was then filtered (40 μm pore size) and washed in CSC medium. Erythrocytes and cell debris 

were removed by Lympholyte (M; Cedarlane) centrifugation. Cells were then washed with 

CSC medium and subsequently cultured. For isolation of primary myofibroblasts, colorectal 

specimens were first cut into small pieces and incubated for 30 min with 1 mM EDTA (Sigma) 

at 37  °C with repetitive shaking to remove epithelial cells. Samples were washed with Hanks 

balanced salt solution between each incubation and then digested enzymatically for 30 min with 

collagenase (1.5 mg ml−1; Roche) at 37 °C with shaking. Cells were then washed and plated at high 

density with DMEM supplemented with 10% FCS and 1% non-essential amino acids.

Lentiviral and luciferase reporter assays. TCF/LEF reporter driving expression of GFP (TOP–GFP) 

was a gift from Laurie Ailles and was described previously [18]. Spheroidal cultures were transduced 

lentivirally with either the TOP–GFP or constitutive CMV–GFP or PGK–GFP constructs. Generation 

of single-cell-derived cultures was performed by FACSaria (BD Biosciences) single-cell plating 

in 96-well ultralow-adhesion plates (Corning) containing stem-cell medium. We stringently 

gated on single, propidium iodide-negative/GFP-positive cells. After visible spheres arose, 

they were transferred to ultralow-adhesion flasks (Corning) and expanded. Luciferase assays 

were performed as recommended by the manufacturer (SA Biosciences). Cells were transiently 

transfected (FuGENE 6; Roche) with a mixture of inducible TCF/LEF-responsive firefly luciferase 

and constitutively expressed  Renillaluciferase (40:1), or with a negative control containing a 

mixture of non-inducible firefly luciferase and constitutively expressed Renilla luciferase (40:1). 

All experiments were performed in triplicate. Cells were lysed in luciferase reporter lysis buffer 

and monitored for luciferase and  Renilla  activity with a Dual-Luciferase Reporter Assay System 

(Promega). Cells were starved for 12 h and stimulated for 12–16 h with indicated factors.

Limiting-dilution assay. Cells from different GFP intensities were deposited at 1, 2, 4, 6, 8, 12, 

16, 20 and 24 cells per well. Clonal frequency and statistical significance were evaluated with 

the Extreme Limiting Dilution Analysis (ELDA) ‘limdil’ function (http://bioinf.wehi.edu.au/

software/elda/index.html).

Immunohistochemistry and western blot antibodies and reagents. Immunofluorescence 

and/or immunohistochemistry were performed on paraffin-embedded sections or on 

cytospins as described [17]. The following antibodies were used for immunohistochemistry and 

immunofluorescence: anti-β-catenin (Cell Signaling Technology, 1:100 dilution; Transduction 

Labs, 1:250), anti-GFP (Roche, 1:500), anti-α-SMA (Abcam, 1:100), anti-Vimentin (Abcam, 

1:100), anti-desmin (Neomarkers, 1:100), anti-HGF (R&D Systems, 1:100), anti-cytokeratin 20 

(Genetex, 1:250), anti-FAPB2 (Abcam, 1:200) and anti-Muc2 (Abcam, 1:200). The following 

antibodies were used for western blotting: anti-β-actin (Sigma, 1:1,000), anti-phospho-Met 

(Tyr 1234/1235, 1:500), anti-Met (25H2, 1:500), anti-phospho-Akt (Ser 473, 1:500), anti-Akt 

(1:500), anti-phospho-Gsk3(Ser 9, 1:500), anti-Gsk3 (1:1,000), anti-phospho-β-catenin (Thr 

41/Ser 45, 1:500; Ser 552, 1:500) and anti-β-catenin (1:1,000); all except the anti-β-actin were 

purchased from Cell Signaling Technology. Alcian Blue staining was performed with Alcian 
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Blue 8GX (Sigma). Haematoxylin/eosin staining was performed with Ehrlich haematoxylin/

eosin solution (Sigma). Western blotting was performed as described [48]. Full blots are shown 

in Supplementary Information, Fig. S7.

Conditioned medium, enzyme-linked immunosorbent assay (ELISA) and cytokine array, 

cytokines and inhibitors. A total of 7.5 × 105 18Co cells were seeded in 75-cm2 flasks. On the next 

day, cells were washed twice with PBS and incubated for 24 h with 10 ml of CSC medium without 

EGF and bFGF. MFCM was then collected and cleared by centrifugation and used at 1:2 dilution. 

A cytokine/chemokine array kit (Ray Biotech Inc.) was used to detect a panel of 79 secreted 

cytokines and chemokines in MFCM. The manufacturer’s recommended protocol was used. 

Human recombinant HGF (50 ng ml−1) was from Relia Tech. Inc. A novel small molecule inhibiting 

c-Met phosphorylation (PHA665752) was provided by Pfizer. A neutralizing HGF antibody (R&D 

Systems) was used to deplete HGF from the MFCM. In brief, MFCM was incubated for 1 h at 37 °C 

with the neutralizing antibody (10 μg ml−1) before use in the stimulation assay. HGF secretion 

was quantified by quantitative ELISA according to manufacturer’s instructions (R&D).

Flow cytometry. Flow cytometry was performed on trypsin-dissociated TOP–GFP CSC cultures 

with AC133 (Miltenyi Biotec, 1:100), CD44 (BD Biosciences, 1:100), CD166 (R&D Systems, clone 

105901, 1:100), CD24 (BD Biosciences, 1:100), CD29 (BD Biosciences, 1:100) and c-Met (Upstate, 

1:100). Dead cells were excluded with propidium iodide.

RNA extraction, microarray and PCR. Total RNA from cells comprising the lowest and highest 

10% TOP–GFP of spheroidal SCD cultures was extracted with Trizol reagent (Invitrogen) in 

accordance with the manufacturer’s protocol. RNA concentration was determined with 

NanoDrop ND-1000, and quality was determined using the RNA 6000 Nano assay on the 

Agilent 2100 Bioanalyzer (Agilent Technologies). Affymetrix microarray analysis, fragmentation 

of RNA, labelling, hybridization to Human Genome U133 Plus 2.0 microarrays, and scanning 

were performed in accordance with the manufacturer’s protocol (Affymetrix). Microarray data 

can be viewed online (http://www.ncbi.nlm.nih.gov/geo/index.html) under GEO accession 

number GSE17375. Real time RT–PCR was performed with SYBR green (Abgene) in accordance 

with the manufacturer’s instructions on a Bio-Rad MyiQ Thermal cycler. For primers used 

see Supplementary Information, Table S2.

In vivo  tumour propagation. Mice experiments were performed in accordance with the 

ethical committee of the AMC. For transplantation of cancer cells, 30 spheres (about 100 cells 

per sphere) suspended in 100 μl of PBS/BSA admixed with Matrigel at a 1:1 ratio were injected 

subcutaneously into nude mice (Hsd:Athymic Nude/Nude) (Harlan). After 3–8 weeks visible 

tumours arose. When the tumour size reached 1 cm3, mice were killed and tumours were 

processed either for analysis or for culture in vitro. For in vivo limiting-dilution injection, TOP–

GFP-transduced cultures or established xenografts from the TOP–GFP cultures were dissociated 

and 1, 10, 100, 1,000 and 5,000 cells from the 10% lowest, 10% highest or total TOP–GFP 

intensities were deposited, by FACS, in a 96-well plate containing CSC medium, admixed with 

Matrigel, and injected as described above. For myofibroblast co-injection experiments 50,000 
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18Co cells were plated in 96-well plates; TOP–GFPlow cells were added by FACS deposition in 

the indicated amounts and injected as described. For MFCM stimulation of TOP–GFPlow cells, 

cells were deposited by FACS in MFCM and incubated at 37 °C for 2 h; afterwards cells and MFCM 

were admixed 1:1 with Matrigel and injected. For single-cell injection single cells were deposited 

from the 0.5% highest TOP–GFP cells, and single-cell deposition was confirmed microscopically.

Co-immunostaining and quantification. Paraffin-embedded xenografts from TOP–GFP cultures 

were co-stained with anti-GFP and anti-α-SMA antibody. GFP intensities of epithelial cell regions in 

the direct presence or not of α-SMA-positive cells were quantified with an inverted fluorescence 

microscope (Zeiss), using the Axiovision software. Serial sections (n  = 45) and multiple 

fields per section were scored. Student’s  t-test was used for statistical significance. Paraffin-

embedded primary human specimens were co-stained with α-SMA (Abcam) and anti-β-catenin 

(Transduction Labs) and then incubated with anti-rabbit-AP/anti-mouse-HRP (Powervison) (1:1). 

RED Alkaline Phosphatase substrate (Vector) followed by DAB+ (Dako) were applied to the slides.
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Figure S1 TOP-GFP expression and relation with nuclear β-catenin, wnt targets and differentiation 
markers. (a) Co-immunostaining of TOP-GFP spheroid culture with GFP and β-catenin antibody 
demonstrates a clear correlation between TOP-GFP levels and nuclear localization of β-catenin (scale bar, 
50μm), quantification shown in (b). (c) Microarray analysis of a specific gene-set in high, intermediate and 
low TOP-GFP cell fractions indicates gradual increase in differentiation marker expression and a decrease 
in Wnt target gene expression from TOP-GFPhigh to TOP-GFPlow populations (Each box plot represents 
a minimal of two data points from separate single-cell cloned TOP-GFP CSC cultures). Genes were picked 
based on significant differences observed in Fig 1d.
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Figure S2. Limiting dilution on various clones, Ki-67 staining. (a) Limiting dilution assay and clonogenic 
potential of 3 independent lines derived from the same patient as Apo.1 (Apo.1.A, Apo.1.B and Apo.1.C). 
Errors bars represent 95% CI. Representative examples are shown. See Methods for details on limiting 
dilution assays. (b) Ki-67 co-staining with GFP in TOP-GFP xenografts. Ki-67 positivity encompasses both 
GFP positive and negative cells. Scale bar, 100μm.
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Figure S3. Myofibroblasts prevent differentiation of colon CSCs. (a) Immunohistochemistry for α-SMA 
shows myofibroblasts in the stroma of primary human colorectal malignancies. (Scale bar, 50μm) (b) Phase 
contrast pictures to show morphological differentiation of CSC. Upper left represents a spheroid culture 
growing in medium containing EGF and bFGF, upper right is after differentiation in 2% FCS. Lower left is 
differentiation with 2% FCS, but plated on myofibroblasts (18Co) and lower right is differentiation with FCS 
in the presence of MFCM. (Scale bar, 20μm) (c) Immunofluorescence for FABP2 and Muc2 on cytospins 
of spheroid cells (EGF/bFGF) or cells induced to differentiate with 2% FCS in the absence (middle) or 
presence of MFCM (right). (Scale bar, 20μm
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Figure S4. Myofibroblasts produce HGF and human colon CSCs express c-Met. (a) A graph depicting the 
detected secreted factors in MFCM (see Methods for details). (b) PCR showing expression of c-Met in 
spheroid cultured colon CSCs. Right panel shows FACS analysis for c-Met. (red; background and blue; 
c-Met) (c) Full blot of phospho-c-Met and β-actin of Co200 stimulated with 18Co conditioned medium 
(MFCM) or CSC control medium for the time indicated.
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Figure S5. TOP/FOP assay on various lines and with various conditions. Depicted are the results of TOP/FOP 
assays on different human colon cancer lines including several established colorectal cancer lines (DLD1, 
HCT116, HT29). LM5 is a liver metastasis derived primary CSC line. The stimulatory effect of MFCM is HGF 
dependent. Error bars represent SEM (n=3), data from at least 2 replicates is shown.
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Figure S6. Human colon carcinoma associated myofibroblasts express HGF. Six different human primary 
colorectal cancer specimens and one normal human colon specimen was stained for both HGF and α-SMA. 
In 4 out of 6 samples we detected HGF in α-SMA-positive cells. Scale Bars, 50μm. (b) Both an established colon 
myofibroblast line (18Co) as well as two primary lines (MF49, MF66) isolated from colorectal cancer patients 
express markers associated with myofibroblasts (Scale bars, 20μm) and reveal HGF production by (c) PCR.
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Table S1

Gen e Probese t G7 A4
FABP1 205892_s_a t -4.9 -1.7
AKR1B10 206561_s_a t -4.6 -2.5
MUC2 204673_a t -3.6 -1.8
ST6GALNAC1 227725_a t -3.2 -1.5
GCNT3 219508_a t -2.7 -1.3
SPINK4 207214_a t -2.4 -1.5
HEPACAM2 242601_a t -1.9 -1.7
GMPR 204187_a t 1.8 1.5
CAB39L 225915_a t 2.3 1.4
TSPAN5 209890_a t 2.5 1.5
NEURL1B 225355_a t 2.7 1.3
TUBB2B 214023_x_a t 2.8 1.6
LGR5 213880_a t 2.9 1.3
SERPINI1 205352_a t 3.0 1.9
LEF1 221558_s_a t 3.0 1.6
LRP4 212850_s_a t 3.1 1.4
CXCR4 217028_a t 3.3 2.7
SP5 235845_a t 3.7 1.9
DEFA5 207529_a t 5.1 3.9
APCDD1 225016_a t 5.2 4.3

Figure S7. Full blots. Represented are the full Western blots of Fig. 5h and i.

Table S1. Genes showing most differential 
expression between TOP-GFPhigh and TOP-
GFPlow cell populations. A list of the most 
differentially regulated genes in the TOP-GFPhigh 
versus TOP-GFPlow fractions from two different 
single cell cultures is summarized in Table S1, 
indicated values represent Log2 foldchanges.
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SUMMARY
We have formally demonstrated in Chapter 2 that colon cancers harbor a fraction of tumor cells 

with self-renewal properties and multi-lineage differentiation potential. These cells, referred 

to as cancer stem cells (CSCs), are of particular interest because they are believed to be the 

clonogenic core of the tumor and therefore represent the cell population that drives growth 

and progression. Many efforts have been made to design therapies that specifically target the 

CSC population, since this was predicted to be the crucial population to eliminate. However, 

additional insights described in Chapter 3 have complicated the initial elegant model, by showing 

a dominant role for the tumor microenvironment in determining CSC characteristics, such as 

high Wnt activity, within a malignancy. This is particularly important since dedifferentiation of 

non-tumorigenic tumor cells towards CSCs can occur, and therefore the CSC population in a 

neoplasm is expected to vary over time. Moreover, evidence suggests that not all tumors are 

driven by rare CSCs, but might instead contain a large population of tumorigenic cells. Even 

though these results suggest that specific targeting of the CSC population might not be a 

useful therapeutic strategy, research into the hierarchical cellular organization of malignancies 

has provided many important new insights in the biology of tumors. In this review, we highlight 

how the CSC concept is developing and influences our thinking on future treatment for solid 

tumors.  We primarily focus on the latest developments that have been achieved to inhibit the 

Wnt pathway in the context of colon CSCs, discuss some of the pitfalls that can be anticipated 

and present new opportunities for therapeutic intervention. Finally we recommend ways to 

design clinical trials to assess drugs that target malignant disease in a rational fashion. 
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INTRODUCTION
In recent years, the cancer stem-cell (CSC) theory of malignancies has received much 

attention. Although the idea that malignancies depend on a small population of stem-like cells 

for proliferation has been around for more than a century, technical developments only in the 

past few decades made it possible to strengthen these speculations with experimental data [1]. 

An important reason for the widespread interest in the CSC model is that it can comprehensibly 

explain essential, poorly understood clinical events, such as therapy resistance, minimal residual 

disease, and tumor recurrence. In many cases, however, the initial explanatory power of the 

CSC model has waned as novel data challenge and redefine the CSC concept. The original, 

somewhat rigid interpretation of the model presents malignancy as a hierarchically organised 

tissue with a CSC population at the top that generates the more differentiated bulk of the tumor 

cells (Fig. 1A) [2]. In this model, the differentiated tumor cells have lost their clonogenic capacity 

and only the CSCs contribute to the expansion and long-term progression of the malignancy. 

This model suggests that CSCs should be the target for successful therapeutic intervention. 

Unfortunately, CSCs seem to be more resistant than differentiated tumor cells to most of the 

common therapies [3-8] which could explain therapeutic failure; the applied drug effectively 

kills most of the differentiated tumor cells, resulting in tumor shrinkage, yet the CSCs are 

relatively unharmed and reside in the fibrotic tissue that remains from the initial tumor bulk. 

After therapy is discontinued, the highly tumorigenic CSCs resume growth, which clinically 

manifests itself as a relapse. With this in mind, many researchers were convinced that specific 

and effective targeting of the CSC population could cure the patient. Crucially, this assumption 

relies on the idea that the CSC population is stable over time, and that CSC features are intrinsic 

qualities that cannot be attained by differentiated tumor cells. However, novel data, from our 

group and several others, suggest that this is not the case [9-12]. The CSC phenotype is much 

more fluid than anticipated and is strongly regulated by the tumor-cell environment. We refer 

to this concept as the dynamic CSC model (Fig. 1B); this nuanced view of the nature of CSCs 

might settle much of the dispute between those who view CSCs as a factual entity and those 

who consider them an illusion. Additionally, this notion directly affects the design of novel 

therapies aimed at targeting the CSC population. In any case, research into the CSC concept 

has substantially expanded our knowledge of the biology of malignancies, including response 

to therapeutic interventions. These insights will have an effect on clinical oncology in the near 

future. In this review, we highlight the latest developments in CSC research, with particular 

emphasis on colon CSCs and the transduction cascades implicated in their maintenance, and 

discuss the implications for clinical oncology; these mainly relate to identification of novel 

targets to overcome therapy resistance, and improved setups for clinical trials that take into 

account the efficacy of interventions on the CSC compartment. 

B IOLOGY OF CANCER STEM CELLS
Identification. Malignancies have been known for many decades to be highly heterogeneous 

tissues [13-16]. Cancer cells differ in morphology, marker expression, proliferative potential, 
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and therapy resistance. Crucially, they also differ in their capacity for long-term replication and 

tumorigenicity. This is shown by isolating various tumor-cell populations, based on cell-surface 

marker expression, and injecting them into immune-deficient mice. In several instances, 

tumor induction was most successful by a small population of cells exhibiting expression of 

cell-surface molecules associated with immature cell types. For example, in colorectal cancer, 

the CD133+ population of cells, which comprises around 0·1–10% of the cancer-cell population, 

has the sole capacity to induce xenografts upon transplantation, whereas the CD133− fraction of 

cells fails to generate tumors [8, 17, 18]. Therefore, CD133+ colorectal cancer cells are assumed 

to contain CSCs, and CD133 is referred to as a CSC marker. CSC markers differ between different 

types of malignancies, and even within a particular type of cancer various marker combinations 

have been reported that can enrich for CSCs—e.g., human breast CSCs can be isolated based 

on CD24−/CD44+ expression, and also by high aldehyde dehydrogenase (ALDH) activity [19].

CSCs share two main features with normal stem cells: they can self-renew (generate more 

CSCs) and they display multilineage differentiation potential [20]. Single-cell transplantation studies 

Figure 1. The developing cancer stem-cell model (A) The initial, strictly hierarchically organised 
cancer stem-cell (CSC) model. CSCs differentiate into progenitor-like cells that give rise to terminally 
differentiated cells, which have lost the capacity to self-renew and drive tumor growth. (B) The emerging 
dynamic CSC model; CSCs differentiate and give rise to the differentiated cell population within the tumor. 
CSCs are dependent on signals from the microenvironment shaped by stromal cells. Dedifferentiation 
of differentiated tumor cells occurs under the influence of the microenvironment. Stromal cells (green) 
represent myofibroblasts, endothelial cells, mesenchymal stem cells, or infiltrating immune cells.
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have revealed these qualities in individual tumor cells isolated from many types of malignancies, by 

showing that single CSC can initiate phenocopies from the original human cancer upon injection 

into immunodeficient mice [21-23]. From these studies, it is apparent that stem-like cells and more 

differentiated cells are present and contribute to cellular diversity in malignancies.

An issue that is intensely debated is how many CSCs are present within a tumor. Initial 

reports on colon, breast, brain, and lung cancer suggest a frequency of less than one CSC in 

every 1000 cells [8, 17, 18, 24, 25], which makes the distinction between CSCs and differentiated 

cells highly relevant. However, more recent data from several malignancies indicate that the 

number of cells displaying tumorigenic capacity might be much higher [26-28]. The number 

of CSCs predicted to exist in a particular neoplasm depends on the experimental procedure 

used, particularly the type of immunodeficient mouse strain into which the CSC sample is 

transplanted [27].  So far, the effect of experimental procedure on prediction of the number 

of CSCs in a neoplasm has only been convincingly shown in melanoma, where studies show as 

many as one in every four cells functions as a CSC [27]. If this is the case, viewing malignancy as 

a hierarchically organised tissue becomes less relevant, since a large population of cells drives 

tumor growth, in accordance with the classical, non-hierarchical model of malignancies [29].

Stem-cell-associated pathways: A focus on Wnt signalling. In addition to expression of cell-

surface molecules that are typically associated with stem-like cells (i.e, CD133 is expressed 

in intestinal and haematopoietic stem cells [30-32]), CSCs display many features classically 

attributed to stem cells. In a range of tissues, CSCs show high activity of signal transduction 

routes that define stem cells [33]. As a defining example, we describe below in more details the 

role of the Wnt signaling pathway in colon CSCs.

The canonical Wnt pathway is mainly regulated at the level of β-catenin, a protein kept 

under low cytoplasmic concentration by the destruction complex. The latter contains the 

tumor suppressor protein adenomatous polyposis coli (APC); 2 kinases, casein kinase 1 (CK1) 

and glycogen synthase kinase 3β (GSK3-β); and Axin2, which scaffolds the complex together. In 

the absence of Wnt ligands, the membrane receptor complex formed by frizzled (Fzd) and low-

density lipoprotein receptor–related protein 5/6 (LRP5/6) is not engaged, and CK1 and GSK3-β 

phosphorylate β-catenin at specific serine and threonine residues, priming its recognition by 

the U3 ubiquitin ligase β-transducin repeat-containing protein (β-TRCP). As a consequence, 

β-catenin is ubiquitinated and targeted for proteosomal degradation (Fig. 2A; [34]). Upon 

binding of Wnt ligands to the receptors, the destruction complex is dissolved by an ill-defined 

mechanism [35], and β-catenin is no longer degraded, which leads to its accumulation in 

the cytosol and, subsequently, translocation into the nucleus. There, it associates with the 

lymphoid enhancer factor/T-cell factor (LEF/TCF) family of transcription factors, converting 

them from repressors to activators of transcription. These nuclear events require, in a first step, 

displacement of the co-repressor Groucho [36] and, subsequently, recruitment of the histone 

acetylase CREB-binding protein (CBP)/p300 and co-activators, like pygopus (PYG) and BCL9 [37]. 

This step triggers a complex transcriptional program that directs cell fate, cell proliferation, and 

stem cell maintenance (Fig. 2B). Important Wnt target genes include  c-MYC  [38], Axin2  [39], 

and Ascl2  [40], which serve key functions in various stages during embryogenesis, but also 
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during organ homeostasis and CRC development. Indeed, loss of function of Wnt components 

is critically involved in the pathogenesis of CRC [41]. Inactivation of the APC gene or activating 

mutations of β-catenin is reported in virtually all patients presenting with CRC [42] and is 

believed to be the critical initiating step in malignant transformation [43]. Although of various 

nature, those mutations ultimately result in stabilization of β-catenin and perpetual activation 

of the Wnt transcriptional program, even in the absence of any extracellular signals (Fig. 2C).

Interestingly, most patients contain constitutively activating mutations of the Wnt pathway, 

however such tumors often still retain a certain degree of regulation of the pathway. Several 

lines of evidence support this finding. The first example is the histopathologic observation 

that not all tumor cells deficient for APC display homogeneous nuclear β-catenin staining, a 

surrogate for Wnt signaling activity [12, 44]. This observation has been dubbed the “β-catenin 

paradox.” Second, the two-hit hypothesis that normally results in inactivation of a tumor 

suppressor gene is thought to be the consequence of two independent events. However, for 

APC this does not seem to be the case and it has been shown that the type of germline APC 

mutation that is present in familial adenomatous polyposis (FAP) patients influences the nature 

of the second, “somatic” hit in the APC gene [45]. Importantly, this never results in a complete 

loss of function of the protein and suggests a fine-tuned balance of Wnt activity that is required 

for optimal cell transformation [46], a principle often quoted as the “just-right” signaling 

model. Finally, recent observations from our laboratory have shown that Wnt signaling activity 

in colon cancer is also characterized by a gradient in which colon CSCs are functionally marked 

by a highly active Wnt signaling pathway, whereas the differentiated progeny of these cells 

show markedly lower levels of activity. 

Reports also suggest that Notch and Hedgehog are crucial pathways in sustaining colon 

CSCs, which is another similarity between normal stem cells and malignant stem cells [47, 48]. 

Similarly, lung CSCs are characterised by high activity of the Notch and Wnt pathways, and 

express high levels of Oct4 [49-52]. In addition to their close association with CSCs, activation of 

these pathways is believed to induce a more general, immature phenotype in the tumor clone 

and to drive invasion and therapy resistance. Therefore, stem cell-associated pathways such as 

the Wnt pathway are promising new targets for anticancer drugs, much like the tyrosine-kinase 

inhibitors that are currently at the apex of novel cancer drugs in clinical testing.

CSC environment and dedifferentiation. Studies have shown widespread plasticity and 

dedifferentiation in normal somatic tissue cells that receive the right environmental input 

or, in an artificial setting, that are transduced with the right factors, as is the case in induced 

pluripotent stem cells [53-56]. Compared with normal cells, these processes are expected to 

occur more readily in cancer cells, which typically have an immature phenotype because of 

derailed signal transduction routes that guide normal differentiation. Indeed, we showed that 

differentiated colorectal cancer cells can reacquire a CSC phenotype, including the capacity to 

induce new tumors, upon exposure to factors secreted by myofibroblasts [12].  Myofibroblasts 

are prominent cells in the stroma of colorectal cancers and we identified hepatocyte growth 

factor (HGF) as the mediating factor [12].  Similar findings have been reported for mammary 

cancer [9-11], which suggests an important interplay in tumors between stroma and cancer cells, 
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to an extent that the stroma cells determine the CSC properties of nearby cells (Fig. 1B). CSCs 

are reported to shape their own environment by recruiting and activating specific cell types. For 

example, production of interleukin 6 by breast CSCs attracts and activates mesenchymal stem 

cells to produce the CSC supportive cytokine CXCL7 [57]. The notion that CSC fate is intimately 

linked with the microenvironment is substantiated by several reports that suggest the presence 

of a CSC niche in various tumor types, by showing a close association between CSCs and a 

specific subset of stromal cells [12, 57, 58]. Two recent studies report that glioblastoma stem 

Figure 2. The Wnt canonical pathway (A), in the absence of Wnt ligands, β-catenin is kept under low 
cytosolic level by the destruction complex. This complex contains Axin2 and APC, which present β-catenin 
to the 2 kinases CK1 and GSK3-β, facilitating its phosphorylation at specific serine and threonine residues. 
This action primes β-catenin recognition by β-TRCP, which targets it for proteosomal degradation. In the 
nucleus, TCF transcription factors are bound to co-repressor (Groucho), and gene transcription is actively 
repressed. (B), Wnt ligands bound to Fzd and LRP5/6 co-receptors trigger formation of Dvl-Fzd complex 
and phosphorylation of LRP by GSK3-β. This phosphorylation recruits the scaffolding protein Axin2 to the 
co-receptors, and, as a result, the destruction complex is dissolved. β-catenin is, therefore, stabilized, 
can accumulate in the cytosol, and, subsequently, translocates in the nucleus where it converts TCF into a 
transcriptional activator. This step is mediated by the displacement of the Groucho protein and recruitment 
of co-activators that include CBP, BCL9, and PYG. This recruitment ensures efficient transcription of genes 
that are important regulators of stem cell fate (Lgr5, Ascl2), cell proliferation (c-MYC), and also, negative 
regulators of the pathway (Axin2). (C), truncating mutations in APC are frequently observed in CRC. As a 
result, the destruction complex cannot properly form, which results in inefficient targeting of β-catenin 
for degradation. Therefore, β-catenin can accumulate and form active transcription factor complexes with 
TCF proteins in the nucleus, even in the absence of external signal. Dvl, dishevelled.
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cells have the potential to differentiate into the vascular endothelial lineage, a cell type that was 

previously shown to form the stem cell niche in this malignancy [59, 60].

CANCER STEM CELLS AND THERAPY RESPONSE
Therapy resistance. Therapy resistance after an initial seemingly successful treatment is common 

and is usually explained by the presence of a resistant subpopulation of cells. In most cases, it 

is assumed, this resistance is a clonal trait and mediated by an acquired mutation. For example, 

imatinib resistance in chronic myeloid leukaemia (CML) results from additional mutations in 

the BCR-ABL fusion gene that frequently underlies this disease [61]. These resistance-conveying 

mutations are located within the genetic region that encodes for the binding pocket of the 

drug, thereby providing evidence for direct genetic-mediated resistance. Research into the CSC 

concept has revealed another layer of complexity; it seems that CSCs, which might have the 

same genetic background as the bulk tumor, can have a highly different response to therapeutic 

interventions according to their degree of differentiation (Fig. 3A, B) [3]. Studies in patients with 

CML show that CML stem cells are resistant to imatinib treatment, independent of the presence 

of resistance-associated mutations in the BCR-ABL gene [7, 62]. Stem-like cells in gastrointestinal 

stromal tumors (GIST; a malignancy driven by activated c-Kit that is also targeted by imatinib) 

are also resistant to imatinib [63]. The clinical relevance of this observation is apparent from a 

study of patients with GIST in whom long-term imatinib treatment was discontinued [64]. In most 

patients, the result was rapid relapse of the malignancy, suggesting that the clonogenic core of 

the cancer was not effectively targeted [64, 65]. A similar scenario occurs for chemotoxic drugs; 

in colorectal cancer, CSCs are more resistant than non-CSCs to conventional chemotherapeutics. 

This is concluded from experiments in which human primary tumors transplanted into mice 

after treatment with oxaliplatin or irinotecan showed an increased fraction of cells with a CSC 

phenotype, compared with tumors before treatment or untreated tumors, and increased 

tumorigenicity [6, 8].  Additionally, a recent study suggests enrichment of CSC-like cells in 

patients with colorectal cancer given fluorouracil [66]. Several molecular mechanisms have been 

suggested to underlie the differential sensitivity among tumor cells, including upregulation of 

antiapoptotic molecules and high expression of drug efflux pumps in CSCs compared with 

differentiated cells [67]. An increase in CSCs was also detected in human breast cancer samples 

after therapy, suggesting that this occurs in several cancer types [5, 68].  However, caution is 

warranted since treatment-mediated enrichment for CSC-like cells is common but not the 

general rule, and could be dependent on the CSC marker analysed [69]; for example, in testicular 

cancer the immature cells that drive tumor growth are more sensitive to cisplatin treatment [70]. 

In addition to supporting CSCs, the tumor microenvironment has a direct role in mediating 

therapy response; a study in patients with breast cancer reported a strong association between 

ALDH expression in the stromal compartment and a favourable clinical outcome to neoadjuvant 

treatment. In this study, ALDH expression by cancer cells was not prognostic or affected by 

therapy; therefore, the researchers proposed a function for the stroma in determining the 

efficacy of therapy on the CSC compartment [71]. Radiotherapy is also reported to enrich for 
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CSCs. In patients with glioblastoma multiforme exposed to high-dose irradiation, an increased 

fraction of CD133+ CSCs is observed in the residual tissue [72].

The question remains whether it is sufficient for an effective therapy to specifically eradicate 

the CSC population or if the non-CSCs also need to be targeted. The potential for differentiated 

cells to reacquire CSC features suggests that differentiated cells also need to be targeted (Fig. 3C). 

Moreover, the debate over the exact number of CSCs present in a malignancy, which depends 

on the experimental protocol used to demonstrate stemness of cancer-cell populations, 

needs to be resolved to realistically pursue CSC-specific therapies. However, it is clear that 

at least the CSC population needs to be targeted efficiently. Computational simulations have 

been performed of CSC-driven malignancies exposed to drugs that selectively kill the more 

differentiated cells; these simulations result in relapsing tumors that are, in many ways, more 

Figure 3. Therapy resistance in the cancer stem-cell model (A) Cancer stem-cells (CSCs, red) are more 
resistant than differentiated cells (blue) to most conventional therapeutic interventions. Therefore, after 
treatment, tumors are enriched with highly clonogenic cells that induce a rapid relapse. (B) In theory, 
in the strictly hierarchic model, CSC ablation results in loss of proliferative capacity and decline of the 
malignancy. (C) Novel data show that differentiated cells can reacquire CSC features through signals from 
the environment and stromal cells (green); specific CSC eradication results in rapid restoration of CSC 
features in a subset of cells, and a subsequent relapse when therapy is discontinued.
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malignant than the initial tumor, since they exhibit more invasive behaviour, are enriched with 

CSCs, and show increased heterogeneity [73, 74]. These theoretical studies might provide an 

explanation for the modest relation between (partial) radiological tumor response and patient 

prognosis in many malignancies [75]. In any case, these observations urge the development of 

drugs that are effective against the clonogenic core of the malignancy, since CSCs might not be 

solely responsible for fuelling tumor growth and long-term recurrent disease.

Targeting CSCs: Wnt components. CSCs are greatly affected by signals from the microenvironment 

and also rely on signal transduction pathways intimately linked with stem-cell biology, both of 

which are, in principle, druggable targets [76]. Direct targeting of CSC-related signal transduction 

routes might be problematic since normal stem cells also heavily rely on these pathways. However, 

the aberrant activation of these pathways in cancer might provide a therapeutic window for drugs 

that interfere with these signals. As an example we will present some of the efforts that have been 

made to interfer with the Wnt transduction cascade by either targeting the pathway components 

or alternatively, the different routes that converge to activate the Wnt pathway. 

In 2009, Chen and colleagues screened diverse chemical libraries and identified 2 classes of 

molecules with Wnt inhibitory features [77]. The first class acts primarily at the level of Wnt ligand 

production by specifically targeting porcupine (PORCN), an acyltransferase that adds a palmitoyl 

group to Wnt proteins, an essential step for their secretion. The second class regulates Axin2 

stability and, importantly, also targets β-catenin degradation in the presence of APC mutations 

[77]. Additionally, another recent study has highlighted the role of the poly-ADP-ribosylating 

enzymes tankyrase 1 and 2 (TNKS) in promoting Axin2 degradation. Enzymatic inhibition of TNKS 

by XAV-939 is able to stabilize Axin2 and promotes degradation of β-catenin [78]. Although of 

potential interest for various Wnt signaling–dependent malignancies, the benefit for CRC is 

questionable as the first class of inhibitors will, in theory, be inefficient when APC mutations render 

the tumor Wnt-ligand independent [79]. However, as mentioned, APC mutations rarely represent 

complete null mutations. In agreement, Wnt ligands are expressed in various CRC cell lines, and 

blockade of Wnt1 with monoclonal antibodies can trigger apoptosis in cell lines bearing APC as 

well as β-catenin mutations [80, 81]. Conversely, Wnt natural inhibitors such as secreted Fzd-

related proteins (SFRP) are often methylated and silenced in primary tumors [82]. These proteins 

share similarities with Wnt cell-surface Fzd receptors and can prevent their binding with Wnt 

ligands and subsequent activation of the pathway [83]. Similar to inhibition of Wnt1, re-expression 

of SFRP in CRC cell lines or their epigenetic reactivation results in decreased Wnt activity as well as 

cell death [82]. These insights clearly support a rationale for targeting the extracellular machinery 

upstream of the destruction complex. Therefore, an antibody-targeting approach against Wnt 

ligands and/or blockade of the Frz receptor signaling might provide an interesting therapeutic 

avenue to explore [84]. From a more fundamental biological perspective, it also supports the 

notion that full activation of Wnt signaling cannot be explained by APC mutations alone, or 

alternatively, that Wnt ligands activate crucial non-canonical Wnt signaling routes.

The transcriptional program that initiates malignant transformation requires nuclear 

localization of TCF/β-catenin, in which abrogation of this complex can block the target gene 

expression and cell growth in vitro [85]. Therefore, targeting the TCF/β-catenin nuclear complex 
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also holds great promise for successful therapy. The recruitment of transcriptional co-activators 

such as PYG, BCL9, and CBP/p300 is well documented, and their induced absence is expected 

to prevent proper Wnt activation. As a proof of principle, Emami and colleagues screened for 

TCF/β-catenin inhibitors and found the leading compound ICG-001, which specifically targets 

and inhibits the co-activator CBP [86]. Treatment of CRC cell lines bearing APC or β-catenin 

mutations with this compound induces dose-dependent cell death, whereas normal colonic 

epithelial cells are resistant. The effect is also seen in the APCmin mouse model and in tumor 

xenografts. As a result, ICG-001 is expected to shortly enter in clinical phase I trials.

Indirect targeting of the Wnt signaling cascade. Although of great potential, most Wnt 

inhibitors are still in preclinical testing or in the developmental stage. Additionally, given the fact 

that Wnt signaling is such an important pathway involved in regulation of tissue homeostasis, 

interference with crucial components of this cascade is predicted to be associated with 

serious adverse events. For example, imbalance of intestinal and hematopoietic homeostasis 

is a predictable bystander effect of nonspecific Wnt inhibition [87]. It is anticipated that drug 

design will require agents providing great specificity and a certain therapeutic window between 

normal stem cells and CSCs. For example, drugs that have been studied in other clinical settings 

also have substantial therapeutic impact partially dependent on their Wnt inhibitory properties. 

The use of nonsteroidal antiinflammatory drugs (NSAID), like sulindac and aspirin, has been 

suggested in a number of epidemiologic studies to have a chemoprotective role in CRC [88]. 

Preclinical studies have shown a correlation between efficacy of chemoprevention and the Wnt 

modulatory effects of these compounds [89]. NSAIDs have complex modes of action, and only 

part of them converges to an inhibition of the cyclooxygenase (COX) enzymes [90]. COX-2 

expression is seen increasingly in early stages of CRC [91]. This enhanced expression drives the 

production of the prostaglandin E2 (PGE2), which mediates tumor progression, angiogenesis, 

and metastasis [92]. Mechanistically, COX-2–induced PGE2 can prevent β-catenin degradation 

by inhibiting both GSK-3β and Axin2 and, as a result, activate Wnt signaling (Fig. 4B; refs. [93, 94]). 

The inhibition of COX-2 can only partially account for the beneficial effect of NSAIDs and COX-2 

specific inhibitors (coxibs), such as celecoxib and rofecoxib, on CRC. NSAIDs and celecoxib 

can also induce CRC cell death independently of COX-2 expression [95]. Furthermore, NSAIDs 

deprived of COX-2 inhibitory capacities also have an effect on CRC [96]. For example, growth 

inhibition via up-regulation of the cell cycle inhibitor p21Waf1 is one of COX-2’s independent 

modes of celecoxib action [97]. Another interesting mechanism involves the tyrosine kinase 

receptor c-MET [98]. C-MET, also known as hepatocyte growth factor (HGF) receptor, is known 

to influence Wnt signaling. Binding of HGF to its receptor induces dissociation of membrane-

bound β-catenin from the E-cadherin complexes [99]. Additionally, c-MET activation can 

activate PI3 kinase signaling and subsequent phosphorylation and inactivation of GSK-3β [12, 

100]. As a result, β-catenin that is part of the destruction complex is no longer degraded 

but stabilized. Moreover, β-catenin phosphorylation on ser552 by pAKT/PKB is a nuclear 

translocation mark (Fig. 4A; ref. [101]) also triggered by PI3 kinase activation. These concomitant 

events initiated by HGF ultimately boost β-catenin levels in the cytosol and nucleus and, 

therefore, regulate Wnt activity. On the other hand, celecoxib can block c-MET–dependent 
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phosphorylation of various substrates that are accompanied by an increase in GSK-3β activity, 

thus resulting in β-catenin degradation and in Wnt signaling inhibition [98]. Despite other 

modes of coxib action that require further clarification, celecoxib is approved by the U.S. Food 

and Drug Administration (FDA) for the treatment of FAP [102]. It is, however, important to note 

Figure 4. Targeting Wnt signaling (A), HGF is mainly produced by stromal myofibroblasts. Binding to its receptor 
c-MET triggers activation of PI3 kinase signaling and, in turn, AKT/PKB phosphorylation. Activated AKT/PKB 
phosphorylates GSK3-β at a specific serine residue, which renders it inactive and unable to prime β-catenin 
for degradation. Additionally, AKT/PKB phosphorylates β-catenin at a specific serine residue, which enhances 
its nuclear translocation. Together, this contributes to an increase in nuclear TCF–β-catenin complexes. (B), 
elevated levels of COX-2 are observed in cancer cells. This finding results in increased prostaglandin PGE2 
production. Via its receptor, PGE2 can efficiently prevent β-catenin degradation by interfering with both 
GSK3-β and Axin2 function. A panel of direct or indirect Wnt inhibitors (orange) and their molecular targets are 
also depicted. For instance, IWR stabilizes Axin2. Celecoxib inhibits COX-2 downstream signaling but also targets 
the receptor c-MET. TNKS is a poly-ADP-ribosylating enzyme that promotes Axin2 degradation and is targeted 
by XAV-939. Monoclonal antibodies (R13 and R28) can block HGF/c-MET interaction.
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that the potential benefit of coxibs in CRC prevention in the general population is hampered by 

cardiovascular side effects [102, 103].

In the future, these types of drugs that are rationally identified based on their ability to 

target CSCs, or pathways that are critical for these cells, will be an important addition to the 

arsenal of anticancer drugs, and will provide an opportunity to improve patient outcome. 

However, these drugs must pass clinical testing, which is another aspect of cancer research 

that is greatly affected by the notion that not all cancer cells are created equal.

CLINICAL TRIAL DESIGN
RECIST criteria. Clinical testing of novel anticancer drugs develops through several phases. In 

phase 1 the safety of the drug is assessed, and phase 2 studies aim to provide a proof of principle 

in patients with late-stage disease who have typically been exposed to extensive pretreatment 

schedules. In phase 3, the superiority of the novel drug against the prevailing standard is tested 

in randomized controlled trials. In oncology, most drugs (around 70%) do not make it from 

phase 2 to 3, in many cases because of a lack of favorable effect on the malignancy. At that 

point, an immense amount of money has been spent by pharmaceutical companies, and there 

is usually extensive preclinical data showing efficacy in animal models. Still, lack of effect in a 

phase 2 trial mostly leads to abandoning the drug. In most cases, evaluation of drug efficacy in 

phase 2 studies is standardized by the Response Evaluation Criteria In Solid Tumors (RECIST) 

[104]. These criteria depend on radiological assessment of target lesions, for example tumor 

locations in lungs or liver (Fig. 5A). Response to the drug is reported in patients in whom the 

cumulative longest diameters of target lesions decreased by more than 30% (a complete 

response occurs when there is no radiological evidence for remaining tumor locations) [104]. 

RECIST criteria have been useful in many instances; however, judging drug responses by 

RECIST criteria only, particularly with the insight provided by the CSC model, has important 

shortcomings. Short-term decrease in tumor volume seems to be unrelated to the effect of the 

drug on the CSC population. It is possible that drugs causing radiological complete remission 

do not affect CSCs, which then cause rapid recurrence or new metastasis (Fig. 5B). Conversely, 

therapeutic interventions that show no evidence of inducing radiological response, or that show 

short-term progression of the disease, might be very successful in eliminating the clonogenic 

core of the malignancy and preventing metastasis (Fig. 5C). Therefore, drugs that make it to 

phase 3 clinical testing might have only induced a cosmetic response of the tumor in phase 

2, and potentially potent agents are discarded when they fail to induce rapid tumor shrinkage 

even if they have successfully eliminated the CSC population. Similar considerations have been 

reported with other therapeutic approaches; for example, effective cancer immunotherapy 

might result in increased target lesion size because of an influx of immune cells [105]. These 

problems could be prevented by extensive preclinical assessment of the drug, with special 

emphasis on its relative efficacy against differentiated cells compared with CSCs within the 

malignancy. This might provide strong clues as to whether the drug is effective against CSCs, 

and this knowledge should be incorporated in the subsequent clinical evaluation of the drugs.

95



Colon Cancer Heterogeneity: Stem cells, Signals and Subtypes

4

Readouts of drug efficacy. How can the efficacy of drugs in controlling the CSC population be 

tested? Preferentially, the efficacy of a drug should be tested in a large phase 3 trial; however, 

this is usually not feasible because of ethical and financial reasons. There is a need for phase-

2-like protocols to assess the potential of novel drugs in patients before studies in non-heavily 

pretreated and early stage patients. In several cases, survival analysis can be used as a primary 

Figure 5. Measuring treatment response (A) Target lesion for evaluation of treatment response by RECIST 
and biological criteria. (B) Theoretical treatment results in a large effect on tumor size as measured by 
RECIST, but does not target the CSC population. This therapy is likely to pass to phase 3 clinical trials. (C) 
Hypothetical drug shows no effect according to RECIST, but is highly effective against the clonogenic 
core of the malignancy. This therapy will probably not undergo further clinical testing. (D) Potential 
novel strategies to assess efficacy of newly developed drugs, either by fine-needle tumor biopsies or by 
evaluation of CSC-related parameters in peripheral blood. CSCs are shown in red and differentiated cells in 
blue. CSC=cancer stem cell. RECIST=Response Evaluation Criteria in Solid Tumors.
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endpoint in phase 2 trials, although this is only possible in malignancies that have an overall 

poor prognosis (eg, pancreatic cancer). In all other cases, surrogate endpoints need to be 

formulated and reliably evaluated. The CSC model provides potential clues to address this issue. 

Long-term clonogenicity mediated by the self-renewal capacity of stem-like cells is the crucial 

hallmark to be targeted by effective therapy, since it is associated with the most important 

clinical features, such as expansion and progression of the malignancy and formation of distant 

metastasis. Therapeutic failure and recurrence also ultimately depend on expansion of cells 

with self-renewal capacity. Therefore, direct assessment of clonogenicity provides a promising 

readout. Indeed, studies show the feasibility of using clonogenicity as readout in therapeutic 

intervention studies. In patients with multiple myeloma, enhanced decrease in tumor-cell 

clonogenicity was reported with a chemotherapy regime containing cyclophosphamide 

[106].  The applicability and clinical relevance of clonogenic analysis in solid tumors has also 

been shown; in a study of patients with glioblastoma, high in-vitro clonogenicity was related 

to poor clinical prognosis [107].  Determining post-treatment clonogenicity could only be 

successfully pursued in settings where neoadjuvant chemotherapy is given. In all other cases, 

surrogate markers of clonogenicity need to be assessed (Fig. 5D). CSC markers might serve 

such a purpose, since expression of these markers directly correlates to tumorigenic capacity. 

Biopsies from the primary tumor or metastasis could be taken to evaluate the fraction of tumor 

cells in treated (and pretreated) populations. A limitation with this method might be that it is an 

invasive procedure with a risk of serious morbidity (eg, bleeding); moreover, the small amount 

of tissue that can be obtained only allows for a thorough estimation of CSC percentage when 

this population is sufficiently common. A less invasive method would be to use fine-needle 

biopsies, in which expression of CSC markers or target genes of CSC-associated pathways 

should be assessed in the whole tissue fragment. An indirect assessment of the efficacy of 

treatment in targeting the clonogenic CSC fraction could be measurement of the initiation of 

novel metastatic lesions. Practically, this would imply modification of the RECIST criteria to also 

take into account the emergence of small, new metastatic lesions.

Another challenging approach to assess treatment efficacy is enumeration of circulating 

tumor cells (CTCs) with CSC features. CTCs can be identified in many malignancies, and their 

numbers correlate with prognosis [108].  In patients with breast cancer, CTCs show a CSC 

phenotype (CD44+/CD24−, ALDH+) in 18–35% of cells analysed [109];  suggesting an important 

CSC enrichment in CTCs compared with the primary tumor, in line with the proposed role of CSCs 

in metastasis formation. A recent report revealed that detection of CD133 mRNA in combination 

with cytokeratin and carcinoembryonic antigen in peripheral blood predicted poor prognosis in 

patients with Dukes’ stage B and C colorectal cancer [110]. We envision that similar techniques 

could be applied to monitor treatment responses—ie, the number of CTCs and fraction of 

CSC-marker-positive CTCs before, during, and after treatment. An important advantage of this 

approach is that it is much less invasive than tumor sampling by biopsies, since the analysis can 

be done with peripheral blood. Potentially, several other biomarkers that serve as surrogate 

markers for CSC numbers could be evaluated during treatment, including cytokines produced 

by CSCs, or degradation products of CSC-specific cytoskeleton components (eg, Nestin) [111]. In 
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any case, basic research aimed at improving the assessment of drug efficacy in clinical trials is 

crucial for taking the next steps to optimise anticancer treatment.

CONCLUSION
This review describes how the CSC concept has developed from a rigid hierarchic model, with 

a fixed population of stem cells, towards a more nuanced view in which the CSC population 

is flexible and regulated by the environment. The latter dynamic view explains why drugs 

specifically aimed at the CSC population are most likely insufficient as anticancer drugs. Still, 

the CSC theory provides a framework for development of anticancer drugs and ways to assess 

their efficacy in clinical trials. It is important that we do not ignore the immense complexity 

of the disease and that we continue to relate the CSC concept to other developments in 

fundamental and clinical cancer research. We believe that novel acquired insights will shape the 

next generation of cancer therapies and hopefully fulfill the long-awaited promise to transform 

cancer into a curable or chronic disease.
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ABSTRACT
Gene signatures derived from cancer stem cells (CSCs) predict tumor recurrence for many 

forms of cancer. Here, we derived a gene signature for colorectal CSCs defined by high Wnt 

signaling activity, which in agreement with previous observations predicts poor prognosis. 

Surprisingly, however, we found that elevated expression of Wnt targets was actually 

associated with good prognosis, while patient tumors with low expression of Wnt target genes 

segregated with immature stem cell signatures. We discovered that several Wnt target genes, 

including ASCL2 and LGR5, become silenced by CpG island methylation during progression of 

tumorigenesis, and that their re-expression was associated with reduced tumor growth. Taken 

together, our data show that promoter methylation of Wnt target genes is a strong predictor for 

recurrence of colorectal cancer, and suggest that CSC gene signatures, rather than reflecting 

CSC numbers, may reflect differentiation status of the malignant tissue.

Colon Cancer Progression

Wnt Target 
Expression

Wnt Target 
Methylation
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INTRODUCTION
Colorectal cancer (CRC) is a major contributor to cancer-related death. Although patients with 

local disease (stage I and II) have a favorable prognosis, a small fraction of these patients will 

inevitably develop a recurrence after intentionally curative surgery [1]. Identifying these poor-

prognosis patients will allow optimized selection of individuals that would benefit from adjuvant 

chemotherapy. Exciting new insights in tumor biology might facilitate this selection; of particular 

interest in this respect is the recent discovery of cancer stem cells (CSCs) in CRC, a subset of cells 

that are defined by their capacity to transplant the human malignancy to immuno-compromised 

mice [2, 3]. CSCs share many features with normal intestinal stem cells (ISCs) [4], and can be 

identified based on cell surface markers, such as CD133 [5, 6], or functionally, using high Wnt-

signaling activity levels [7]. Importantly, CSCs are suggested to fuel tumor growth and as such are 

hypothesized to cause tumor recurrence and metastasis. Accordingly, recent reports address 

the relation between stem cells, CSCs, and patient prognosis in different malignancies, including 

CRC [8]. For example, in a recent study by Merlos-Suárez et al. (2011) a mouse ISC signature has 

been derived by identifying genes that are highly expressed in EphB2high ISCs compared with that 

of the more differentiated epithelial cells. This profile encompasses known ISC markers, such 

as the Wnt target gene  LGR5, and is strongly associated with both CRC disease stage and the 

occurrence of tumor relapse and metastasis formation. This has led to the suggestion that an 

increased number of CSCs is predictive for prognosis.

Here we show that CSC-derived gene signatures can indeed predict tumor recurrence. 

However, the positive association is not due to expression of specific CSC and CSC-associated 

Wnt target genes, which rather inversely correlate with prognosis. The subset of patients 

identified in this manner display decreased expression of a wide range of ISC/Wnt target 

genes. This is not due to decreased Wnt pathway activity, but is a result of selective promoter 

methylation. Moreover, Wnt target methylation levels, by themselves, can be used to effectively 

identify patients at risk of recurrence, and re-expression of these methylated genes lowers 

tumorigenicity in vitro and in vivo.

RESULTS
ISC and CSC Profiles Predict Poor Prognosis in CRC. Previously we have shown that colon-CSCs 

can be identified in primary human CRC using Wnt signaling intensity levels and can be isolated 

by employing a Wnt reporter construct (TOP-GFP, Fig. 1A) [7]. Gene expression profiling of the 

TOP-GFPhigh human colon-CSCs indicated high expression of the stem cell marker  LGR5, as well 

as several other Wnt targets (APCDD1,  LEF1), while typical intestinal differentiation markers 

(e.g., MUC2 and FABP1) displayed low expression (Fig. 1A). Based on two primary isolated spheroid 

cultures, we generated a colon-CSC signature comprising 187 genes most differentially expressed 

between the CSCs and the more differentiated cells (Table S1A, available online). This profile was 

subsequently validated in several independent freshly isolated CRCs (Figure S1A, available online).

Crucially, by employing gene set enrichment analysis (GSEA) [9], we found that this colon-CSC 

gene expression signature was intimately associated with disease recurrence in a set of 90 stage 
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II CRC patients that underwent intentionally curative surgery at our institute (AMC-AJCCII-90, 

see  Table S1B for patient characteristics), a finding we confirmed in an unrelated, publically 

available data set (Fig.  1B and Fig. S1B). Similar results were obtained using two independent 

ISC profiles that have previously been shown to relate to disease recurrence, lending strength 

to the validity of both the CSC signature and our patient set (Fig. 1B and Fig. S1B) [10]. Using a 

simple rank-sum approach, we stratified the AMC-AJCCII-90 patients into two groups, which 

further established the prognostic power of the CSC profile because it revealed that especially 

early relapses in stage II CRC patients were characterized by a strong resemblance to the CSC 

signature (Fig. 1C, see Experimental Procedures for details). Importantly, however, the nature 

and biological implication of this correlation remain unclear.

CSC-Associated Wnt Target Genes Inversely Correlate with Prognosis. In an attempt to 

analyze the biological mechanism behind the prognostic power of CSC profiles in more 

depth and to identify genes that are most predictive regarding tumor relapse and metastasis 

formation, we employed a cluster analysis. Unsupervised K-means clustering of the AMC-

AJCCII-90 set using the  TOP-GFPhigh/CSC-derived gene expression profile resulted in two 

distinct patient groups with a significant difference in relapse-free survival, as the Kaplan-Meier 

curve illustrates (Fig.  1D). Gene tree analysis revealed that segregation of these two clusters 

is accompanied by generation of two major subgroups of genes. The majority of genes were 

upregulated in the patient cluster that was associated with poor prognosis (blue). However, 

a clearly distinct subset of genes, at the bottom region of the gene tree, inversely correlated 

with disease relapse (Fig.  1D). To our surprise this gene cluster contained many well-known 

Wnt target genes of which the expression is intimately linked to ISCs and CSCs. (For a list of 

genes and their differential expression between the clusters, see  Tables S1C and S1D). Similar 

results were obtained by employing different stem cell signatures, including the LGR5− and 

EphB2 ISC signatures that have been described previously (Figures S1C and S1D) [10]. In all 

Figure 1. CSC Profile Predicts Poor Prognosis; Wnt Targets and ISC Markers Predict Favorable Prognosis. 
(A) Schematic representation of CSC spheroid transduction with TOP-GFP lentiviral vector. Microarray 
analysis was performed on 10% lowest and highest TOP-GFP sorted fractions to generate a colon-CSC 
signature. The heat map depicts the most differentially regulated genes, including differentiation markers 
(FABP1, MUC2) and Wnt canonical targets (LGR5, LEF1, and APCDD1). See Table S1A for the complete gene 
set. (B) GSEA reveals a strong relationship between CSC signature and tumor relapse in the AMC-AJCCII-90 
patient set. Also, previously described LGR5− and ISC-EphB2 signatures associate with recurrence in our 
set. ES, enrichment score; NES, normalized enrichment score; FDR, false discovery rate. (C) Kaplan-Meier 
graph (relapse-free survival) based on overall adherence to the TOP-GFPhigh/CSC profile as identified by 
gene ranking analysis (see  Experimental Procedures  for details). (D and E) K-means clustering analysis 
of CRC samples from the AMC-AJCCII-90 patient set according to the colon-CSC signature (D) and the 
dnTCF4 signature (E) representing a defined set of Wnt target genes. Several canonical Wnt target genes are 
denoted for each signature. Kaplan-Meier analysis on relapse-free survival is drawn for each corresponding 
signature. Note that the poor-prognosis cluster (blue) is associated with low expression of indicated Wnt 
targets (see also Figures S1C and S1D for similar conclusions based on the LGR5− and ISC-EphB2 signatures). 
p values are calculated with the log-rank test. (F) Representative β-catenin stainings are shown for two 
patients in both the Wnt-target-High (WntHigh; red) and Wnt-target-Low (WntLow; blue) clusters. Automated 
scoring of nuclear β-catenin fractions in patients from the AMC-AJCCII-90 set is shown. Scale bars represent 
200 μm. In (D–F), blue represents Wnt-target-low cluster (WntLow); red, Wnt-target-high cluster (WntHigh).
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cases high expression of the Wnt-driven ISC marker genes present in the different signatures, 

like  ASCL2,  LGR5, AXIN2, and  APCDD1, were associated with the favorable prognosis cluster 

(Fig. 1D and Fig. S1C and S1D). We confirmed the expression level differences between the two 

groups by qPCR (Fig. S1E) and found that expression was not related to oncogenic mutations 

present within the different patients (Fig. S2A). Multivariate Cox regression analysis indicated 

the profile to be an independent prognostic factor that was much more predictive than the 

presence of different mutations (Fig. S2A). Strikingly, we also observed that the expression of 

Wnt target genes was not a simple reflection of patient-to-patient variation in Wnt signaling 

activity as measured by nuclear localized β-catenin levels (Fig. 1F).

Intrigued by this counterintuitive finding, which indicates that high Wnt target gene 

expression is linked to favorable rather than poor prognosis, we repeated this analysis with 

a more defined set of Wnt target genes, previously identified by overexpression of dominant-

negative TCF4 (dnTCF4) in CRC cell lines [11]. The clear majority of genes in this dnTCF4 signature 

are also markedly lower expressed in the poor-prognosis patient cluster (Figure 1E). Even single 

Wnt target genes, including the validated ISC markers EPHB2 [11], LGR5 [12], and ASCL2 [13], but 

also more general Wnt targets such as AXIN2 and APCDD1, can identify poor-prognosis patients 

based on their low expression levels both in our patient set and in publically available data sets 

(Fig. S2B and results not shown).

The finding that high expression of genes intimately associated with the CSC phenotype is 

associated with good prognosis in CRC immediately challenges the conventional interpretation 

as to why (cancer-) stem-cell-associated profiles define poor prognosis in cancer. Mostly it is 

believed that association with a CSC profile reflects the number of CSC-like cells in the malignancy. 

However, when we use FACS staining to define the fraction of cells positive for CD133 in several 

freshly isolated colon cancer specimens, which so far is the best studied and validated means to 

identify colon-CSCs, we could not correlate the number of CSCs to the overall expression of CSC-

associated Wnt target genes within these tumors (Fig. S2C). In addition, the fraction of CRC cells 

positive for nuclear β-catenin, which has been used before as a trait to identify colon-CSCs, also 

does not correlate significantly with Wnt target gene expression in our patient data set (Fig. S2D). 

These findings both indicate that CSC numbers in CRC are not causal determinants in the patient 

stratification obtained with the CSC-associated expression signature. More importantly, the lack 

of correlation between nuclear β-catenin levels and Wnt target gene expression indicates that 

additional regulatory mechanisms are in place to regulate Wnt target gene expression.

CSC-Associated Wnt Targets Are Downregulated during Progression. In order to better 

understand why CSC-associated Wnt targets are inversely correlated with prognosis, we 

determined the expression of five Wnt target genes at multiple stages during the adenoma-

carcinoma sequence. As expected, comparison of normal tissue with adenoma tissue revealed 

a marked increase in expression of most Wnt target genes, in line with the notion that activation 

of the Wnt cascade is the initiating event in CRC development (Fig. 2A) [14]. It is well accepted 

that further genetic and epigenetic alterations in the premalignant adenoma tissue mark the 

transition to an invasively growing CRC [15]. However, evaluation of Wnt target gene expression 

in CRC samples strikingly indicated a downregulation in the majority of patients compared with 
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the adenoma stage (Fig.  2A). This was also observed in an independent data set containing 

normal, adenoma, and carcinoma samples (Fig. S3A and S3B). The relevance of this suppressed 

Wnt target gene expression was immediately evident: patients that developed a tumor relapse 

displayed the lowest expression levels (Fig. 2A, red triangles). This confirms our findings that a 

low Wnt target gene expression profile is related to poor prognosis. In addition, we obtained 

evidence that CRC tissue characterized by a low Wnt target expression signature demonstrates 

other characteristics of advanced disease as well. In this respect we analyzed the association of 

the patients in the Wnt target-low cluster with immature stem cell signatures (based on SOX2, 

OCT4, and Nanog targets), which have been used previously to determine disease grade and 

prognosis in cancer patients (Fig. S3C) [16]. GSEA showed a clear correlation between the Wnt 

target-low cluster and these signatures (Fig. S3D). This correlation was not detected when a 

direct comparison was made between the expression of pluripotency genes in the Wnt target 

high clusters with that of low clusters (Fig. S3D), but the association with immature stem cell 

signatures does suggest that segregation based on the CSC signature reflects a more immature 

trait of the malignant tissue in the poor-prognosis cluster. In agreement, the association of the 

Wnt target-low cluster with this molecular immature fingerprint is also reflected by a significant 

enrichment for tumors presenting with a poorly differentiated histology (Fig. 2B).

CSC-Associated Wnt Target Genes Are Subject to Methylation-Dependent Regulation. Although 

the above indicates that the tumors that cluster in the Wnt-low group have a more immature 

phenotype, this does not provide insight into the apparent discrepancy between the observed 

low Wnt target gene expression and the lack of reduction in nuclear β-catenin localization 

(Fig.  S2). To explain this conundrum we sought to determine whether epigenetic regulatory 

mechanisms might act to regulate Wnt target gene expression and thereby promote progression. 

Methylation is involved in many biological processes, including stem cell maintenance and cancer 

progression. In addition, CRC development is accompanied by global changes in methylation 

status of a plethora of genes [14, 17]. A subtype of CRC, the CpG Island Methylation Phenotype 

(CIMP), has even been identified that is characterized by extensive methylation [18]. Several 

natural Wnt inhibitors, such as AXIN2 and SFRP1, have previously been shown to be methylated 

in CRC [19, 20]. We therefore analyzed the DNA methylation status of Wnt target genes first in a 

series of CRC cell lines. Methylation-specific PCR analysis revealed that several Wnt target genes 

including LGR5, APCDD1,DKK1, and ASCL2 are, to a different extent, methylated in a panel of CRC 

cell lines, suggesting epigenetic silencing of these genes (Fig. 2C). In agreement, treatment of 

CRC cells with the demethylating agent 5-Azacytidine (5-Aza) resulted in marked upregulation 

of these genes specifically in those cell lines where methylation was evident (Fig.  2D). For 

instance,  APCDD1  expression was enhanced by 5-Aza in the lines where  APCDD1  promoter 

methylation was clearly detectable. These data enforce the notion that Wnt targets are regulated, 

at least in part, by a mechanism that involves promoter methylation in CRC cell lines.

Functional Relevance of Wnt Target Gene Methylation. Next we determined the functional 

relevance of this methylation-dependent silencing of Wnt target genes. Treatment of CRC 

cell  lines with a demethylating agent resulted in markedly decreased clonogenicity of these 
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lines (Fig.  3A). Importantly, this was  a general observation; primary isolated colon-CSC cultures 

treated with 5-Aza also demonstrated significantly lower clonogenicity as determined by limiting 

dilution analysis, suggesting that the fraction of CSCs in these cultures decreased (Fig. 3B). 

Also, in an in vivo model system in which primary CSC-induced xenograft tumors were growing 

subcutaneously, we observed that 5-Aza treatment resulted in markedly suppressed tumor growth 

(Fig. 3C). Importantly, analysis of these 5-Aza-treated xenografts confirmed the efficacy of 5-Aza 

on re-expression of the Wnt target genes in vivo (Fig. 3D), validating the methylation-dependent 

regulation of Wnt target genes in this in  vivo model as well. To strengthen our hypothesis that 

re-expression of Wnt target genes has important functional consequences, we analyzed the effect 

of 5-Aza on Wnt activity levels. In this light it is important to realize that several of these repressed 

target genes normally serve as feedback inhibitors of the same pathway and as such could repress 

the activity of the Wnt pathway. In agreement, in several CRC cell lines, 5-Aza-mediated expression 

of genes previously suppressed by methylation resulted in decreased Wnt activity (Fig. 3E).

Although these data are suggestive for a role of Wnt target gene methylation in CRC, the 

effects of 5-Aza are rather generic, affecting all methylated CpG islands, and can therefore 

not be considered specific for Wnt target genes. We therefore questioned whether growth 

inhibition could be achieved directly by specific re-expression of methylated Wnt target genes. 

Indeed, we observed that re-expression of either AXIN2 orAPCDD1, both methylated in CRC, 

was sufficient to decrease Wnt signaling levels (Fig. 3F). This is not only observed in CRC cell 

lines, but confirmed in a primary CSC culture as well (Fig.  3F, right bars, Co100). This Wnt 

activity modulation directly suggests a potential functional explanation of why suppression of a 

large set of Wnt target genes occurs during the adenoma to carcinoma sequence and why Wnt 

target gene inactivation could be associated with poor prognosis.

Wnt Target Gene Methylation Predicts Prognosis in CRC. So far our data indicate that 

low expression of CSC-associated Wnt target genes is related to poor prognosis and that 

methylation-dependent downregulation of these genes has a functionally relevant impact on 

the clonogenicity of CRC cells. However, it is unclear whether in-patient material suppression of 

a stem-cell-associated Wnt expression program is also dependent on methylation. To this end 

we determined the relative methylation levels of the Wnt target genes in our AMC-AJCCII-90 

patient set by either methylation-specific PCR or bisulphite sequencing (Fig. 4). Intriguingly, 

also in the tumors from our patient cohort, low Wnt target gene expression was associated with 

increased methylation of the promoter regions of these genes (Fig. 4A). That is, in the tumors 

that cluster in the Wnt-low group (Fig. 4A, right black bars), the fraction of DNA methylation 

Figure 2. Wnt Target Genes Are Regulated by Methylation in CRC. (A) Relative expression of established 
Wnt target genes (LGR5, APCDD1, ASCL2, DKK1, and AXIN2) in normal, adenoma, and CRC tissue. Patients 
in the CRC group that developed a recurrence are highlighted in red. Horizontal line indicates mean 
value. (B) The Wnt-target-Low (WntLow) cluster of patients is enriched in patients displaying a poorly 
differentiated morphology. p value was calculated by Chi-square  test. (C) Methylation-specific PCR for 
Wnt target genes LGR5, APCDD1, ASCL2, and DKK1 in a panel of CRC lines. U, unmethylated; M, methylated. 
(D) Relative expression of indicated Wnt target genes following 48 hr demethylating treatment with 5-Aza 
in CRC cell lines. Confidence intervals represent standard deviations.
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Figure 3. Functional Relevance of Wnt Target Gene Methylation. (A and B) Clonogenic analysis of indicated 
CRC cell lines (A) and primary human colon-CSC cultures (B) in the absence or presence of demethylating 
treatment with 5-Aza for 48  hrs. (C) Subcutaneous xenografts of human primary CSC cultures treated with 
5-Aza or PBS intraperitoneally.(D) Expression of Wnt target genes in 5-Aza-treated primary human CSC culture-
derived xenografts from the experiment depicted in (C). (E) TOP/FOP analysis to determine Wnt signaling levels 
following 5-Aza treatment. (F) Effect of transient overexpression of APCDD1 or AXIN2 on TOP/FOP activity in 
CRC cell lines and in primary human CSC cultures (Co100, right bars). Error bars represent standard deviation.
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in the APCDD1, ASCL2, AXIN2, DKK1, and LGR5 promoter regions is much higher as compared 

with that of the tumors that cluster in the Wnt-high group. Moreover, tumors in the Wnt-high 

group that did show methylation were, in several cases, derived from patients that eventually 

developed recurrences or metastases, as indicated by the asterisks in Fig. 4A, suggesting that 

methylation of Wnt target genes is an even better marker for recurrences. In agreement, 

we found that methylation levels of a small subset of these CSC-associated Wnt target genes 

resulted in a highly predictive association with disease recurrence and metastasis using 

unsupervised cluster analysis based on the relative methylation levels (Figs. 4B and 4C). Indeed, 

Figure 4. Methylation of Wnt Target Genes Identifies Poor-Prognosis Patients. (A) Percentage of CpG 
island methylation in the promoter region of the indicated Wnt target genes for a subset of patients from 
the AMC-AJCCII-90 set. (B) Unsupervised cluster analysis using the methylation levels (ranking) of Wnt 
target genes reveals two clusters. Patient number, High or Low Wnt-target cluster, and recurrence are 
indicated. Colors depict rank order of methylation level within the patient set for each gene: green, lowly 
methylated; red, highly methylated; grey, data not available. (C) Kaplan-Meier curve depicting the two 
different patient groups as identified in (B). p value is calculated with the log-rank test.
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all recurrences cluster within the Wnt target gene methylation high group. These findings lend 

further support to the idea that methylation-dependent tuning of the Wnt expression program 

is related to disease progression and increased risk for recurrent disease.

D ISCUSSION
Our findings have three major implications for the use and interpretation of (cancer-) stem-

cell-associated profiles in risk stratification of CRC.

First, we confirm previous observations that ISC signatures can predict recurrence of CRC [10] and 

extend these findings with a novel colon-CSC-derived signature that has similar predictive properties, 

as might be expected based on the partial overlap between the various stem cell signatures. In 

particular both ISC and CSC signatures were characterized by a clear enrichment in Wnt target genes, 

consistent with the major role of the Wnt cascade in both ISC and colon-CSC biology.

Second, to our surprise, our data unequivocally show that expression of many well-defined 

canonical Wnt target genes, including prominent ISC markers, was inversely correlated with 

prognosis. This unexpected finding, which was verified in multiple patient sets, significantly 

changes the conclusions of earlier studies of stem-cell-derived predictive signatures [10]. 

In previous reports the association of  a (cancer) stem cell signature with poor prognosis is 

often attributed to a relative high number of CSCs present in the malignant tissue [10, 21, 22], 

which was thought to enhance the chance of CSCs shedding from the primary tumor. Indeed, 

adherence to an ISC profile of individual CRCs, but also similarity of breast cancers to a breast-

CSC signature, was translated into an increased risk of metastasis and tumor recurrence [10, 23]. 

It is important to realize though that CSC numbers in primary tumors are on average suggested 

to constitute a minority of the tumor cells. It therefore appears rather unlikely that gene 

profiling of a complete tumor specimen would yield detailed information on a small minority 

of the cells. This would only be feasible when stem cell genes in the signatures are unique to 

the CSC population and additionally highly expressed. Instead, it is apparent from our data 

that these signatures identify poor-prognosis patients  despite  the presence of key (cancer) 

stem cell markers and canonical Wnt target genes, which we find to inversely correlate with 

tumor relapse and disease stage in CRC. Indeed, deletion of Wnt targets from the CSC signature 

improves the association with malignancies harboring a poor prognosis as predicted (Fig. S1F). 

We believe our data indicate that CSC signatures identify tumors with a relatively immature 

signature as suggested by the association with a poorly differentiated histology. In agreement, 

progression of disease seems to be accompanied by adapting a more primitive, immature 

expression program defined by SOX2, OCT4, and Nanog signatures, as opposed to the more 

intestinal-tissue-specific stem cell signature with genes such as ASCL2 and LGR5. The fact that 

this association is strongest with the Wnt-target low cluster (Fig. S3C), which has the poorest 

prognosis, substantiates this hypothesis. Whether this is directly related to methylation of ISC/

CSC-associated Wnt target genes or occurs in parallel is unclear at this point, but suppression 

of the Wnt target expression profile during the adenoma-carcinoma sequence clearly links this 

Wnt regulation to disease progression in a manner that is unexpected (Fig. 2A and Fig. S3A). Our 
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results therefore support a different interpretation of prognosis prediction by (cancer) stem 

cell profiles; an overall resemblance to a CSC signature does not simply reflect CSC numbers, 

but rather reflects a clonal, immature trait of the tissue as a whole and points to more advanced 

disease. This is also in line with the lack of correlation between established colon-CSC markers, 

such as CD133 or nuclear localized β-catenin, and the expression of CSC-associated genes in 

primary human CRC (Figs. S2C and S2D). Interestingly, a similar conclusion can be drawn when 

analyzing breast cancer specimens using a breast-CSC signature, which also appears to identify 

basal, i.e., more immature, breast cancers [24].

Third, our results indicate that suppression of the Wnt expression program is related to 

metastatic spread, which supports recent findings that Wnt blockage by dnTCF4 expression is 

promoting metastasis formation in CRC [25]. However, these observations are not completely in 

line with the current data, because we do not detect decreased Wnt pathway activity as evidenced 

by nuclear β-catenin localization. In this light it is important to realize that many Wnt target genes 

(e.g.,  AXIN2  and  APCDD1) function as negative feedback regulators of the pathway [26], and 

therefore suppression of these genes by methylation might in fact increase Wnt activity levels and 

contribute to disease progression and relapse via activation of yet unknown positive targets. This 

is corroborated by our observation that demethylating treatment with 5-Aza, or more specifically 

re-expression of AXIN2 or APCDD1, decreases Wnt signaling activity in vitro (Figs. 3F and 3G). In 

general, this implies that re-expression of suppressed Wnt targets by demethylating agents might 

provide an exciting therapeutic strategy that deserves further exploration.

To conclude, by using CSC-derived gene signatures, we unraveled a fundamental change 

during the progression of CRC that is characterized by methylation of a set of key Wnt targets. 

This methylation allows a relatively easy way of identifying patients at risk of recurrence, which 

would likely benefit most from adjuvant therapy. Moreover, our data also point to novel means 

that could take advantage of the modulated Wnt target gene expression and/or more immature 

phenotype to design more effective therapies.

METHODS
Cell Culture and Generation of the Colon-CSC Signature. The generation and culture of colon-

CSCs has been previously described (Vermeulen et  al., 2010). CRC cell lines were purchased 

at the ATCC. All lines were maintained in DMEM (supplemented with 10% FCS/1% glutamine) 

except for Colo205, which was cultured in RPMI-1640 (10% FCS/1% glutamine). CSC signature 

was derived from the 10% highest and lowest TOP-GFP fraction of cells in two independent 

colon-CSC cultures [7] using Human Genome U133 Plus 2.0 microarrays (see  Supplemental 

Information). The ISC-EphB2, LGR5, and dnTCF4 signatures were described elsewhere [10, 11].

Patient Cohorts. Two different CRC patient series were used for this study. The first one consisted 

of 90 AJCC stage II CRC patients that underwent intentionally curative surgery in the Academic 

Medical Center in Amsterdam, The Netherlands in the years 1997–2006 (AMC-AJCCII-90). Extensive 

medical records are kept of these patients and long-term clinical follow-up is available for the large 

majority. Both paraffin-embedded and fresh frozen tissue is available from all these patients for 
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analysis, which was used to derive gene expression profiles. The second patient set is composed of 

two merged cohorts that form a metacohort of 345 CRC patients and has been described elsewhere 

[10]. In addition, a separate panel of normal and adenoma fresh-frozen tissues was obtained in the 

AMC and these observations were validated with a publically available data set [27].

Clustering and Survival Analysis. Unsupervised K-means cluster analysis and Kaplan-Meier 

survival curves were generated in the different expression data sets with the different gene 

signatures using the software package R2 (http://r2.amc.nl), a web-based microarray analysis 

application developed by J.K. (data not shown). For single-gene survival prediction, the median 

expression value of each gene was used as a cutoff to generate two groups of 45 patients having 

either a low or high relative expression. p value was calculated using the log-rank test. For 

cluster analysis (Euclidian Distance, average linkage in the MultiExperiment Viewer package 

v4.5,www.TM4.org) of methylation levels of Wnt target gene sets, we used the rank value for 

each individual patient for each gene.

Prediction Power of Signature and Multivariate Analysis. For the predictive power of the CSC 

signature, we selected the 134 upregulated genes. Every individual gene was ranked according 

to their expression in each patient. The rank score for all the genes per patient was summed to 

define the rank for each patient. A high expression of a gene is translated into a low rank score. 

Patients that have an overall high expression of the genes in the signature have an overall low 

rank score and therefore are highly associated with the CSC profile. A Kaplan-Meier survival 

curve was generated to plot the relapse-free survival of patients having a high (n = 30) versus 

low (n = 60) correlation with the CSC profile. For multivariate analysis, the Cox proportional 

hazard model was used. All p values are two-sided. Statistical analysis was performed in SPSS.

In Vivo 5-Aza Treatment. Murine experiments were performed in accordance with the ethical 

committee of the AMC. For transplantation of CSCs, 5,000 cells suspended in 100 μl of PBS/BSA 

admixed with Matrigel at a 1:1 ratio were injected subcutaneously into nude mice (Hsd:Athymic 

Nude/Nude) (Harlan). When tumors were palpable, mice were injected i.p. with 5-Aza (5 mg/kg) 

or PBS vehicle. Injections were performed every 2 days.

β-catenin Staining and Spectral Imaging Quantification. Paraffin-embedded primary human 

specimens were stained with anti-β-catenin (Transduction Labs) and then incubated with anti-

mouse-HRP (Powervison) (1:1). Multispectral data sets from slides stained for β-catenin were 

acquired using a Nuance camera system (Caliper Life Science, Hopkinton, MA) from 420–720 nm 

at intervals of 20 nm. To analyze the frequency of hematoxylin-β-catenin colocalization, spectral 

data sets were analyzed with the tissue segmentation and machine-learning Inform 1.2 software 

(Caliper Life Science), similar to methods described elsewhere [28]. The software was trained to 

recognize tumor and stroma areas, and next, all spectral data sets were segmented into these two 

tissue categories. All data sets were analyzed using the nuclear algorithm, scoring the percentage 

of β-catenin positive nuclei out of all nuclei in the tumor tissue category.

RNA, PCR, and Methylation Analysis. For all methods on RNA isolation, PCR, and mutation 

analysis, and for all primer sequences, please see theSupplemental Information.
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SUPPLEMENTAL INFORMATION

Figure S1. GSEA analysis, K-means clustering and Wnt targets validation. (A) Heat map of unsupervised cluster 
analysis based on the 187 gene-CSC signature on 6 TOP-GFP high and low sorted spheroid cultures reveals 
clear separation of CSC from differentiated cells. (B) GSEA analyses performed with the different (cancer) 
stem cell associated gene signatures on an additional, publically available patient dataset. (C, D) K-means 
clustering of the AMC-AJCCII-90 with the Lgr5- (C) or ISC-EphB2 (D) signatures also shows two clusters. 
Kaplan-Meier and prognostic value of these signatures is depicted (right panels). P-value is calculated with 
the log-rank test. (E) qPCR validation of Wnt target gene expression levels in the Wnt-target-High (WntHigh; 
red) and Wnt-target-Low  (WntLow; blue) clusters by qPCR. Each dot represents a patient. Horizontal lines 
represent the mean value. (F) Wnt target genes that are downregulated during the progression from 
adenoma to carcinoma were manually deleted from the CSC-signature (n=16 genes, indicated in Table S1A). 
This curated signature was subsequently used in a GSEA showing increased association with poor prognosis 
CRCs. ES, enrichment score; NES, normalized enrichment score; FDR, false discovery rate. 
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Figure S2. Wnt expression levels do not relate to activity of the Wnt cascade or to additional mutations. 
(A) Multivariate analysis using a Cox proportional hazard model to assess dependency between the CSC 
signature and several reported mutations in CRC in relation to prognosis. (B) Kaplan Meier curves depict 
disease free survival for groups based on expression levels of the individual Wnt target genes indicated in 
the AMC-AJCCII-90 patient set. Groups comprise 45 highest (red) and 45 lowest (blue) expressing patients 
for each gene. P-value is calculated with the log-rank test. (C) Graphs depict relationship between fraction 
of CD133+ cells as determined by FACS analysis in freshly isolated CRC specimens and expression levels of 
the genes as determined by qPCR. (D) Graphs depict relation between fraction of cells demonstrating 
nuclear β-catenin and expression levels of the genes indicated from the AMC-AJCCII-90 patient set. Both 
in (C) and (D) no clear relation can be observed between CSC content and CSC-associated genes in these 
samples. Each dot represents an independent CRC sample. 
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Figure S3. Progression in CRC correlates with a decreased Wnt target gene expression and an immature 
phenotype. (A) Microarray expression levels of the different Wnt target genes in normal, adenoma and 
colorectal cancer samples derived from a publically available dataset (Galamb et al 2008) depicting identical 
up and downregulation during tumor progression. (B) Heat map analysis of this dataset using the dnTCF4 
gene signature reveals high and low Wnt target gene expression groups. Of note some of the CRCs group 
with low/normal samples and some with the high/adenoma samples. (C) Table demonstrates the results of 
GSEA for the association of embryonic stem cells associated gene signatures with either the Wnt-target-
Low or Wnt-target-High cluster of patients. Results of both the AMC-AJCCII-90 patient set as well as a 
publically available, and larger, patient set are included. Red values indicate an association of the particular 
signature with the Wnt-target-Low cluster, green indicates no association. Size indicates number of genes 
in the profile. NOS indicates Nanog/Oct4/Sox2. ES, enrichment score; NES, normalized enrichment score; 
FDR, false discovery rate. FDRs < 0.25 are indicated in bold. Clearly the Wnt-target-low cluster of tumors in 
both patients sets adhere to a more immature phenotype. (D) qPCR validation of Embryonic stem cell core 
genes expression levels in the Wnt-target-High (WntHigh; red) and Wnt-target-Low (WntLow; blue) clusters 
by qPCR. Each dot represents a patient. Horizontal lines represent the mean value.
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SUMMARY
Colon cancer is a clinically diverse disease. This heterogeneity hampers selection of patients that 

benefit most from adjuvant therapy and impedes the development of novel targeted agents [1]. 

More insight into the biological diversity of colon cancers, especially in relation to clinical features, 

is therefore needed. We demonstrate, using an unsupervised classification strategy involving over 

1100 patients, that three main molecularly distinct subtypes can be recognized. Two subtypes 

have been previously identified and are well characterized (chromosomal instable (CIN) and 

microsatellite instable (MSI) cancers) [2]. The third subtype is largely microsatellite stable (MSS) 

and contains relatively more CpG Island Methylator Phenotype (CIMP) positive carcinomas but 

cannot be identified based on characteristic mutations. We provide evidence that this subtype 

relates to sessile-serrated adenomas, which display highly similar gene expression profiles, 

including up-regulation of genes involved in matrix remodelling and epithelial-mesenchymal 

transition (EMT). The relevance to identify this subtype is enforced by the fact that it has a very 

unfavourable prognosis and moreover is refractory to EGFR targeted therapy. 
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In order to explore the heterogeneity of colon cancers we initially studied samples from 

a homogenous group of 90 stage II patients (AMC-AJCCII-90 set, Supplementary Table 1 

online). Using a previously developed unsupervised consensus-based clustering technique 

(Supplementary Fig. 1 and online methods) [3], we observed that subdivision in three clusters 

generated the most robust classification, pointing to three main colon cancer subtypes (CCS) 

(Fig. 1a and Supplementary Fig. 2). Subsequently, we derived a 146 gene classifier (Supplementary 

Table 2 online), which reliably categorized AMC-AJCCII-90 patients into 44 CCS1, 22 CCS2 

and 24 CCS3 patients (49%:24%:27%) (Fig. 1b). We validated this classifier in six independent 

datasets and found comparable proportions of patients being assigned to each subtype (Fig. 1c 

and Supplementary Table 3 online). The three subtypes were also detected in colorectal cancer 

cell lines (Fig. 1d) [4]. Moreover, subtypes are generally maintained upon xenografting of cell 

lines and primary tumours (Supplementary Fig. 3d-g) [5, 6], suggesting they reflect persistent 

(epi-)genetic features of tumour cells rather than differences in stroma or immune infiltrate, 

which have been used previously as well to stratify patients [7, 8]. To further characterize the 

subtypes, mutation-, MSS/MSI- and CIMP status of all patients was determined (Fig. 1e). This 

revealed a striking association of CCS2 with both MSI and CIMP+, indicating that this subtype 

demarcates the well-characterized MSI/CIMP+ subset of colon cancers. In contrast, the CCS1 

group was largely devoid of MSI/CIMP+ patients and instead presented typically with KRAS and/

or TP53 mutations, suggesting it represents the well-described group of CIN tumours [2, 9]. 

This was confirmed by mapping gene expression data on chromosomal regions, as frequently 

observed chromosomal aberrations (e.g. 18q loss, 20q gain) were identified (Supplementary 

Table 4 online). Interestingly, CCS3 was relatively heterogeneous with respect to MSS/MSI and 

CIMP status, and contained a high level of BRAF and KRAS mutations. This subgroup therefore 

is distinct from the two major colon cancer entities (CIN, MSI), and instead shared similarities 

with previously suggested subgroups [9-11]. Importantly, these molecular characteristics were 

consistently observed in other datasets (Supplementary Table 5 online).

Consistent with other studies CCS1-CIN tumours were mainly left-sided, while 

CCS2-MSI tumours mostly consisted of right-sided colon cancers [12], CCS3 tumours were 

evenly distributed throughout the colon and enriched with poorly differentiated cancers 

(Supplementary Fig. 4a,b). Clinical relevance of the proposed classification was immediately 

evident when analysing disease-free survival, which revealed a significantly poorer prognosis 

for CCS3 patients. More than 50% of CCS3 patients developed a recurrence within two years 

(Fig. 2a and Supplementary Table 6 online). This was confirmed in stage I-III in the MVRM 

dataset in which we also observed a significant increase in CCS3 tumours with advancing stage 

(Supplementary Fig. 4c,d).  Many predictive gene expression profiles (>20) [13-15] and qPCR-

based methods such as the FDA-approved OncotypeDX [16], have been put forward to identify 

stage II patients with a poor prognosis. We confirmed the prognostic relevance of these tools in 

our dataset (Fig. 2b-d and Supplementary Table 7 online) [17]. Surprisingly, the genes that make 

up the different signatures show very limited overlap (Supplementary Fig. 4e,f), and yet they all 

largely identify the same patients. We therefore speculated that the molecular distinct subtype 

CCS3 underlies the prognostic application of these signatures and indeed detected that none 
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Figure 1. Unsupervised classification identifies three molecular distinct subtypes. (a) Unsupervised 
classification of 90 stage II colon cancer patients displays the optimal classification using three clusters as 
supported by the gap statistic for various gene set sizes (bottom right). A classifier was constructed (146 
unique genes) to categorize patients in each of the subtypes. (b) The AMC-AJCCII-90 set is classified in three 
subtypes according to the classifier. The top bar indicates the subtypes; light blue; CCS1, green; CCS2, dark 
blue; CCS3. In the heatmap, rows indicate genes from the classifier and columns represent patients. The 
heatmap is color-coded based on median centred log2 gene expression levels (orange, high expression; 
blue, low expression). The lower bar indicates the posterior probability of belonging to each respective 
subtype. Similar results have been obtained in six additional patient series (Supplementary Fig. 3a-c and 
Table 3 online), and similar fractions assigned to each subtype are observed in each set (c). Note that some 
datasets are enriched in MSI patients (§) or advanced stage disease (#). (d) The three distinct subtypes 
can also be identified in colon cancer cell lines (CCLE set). Layout as in a. See Supplementary Table 3 for 
classification of lines. (e) Each subtype is associated with particular molecular characteristics, here shown 
for the AMC-AJCCII-90 set. Purple rectangles indicate the presence of a mutation, MSI or CIMP+ for each 
respective bar. Significance analysis is reported in Supplementary Table 5 online. 
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of the signatures were independent predictors of prognosis when CCS3 was considered as a 

known prognostic determinant (Fig. 2c,d, Supplementary Fig. 5a and Table 8 online). More 

importantly, our CCS classification has the advantage of identifying subtypes with the most 

extensive biological differences (Supplementary Fig. 5b), which will aid in understanding and 

effective targeting of this disease subgroup. 

To provide a rapidly accessible classification tool a tissue microarray (TMA)-based mini-

classifier was developed using immunohistochemistry for 4 gene products (FRMD6, ZEB1, HTR2B 

and CDX2), selected based on validated reliable staining and high differential expression between 

CCS1 and CCS3 in multiple datasets (Fig. 2e). Cross-validation confirmed reasonable accurate 

classification and a resulting significant correlation with disease outcome (Fig. 2f,g). Similarly, we 

established a qPCR mini-classifier with comparable results (Supplementary Fig. 6a-c).

In agreement with the observation that the CCS classification identifies biologically highly 

distinct entities, in vitro drug treatment of cell lines representative of the different CCSs indicated 

a significant differential response to, in particular, cetuximab (Fig. 3a). This resistance was also 

detected in primary xenografts treated with cetuximab (Fig. 3b and Supplementary Fig. 6d) 

[5]. More importantly, analysis of metastatic colon cancer patients treated with cetuximab 

confirmed resistance of CCS3 tumours in a clinical setting  – independent of KRAS mutation 

status, a well-established determinant of therapy response (Fig. 3c,d) [18]. Combined this 

shows that CCS3 not only represents a subset with poor prognosis, but also defines a group of 

patients that respond poorly to cetuximab therapy.

As it becomes increasingly apparent that colon carcinomas can develop via various 

histologically definable routes, we investigated the possibility that CCS3 is related to a distinct 

precursor lesion. We speculated that CCS3 tumours could originate from pre-neoplastic lesions 

associated with the serrated pathway, which is supported by relative overrepresentation 

of BRAF mutant and MSS/CIMP+ tumours. To this end we derived gene expression data 

from a group of histologically and genetically-confirmed sessile serrated adenomas (Fig. 4a 

and Supplementary Fig. 7a) [19, 20] and compared them to tubular adenomas from Familiar 

Adenomatous Polyposis (FAP) individuals, harbouring an APC germline mutation and therefore 

predictably progress via the CIN pathway. Strikingly, gene sets specific for serrated- or FAP-

associated adenomas demonstrated a highly significant association with CCS3 or CCS1-CIN 

tumours respectively (Fig. 4b and Supplementary Fig. 7b). Furthermore, categorizing precursor 

lesions based on our classifier confirmed that serrated adenomas closely associated with CCS3 

tumours (Supplementary Fig. 7c). Principal component analysis (PCA) highlighted this similarity 

of serrated adenomas with CCS3 tumours (Fig. 4c). This observation was not unique to our 

patient set or classifier, but could be repeated in independent cohorts as well as by using all 

expressed genes (Supplementary Fig. 7d-f). Cumulatively, our data provide evidence that poor 

prognosis CCS3 tumours are highly related to serrated adenomas and that this precursor lesion 

progresses into this distinct class of colon tumours.

To understand the biological properties that underlie aggressiveness of CCS3 tumours, we 

performed gene set enrichment analysis (GSEA) for biological processes implicated in metastasis. 

We focussed on comparing CCS1-CIN with CCS3-serrated tumours, since the distinct features 
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Figure 2. CCS3 tumours display poor prognosis, underlies previous prognostic classifiers and can be 
identified using a TMA. (a,b) Kaplan-Meier graphs depicting Disease-free survival (DFS) within the AMC-
AJCCII-90 set stratified by the CCS classification (a) or Oncotype DX recurrence score (b). P-values are based 
on log-rank tests. (c,d) Gene expression based predictors of prognosis identify CCS3 tumours. Heatmap 
depicts relapse probability for each patient (rows) as calculated by the Oncotype DX method (c) or a PAM 
model for each published significant prognostic classifier (d). Relapse columns indicate actual relapse during 
follow-up (purple, relapse). Subtype column indicates colon cancer subtype (light blue, CCS1; green, CCS2; 
dark blue, CCS3). DFS prediction bar indicates the level of significance of the particular signature in predicting 
DFS (log-rank test). Association bar indicates the level to which extent each profile identifies CCS3 tumours 
(P-value based on hypergeometric test). This analysis indicates that prognostic classifiers, independent 
of actual relapses, identify CCS3 tumours. Consistent findings for the MVRM dataset are reported in 
Supplementary Fig. 5a. (e-g) Immunohistochemistry for the indicated proteins (e, scale bars indicate 100μm) 
followed by automated image quantification and generation of a random forest classifier performs with 
reasonable accuracy in and out-of-bag cross validation (f, P < 0.001, Fisher’s exact test), and with clinical 
significance (g). 69 patients were included in this analysis; CCS2 in this case is based on MSI status. 
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Figure 3. CCS3 tumours are resistant to therapy. (a) In vitro cultured cell lines are exposed to increasing 
doses of indicated drugs. CCS3 cell lines are more resistant to increasing doses of cetuximab in vitro. 
Cell viability is determined by MTT and averaged over all CCS1 or CCS3 lines. SW620, Colo205, Ls180 and 
Caco-2 represent CCS1; Colo320, HT29, SW480 and DLD1 represent CCS3 (Supplementary Table 3). Error 
bars indicate SEM. (b) In vivo treatment of primary colorectal cancer xenografts with cetuximab (four 
doses of 40mgkg-1/IP injection every 4 days) as described in Julien et al.[5], reveals a significantly impaired 
response in CCS3 compared to CCS1 classified xenografts (P = 0.004, Fisher’s exact test, - vs. +, ++ and 
+++). (-) Indicates no effect on tumour growth, (+++) indicates tumour regression. (c,d) Classification 
of patients with metastatic disease in the Khambata-Ford set[18] confirms that tumours belonging to 
CCS3 are more resistant to cetuximab. (c) CCS1 tumours show a significant greater clinical response to 
cetuximab monotherapy (P = 0.018, Fisher’s exact test, PD vs. SD, PR and CR). UD=undefined response 
as patient died before first evaluation, PD=progressive disease, SD=stable disease, PR=partial response, 
CR=complete remission. (d) Kaplan-Meier graph demonstrates significantly impaired cetuximab response 
in KRAS wild type (WT) patients belonging to CCS3 (CCS1 WT vs. CCS3 WT, P = 0.001, Log-rank test). 

of MSI tumours have been described previously. Most notably, EMT, matrix-remodelling, cell 

migration, and TGF-β signalling were processes up-regulated in CCS3-serrated tumours, while 

Wnt target genes were more highly expressed in CCS1-CIN tumours (Fig. 4d, Supplementary Fig. 

8a,b and Table 9 online) [21-23]. The enhanced expression of EMT and matrix-remodelling genes 
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in CCS3 tumours was validated by qPCR and immunohistochemistry (Supplementary Fig.  8c,d) 

and as both processes have been implicated in poor disease outcome they provide a compelling 

explanation why CCS3-serrated tumours metastasize more frequently as compared to CCS1-CIN 

tumours[23-25]. Corroboratively, CCS3-like cell lines demonstrated increased invasive behaviour 

as compared to CCS1 lines (Fig. 4e).  Strikingly, our data reveal that serrated precursor lesions 

are already endowed with a more aggressive and metastatic gene expression profile (Fig. 4f).

Our findings indicate that three distinct colon cancer subtypes can be identified each 

associating with unique clinical and molecular features. Two of these, CCS1 and CCS2, have been 

recognized previously and associate with CIN and MSI respectively. The CCS3-serrated subtype is 

much less well characterised despite its poor prognosis and reduced therapy response. A subset 

of the CCS3-serrated tumours is also characterized by increased Wnt target gene methylation 

on which we reported previously [26], but this is not a defining characteristic (Supplementary 

Fig. 8f). The detection and further characterization of these tumors will potentially result in 

optimized therapy for patients that will benefit most. Here we report that CCS3 tumors are 

resistant to cetuximab therapy and therefore novel targeted therapies need to be identified 

for this subgroup. In this respect, the high expression of TGF-β pathway components in CCS3 

tumours may be of interest. Although mutational inactivation is often seen in advanced colon 

cancers, our data might point to a subtype-specific role of this pathway. This is reminiscent of 

the situation seen in breast cancer, where TGF-β activity either enhances or represses EMT and 

stem cell potential depending on the subtype analysed [27]. The finding that the CCS1-3 subtypes 

can be detected in serum-cultured cell lines might greatly facilitate this follow-up research. Also 

mouse models that closely resemble CCS3-serrated tumors need to be defined, as the majority of 

current in vivo research uses models resembling CSS1-CIN intestinal tumors, i.e. the APCmin strain. 

Several promising candidate models exist that have in common that lesions arise with a serrated 

morphology and generally show marked invasive growth [28, 29], two important hallmarks we 

believe define CCS3 tumours and may already be evident in the precursor lesions, i.e. sessile 

serrated adenomas (Fig. 4g). Strikingly, we find that EMT genes and matrix-remodelling enzymes 

are already upregulated in these pre-malignant serrated lesions, suggesting that cancers that 

develop via this route are ‘primed’ for infiltrative growth and metastasis early in development. 

Hence, our data indicate that sessile-serrated adenomas and CCS3-serrated cancers possess 

high malignant potential and need to be clinically managed as such. 

Figure 4. Poor prognosis CCS3 tumours develop via the serrated pathway and express high levels of genes 
involved in matrix remodelling and EMT. (a) Representative histology is shown for both sessile serrated 
adenomas and FAP-associated tubular adenomas. Scale bars indicate 200μm. (b) GSEA using serrated adenoma 
(top) and FAP-associated adenoma (bottom) specific gene sets (250 genes) reveals a significant enrichment in 
CCS3 and CCS1-CIN tumours respectively. ES, enrichment score. For different gene set sizes see Supplementary 
Fig. 7b). (c) PCA of precursor lesions in relation to colon cancer samples for the AMC-AJCC-90 set. Black, 
normal samples; light blue, CCS1; green, CCS2; dark blue, CCS3; light blue triangle, FAP associated adenoma; 
dark blue triangle, serrated adenoma samples. (d) Core gene sets for EMT (left) and matrix remodelling 
(right) indicate high expression in CCS3-serrated tumours and serrated adenomas compared to CCS1-CIN 
tumours and FAP associated adenomas. Importantly, none of these genes feature in the classifier. Heatmaps ◀
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indicate the average Log2 fold-change of the indicated gene (rows) between the samples of a subtype of each 
respective dataset (columns). Orange, blue; relatively highly, lowly expressed respectively. (e) CCS3-like lines 
(Colo320, HT29, DLD1, SW480) show significantly higher invasive capacity compared to CCS1-like cell lines 
(LS180, SW620, Caco-2), see for results of individual lines Supplementary Fig. 8e. RFU=relative fluorescent 
units indicating the amount of cells that passed the matrix coated membrane, error bars represent SEM, 
P-value based on rANOVA. (f) Graphs depict the normalised Log2 average expression of the EMT and matrix 
remodelling core signatures in normal tissue, precursor lesions and colon cancer of the indicated subtypes. 
Error bars represent 95% CI, p-values calculated using a two-sided Wilcoxon signed-rank test. (g) Schematic 
depicting the CIN route and the serrated route to colon cancer. Red glandular structures indicate high invasive 
potential. Note the ‘priming’ of serrated precursor lesions to invade and metastasize.

◀
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ONLINE METHODS
Patient series 

We used eight different colon cancer patient series comprising altogether a total of 1164 unique 

patients for this study (Supplementary Table 1 online). In short the AMC-AJCCII-90 series[26] 

(GSE33113) contains 90 stage II colon cancer patients that underwent intentionally curative surgery 

at our institute the Academic Medical Center (Amsterdam, the Netherlands). The MVRM set 

(GSE14333 + GSE17538) comprises two merged cohorts that form a metacohort of 345 colorectal 

cancer (CRC) patients[30]. The Jorissen set[31] (GSE13294 + GSE13067) contains 229 primary CRCs. 

The Khambata-Ford set[18] (GSE5851) and Tsuji set[32] (GSE28702) comprise 80 and 83 stage IV 

CRCs, respectively. The Cancer Genome Atlas (TCGA) dataset consists of both RNAseq and agilent 

array data on partially overlapping samples[9] (n = 270 and n = 220, respectively). In addition, 

we collected two datasets containing xenografts derived from primary CRCs from Julien et al.[5] 

(n = 75) and Uronis et al.[6] (n = 27). Finally, we used CRC cell line data from the Cancer Cell Line 

Encyclopaedia[4] (CCLE, n = 55, GSE36133) and from Wagner et al.[33] (n = 11, GSE8332). 

Identification of colon cancer subtypes (CCS) 

We first normalized and summarized microarray data from the AMC-AJCCII-90 set using frozen 

robust multiarray analysis (fRMA)[34]. Probe-specific effects and variances are precomputed 

and frozen in fRMA, which facilitates batches analysis. Gene expression presence/absence 

were detected using the barcode algorithm[35] and genes that were not present in at least 

one sample were filtered out. Subsequently 7846 probesets with most variability (Median 

absolute deviation >0.5) across samples were retained and median centred. Next we performed 

hierarchical clustering with agglomerative average linkage to cluster these samples. We 

employed consensus clustering[36], with 1000 iterations and 0.98 subsampling ratio, to assess 

the clustering stability. A significant increase in clustering stability was observed from k = 2 to 3 

(Supplementary Fig. 2a), but not for k > 3. To further confirm this, we computed Gap statistic[37] 

for k = 1 to 5, and a peak was consistently found at k = 3 (Fig. 1a), irrespective of the gene set 

size employed (Supplementary Fig. 2d). Silhouette width[38] was computed to identify the 

most representative samples within each cluster (Supplementary Fig. 2b). Finally, we retained 

samples with positive silhouette width (n = 85) to build the classifier. 

Generation of the CCS classifier 

In order to facilitate application of our classifier on data gained using different array platforms, 

we mapped expression profiles from probesets to unique genes, probesets were selected based 

on overall highest overall expression for each gene. To build the CCS classifier, we applied two 

filtering steps to select the most representative and predictive genes. First, we used SAM[39] 

(R package siggenes version 1.32.0) to identify genes significantly differentially expressed 

(FDR < 0.01) between each subtype and the other two. Second, we calculated AUC (area under 

ROC curve, R package ROCR version 1.0-4) to assess each gene’s ability to separate one subtype 

from the others. The retained 329 genes with AUC > 0.9 were trained by PAM[40] to build a 

classifier. To select the optimal threshold for centroid shrinkage, we performed 10-fold cross-
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validation over a range of thresholds for 1000 iterations, and selected the one yielding a good 

performance (error rate < 2%) with the least number of genes (Supplementary Fig. 2c). Of note, 

the gene filtering steps do not significantly affect the selection of signature genes, as observed 

from PAM classification using various cut-offs on SAM FDR and AUC (data not shown). Using 

this strategy, we built a classifier of 146 unique genes and used it to classify the CRC samples, 

xenografts, cell lines and precursors lesions. We regarded a posterior probability > 0.5 for one 

of the subtypes as being indicative of association with that group. 

Subtype classification on validation datasets 

The MVRM, Jorissen, CCLE, Wagner, Tsuji, Uronis and the precursor lesion data are generated 

using the same microarray platform as the AMC-AJCCII-90 dataset (Affymetrix Human Genome 

U133 Plus 2.0). We preprocessed each dataset independently using fRMA. For the MVRM, 

Jorissen, CCLE and Wagner datasets, where samples come from multiple different batches, 

we first detected and corrected non-biological batch effects using ComBat[41]. For each 

dataset, the expression profiles were median centred across all samples and collapsed from 

probesets to genes, and were then subjected to classification using the classifier built based 

on the AMC-AJCCII-90 dataset. The Julien, Khambata-Ford and TCGA datasets were generated 

using different platforms (Julien: GeneChip HT Human Genome U133 Array, Khambata-Ford: 

Human Genome U133A 2.0 Array, TCGA: Agilent G4502A microarray), where fRMA vectors 

are not available. Thus, we employed RMA to preprocess the Julien and Khambata-Ford sets 

independently. The preprocessed data for the Agilent microarrays was directly downloaded 

from the TCGA Data Portal (https://tcga-data.nci.nih.gov/docs/publications/coadread_2012/). 

For each preprocessed dataset, expression levels were mapped from probesets to unique 

genes according to corresponding annotation, and median centred across all samples. 

Finally, we classified each dataset using the PAM classifier built based on the AMC-AJCCII-90 

set. Signature genes that were not annotated in these platforms were replaced by the most 

correlating gene as determined in the AMC-AJCCII-90 dataset. In the Uronis and Julien 

datasets, xenografts and primary tumors were classified independently. The RNAseq (TCGA) 

dataset, including normalized RPKM (Reads Per Kilobase per Million mapped reads) across 270 

samples, was downloaded from the TCGA Data Portal. First, the dataset was log2 transformed 

and median centred. Next, we removed redundant replications for each gene by selecting the 

one with highest overall expression. Similarly, we substituted signature genes that cannot be 

mapped with their most correlated genes in the AMC-AJCCII-90 dataset. Finally, we applied the 

PAM classifier to predict subtypes of these samples.

Association analysis of previous signatures with survival 

To test the prognostic relevance of previous gene signatures (Supplementary Table 7 online), 

for each signature we first took all its gene expression data and trained a classifier based on 

PAM to classify relapse and non-relapse samples. Subsequently, we trained and applied the 

PAM classifier to predict relapse in corresponding samples. Log-rank tests show that most 

signatures (n = 21) can significantly predict survival (P < 0.05, Figure 2d) in AMC-AJCCII-90. 

Similarly, for Oncotype DX we first stratified all samples to ‘Low’, ‘Intermediate’ and ‘High’ risk 
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groups based on their recurrence scores, which were computed from expression levels of 7 

genes by qPCR as described by Clark-Lagone et al.[42]. We confirmed the association between 

Oncotype DX category and prognosis using the Log-rank test (P = 0.0165). Furthermore, 

hypergeometric tests and fisher’s exact test were performed to assess to what extend the CCS3 

subtypes confounds the predictive ability of the signatures and Oncotype DX, respectively. We 

used a Cox proportional hazards model to assess the impact of subtype information on the 

association of previous classification strategies with prognosis. For each signature, we first fit 

a univariate Cox model, in which the covariate is the predicted posterior probability of being 

in the relapse category (PAM). For Oncotype DX, the covariate is the recurrence risk category. 

Subsequently we employed a stratified Cox model, where the subtype information was used as 

strata to adjust the Cox model (Supplementary Table 8 online). Essential scripts to reproduce 

our analysis can be found in R package DeSousa2013 on www.bioconductor.org.

qPCR mini-classifier 

To generate a qPCR mini-classifier, we selected 9 genes (ZEB1, HTR2B, CDX2, FRMD6, CYP1B1, 

GAS1, RGS4, INHBA and HOPX) based on significant differential expression between the CCS1 

and CCS3 subtype in multiple datasets (see below for details on the qPCR conditions). We 

applied a two-step classification strategy: (1) Out of the total 90 samples, 25 were classified 

to be CCS2 based on their microsatellite status (MSI). (2) We used 44 MSS samples of CCS1 

and 20 MSS samples of CCS3 to train a classifier using random forest algorithm[43] (R package 

randomForest, version 4.6-7) with 1000 trees, which resulted in an unbiased classification 

based on internal out of bag (OOB) bootstrap resampling. 

TMA mini-classifier 

From the 9 genes present in the qPCR mini-classifier, we selected 4 gene products for further 

consideration based on reliable immunohistochemical stainings. These stainings (ZEB1, HTR2B, 

CDX2, FRMD6), together with a pan-cytokeratin staining to normalise for tumor cell content for 

each core were used to generate a TMA mini-classifier. We used a TMA consisting of 69 patients 

form the AMC-AJCCII-90 dataset on which each patient is represented by 3 cores (see below 

for details on immunohistochemistry). TMA slides were scanned, and TIFF images of individual 

cores were acquired using the Olympus dotSlide system (Olympus). We then quantified the 

stainings using an automated image analysis pipeline using MATLAB. The approximate TMA area 

was detected by applying an entropy filter to determine regions with high local randomness. 

Pixels were labelled as ‘foreground’ or ‘background’ by applying a threshold set at twice the 

modal entropy value of the image. Continuous ‘foreground’ regions with an area greater than 

10% of the image size were considered to be the ‘main TMA area’. The selected TMA region 

was then deconvoluted into a ‘blue’ haematoxylin and ‘brown’ DAB channel according to the 

algorithm proposed by Ruifrok[44]. In the DAB channel, pixels were classified as ‘stain’ using 

Otsu’s method[45]. For each image, the amount of staining was calculated as the number and 

intensity of ‘stained’ pixels, corrected for the values for pan-cytokeratin on a sequential TMA 

slide. TMAs were classified based on a two-step approach similar to the one used for the qPCR 
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mini-classifier: (1) 20 MSI samples were classified as CCS2; (2)  TMA cores representing CCS1 and 

CCS3 were used to train a random forest classifier with 1000 trees. The OOB subtype prediction 

of TMA cores were subsequently collapsed to CCS classification for patients. 

Gene set enrichment analysis (GSEA)

We performed GSEA[46] for a manually selected metastasis related Gene Ontology gene sets 

(Supplementary Table 9 online), as well as for several EMT and matrix remodelling associated 

gene sets (Supplementary Fig. 8b). For each patient dataset, we took as phenotype log fold 

change between gene expression of CCS3 and CCS1 samples. P-values indicating the significance 

of enrichment were estimated by 1000 permutations and, in the case of Supplementary Table 9 

online, corrected for multiple testing using the Benjamini-Hochberg method.

Precursor lesions

We obtained polyps from patients diagnosed with Familial Adenomatous Polyposis (FAP) during 

colonoscopy. In addition, we retrieved frozen serrated adenomas and tubular adenomas from 

the pathology department (AMC). An expert pathologist (M.J.) confirmed the identity of both 

serrated and tubular lesions. Frozen tissue samples were cut using a cryo-microtome (5 x 20μm) 

and stored until further use.

Immunohistochemistry and TMA 

We constructed a tissue microarray (TMA) comprising 69 patients of the AMC-AJCC-II. Briefly, 

we collected paraffin blocks from primary CRCs and used an H&E stained section from each 

tumor to identify an area with representative tumor content. From each tumor, we collected 

three cores with diameter of 0.6 mm using the Beecher TMA instrument and inserted them in a 

recipient block. Recipient blocks were sectioned at 4 μm, dried overnight at 37ºC, deparaffinized 

in xylene and rehydrated in graded alcohol. Slides were stained with anti-HTR2B (1:75, Sigma, 

HPA012867), anti-FRMD6 (1:500, Sigma, HPA001297), anti-CDX2 (1:200, Novus Biologicals, NB100-

2136), anti-ZEB1 (1:500, Sigma, HPA027524), or anti-Cytokeratin (AE1/AE3) (1:500, Thermo scientific). 

After a secondary incubation with anti-rabbit-HRP or anti-mouse-HRP (Powervision), staining was 

developed using DAB+ Chromogen (Dako) and slides were counterstained with haematoxylin. 

RNA, microarray and PCR 

For microarray gene expression profiling and real time PCR, we extracted RNA using Trizol 

(Invitrogen), following the manufacturer’s instructions. RNA concentration was determined 

with a NanoDrop 2000. For microarray analysis RNA integrity was measured using the Agilent 

RNA 6000 Nano Kit on an Agilent 2000 Bioanalyzer (Agilent Technologies). Only samples with 

a RIN (RNA Integrity Number) >7 were subjected to microarray. Affymetrix microarray analysis, 

fragmentation of RNA, labelling, hybridization to Human Genome U133 Plus 2.0 microarrays, and 

scanning were performed following the manufacturer’s protocol (Affymetrix). Microarray data 

are available (http://www.ncbi.nlm.nih.gov/geo/index.html) under GEO accession number (To 

be determined). For real time PCR, 1 μg of total RNA was reverse transcribed to cDNA using 

Superscript III following the manufacturer’s protocol (Invitrogen). Real time qPCR was performed 
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on 2 ng of cDNA using SYBR Green (Roche) and a Light Cycler 480II (Roche) in accordance with 

the manufacturer’s instructions. All values were normalized to β-ACTIN expression. 

Oncotype DX 

The Oncotype DX colon cancer assay is a qPCR-based diagnostic test that determines the 

likelihood of recurrence in stage II CRC patients. Briefly, qPCR was performed on a Light Cycler 

480II, in a 10 μl total reaction volume consisting of 2 x TaqMan Genotyping Master Mix (Applied 

Biosystems), 2.5 ng cDNA and primers/probes at a final concentration of 0.9 μM/0.2 μM. Thermal 

cycling conditions and oligonucleotide sequences are described elsewhere[42]. We normalized 

samples to the average C
T
 of the five reference genes (ATP5E, GPX1, PGK1, UBB and VDAC2). The 

CCGS (cell cycle group score; normalized mean C
T
 values for MYC, MK167 and MYBL2), SGS (stromal 

group score; normalized mean C
T
 values for BGN, FAP and INHBA) and normalized C

T
 values for 

GADD45B were used to calculate the Recurrence Score (RS) as described in Clark-Langone et 

al.[42]. Samples with RS < 30, 30 ≤ RS < 41 or RS ≥ 41 were considered at low, intermediate or high risk 

of recurrence, respectively. All primer sequences can be found in Supplementary Table 10 online.

Mutations, MSI and CIMP 

For detection of BRAF V600E, KRAS G12D/G13D and TP53 mutations, we performed PCR on 

tumor-derived cDNA samples, followed by direct Sanger sequencing. BRAF exon 15 and KRAS 

exon 2 amplification was carried out in a 25 μl total reaction volume consisting of 0.5 μl cDNA 

(5 ng), 12.5 μl Reddymix (Thermo Scientific), 1.25 μl forward and reverse primers (10μM) and 

9.5 μl H
2
O. Samples were subjected to 5 min 95°C, 35 cycles of 30 sec 92°C, 30 sec 60°C (BRAF) or 

55°C (KRAS), 1.5 min 72°C, followed by 5 min 72°C. PCR products were sequenced using BigDye 

Terminator 3.1 (BDT, Applied Biosystems). MSI status of the samples was determined using the MSI 

Analysis System, version 1.2 (Promega), according to the manufacturer’s instructions. Samples 

are considered MSI-high (MSI-H), MSI-low (MSI-L) or MSS when ≥ 2, 1 or 0 out of 5 markers are 

instable, respectively. We isolated genomic DNA from the tumor samples using the High Pure PCR 

Template Preparation kit (Roche), and subjected the DNA to bisulfite conversion (2 μg/sample) 

with the EpitectBisulfit Kit (Qiagen) according to the manufacturer’s instructions. We used the 

TaqMan-based methylation specific RT-PCR (Methylight) to determine the CIMP-status of the 

tumor samples. Five CIMP-specific markers (CACNA1G, IGF2, NEUROG1, RUNX3, SOCS1) and 

a methylation-independent normalization control (ALU) were included in the analysis. Primer/

probe sequences are described previously[47]. The ALU probe was labelled with a minor-groove 

binder non-fluorescent quencher (MGBNFQ; Applied Biosystems); other probes were labelled 

with a black hole quencher (BHQ-1; Biosearch Technologies). As a positive control, we used 

plasma blood lymphocyte gDNA (PBL; Promega) samples treated with CpG Methyltransferase 

(M.SssI; NEB). We performed the Methylight reaction on a Light Cycler 480 II in a total reaction 

volume of 10 μl consisting of 1 μl bisulfite converted DNA (~ 20 ng), 1 μl GeneAmp® 10 X PCR Gold 

Buffer (Applied Biosystems), 1 μl stabilizer (0.1% Tween-20; 0.5% gelatin), 0.2 μl dNTPs (10mM), 

0,05 μl Amplitaq Gold Polymerase (Applied Biosystems), 0.5 μl forward and reverse primers 

(6 μM) and probe (2 μM), 1 μl of MgCl2 (25mM) and 4,25 μl H
2
O. Thermal conditions used were 

10 min 95˚C, followed by 50 cycles of 15 sec 95˚C, 1 min 60˚C. Serial dilutions of the positive 
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control samples were used to generate a standard curve, in order to calculate the percentage of 

methylation relative to the reference (PMR) value for each sample using the following formula: 

([geneX mean value for the sample]/[ALU mean value for the sample])/([geneX mean value for 

the M.SssI reference]/[ALU mean value for the M.SssI reference])*100%. Samples with a PMR 

value > 15 are considered positive for methylation; samples are defined as CIMP positive (CIMP+) 

or negative (CIMP-) when ≥ 3 or ≤ 2 out of 5 CIMP markers have a PMR > 15, respectively. 

Cell lines 

We used the following CRC lines in this study: SW480, SW620, Ls180, HT29, DLD1 were 

maintained in DMEM (Invitrogen) supplemented with 10% FCS (Lonza) and 1% glutamine. 

Colo320, Colo205, and Caco-2 were maintained in RPMI 1640 (Invitrogen) supplemented with 

10% FCS and 1% glutamine according to ATCC guidelines.

Cell viability 

For determination of cell viability, we seeded 2500 cells per well in 96-well plates and treated 

them with increasing dose of either 5-FU (SIGMA-ALDRICH), Oxaliplatin (SIGMA-ALDRICH), 

Irinotecan (SIGMA-ALDRICH) or Cetuximab (Erbitux®). Viable cells were determined 72h 

post treatment using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 

(MTT) (Invitrogen) assay by measurement of absorbance at 540 nm in a Synergy plate reader 

(Biotek). Background absorbance was subtracted from each data point and cell viability at each 

concentration was expressed as a percentage of untreated control wells. 

Invasion 

To assess the invasive capacity of cells, we used a modified Boyden chamber set-up on Matrigel-

coated membranes with 8 μm pores. 24-well BioCoatFluoroBlok Invasion System plates (BD) 

were prepared following the manufacturer’s recommendations. We first labelled cells with 10 μM 

Celltracker Green CMFDA (Life Technologies Europe) in serum-free medium supplemented with 

20 mM HEPES for 1h at 37°C. After labelling, cells were incubated in medium without dye for an 

additional 1h. Cells were dissociated with Accutase and washed with serum-free medium containing 

1% BSA. ~ 5x104 cells in 500 μL were seeded per insert and invasion towards 10% FCS (750 μL in 

bottom compartment) was assessed. Fluorescence in the GFP spectrum was acquired every 22 min 

for 24h in a Synergy plate reader. We subtracted background fluorescence from every time point, 

and cell movement was then expressed as fluorescence relative to the first time point of invasion.
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Figure S1. Method overview. Flow diagram of the most crucial methodological steps in generating the CCS 
classifier (in red) based on the AMC-AJCCII-90 patient set. Also indicated several important datasets we 
used to validate and expand our findings (in green).
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Figure S2. .Consensus clustering and PAM classification (a) Empirical cumulative distribution (CDF) of 
consensus clustering for k = 2 to k = 12.(b) Silhouette width of samples in each cluster. (c) Selection of the 
optimal threshold for PAM classification. Boxplots illustrate the crossvalidation error rate as a function of 
the number of probesets selected by PAM after shrinkage. (d) GAP statistic for a range of 2000 ~ 20000 
probesets, suggesting optimal clustering at 3 clusters in the AMC-AJCCII-90 set. Error bars indicate SEM. 
(e) A highly significant overlap between classification of the TCGA Agilent microarrays and RNAseq data 
can be observed with respect to the subtype assigned (P = 2.86e-37, Fisher’s exact test).
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Figure S3. CCS classification of validation data sets, cell lines and primary human tissue xenografts. (a-c) 
Classification of patients in three distinct subtypes based on the classifier in the MVRM set (a) in the Jorissen 
set (b) and in the TCGA RNAseq data set (c). (d) Representative histology of 4 different subcutaneously grown 
cell lines in nude mice. Caco-2 and Ls180 represent CCS1, Colo320 and HT29 represent CCS3. Scale bars 
represent 100 μm. (e) Classification of these xenografts (X), together with their in vitro cultured counterparts 
(CL); using the qPCRJmini-classifier. (f,g) Comparison of classification of primary human colorectal cancer 
tissue and xeno-grafts derived from these tumors shows a strong correlation between the CCS category in 
two independent datasets Julien et al. (f, P = 0.002) and Uronis et al. (g, P = 0.008, Fisher’s exact testw).
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Figure S8. CCS1-CIN and CCS3-serrated are associated with distinct biological processes. (a) Core gene sets 
for TGFβ signalling (left) and Wnt target genes (right). (b) GSEA for indicated gene sets shows adherence 
of EMT and matrix remodelling signatures with CCS3, and high Wnt target gene expression in CCS1. (c) 
Immunohistochemistry for Zeb1 and CDX2 as a control. (d) qPCR validation of several genes from the EMT 
and matrix remodelling core signatures in CCS1-CIN and CCS3-serrated tumors. (e) Graph depicts the 
migration and invasion through matrigel coated membranes of the indicated individual lines representing 
CCS1 (light blue) or CCS3 (dark blue). RFU=relative fluorescent units. (f) Figure depicts the classification 
of patients in the AMC-AJCCII-90 set based on the CCS classification, on the CSC signature and based on 
Wnt-target gene expression/methylation.
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Colorectal cancer (CRC) is a group of heterogeneous diseases that show considerable variation 

in their molecular and clinical features. This heterogeneity poses significant challenges not 

only in patient management, but also in studying the molecular basis of the disease. We have 

discussed in Chapter 6 our unsupervised classification strategy to better characterize the 

diversities of CRC. Of note, similar independent studies [1-3] have simultaneously attempted to 

uncover the extent of CRC’s heterogeneity. These combined efforts highlight the need to better 

characterize CRCs but conversely can cause some confusion; i.e they provide little consensus 

neither on the nomenclature nor on the extent of subtypes that can be identified. Here we 

comment on the relationship between our approach and the one proposed by Sadanandam et 

al [2]. We briefly describe and delineate the commonalities of our two distinct methodologies 

in an effort to bring more clarity into the field of CRC’s heterogeneity. In our study [4], we 

have employed consensus-based clustering and identified three robust colon cancer subtypes 

(CCS1-3) in an initial set of 90 stage AJCC II patients. This was done using a signature of 146 

genes, from now on referred to as the “CCS signature”. Two main points reinforce the validity 

of our approach: First, we could recognize two previously well-characterized CRC subtypes; 

CCS1 displayed features of chromosomal instability (CIN) whereas CCS2 consisted entirely of 

microsatellite unstable (MSI). Secondly we have uncovered a novel subtype, dubbed CCS3, 

which was related to sessile serrated adenomas (SSAs) and was associated with an unfavorable 

prognosis and lack of response to targeted therapy. Importantly, this approach does not rely on 

any prior genetic or clinical information; therefore, we have an unbiased separation of patients 

in distinct disease entities. Using a comparable approach, the group of Douglas Hanahan 

performed unsupervised consensus clustering and used a non-matrix factorization (NMF) 

algorithm on a core set of 387 tumors to identify five distinct subtypes using a classifier of 786 

genes, from now on referred to as the CRCassigner [2]. The subtypes were named according to 

high expression of genes associated with particular cell types in the intestine and comprise: A 

stem-like, Transit amplifying (TA), Enterocyte, Goblet-like and an Inflammatory subtype. 

To explore the relationship between the two aforementioned CRC taxonomies, we first 

categorized patients from the AMC-AJCCII-90 set using the CRCassigner into five subtypes 

and looked at the concordance between patients classified by both taxonomies (Fig. 1a). This 

immediately revealed a strong correspondence of the TA with CCS1, the stem-like with CCS3, and 

the goblet-like and inflammatory with the CCS2 (Fig. 1b). Interestingly, the enterocyte subtype 

does not clearly associate with any particular CCS but rather comprises patients belonging to 

all three CCSs. In conclusion, both classification schemes strongly relate to each other but it is 

apparent that the additional subgroups defined by the CRCassigner do not merely arise from 

subdividing one of our CCS. To get more insight on the clinical relevance of both taxonomies 

we next investigated the correlation between the two classification schemes and several clinical 

parameters. Although the extent of association with a particular genetic hit correlated with 

each methodologies, CCS based classification more evidently associated with known current 

stratification features, such as MSI or CIMP. Importantly, this is not a consequence of subtype 

subdivision and subsequent loss of information but rather reflects the different strategies and 

signatures used between these studies (data not shown). 

155



Colon Cancer Heterogeneity: Stem cells, Signals and Subtypes

6AD 
to

Finally we investigated the prognostic power of both classifiers in our AMC-AJCCII-90 

dataset. As described in Chapter 6, the CCS classifier strongly relates to prognosis, but the 

CRCassigner only modestly associates with clinical outcome in the AMC-AJCCII-90 set. 

Interestingly, integration of both classification schemes revealed striking association with 

disease free survival especially in the CCS3. Of note, whereas CCS3-stem-like displayed a 

relatively good outcome, the CCS3-differentiated-like (comprising enterocytes and goblet-like) 

presented with very dismal prognosis (Fig. 1c). This finding is reminiscent of those described 

in Chapter 5 where we conclude that high expression of intestinal stem cell-related genes are 

actually correlated with good outcome. 

In conclusion, we find that both classifications are related to each other, but it is also evident 

that the five subtypes defined by the CRCassigner is not a mere extension of our CCS based 

classification. Clinically, our subtypes are more directly related to current clinical accepted 

parameters (i.e MSI, CIMP, differentiation grade) but integrating both classifications provide 

with additional relevant insights especially in relation to clinical outcome. Many research efforts 
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Figure 1. (a)_Heatmap of the AMC-AJCCII-90 set classified using the CCSclassifier (CSS1-3) and the 
CRCassigner (Enterocytes, TA, Stem-like, Inflammatory, Goblet-like). (b) Heatmap represent the extent 
of association between the subtypes defined by CRC assigner (Enterocyte/Goblet-like/Stem-like/TA-
Inflammatory) and the three CCS subtypes (CCS1-3) (P calculated with hypergeometric test). (c) Survival 
curves of annotated parameters for depicted subtypes or combination of subtypes.
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are aimed at unraveling and characterizing the diversity of CRC but the rapid accrual of data in 

that area more than ever stress the need to reach a clear consensus molecular classification 

that would quickly reach clinical applicability and hopefully improves patient care. 
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In this thesis we have described our endeavor to characterize part of the molecular basis that 

determine the cause of heterogeneity within and across colon cancers. Below I summarize our 

main findings and discuss several important questions that remain unanswered or have been 

specifically raised by our work. 

First of all, we have formally demonstrated the existence of cancer stem cells (CSCs) by 

demonstrating that at least a subpopulation of colon cancer cells possess self-renewal potential 

and multi-lineage differentiation capacity (chapter 2 [1]). Furthermore we have unraveled part 

of the molecular properties that define cancer stemness, in particular the presence of high Wnt 

signaling activity (chapter 3 [2]).  We believe the use of a signaling pathway to define CSCs is a 

significant improvement over the plethora of markers that have been shown to enrich for CSC 

populations in xeno-transplantation assays [3]. We would argue it is a superior marker, as it does 

not rely on the isolation of cells based on cell surface markers that are usually associated with 

adhesion properties or proliferation rate [4], and which raises questions regarding their validity 

as bona-fide stem cell markers. Nevertheless, despite the improvements that transduction 

route provide over more traditional CSC markers, it remains to be established what is the best 

assay (i.e the one that most closely recapitulates a native tumor environment) to determine the 

presence and quantify the number of CSCs in a malignancy [5, 6]. In that respect, several groups 

have attempted to address these experimental limitations by looking into the CSC concept 

in mouse models where cells marked by known (cancer-) stem cell markers could be traced 

and their progeny followed [7-9] (discussed in Chapter 1). In the case of intestinal adenomas, 

this was done by tracing the lineages of Lgr5+ tumor cells using Cre-recombinase technology 

[7], demonstrating indeed that these cells could give rise to more-differentiated tumor cells 

and would qualify as adenoma stem cells in endogenously growing tumors. Similar tracing data 

were generated in papillomas in the skin. Altogether, these studies provide a glimpse of CSCs 

in their native habitat but do not resolve the CSC debate as these assays also have their own 

caveats: For instance, intestinal adenomas or skin-derived papillomas are benign tumors that 

only occasionally progress to full carcinomas. More importantly, in the Schepers’ study [7] only 

Lgr5+ cells have been subjected to lineage tracing while other populations remain untested. In 

other words Lgr5- cells could function as stem cells equivalently. Overall the same questions still 

remain: how many functional CSCs are present within a tumor and how do we more effectively 

quantify them? These questions are even more pressing as we have demonstrated that more 

differentiated cells can adopt a CSC phenotype upon exposure to signals present in particular 

microenvironments (Chapter 3 [2]). Clearly these questions are not easy to address, especially 

in unperturbed tumors, but they are key to our interpretation of the CSC concept for at least 

two main reasons: The first one is clinical; in simple terms, one would need to know the amount 

of CSCs -or clonogenic cells for that matter- prior and after treatment as this ultimately defines 

treatment efficacy (Chapter 4 [10, 11]). The second one is rather conceptual as it touches the 

heart of the CSC theory; by definition, it has been proposed CSCs are “relatively” rare and sit 

on top of the hierarchy within a tumor. It is relatively straightforward to define tumors that do 

not belong to that category when no CSCs can be prospectively isolated, but how do we define 

tumors that contain 10%, 50% or 80% of CSCs? At what frequency of CSCs should we stop 
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depicting tumors as hierarchically organized? As mentioned, the lack of consensus in that area 

is even further complicated by the phenomenon of tumor cell plasticity and how impactful the 

microenvironment is on that process (described in Chapter 3 [2] and reviewed in Chapter 4 [10, 

11]). Such plasticity or cell inter-conversion poses an evident clinical challenge as it immediately 

suggests that all tumor cells would have to be efficiently eliminated for a successful therapy 

to be achieved. How frequently does cell fate inter-conversion occur in a tumor? To our 

knowledge no data exists on whether inter-conversion is a rare or frequent event; the latter 

scenario will obviously shake the foundations of the CSC theory that posits that only a fraction 

of tumor cells are relevant for tumorigenesis and progression. Despite these open questions, 

it is evident that differences in CSC numbers, defined by any potential markers, exist among 

colorectal tumors; the clinical consequences of this remain more elusive. One prediction is 

that a relation might exist between the degree of self-renewal in a tumor and clinical outcome. 

Several groups have tackled this issue in multiple tumor types by showing that (cancer)-stem 

cell derived signatures associate with patients that are at higher risk of developing relapses or 

distant metastasis [12-16]. Our results presented in chapter 5 [12] confirm the prognostic power 

of CSC derived signatures in colon cancer. However the underlying reason for this prognosis 

seems to be independent of CSC content in these tumors but rather relies on the identification 

of a different, more immature subset of tumors endowed with worse prognosis [12]. 

Stem cell derived profiles add up to a broad range of prognostic signatures in colon cancer 

[17, 18]. For example, the ColoPrint (a signature of 18 genes) [19] or the OncotypeDX [20] (a 

PCR-based assay) have demonstrated the ability to identify patients at high risk of relapse and 

can offer prognostication beyond traditional clinicopathological factors. The major drawback 

of most of these signatures is the lack of insights they provide on the biological processes 

that govern poor prognosis. Moreover they do not offer significant information on the 

heterogeneity of colorectal cancer (CRC). 

To date, subtypes of CRC have mainly been described using classification based on (epi-)

genetic defects. For instance, microsatellite instable (MSI) colon cancers are well defined 

clinically and genetically and often associated with mutations in the BRAF gene and methylation 

at the MLH1 promoter [21-23]. MSI tumors are often opposed to chromosomal instable (CIN) 

cancers that are largely microsatellite stable (MSS) and present loss of heterozygosity (LOH) 

at specific loci [24-26]. Additional and more recent classifications have involved specific 

molecular features, such as the CpG island methylator phenotype (CIMP) [22, 27, 28]. Although 

this methodology has greatly contributed to our understanding of the disease, the attempts to 

define specific CRC subtypes based on unique mutations have not resulted in significant clinical 

relevance apart from the resistance of KRAS mutated CRCs to EGFR targeted therapy [29]. 

An alternative and more recent approach involves the identification of clinically distinct 

subtypes of CRC through molecular profiling studies. This approach does not rely on any prior 

genetic or clinical information and therefore provides an unbiased separation of patients in 

distinct disease entities. Using this analysis over more than 1,000 patients we could identify 

three robust CRC subtypes that are each demarcated by distinct biological and clinical 

peculiarities (Chapter 6 [17]). The validity of our analysis is clearly illustrated by the fact that 
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two of the uncovered subtypes show a strong concordance with the more traditional subtypes 

of chro mosomal instability (CIN) CRCs and microsatellite instability (MSI) CRCs, two distinct 

colon cancer entities markedly differing in their etiology and biological foundation. The 

strength of our methodology is further demonstrated by the discovery of a novel subtype that 

was previously unrecognized, despite the particularly unfavorable prognosis and poor clinical 

response to cetuximab treat ment. Many research groups have made use of similar unbiased 

classification methods and not too surprisingly, independent studies identifying clinically 

distinct subtypes of CRC are starting to emerge [17, 24, 30, 31]. These different studies can 

cause confusion because no clear consensus exists on the extent of distinct subtypes one can 

describe in CRC. We have discussed this in the addendum to Chapter 6, where we show how our 

findings specifically relate to the ones that have been simultaneously published by the group 

of Douglas Hanahan [31]. Although both studies have identified subtypes that strongly relate 

to each other, the idiosyncrasies of each study stresses the need to generate a clear consensus 

on the nomenclature and the amount of subtypes present in CRCs (Addendum to Chapter 6). 

Ultimately this will require a translational effort to translate the rapid accrual of data in that area 

into a clinically applicable knowledge that would hopefully turn into benefit for patients.

Felipe De Sousa E Melo

Amsterdam, 2013
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RESUME 
Les récentes avancées dans le domaine de l’oncologie ont démontré l’existence d’une 

population de cellules tumorales, les cellules souches cancéreuses (CSCs), comme ayant un rôle 

central dans la propagation et la résistance tumorale. Les CSCs ont été isolé dans virtuellement 

tous les types de tumeur humaine. La compréhension des phénomènes biologiques les 

régulant pourrait avoir des conséquences importantes sur le pronostic clinique. La perspective 

de  thérapies ciblant spécifiquement ces cellules tumorales offre dès lors de nouveaux espoirs 

dans le traitement contre le cancer. 

SUMMARY
A growing body of evidence indicates that a subpopulation of tumor cells, the so-called 

cancer stem cells (CSCs), drive tumor growth and metastasis and preclude therapy efficiency. 

CSCs have been isolated in virtually all type of tumors. These findings may have important 

consequences for clinical prognostic. Current cancer research aim to unravel the CSCs’ basic 

biological mechanisms. The development of new CSCs-targeted treatments shed therefore 

new hopes in improving cancer therapy.
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INTRODUCTION
La majorité sinon toutes les formes de cancer se compose d’une grande hétérogénéité 

cellulaire. Ces disparités sont évidentes à la fois au niveau morphologique que dans l’expression 

de marqueurs moléculaires tels que des protéines exprimées à la surface  des cellules tumorales, 

ou encore biologique comme la capacité proliférative de ces cellules. Cette évidente diversité a 

longtemps été expliquée par la présence de différents clones acquérant, au fur et à mesure que 

la tumeur progresse, des mutations dans des gènes oncogènes ou gènes tumeur suppresseurs 

[1]. La conséquence est une sélection progressive du clone le plus agressif et le plus apte à 

survivre dans l’environnement tumoral. Dans ce modèle classique, il n’existe peu ou pas de 

hiérarchie entre les différents clones et toutes les cellules peuvent contribuer de manière 

équivalente à la croissance de la tumeur (Fig. 1a).  

Cependant depuis quelques années, une autre théorie a modifié notre vision du cancer. Cette 

théorie explique l’hétérogénéité observée dans les tumeurs comme le résultat d’un gradient de 

différentiation. Certaines cellules tumorales sont dites différentiées et expriment des marqueurs 

cellulaires et moléculaires associées à la différentiation, alors que d’autres cellules se trouvent par 

opposition à un stade immature et expriment des marqueurs spécifiques à ce stade. Ces dernières 

sont appelées cellules souches cancéreuses (CSCs) et sont à la base de cette théorie (Fig. 1b). 

Bien que ces deux théories soient différentes, elles ne sont pas mutuellement exclusives 

et il semble que certains types de tumeurs suivent préférentiellement l’un ou l’autre modèle [2]. 

Néanmoins, comme nous allons le présenter dans cet article, l’existence et la définition des CSCs ont 

d’importantes implications pour la compréhension et le traitement du cancer. Les conséquences 

sur la pratique clinique courante, tels que les résistances thérapeutiques, sont également discutées.

DÉFINITION DES CELLULES SOUCHES CANCÉREUSES
Une cellule tumorale est définie comme  souche cancéreuse lorsqu’elle répond à deux critères 

fondamentaux  : (1) Elle doit pouvoir reformer d’autres CSCs lors du processus de division 

cellulaire (auto-renouvellement), (2) Elle doit être capable de se différencier dans l’ensemble 

des composants cellulaires présents dans la tumeur/organe en question (multi-potentialité) 

(Fig. 1c). Ces deux propriétés sont aussi partagées par les cellules souches non tumorales. 

Actuellement, l’étalon d’or expérimental permettant de définir la présence de CSCs dans 

une tumeur humaine requiert leur transplantation dans des souris immunocompromises 

(dépourvues de système immunitaire). Il est alors impératif que la tumeur résultante (appelée 

aussi xénogreffe) possède une morphologie similaire à la tumeur originelle corroborant ainsi 

la capacité de se différencier dans les différentes lignées cellulaires. De plus, de nouvelles CSCs 

doivent pouvoir être isolées à partir de la xénogreffe et re-transplantées en série dans d’autres 

souris validant ainsi la capacité d’auto-renouvelement [3] 
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LA LEÇON DU SYSTÈME HÉMATOPOÏÉTIQUE
Le système hématopoïétique est probablement le meilleur exemple d’organisation hiérarchique 

du corps humain. Au sommet de la hiérarchie se trouve la cellule souche hématopoïétique qui 

se divise occasionnellement pour donner naissance à des cellules pro-génitrices plus ou moins 

différenciées. Par une série successive de divisions, celles-ci donneront l’ensemble des cellules 

composant le système immunitaire ainsi que les globules rouges (hématopoïèse). 

Les techniques ayant permis de mieux comprendre le fonctionnement et l’organisation du 

système hématopoïétique ont aussi permis l’identification de CSCs. Grâce à la cytométrie de 

flux, différentes populations de cellules présentes dans une tumeur peuvent être triées selon 

l’expression spécifique de protéines à leur surface. 

C’est ainsi qu’en 1994 fut démontrée pour la première fois une organisation hiérarchique 

dans un type de leucémie myeloïde aiguë (LMA) [4]. Les cellules tumorales, isolées à partir d’un 

patient atteint de LMA, exprimant le marqueur CD34 à leur surface et étant négatives pour 

CD38 (CD34+ CD38-) étaient capables de reproduire la maladie, une fois transplantées dans des 

souris immuno-compromises et de générer l’ensemble des différents types cellulaires présents 

dans la leucémie originale. Les cellules CD34-CD38+ étaient, elles, incapables de propager la 

maladie et étaient donc non essentielles pour la croissance tumorale.

Cette découverte démontra pour la première fois une hiérarchie tumorale très similaire à 

celle présente dans l’organe sain correspondant. Cette étape fut majeure dans la compréhension 

du cancer. Par la suite, des CSCs ont été identifiées puis isolées dans de nombreux types de 

tumeurs dites « solides » tels que le carcinome du sein [5], pancréas [6], le glioblastome [7] et 

l’adénocarcinome du colon [8]. 

En 2003, des CSCs furent isolées pour la première fois à partir de métastases issues de cancer 

du sein. Les auteurs observèrent une vaste hétérogénéité cellulaire et démontrèrent que seules 

les cellules étant négatives pour le marqueur CD24 et exprimant CD44 (CD24-/CD44+) à leur 

surface pouvaient provoquer un adénocarcinome du sein lorsqu’elles étaient injectées dans 

le «  tissu adipeux de la glande mammaire  » de souris immunocompromises [5]. Cette petite 

fraction de la tumeur originelle était la seule capable à la fois de propager efficacement la 

maladie et reproduire l’ensemble de cellules présentes dans la tumeur parentale. Les mêmes 

observations ont été faites pour virtuellement toutes les sortes de tumeurs malignes. Dans 

chacun des cas, une fraction de la tumeur seulement, exprimant un ou plusieurs marqueurs 

spécifiques, démontrait des propriétés souches (voir Table 1 pour une liste de tumeurs et les 

marqueurs souches correspondants). 

La recherche sur les CSCs a été considérable durant cette dernière décennie et bien que 

la théorie soit largement acceptée par la communauté scientifique, certains problèmes et 

limitations restent évidentes et sont discutés ci-dessous
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L IMITATIONS DE LA THÉORIE DES CELLULES SOUCHES 
CANCÉREUSES
La première et certainement la plus importante limitation dans l’étude des CSCs découle des 

procédures expérimentales. En effet, comme mentionné plus haut, l’étalon d’or permettant de 

définir la présence d’une population de CSCs dans une tumeur requiert leur xenotransplantation 

dans des souris immunocompromises [3]. Autrement dit, des cellules d’origine humaine sont 

transférées et forcées à s’adapter et survivre dans un environnement murin très différent de 

leur niche originelle. 

Il est aussi important de réaliser que bien qu’immunodéficiente, les souris utilisées 

possèdent encore une légère réponse immunitaire. Il est donc possible que les cellules 

qualifiées de souches cancéreuses dans ces essais sont en réalité simplement plus aptes à 

survivre et à s’adapter dans un environnement murin sans pour autant être bone fida souche. 

Une autre critique majeure dans la recherche actuelle est l’utilisation de certains marqueurs 

dont leur spécificité pour la population est controversée. La plupart des marqueurs de surface 

extracellulaires utilisés pour l’isolation et l’étude des CSCs sont encore peu caractérisés et donc 

de fonction parfois inconnue (p. ex. CD133). Il y a donc des limites évidentes dans la recherche 

et la définition des CSCs.  Les futures recherches devront permettre de découvrir  de marqueurs 

souches de fonctions connues et limiter les facteurs confondants.

LES CELLULES SOUCHES CANCÉREUSES ET LES 
IMPLICATIONS CLINIQUES
Les CSCs sont liées au développement tumoral, aux métastases et à la résistance thérapeutique, 

et influencent donc directement le pronostic clinique. Par exemple, les CSCs semblent pouvoir 

être épargnées des régimes thérapeutiques actuels en expulsant les drogues administrées [9]. Il 

a été démontré que certaines populations de CSCs expriment préférentiellement à leur surface 

cellulaire des transporteurs du type ABC (‘ATP binding cassette’, voir Table 1) qui confèrent une 

imperméabilité face aux drogues en les expulsant continuellement dans le milieu extracellulaire 

[9]. Récemment il a également été démontré que les CSCs isolées à partir de cancer du colon 

expriment et secrètent l’IL-4 (une cytokine pro-inflammatoire) qui protège ces dernières 

contre les effets pro-apoptotiques (effets induisant la mort cellulaire) des chimiothérapies 

conventionnelles. En intervenant directement au niveau d’IL-4 par le biais d’anticorps bloquant 

l’activité de cette cytokine, les CSCs ont pu être re-sensibiliser à l’apoptose [10]. Un autre exemple 

important a été décrit pour les gliomes. Lorsque les xénogreffes étaient traitées par irradiation, les 

auteurs observèrent une radiorésistance et une sélection au cours du temps des cellules exprimant 

CD133 à leur surface, un marqueur de CSCs. Cette population de cellules était également capable 

de réparer très efficacement les dommages que les radiations causent normalement à l’ADN [11]. 

Une stratégie thérapeutique intéressante serait d’agir au niveau de la différentiation des CSCs. 

L’idée serait de forcer les CSCs à se différencier et dès lors être sensible à nouveau aux thérapies 

conventionnelles. Cette étape supplémentaire peut être perçue comme une « sensibilisation » 
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Fig. 1. La sélection clonale et la théorie des Cellules Souches Cancéreuses. (A) Représentation schématique 
de la sélection clonale ou théorie « classique». Chaque cellule/clone présent dans la tumeur est capable de 
proliférer et contribue donc de manière équivalente à la croissance tumorale et peu ou pas de hiérarchie 
existe entre les cellules. (B) Par opposition, la théorie des cellules souches cancéreuses (CSCs) postulent 
qu’une fraction des cellules seulement est capable de proliférer (la CSC, en jaune) et est nécessaire à la 
croissance tumorale. (C) Dans ce cas précis, il existe une hiérarchie entre les cellules où au sommet de la 
hiérarchie se trouve la CSC (en jaune) qui peut s’auto-renouveller et se différencier dans toutes les autres 
cellules présentent dans la tumeur (multi-potentialité). Les cellules tumorales différenciées ont perdu leur 
capacité d’auto-renouvellage et sont donc dispensables pour la tumeur.

de la tumeur (Fig. 2b, c). Toutes ces observations démontrent que les CSCs composent une 

population de cellules très spécifique et très bien équipée pour survivre dans l’environnement 

tumoral même lorsque celui-ci est combattu par les thérapies actuelles (voir Fig. 2a). 

Plusieurs études ont associé la présence et la fraction de CSCs dans la tumeur primaire avec 

le pronostic clinique [12-13]. Cette approche permettrait de mieux distinguer quels patients 
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Fig. 2. Maladie résiduelle minimale et stratégies d’éradication des Cellules Souches Cancéreuses. (A) Les 
CSCs sont par définition plus efficaces face aux thérapies conventionnelles et peuvent reformer la tumeur 
provoquant la rechute du patient. (B) Des thérapies spécifiques ciblant les CSCs directement ou induisant 
une différentiation (C) de ces dernières seraient les futures modalités de traitements.  

Table 1. Exemple de tumeurs et de marqueurs de Cellules Souches Cancéreuses associés. 

bénéficieront ou non des chimiothérapies conventionnelles,  résultant en une amélioration de 

la qualité de vie du patient. Les CSCs posent donc des problèmes aussi bien fondamentaux que 

cliniques dans la recherche contre le cancer. Une meilleure compréhension des phénomènes 

biologiques de bases les régulant porte dès lors des conséquences vastes en oncologie qui pourrait 

résulter en une nette amélioration du pronostique clinique et de la qualité de vie des patients. 
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Ondanks het feit dat er de laatste decennia grote vorderingen zijn gemaakt in het 

kankeronderzoek komen er jaarlijks wereldwijd 15 miljoen kankerpatiënten bij. De helft van 

deze patiënten zal uiteindelijk overlijden aan deze ziekte. Als één van de belangrijke oorzaken 

van deze onrustbarende statistiek wordt vaak de heterogeniteit van tumoren genoemd, 

aangezien deze eigenschap van kanker onze pogingen de patiënt te genezen bemoeilijkt. 

Ten minste twee vormen van heterogeniteit kunnen worden onderscheiden die zowel van 

belang zijn tijdens het ontstaan en progressie van de ziekte, alsmede bij de respons van 

tumoren op therapie. Ten eerste presenteren verschillende patiënten met tumoren die uitgaan 

van hetzelfde orgaan zich vaak met een zeer uiteenlopend klinisch beloop. Deze vorm van 

heterogeniteit wordt aangeduid als inter-tumor heterogeniteit en deze term wordt gebruikt 

in relatie tot de steeds toenemende hoeveelheid tumor subtypes die kunnen worden herkend. 

Ten tweede, kan er ook intra-tumor heterogeniteit worden herkend en deze aanduiding 

wordt gebruikt voor het beschrijven van variatie van cel typen in een individuele tumor. 

Beiden vormen van heterogeniteit bemoeilijken zowel het voorspellen van het biologische 

gedrag van een tumor en het klinische beloop. Daarom is een beter begrip van de cellulaire en 

moleculaire mechanismen die samenhangen met tumor heterogeniteit van groot belang. In dit 

proefschrift hebben we de resultaten beschreven van het door ons verrichte onderzoek wat tot 

doel had zowel inter- en intra-tumor heterogeniteit beter te begrijpen. Hieronder volgt een 

samenvatting van de belangrijkste bevindingen.

In dit proefschrift hebben we voor het eerst formeel bewijs geleverd voor het bestaan van 

dikke darm kankerstamcellen door aan te tonen dat een subpopulatie van de darmkankercellen 

zowel zichzelf eindeloos kan vernieuwen (self-renewal) alsook verschillende typen 

gedifferentieerde cellen kan genereren (multi-lineage differentiation) (Hoofdstuk 2). Deze 

bevinding zegt echter niets over de moleculaire mechanismen die ten grondslag liggen aan 

het kankerstamcel fenotype. Deze vraag wordt behandeld in Hoofdstuk 3, waarin we aantonen 

dat de Wnt signaaltransductie route gerelateerd is aan stamceleigenschappen in darmkanker. 

In dit hoofdstuk laten we ook zien dat de kankerstamcellen in een tumor niet een gefixeerde 

populatie is maar dat meer gedifferentieerde kankercellen kankerstamcel kunnen worden onder 

invloed van signalen uit de directe omgeving van deze cellen. Een belangrijke consequentie van 

deze bevinding is dat therapieën die specifiek gericht zijn tegen de kankerstamcelpopulatie 

weinig kans van slagen hebben aangezien niet-kankerstamcellen na de-differentiatie hun 

plek zullen innemen. Deze, en andere klinische gevolgen, van het zogenaamde dynamische 

kankerstamcelmodel beschrijven we in Hoofdstuk 4. 

In Hoofdstuk 5 tonen we aan dat een kankerstamcel specifiek genexpressie profiel de 

prognose kan voorspellen van darmkanker patiënten. Hiermee onderschrijven we de klinische 

relevantie van kankerstamcellen hoewel onze interpretatie van deze uitkomst afwijkt van die van 

andere onderzoeksgroepen met vergelijkbare resultaten in andere vormen van kanker. Veelal 

wordt aangenomen dat een sterke correlatie tussen een kankerstamcel expressieprofiel en het 

genexpressiepatroon van een individuele tumor duidt op een groot aantal kankerstamcellen 

in die tumor. Onze resultaten laten echter zien dat een grote correlatie wijst op een meer 

algemeen immatuur fenotype van die tumor wat gepaard gaat met een slecht gedifferentieerde 
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morfologie, expressie van stamcel geassocieerde genen en een slechte prognose. Dit betekent dat 

kankerstamcel specifieke genexpressieprofielen nuttig kunnen zijn bij het classificeren van tumoren 

maar dat ze niet direct iets zeggen over de hoeveelheid stamcellen in de tumor. Ook kan de vraag 

gesteld worden of deze profielen optimaal zijn voor het classificeren van darmkanker patiënten. 

Dit wordt deels onderzocht in Hoofdstuk 6, hierin beschrijven we een objectieve 

(unsupervised, unbiased) manier om darmkanker patiënten te classificeren in verschillende, 

klinisch relevante subtypen. We tonen aan dat er drie volkomen verschillende darmkanker 

subtypen kunnen worden herkend. Twee van deze typen waren al langer bekend en zijn uitgebreid 

beschreven in de literatuur. Het derde, nieuwe, subtype blijkt een zeer slechte prognose te 

hebben en resistent te zijn tegen specifieke, targeted medicatie die gebruikt worden. Verder 

tonen we aan dat dit derde type darmkanker voortkomt uit een andere voorloper laesie, het 

zogenaamde zaagtand (serrated) adenoom. Verschillende andere onderzoekgroepen hebben 

vergelijkbare suggesties gedaan voor een classificatie van darmkanker patiënten op basis van 

genexpressie en vergelijkbare analysemethoden maar komen tot 5 of 6 verschillende darmkanker 

subtypes. In een addendum bij Hoofdstuk 6 hebben we de relatie van deze andere classificaties 

met onze taxonomie beschreven en geven we aan waarom wij denken dat de classificatie met 

drie subtypes op dit moment, zowel biologisch als klinisch, het meest relevant is. We besluiten 

het proefschrift met een beknopte samenvatting van de belangrijkste bevindingen, bovendien 

geven we een kort overzicht van de belangrijkste vragen die ons onderzoek tot op heden niet 

heeft weten te beantwoorden of juist heeft opgeroepen (Hoofdstuk 7). 
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